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ABSTRACT

_ The _dissolution of platinum-group metals (PGMs) requires a high ch]onde ion
concentration in an acidic solution and a suitable oxidant. At Impala Platinum Refinery,
_ the concentrate is leached in a hydrochloric acid solution wsing chlorine gas as the
oxidant. The goal of this leaching step is a total dissolution of the PGMSs 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 d.lSSOlIlthIl of the PGi"; in I-ICL’.C.I2 leach system, it is necessai‘}f

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

 acid solution, The results showed that the sohubility of chlorine gas increases with an

" imcrease in the acid concentration and chlcrine gas concentration but decréases as the
temperature increases. The HCI solution is almost saturated with chlorine after about
50 minutes. The chlorine mass * nsfer 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
chilorine 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 chilorine 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 kJmol™* for Pt, 40.19 kJmol* for Pd, Rh
was 44,56 kJmol”, Ru was 46.62 kimoll , Ir was 47.60 kimol' and Au was 40.44
kimol", 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 HC! concentratibn in the range 1.00 M
_ to 10,6 M and 0.65 order of depeﬂdence on the chlorine concentration. Passivation of
‘the PGMs by AgCl was also found to be evident. o ' ' '

The mineralogy and physical characteristics of the sampl'c tdgethcr with the reaction
mechanism, the surface area change during leaching and the primary factors that affect
the rate of reaction were considered in the developinent of the overall rate expression
-for the PGMSs dissolution. Based on the sample analysis, a shrinking-particle model
combined with the activation energy is used to shiow the dissolution behaviour of thé
PGMs in a batch reactor that would be useful for the Precious Metals Refineries. A -
computer program is developed to Tun the overall PGMs conversion model from the
energy balance and chlorine mass balance based on the Impai_a refinery reactor, |
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LIST OF ABBREVIATIONS_

Abbreviation - Pull expression
A Ampere

A Acid soluble Platinum group metals
AES Atomic Emission Spet:trometry
aq Aqﬁe’ous . '

- BMR Base Metals refinery _

o Chlorine soluble Platimim group metals
CL, - Chlorine gas _
Cu’ weight % of the PGM in sample into Ieat,h
Cor -Corrosion potential
cune, Concentration _

BDAX Energy dispersive anatysis of X.—rays
EDS Energy dispersive spectroscopy
ener Energy _ ' |

exp exponential function =

 Fig. Figure
g gramme
Gr Group

HCL Hydrochloric acid
ICP Inductivély-Coupled Plasma
INCO - International Nickel Company
K. degree Kelvin

| KX Poiassium iodide
In ~ Natural logarithm
m mass of solid sample
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| Abbreviation Full expression '
M Molarity ~ ( =moll?)
M’ Metal -
MIBK = Methyl isobutyl ketone
min minute 4
g - -_O_rgaﬁic : ]
PGE - Platinum-group elements
PGM = Platioum-group metal -
pH S hydrogen ion exponent
PMR . Precious Metal Refinery
ppm parts per million
red, ‘Redox potential
ipm ~ revolutions per mimute
SEM _ Scanning Electron Microscope
Spd speed
~ Stir. Stirrer
~ TBP Tributyl phosphate
Temp. ' Temperature
A\ ' Volis
A Volume of solution
vol. Volume
V8§ ' Versus
XRD - X-ray diffraction
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CHAPTER 1
' 1.0 INTRODUCTION

* The platimum-group metals (PGMs) are finding increasi:_]g appﬁcﬁtion in modern
| .technology. The PGMs are impdr&mt for their special chemical properties as catalysts -
and thus fill 2 special industrial need. The PGMs serve as electrocatalysts 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 productiont],

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 eﬁperie.nce a high increaée_ with the demand. The metal extraction industry
.c'an ake adva._ntage. of this opportunity ‘by generating more efficient extraction schemes
for precious metal extraction from ores and concentrates, as well as from scrap . Jd
waste materials. The scrap recovery is an essential economic activity, owing to the
raﬁty of the metals and their elevated pricé.s. Because of their noble character, the
- PGMs are not lost in most indusirial uses and they can therefore be recycled by
* secondary refining. Hoffmann® and Vermaak®™ reported that the recycling and refining
of scrap PGM materials account for approximately one third of the annual PGM
production that emers the supply market, and cons lwutes 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 tcchﬁdlogical advances in the PGMs extraction
process. The Republic of South Africa and Russia accounts for about 95% of the
worlds platinum-group n.etals production®.

Althourh many techniques exist for the leaching of platinum-group meials with
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different lixiviants, the most successful method uses chlormc gas. This has been shown

by different investigators®* %, 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 dissolﬁtion mechanism._
For instance, the platinum-group inetals® extraction from this conicentrate is claimed to
be more than 98% in a test work conducted at the Impala Platinum refinery while in -
somie cases the reported recovery of PGMs is between 80 and S0%, Therefore this
research is intended to present an original contribution on the kinetics of the dissolution
of PGMs and gold from the concentrate matenals by determining factors that affect
- their leaching rates. '

* The PGM concentrate materials are normally leached in a hydrochloric acid solution
using chiorine gas as an oxidant, The rate of PGM diSso.Iul;ion 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 conceutration 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 platinam-group
metals and goid is reviewed and the aims and scope of this research are discussed. -

1.1 Literature Survef

* 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 platim:m—grouﬁ 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® - 1%%2,



. 1,11 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 methiod 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
brbught into solution 'with aqua regia or hydrochloric acid solution with oxidizing
agents like NaOCl, HOCI, H,0, or Cl, gas. The respective metals are recovere by -
electrowinning or i’on-exchahge techniques. |

The ctjnvehtional methods used for the recdve_:ry of platinum-group metals from the ores
. involves concenfration,- smelting and refining processing techniques.. The ore is milled
and a gravity concentrate is extracted. The valuable sulphides are concentrated by
flotation. Vermaak® pointed out that this flotation concentrate has a PGM content of
1100 to 40C gt*, depending ori the orioinal nature and concentration of the copper-nickel
sulphid.. with which the platinum-group metals are associated in the ore. The flotation -
'concentrate is sﬁaélted to produce a copper-nickel matte with an estimated PGMs
content of 30%™, Other than concentrating the metal content, the ore minerals also
loose their identity in the furnace at the smelting temperatures, Accordingly, the
thermodynamics and the mass transfer kinetics are thie main pasameters which control
~ the process. The PGMs are then recovered from the base metal matte by known
hydrometallurgical techniques™ > . '

The traditiona} hydrometallurgical process of leaching and reiining of PGMs is the
treatment using aqua regia, followed by a series of precipitation and purification
processes, However, due to Iumerous 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



followed by solvent extraction. Three commercial reﬁnerie_s, namely the INCO Acton
| Refinery, the Matthey Rustenburg Refinery and the Lonrho Refinery, have incorporated
- this technology into their operations, employing various newly developed solvent
extraction processes™. ' ' - '

These new processes use hydrochloric acid solution together with chlorine gasasthe

oxidising ageﬁt' to totally dissolve the PGMs into solutics. When this is achieved -
different separation and refining processes are -emplbyed to prbduce the pure metals.
These processes are all based on the physico-chemical characteristics of the précious
" 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 kmown that a mixture of hydrochloric acid (HCI) and nitric acid (HNQ,) which is
- commonly called aqua regia is an effective leachant for platinum group metals, The
- aqua regia i3 a mixture of concentrated hydrochloric and nitric acids in the proportion

~ ([HCI} : [HNO,]) 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
ammoninm 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 hydrochloric acid is then added. Diammine palladium dichloride
is precipitated, separated and calcined in 4 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, whiclt collects all the _.
precious metals including the secondary platinum group metals. The lead alloy is
leached in hot nitri¢ acid solution to dissolve Silvcr and lead. The lead in the leach
| iiquor is precipitated as lead mﬂphate, and the silver as silver chloride. The pitric acid
insoluble residue is fused with sodium bisulphate at 500°C to form a water soluble
thodiuvm sulphate salt. This salt is treated with an ammonium nitrite solution which
precipitates ammonium rhodium mitrite, (NH,),Rh(NG; ). The nitrite salt is later treated
with hydrochloric acid to form ammonium rhodium chloride, (NFL);RRCl,, which is
further refined by formic acid reduction, or precipitated repeatedly as the (N H,).RhCl,
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 bisulphéte fusion is then fused with a
mixture of sodiurn 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 solutidn‘ 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 (OsQ,) and ruthenium (RuQ, ) are
evolved and they are absorbed into a mixture of dilute hydrochloric acid and methanol. |
‘When the hydrochloric acid/methanol solution is heated, ofly osmium tetroxide is
evolved. This is absorbed into a solution of sodium 'hydrbxide and methanol, from
which ammonium osmium chloride is precipitated by the addition of ammonium
chioride, This chioride salt is then calcined in a hydrogen atmospliere 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 2 hydrogen atmosphere st 1000°C to obtain a crude ruthentum. -
- This is also further treated for purification to obtain pure ruthenium metal. =~ '

' Raw Materk
Dissalution with Aqua Regia
R I }
Insolubles (R, Ir, Ru, Os) Solubles (Au, Pt, Pd)
l_ : Precipltation with FeS0y —~—»  Ad
Smelting with PhC; and Precipliation .
l. _ wime{a,Claddltlon —— n
Leag Alloy . " Precipitation :
T - . withNHaOHandHCGI — > Fd
Dissolution
WIII‘I.H;O; + § Dles — — » PbAg
Fuston with NigS04
Lerching with HpQ) s Precipitation wih NHzNOy > Rb
Fisslon with NaOH and NayOs
Leaching ard Distlaion ~———+ 4000 . Redlsliation ~———> O
i - 30H) _
l | o L
Dissolution with Aqua Regla ——s Precipitation with NHy I : >ty
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 ammonfum hiexa-
chloroiridate. Crude iridium is obtained by calcining the ammonium iridium chloride -



_ compound in a hydrogen atmosphere at 1000°C. Further nunﬁcatlon of the crude
iridium requues repeated dissolution and reprecipitation.

This process which is shown in Figure 1.1 is £1uite tedious, requiring a large number

of sieps together with recycles in order to achieve the desired de gree of purity and even

at a relatively low temperature of between 70°C and 90°C, leachmg with aqua regia is
. cxtremely difficult. This is due to the instability of the solution which is characterised
. by a high partlal pressure of gaseous hydrogen chloride (HC,) and substantial mtrlc.
acid decompomtmn resultmg in evolution of gaseous nitrogen omdes“”

3HCI + HNO, = NOCl + CL + 2H0 1.1

~ The side reactions for the above equation are:

- C; + H0 =~ HCl, + HCO - - 12
NOCl. = NO, + C o 13

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

chloride jons (HCly) which dre essential for the formation of the scluble platinam

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 agua regia method cannot be considered to be
efficient in terms of the yields, the complexity of the operation and the labour




expended. Many precidus metal refineries have switched to the hydrochloric acid and
chlorine gas Ieaching of PGMs followed by 301vcnt extraction process. This switch is
due to the fact that leachmg with hydrochlorlc acid and chlorine gas effectlvely brmg
all the PGMs into solution and reduces the processmg time®l.

In this process whic.h is shown in Figure 1.2, the precious metal raw materials are
_ _le_ached in hydrochloric acid solution with chiorine gas to dissolve all the PGMs, The
~ silver forms insoluble sjtver chloride which is separated and recovered.

 The gold in the form of AuCl,,‘ in solution is extracted by either the solvent extraction
with tnbutyl phosphate (TBP) or with methy! isobuty] ketone (M]BK) into the orgamc
phase. The extractlon reaction may be described as'™: "

[H*(AUCL)l, + [TBPl, = [HAucmTBP]‘m,,; - 14

The other impmities like Fe and Te are also exiracted, so that the organic f:hase is next
scrabbed with hydrochloric acid for impurity remioval. The gold is reduced and
recovered from the organic phase with iron powder. Kahn and Morris™ have shown
in laborétory 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:
PC1 T, + 2RH], = [PdRjly, + 2[H', + 4Cl, 15

Sirice the extraction rate (ie, the ligand exchange rate) is sfnall, 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 palladiumn is precipitated as
(NH,),PdCl, with hydrochloric acid™,




Row Materlal

}

Conditloning with NaOH, atc.

¢

Total Dissolution with HCI/Cly
Filtration » AgClRestdue ——» Tréatmeut —
Solvent Extraction Serubbing Sh'ipping :
with MIBK > with dilHCL > with Fe powder ’
l Base Metals

Solvent Extractlon Serubblng ' Stripplrg

> — ey —_
with B-hydroxyox with dit HCL - with conc HCI T

Basr. Metals ' NH3

Toa Exchange ot Chemical Refining . . >

Distiliation * Absorption with HC1 ——=» Redistlllation —P
Reductlon with SO, sparging
Solvent Extractlon - ' . “Stripping . : . Precipitation
with, iri-n-octylamine with conc HCl with NH;
" Oxidation Conditioning with HCH
¥
Solvent Extraction . . . i
with tri-n-octylamine =——————  Scrubhing -——-——~+. Stripping —

Rig. 1.2 Process flow for PGM concentrate leack with HCI/Cl, gas

followed by solvent extraction

Al

Ru

Rb .

 Osmium and ruthenium are then séparated as their volatile tetroxides after the solution
 has been neutralised with alkaline hydroxide. The tctroxi_dcs are absorbed infoa dil_ute
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* hydrochloric acid solution, This solution is redistilled for separation of osmium from
ruthenium. ' ' '

Aftcr reducing the iridium (IV) to its (I[I) state, platinum is extracted by the tcruary
amine, tri-n-octyl amine into the organic phase as'™:

iR, + 2£RH+1°¢ " '_t(ngptcmm o 16

The platmum is stnpped from the organic phase with 10.00 M to 12.00 M hydrochlonc
acid. The platinum is preclpltated ag (N'EiLQ,PtCIﬁ with ammionium chloride. .

After oxidising iridium (IIT) 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 tr_i-n-ObtyI _
amine phase in the same way as the platinum, The organic phase is scrubbed with diiute
acid. The iridium is stripped into the aqueous phase after reducing it to its (IIT) valency
state and recovered. '

 Finally, thodium 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_bn the differences in

the forms of the raw materials, the contcnts and gré,de of precious metals and the
pretreatment procedures, the respective commercial refineries have developed and

applied 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 improved®*.
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L1.2 Chemistry of the Dissolution of PGM Concentrates

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

ruthenium (Ru), iridium (Ir) and osmium (Os). Platin~ and palladium are the major

constituents and are referred to as the primary platimun group’ metals, rhodium,

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

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

and are characterised .by their refuctance to dissolve in media that will corrode any base
metall, ' '

Mishra and Bautista ef 2l reviewed the available literature for the dissolution of
PGM from automobile catalytic converters by hydrométaﬂurgical methods and reported
-on the chemistry o - .+ ussolution process. Platinum-group metals, in general, are
very resistant to.acid dissolution and only a very sirong hydrochloric acid solution is
able to slowly di'ssolﬁe them under non-oxidizing conditions. Therefore, a high chloride
jon concentration in acidic medium strongly promotes the rate of PGMs dissolution®?,

Based on this fact, almost alf process chemistry of PGMs involves the use of a chioride
~ and an oxidant. The most common oxidants are chlorine and aqua regia. Chiorine 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 platirrum'-group'
metals are solubilised as PtC1.>, PACL*, RhCL*, RuClZ, IrCl * and AuCl? in the
chioride 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 dissoluticn process of platinum-group metals and gold.
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In.or_der'to- ascertain the fca_sibili_ty of the _PGM dissolution, each solid metal can be
‘compared with the stable chloroconiplex formed in the various solubility régions :
 Osseo-Asare and Luo™ prepared the Eh-pH diagrams for the systems Au-, Ag-, Pt-,
'Pd-Cl-HzO ata condmon M1=10%M, [CI]1= 1.00 M. In this systems whlch mvolve :
a hJ.gher chlori to. mietal activity ratio show chiorocomplex SOll.lblllty region for the
PGMs. This is presented in Flgures 1.3 to 1.6. The relatively high solubility of Pd

" compared thh Pt is indicated by thie larger Pd chlorocomplex stability domain and the
stabﬂlty field of the neutral hydrocomplex, PA(OH), - The relative positions of the-
metal uhlorocomplex stability boundaries show that a solution containing chlondes of

' Au(I]I) Pt(IV), and PA(IV) can be treated with a reductant to selecnvely preclp1tate
metallic gold and platinum wﬂl remain unchanged in solution as PtCls, whereas |
paIladlum will undergo reduction from PACL* to- PdCIf '

ﬂ:
149 ]=10¢M B
[ =10 M
15k [c]1=1 i
- .1 . [ PR ) ] N Y SR
2'00 2 .4 6 8 10 12 114

Fig. 1.3 B, - pH diagram for Pt-CI-H,0 system, [Pt]= 10° M, [Cl]= 1.00 M.

Figures 15 and 1.6 show Eh-pH diagrams for the Au-Cl-H,0 and Ag-CI-H 2C') systems
" for [Au]=[Ag]=10° M and [CI1=1.00 M. The gold system shows a small AuCl,
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Stabil.ity field under highly oxidizing and acidic conditions. In contrast, there is a wider
stability field for AgCly, 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 Jike 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 oceur 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 ciearly in the
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© In 1989, Mishra® reported that, for a mixture of plannum—group clements, the standard =~

potentxal for the formation of the chlorocomplexes requucs 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'™:

_' ClOy + 6H* + 6¢ = CI + 3H,0 : E".= +1.45V - | 17
HOCl + H* + 2¢ « CI' 4+ H,0 B = +1.40V - 1.8
c, o+ 2 = 2ot B =135V 19
H%Oz + W+ 2% .-* H,0 ' .E"= +1.77V o i.lO

' Bng‘ + 6H* + 6e" = Br' + 3H,0 | E“. = +144V EERIE
| N@'_ﬂ- 4H* + 3¢ » NO + 25,0 B = +0.96V 112

' Examination of the above reduction potentials indicate that any of the above oxidants
- are themmdynamically capable of oxidizing platimm-group metals ptovided 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 additionat costs and downstream processing difficulties incurred by

their use,

' 'The dissolution of PGMs by aqua regia in reality is not as simple ag presented by the
NO; redﬁctiou potential since the HNQ, decomposes to release NO gas therefore
bnngmg the poté'ntial 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 stadied various oxidants for the leaching of PGM:s 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 systcm is generally straight-forward. The chlonne gas is used solely as an
oxidizing agent which dissolves into solution to oxidise and convert the PGMs to their
chlorocomplexes. There is no mnnedlary side reacuon for the chlorine and the
“hydrochloric acid solutmn
The reaction can be generaily presented as:
M+ 4HCl = MCLE + 4HY + 2% | 1.13
M'CL> + 2CI = M'C> + 2¢ | o 1.14
(where M’ can be Pt, Pd, Rh, Ru, Ir or Au.)
Cl, 4+ 2 w 2Cr R 115
The oﬁcidizing 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 requuement
for the next processing step.

For solubilization of rhe platinum-group metals, the standard potentials'in'aqueous
chioride media are shown for some of the PGMs as!'®:

. .Pt'. 4 o4Cr e PtCL* + 2¢ E° = - 0.73V 1..16 _
PICL* + 2CI = PtCL* + 2¢ B = - 074V 1.17
Pd | + 4CI = PACLT + 2¢ - .E"=-O.6.2V | 1.18
P&(ﬁf’ +o2er = PdCl" + 2¢ | lﬂa..ﬁgv - 119
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Rh  + 6CI' = RhCL> + 2 E" = - 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,- PACl,
RhCl, RuCl and xCl) from formmg 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 conpied to
cathodic reaction of the chlorine on the surface, In 1952, Llopis and Tordesillast™
studied extensively on the anodic dissolution of platinum in hydrochloric acid and
expressed the corrosion product as PtC1*, Hawkins and Nicol™ 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 acidiy.

Palladium diss’olv_es relatively easily a8 an anode in acidic solutions unless the electrode _
potential is sufficiently positive that palladium is passivated by an ogide layer.
Corrosioni 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 (IIf)
complexes and is enhanced by increasing the HCI concentration at ‘gher
temperatures. ! ' '
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1.1.3 Dissolution Reactions. -

Most of the minerat acids do not readily attack platinum-group metals, The resistance
* of PGM:s to acid dissolution is due to the thermodynamic stability of their crystal lattice
which is of low concentration of free electrons™, Another possibility is the efféct of
protective mono-atomic oxide films which further passivate the surface of the metal -
- during dissolution® . The part played by oxygen in the reaction of the platinum-group
metals with hydrochloric acid solution without an oxidant-could be at;ribﬁt_ed to the fact
that it oxidises the acid and liberates chlorine™). 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 hydrochforic acid solution to form their stable chlorocomplexes.

The dominant mechanism -of dissclution of platinum-gronp metals depends on the
relative concentrations of oxidant and the acid. The reactivity of the PGMs in acidic
mediurm is largely determined by the degree of their dispersity and the formation of
intermetallic compounds with other elements that are present in the conicentrate or the
metal as alloy®%, This depends most of the time on the presence of foreign impurities,
normally base metals which probably have a catalytic effect on the dissolution prbcess. :
For instance, when the PGMs are alloyed with zinc or tin, they can then be dissolved
" in actds in which they are insoluble under ordinary conditions®!, This may be due to
~ galvanic interactions where the PGMs and zinc or tin placed in the acid facilitates
charge trarsfer whlch results in the rate of PGMs dissolution being enhanced and that
of zine or tin being retarded™ . This may be one of the most important efectrochemical
factors which governs the dissolution rate of platinum- group metals and some minerals
in hydromietallurgical systems.

Most acids do not attack platinum. Chlorine generated by aqua regia or from gaseous
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chlorine reacts with platinnm as™:
Pt 4+ 2BC1 + 20, = HPCL, 00 121

Platinum is usually soluble in aqua regia which combines the oxidising action of HNO,
with the complexing ability of HCI to form platin'u_m hexachloride salt U1,

| 3Pt + I18HCL + 4HNO, = 3HPICl + 4NO + 8H,0 122
Palladium is readily solible in aqua regia and partially soluble in hydrochloric acid

containing no oxidizing agents. It is soluble in chlorme and is also the only PGM that
is readily soluble in nitric acid. The reactions :uu'e[lll

Pd + 2HCL + 2012' - HPC, . 123
'3Pd + 18HCI + 4HNO, = 3H,PAC], + 4NO + SH,0 124
Pd + ClL = PdCL | o 125

1t is apparent from the above reactions that the stable state for platinum js tetravalent
while that of palladium is divalent®”, Palladium metal is slightly attacked in HC
olution in the presence of oxygen and the attack is enhanced by increasing the
hydmchioric acid concentrati_oﬁ and tenperature. In contrast, palladium is not acted
" upon by alkaline solutions even in the presence of an oxidizing agents.

Rhodium;

The dissolution of rhodmm is an extremely difficult task since it is a very noble metal
The general rhochum dissolution methods are as follows®;
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® Rhodmm is first fused with potassium bisulphate to produce water soluble
- thodium sulphate -

iRb + 12KHSO, + 3102 = 6K,S0, + 6H,0 + 2Rh,(SO,); 1.26

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

Rh + 6HCI + HNO; = HRhCl; + NO + 2H,0 1.27

" Rhodium is insoluble in nitric acid but when alloyed with zinc dissolves in a mixture
of boiling hydrochloric and nitric acids™. Rhodium partially dissolves in HCI solution
bubbled with air at high pressure at ambient temperature, It also dissolves in HCi with
- H,O, present as oxidant™, The presence of dissolved palladium in HCI solution urder
a -strbng oxidizing conditions has been shown to enhance rhodium dissolutibn at
termperatures around 60°CP". Rhodium sponge has the tendency of forming an oxide
layer at the metal surface (probably Rh,0;) when heated at 100°C, This oxxde is lnghly
msoluble and renders rhodium insoluble for all practlcal purposes®®!,

Ruthenium and iridinm 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 reniarkably when it contains over 10% of
 iridium®", The iridium, ruthenium and osmium cannot be directly dissolved in acids
so alkaline peroxide fusion with NaOH, KNGO, or KCl; or chlorination in the presence
of chlorine gas and NaCl is used®, The oxidative roasting of osmiuin 1o produce its
vapour which is absorbed into hydrochloric acid is used™, Ruthenium and Osmium are
diséolved .readily by alkaline hypochlorite solution which is not effective towards the
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| ~ other PGMs as they form protective fayers at hlgh poteniials and pH.

Osmium reacts more rapidly with chiorine than' any'oﬂier platinuﬁl-group metal even
ata IOWer temperature. The most aggresswe reagent for the PGMs are ﬂuorme and
chlorme at elevated temperature '

The dissolution reactions for the other platinum group metals and some base metals
with hydrochloric acid and chiorine gas that occur in the Ieachmg vessel are the :

following:.
A+ 30 + HCI é_.H*‘ ¥ Moy 128
‘Ru + zcl,,'. b 2O - 2 .+ .Ruclff - 129
I+ 2(:512 + ZHCII « 2HY +.xrc15?.- o 1.30
Ag  + :1!2C12 - . ApCl _ 1,31
N+ Clp . NPt £ 2 | 132
e .+ Clz - Cuz; + 2Cr | - 1..33
Fe + 3/2CL = Fg?* +3cr - | 134

The silver and the base metals alsc_j qonsmne some of the dissolved chloripe in the
redctor 50 the concentration of chlorine must be in excess to account for this.
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-1;2 ' Alms and Scope of this Research Wo_rk.

' The main aim of this research goes beyond the academic level into the mdumlal_
operations to achieve the goals set for it, While the mdustrlal processes ml:ermmgle '
with the academic works, more research is needed to come out with an improved

processmg operauons for the metal refineries. This will make the total recovery of

metals from ores a reality in our days.
1.2.1 Research Objective.

The present research work was Iundettaken with a view to systematically investigate and
"~ evaluate the dissolution efficiencies of the PGMs and gold from the concentrate materiai
10 Uncover new knowledge:so as to provide a better understanding of the mechanisms
and kinetics of reaction involved in the PGM dissolution in hydrochloric actd and
chlorine gas. It was also structured to investigate the apphr'ablhty of the shnnkmg
particle model to the leaching kinetics of PGM concentrate and to mode] the kinetics
of PGMs dissolution in HICI/Cl, 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 atfached to the lmprovement of the Ieachmg 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 exiraction 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 ag

& 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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_conditiox_ls to establish an effective concentration of chlorine gas for a total dissolution

~ ofthe platinum-group metals and gold with the intention of bringing an miderstzmding

* to the medinm for the dissblution processes. The second phase of the work concentrated

on the practical leaching, tast 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 Tmpala Precions Metal Refinery in mmd, the present study is designed to
investigate and ascertain the dissolution efficiencies of platinum, palladium and gold
which have been shown by researchers™ % ¥l to be good whereas those of rhiodium,
ruthenium and iridium were lower. The- dissolution process at most precious metal
refineries are ernpirical process _which'i's based on experience.

The leaching efficiencies of these platinum-group metals are crucial to the operating
performance pf the Precious Metal Refineries since poor leaching efficiencies result in

increased recycle loads and increase lock-up of PGMs within the refineries, Thus
leaching problems bring about hlgh operational costs to the productlon of the PGMs and
gold and therefore bringing down the profits of these compames

In view of this, the economic situation in the precious metal indusf:ry 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
inyolved in this process are not fully understood. A good undersmding 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 demgn 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 leéch'ing of the PGMs will
enable Plant Operators to optimiZc the dissolution operation.
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. CHAPTER 2
2.0  THEORETICAL ANALYSIS AND MODELLING

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

dissolved chlorine is a fhree-phase system. It consists of solid PGMs, hydro_chloric acid

_ solution and chlorine in gaseous and dissolved forms in the stirred reactor as shown for
~ platinum by the leaching equatioh ' |

Pty + 2HCly + 2Chy = HpPiClg, . 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® sated 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 whete the dissolved solids are transported into the bulk solttion.
This is-a diffusion (maés transfer) process which is determined by:
- Surface area of the solid particle, _ ' |
- - Hydrodynamics (rate of mixing of the solid and lquid),
- Diffusion through the boundary layer, governéd by the Fick’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
traﬁsport 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 mmeral surface ot in the
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solution. This is a chemical process and is affected by:

- Surface area of the solid parﬁcle,

- ‘Temperature from which the activation energy can be determined,
_ - Concentration of the reagents and the stoichiometry of the reaction.
: Any one of these factors may be the rate—detemnmng step

Ifa smtable mathemaucal mode] of a leachmg process istobea useful tool for a full-
- scale process design, it must account for a miners. Iogmal and physieai charactenstlcs
of the feed, Therefore the minerals present in the sample material must b.e known. The
wineralogy and physical characteristics ¢ the concentrate sample were consideted. 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 PGMs

- The kinetic_ model considered must be able to describe the simultancous leaching of

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

reaction mechanism which must describe the effect of changés in the teaching 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 modelling 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
beiaviour of PGMs dissolution in the hydrochloric acid solution with chlorine and .0
determine which parameter affects the dissolution rate. This mathe. .atical 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 chemics? (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 finid prcdﬁct 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 ledching rate is controlled by chemical reaction at the interface.
If, on the other hand, the effect of temperiture is low, then the leaching rate is
controlled by film transport of fluid reactants or product to- or 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 inéert materials such as AgCl, The reacting partlcle shrinks in size as the reaction
proceeds and finally disappears.

2111 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?*:

1-(1-X)? =kt ' 22

where,

k, = overall reaction rate constant for the surface controlled reaction, and
is dependent on the temperatire, concentrations of HCl and Cl, and the
particle size.

t = titse of dissolution,

= (m, - m)/my, the degree of dlssolutlon,
and
m = undissolved mass of the metal in the solid phase,
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m, = initial mass of metal in solid pLase

- Ifaplot of [1 - (1.- X)*] 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 Dit‘fusion Control

In the case of the film dlffumon control, the rate may be confrolled elther by dlffusmn '
of reactants to or reaction producta from the surface of the solid through the film into
the bulk fluid, There is no product layer here to contribute any resmtance The ﬁlm '
diffusion controlled reaction is expressed ast%; o

1~(1_X')%mk,r | | 22
for.small particles in the Stokes reghno, and
1-(1-X)f =k .23
| - for large particles
wheare, ' _ :
k; = overall reaction rate constant for the film diffusion controlled reaction,

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

Ifaplotof [1-(1- X)""‘] or [1 - (1 - X)'"] 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

o The PGMs dis'sdlution process involvés a réééting chloride solution which peﬁetxé.tes

through the silica matrix of the concentrate samplé to the spherical particle of the
reacting platinum-group metal surface for a chcmiéal reaction fo take place, Sirice the

- PGMs dissolution reaction leaves 1o 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 & well agitated system. _

If the leaching rate from the experiment is established to be tcmperature depcndam
 then the reaction won'd be confirmed to be chelmcally controlled as opposed to

diffusion control. In view of this, the rate equation of the shrmkmg-parucle model

wh1ch would be used to describe the PGMs dissclution is:
1-(1- X =kt | 24

- 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 HC| and Chlorine. -

Therefore,

G =REHOTO ol e | 23

where,
Lk

i

the overall constant determined from the product of the constants
* of initial particle size, [HCI]}, [Cl,] and temperature relationships;
dt = 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 relationshiﬁ ‘between the temperatire and the reaction rate
constant which is determined from an Arrhentus plot, and

IF

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

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

dissolution rate then depends on the ternperature of the reaction, The dissolution values

* . obtained for different léaching 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, d,, the higher the rate of dissolution.

'Iherefore, particle size hes an unportaut role in the modelling of the raue of dlssolunon
of the platinum-group metals.’
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CHAPTER 3
‘3.0 EXPERIMENTAL APPARATUS AND PROCEDURE
3.1  Concentrate Sample I_’répa_ratidn'
A single sample of platimnn-.grbilp metal concentrate, dried and blended was obtained
from Impala Platimum Refinery (Springs) for the test work. This sample was thoroughly =
* charactetized, 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 of the Bulk concentrate Sample
The coricentrate sém‘ple was analysed chemically and the results are given below.

Table 3,1 : Chenucal analysis of the butk concentrate sample

Pl 2460 || 260
Pd | 1330 _' 'Pb. ] 190
Ccaw o 11 fosio, | nw
o omn | 412 b oA | oa
R | oses | ose | 120
Tk | 1w ‘l Y
o Ag | 220 | B | <2000ppm
N1 1 120 ‘| Na 1 1w
w300 PR

Elem"“ts T Elements 1 %

This analysis indicates that Pt and Pd are the major platinum-gioup 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 lof polished sections of the concentrate sample'-Wefe preﬁared and

- minetalogical analysas were investigated using the scanning electron mlcroscope (SEM)
utilising back—snattermg EIectron microscopy and energy dispersive analysm {EDS). The

| mmeralogy of the crystalhne phases was determmed by X-ray diffraction (XRD)

analysm

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 matn'xl in which the platinum-group
elemernts (PGE) aud other minerals were embedded. These silicate particles have a size
range up to ahout 0.5 mm. A mumber of particles of Rh and Ru sulphide were detec'ted.
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 lé_ss
than 5 microns in size.

* Within the matrix are large (up to 70 pm) particles of Pt-Cu, Pd-Rh-Ru and Ru-Si-Pt |
phases. Thete 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 parti.k:le to particle. The oxides (excluding SiO,)
observed in minor quantities are Fe-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 Pﬁrticle Size A_'nalysis of the Concentrate Sample

_ The concentrate sample was sxzed mto fractlons usmg the Malvem i ..IasterSmer) and
the results are presented below

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

- 26.3 ' 73.7
2.5 . . 51.2

179 33,3
9.0 - 3

1.0 ' a4
ns - 159
0.3 i 15.6
0.2 154
0.2 15.2
0.2 15.0

ohes 0.8 | 23
180 0.7 1.6
. 133 - | oa 0.9

[ 1 ¥ 1] I t L] ] 1] L3 1 1
—
—
wn
—

‘The results indicated that 90% of the concentrate sampie 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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Fig. 3.1 .Cummulative Particle-size distribution for Malvern and dry sreen analysis,
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. Fig. 3,2 Percentage Particle-size distribution for Malvern analysis.
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_ The particle size distribution for the Malvern analysis is shown in Figures 3.1 and 3.2.

The bulk concentrét_e sa:ﬁplé 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: Pamcle size dlstnbunon of the PGM sample (Dry screenmg)

| ft'_’-”Fracuons Csme | % Mass Cummul %

o g (urn) _retamed... retamed
850 - -

710 3.17 100.00

- 600 4.27 96.85

500 - 8.08 92.58

425 ' 5.06 84.50

300 12.88 7.4

250 5.09 66.56

| 212 6.44 61.47

150 8.09 55.03

125 7,24 46,94

10 s 6.90 39.70

i s 11.03 32.80

otz o] 8 5.92 277

13 | 8 .~ 15.85 15.85

T T 1 100

From the dry sci'eening, 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 showi in Figure 3.3
differs from that obtained from the Malvern. The Malvern reasures individual particle
sizes optically (ie, a laser beam), while the screens separates particles of differing sizes

or dénsity by means of shaking them. Since there is possibility of a particle missing '
a hole on the screen, these results 'Show that the screening was saﬁéfactoriiy done -

~ because the results are quite close as shown in Tablcs 3.2 and 3.3. The difference in’
parncle size measurements for 90% of the conceritrate sample by Malvern and dry .
© scresn analysis is 56. 75 mlcrons

' o © . Pariicle size distribution -
15 . . (Dry screen analysis)

ot |[]

% Mss refained

o ] 1 . PR 1 PR E PR | B : E
0 100 200 2300 400 X0 6000 W0 800 500
 Patide siz (Mm)

Fig. 3.3 Percentage Particle-size distribution for the Dry screen analysis.
3.1.4 Chemical Compoesition 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 Chemlcal composmon of the size fractxons

Composmon Mass %

Pt Pd R_h Ru ]‘r Ag N1 Cu Fepb

1|13.03.9 |48 71.4 1.1]3.3{0.94{ 1.9 20} 1.7
12638 (471411033092 1.9]19] 1.7
4(13.2/4.0]4.8|1.4|1.1}3.4|093[1.9| 1.9 1.7
132]3.9 48| 1.4{1.1]34 091 19]19] 1.7,
12.6/3814.6 1.4 |1.1]3.10.88)1.9}11.9| 1.7
0[13.0{ 4050 1.4 | 1.1 |33 |100{ 29|23 17 |
129/ 40| 5.1{15[1.1]331.00]1.9[24} 1.7
12.614.0 (5.0(1.5(1.1]3.0/1.00/2.0|24] 1.6
12.6/4.0 | 5.1 1.5 [1.1] 3.2 [1.00[ 1.9 | 2.6 ] 1.7
122| 43|56 1.8|1.1]3.0[1301.9]|39] 16
12.4}44|56)1.8[1.1f13.1]1.30[ 1.9 (3.7 1.7
- 38 12.414.4 |57 1.8|1.1]| 3.1{1.30] 1.9 | 3.8} 1.7
g olaoali1af42 153 Lel1osl 2.6 [1.800 1.7 3.8] 1.5
- Bulk [23.0(12.54.1 [5.1[15{1.1]3.1]12011.5[27] 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 £0.75% from the bulk sample.

Ambng 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 stitrer (Heidolph RZR 50} in a thermostaticallv controlted water bath with a
constant temperature circulator. Figures 3.4 and 3.5 are the diagrams of the reaction
vessel and its internals. '

Palyethylene tubing

- - _ I$=7-.Omm
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- Stirrer motor — — O . _
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_ o Vent to £°s teap
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(*' T ‘
Slurry level =~ LT N A S A ////
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Water NN 3.5cm 23,0cm1
18.0cm | M14.0 ; 7 ; —'Co?st%ntt itle.rrq:m:r:ﬁum
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\ |' /
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Stirrer H 1417
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Fig. 3.4 Schematic diagtam of the Leach Reactor,
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Fig. 3.5 Schematic diagram of the éonstant—tcmperature '
' batch Leach equipment,

Two glass baffles were aitached to the inside of the leaching vessel. The lid of the
vessel hias 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' thé last port for the gas exhaust, The gas exhaust passes through a series of vessels
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. containing NaOH solution in which the excess chlorine gas is absorbed,

The agitation was .supplie'd by ﬁ flat two-bladed stirrer of teflon coated stajnless steel _ '
- (6.20 cm blade length), The stlrrcr was driven by 2 variable speed motor, and the speed
was set by a tachometer.

An Orion platinim combination redox electrode (ATI type) of Ag/AgCl (3 M KC) was
used to measure the corrosion potential of thc leaching solution, which was read on an
-Orion 420 pH/mV meter. The pH of the le_ﬁbhing solution was measured by an Orion
pH triode.’ For the tests during which redox potential measurements. wei‘e_ taken, a
glassy carbon electrode and a double junction Ag/AgCl reference electrode were -
immersed to a sufficient depth in the leaching solution. The redox potentials wete
measured on 2 Copenhengen Radiometer PHMB84 pH/mV meter. All the experimental
tests’ were conducted at ambient . pressure and a constant chlorine flowrate of

8250m31mn except when chlorme concenfration and pressure effects were bemg_
monitored.

3.3 Chemical Reagents

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 sohtic
- and reagents to their desired concentrations.

34 Exp'eri:hental Pracedure

The experimentil work can be divided into two parts, namely, the chlorine solubility
 tests and the PGMs leaching experiments, The chlorine solubility investigation was |
" planned speci:ficallf to establish the effective conditions for the application of the
leaching solutifm. 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 potennaIs were also measured together with the |
'leachmg

3.4.1  Procedure for the Chlorine Dissolution in HCI solution

The dissolution of Cl, gas in hydrochloric acid sclution was de:ermined by _bubbliﬁg
chlorine gas through the hydrochloric acid solution under different temperamreé,
B hydrochloric acid concéntrations, chiorine flowrates and agitation speeds. The agitation

* speed was set at 125 rpm for all the chlorine dissolution tests cxcept when the effect of
agltatlon was mvestlgated

Two litres of the'ﬁ:idrbchloric 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 hydrbchloric
acid solution. The stop-watch was started,

Solution samples of 10 ml weré 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 sodinm thiosulphate
{(Na,$,0,) solution. - '

3.4.1.1  Chemical Analysis: Titration methoG for Chlorine Concentration

The total chlorine concentration in solution was determined by fodine and sodmm
ﬂnosulphate titration method.

 The titration involved the addition of a stoichiometric excess of T (typically in the form
of KI) to the solution sample to be analysed™**". The OCI' in the solution then oxidises
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B theI oI5
NaOCI + 30 + 2H,0* = NaCl + I + 3H,0 .' 3.1

The I;” was then reacted with the S,0.% during which a colour ¢hange occurs from a
dark black (due to the I;) to an almost colourless solution P The determination of the
equivalence point was simplified by the addition of a starch indicator to the solution. |

I, + 28,07 w 3 + S0F | 32
A standard 0.100 M sodium thivsulphate solution and starch inidicator were prepa_red.
The standardisati_bn was performed by titrating the thiosulphate solution against a
known mass of potassium dichromate according to the reactionsP”:

CrOF + 9 = 2Cr* + 317 + 7TH,0 33

3l; + 68,07 = 9 + 35,07 - 3.4
About 1 g of pure potassium dichromate (K,Cr,O,) 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 *7, A volume of 100 inl 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 HC] and 50 ml of distilled water
was added to the dichromate solution. The solution was gently swirled and left to stand
in a datk place for about 5 minutes. This was nebcssary to allow for the complete
oxidation of the I to I, '

A clean 50 ml burette was filled with the standardised solution. The thiosulphate
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solution was titrated with the I,” solution until the dark yellow-orange colour of the I,
" jon had almost disappeared. A starch solution of 5 ml was added and the solution
darken 1mmed1aﬁe1y

_ The titration was continued until the deep purple' colour of the starch-tri<iodide complex
had changed 0 & 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 HC} solution was then
~determined by pxpettmg the solution sample to be analysed into a 500 ml Erlenmeyer _

flask. The burstte was filled with the standardised thiosuiphate solution, A prepared

solution containing 3 gms of potassium iodide, 10.ml of distilled water was added to
_the solution sample and switled to mix. Glacial acetlc 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-fodide ion had almost disappeared and 5 mi of starch solution
was added. The solution immediately darkens dtie to the formation of a starch-tri-iodide
compléx. 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 conceiltrate sample

For each leaching experih:ent, 2.0 litres of the hydrochloric acid solution of 2 pzirticular
concentration was poured into the leaching vessel in the constant temperature water
bath. The bath heater ahd 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 HCI solution and the stop-watch was started. A stirrer speed
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of 150 rpm was used for all the cxperimenfs unless otherwise stated.

The chlorine gas was allowed to pass through the h}?drmhioﬁc acid éolutiou for 30 |
minutes to ensure that the solution is saturated with chlorine after which a 10 ml
solution sample was taken for fodometric titration to determine the initial chlorine
concentration. The initial pH and corrosion potential were measured. The chlorine gas
was continually S*upplied to the leaching system throughout the Experi_mentation.'

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
' Ie'éching system immediately after taking the sample and the stop watch was started. .It _
" took about 5 to 10 seconds to pour ail the sample into the leach vessel. Time zero was
: taken as the start of pouring the sample into the vessul B

Solution samples of 15 ml 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 systern was washed with water and dried for the next sample draw.
The saroples 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 analyms

 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

o wash water from this was used for the first residue wash and filtered. This leach réSidue

was washed .again by deionised water, {iltered, dried and then weighed for _ajzalysis. :
~ These wash liquor were bottled and added to the solution samples for analysis.

3.42.1  Sample Analysis

The leach solution samples taken during and after the leaches were analysed for Pt, vd, o
Rh, Ru, Ir and Au concentrations. This sualyms of the leach solutions for the platmum— |
group elements was done by Inducnvely ‘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 HCIJ'C]Q 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 glven tlme of the leach were
calculated as follows;

(i) % Extractions during leaching = X,y

: J=1
(V 2 T'G) Coeny *+ Z VG

X = e x 100 .
uy = me, | 3.5
- Whére, _ _ _
% = Initial volume of the solution into leach (litres)
v = Vulwmne of solution sample j drawn at time t (litres)

Cyyy = Concentration of Pt, Pd, Rh, Ru, Ir or Au
' in the solution sample j drawn at time t (g/l)
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m = Mass of the solid concentrate sample added into the reactor (&
= Weight % of the Pt, Pd, Rh, Ru, Ir or Ay in the solids into leach.
j . = the j% sample taken during leaching -
I = Total number _of samples taken

(i) Overall % Extraction = X,

x, =20 g0 36

me,,

whcrc,. _ _ .
Y = Volume of pregnant liguor out (litres)
Cyyp = Concentration of the sample after leach (g/T)

- 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 lleaching solution system vigorously under preséure. 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 L.CD 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
graic mes of the PGM concentrate Sample was carefully weighed _-:mf on a plastic sheet
to within + 0.01 g accuracy on an elecironic balance and was poured into the
 autoclave. The -alitoclavé was cdve'red'tightly and the connéctio_n 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 dlspersmn into the'
mixture, The start of the stm‘er and heater was taken for time zero.

Solution samples were withdrawn from the autoclave at selected time intervajs. and
immediately filtered with the Millipore filtration system. The samples wete bottled for
analysis ‘of the platinum-group elements and the gold using the ICP-AES.

3.5 Eich Tests

A number of po'lished sections were prepared by cementing the PGM coucenttate
sample in an Araldite epoxy resin. The specimens surface were fine wet ground with
emery paper and polished with 1 jum alumina. -

- The exposed surface areas were pho't_ographed and leached. in hydrochloric acid solutioo '
. 0f'6.00 M concentration for 1 hour and 2 hours. Chlorine gas flow of 750 cr’min’ 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 & speed of 14 rpm. '

Two polished sections were Jeached for 1 hour and another two sections were also
leached for 2 hours and photographs of the small cixcle 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 tc 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 sofution at 30°C.

Photomicrographs 3.1 and 3.2 show the distribution of the PGM particles in a fresh
concentrate sample. The central particie 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 raicrographs of the initial PGM particles of the
concentrate before leaching.

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

sample before leaching.



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 siiicate material with AgCl partlcles '
disseminated in them which might coat some of the PGM parttcles to hinder them from
- dissolving in the HCl leach 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-Fe,

- Ru-Pt and Ru-Fe alloys These particles ranged in size from 100 pm t0 200 pm. Ru and

" Ir are the more abundant elements in both alloys. To a lesser extent, paxnclcs of Pr-Ru-

" Fe alloys were found. The proportlon of Fe and Pt varied in these samples, but R was
always the most abundant element in the afloys. Some of these Pt-Ru-Fe alloy particles- -
are extremely large in size, up to 300 pm and 400 wm in 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 fre ihe experimentation work
were also prepared and a small circle inscribed on each section was investigated using
the scanning electron microscope (Cambnclge Instrument - Stereoscan 360). The
general composition of the resndue samples is shown with the SEM photo-micrographs
Cin Photos 3.5 to 3.8 below. Photonucrog'_raph 3.5 and 3.6 are from the rt:mdue of the
dissolution of unscreened sample with 6.00 M HCI solution at chlorine flowrate of
825cm’min™ at 30°C. The residue from the Jeaching test at a higher iemperature of 80 €
- was used for the sections from which the photomicrographs 3.7 and 3.8 were taken.

The particles that were photographed are from samples with different types of particles
* present, It is interesting to note that most of the particles present on the sections were
" Rb-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 AgCl were identified to be disseminated in the silicate matrix in all of the

Photo 3.5  Scanning electron micrograph of a 6 hour leached residue from
the laboratory leach test in 6.00 M HCl 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 2 6 hour leached residue from
the laboratory leach test in 6,00 M HCI1 at 80°C.

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 deteﬁnination of temperature, _.pressure, agitﬁtion speed
and flowrate of the cooling water. The reactor has a fluid capacity of 1500 litres with
 adiameter of 1.20m, a beight of 1.705 m and has a jacket for heating and cooling, The
same jacket is used for both operatlons A solition agltatlon speed of 140 1pm was
conmdered for all the plant tests

o 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 pressilre. 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 sojution in the reactor is
plotted and the mass transfer coefficient is determined. | '

() Determination of Heat Transfer Coefficient Test

- The heat transfer coefficient of the PMR reactor 2101 was also determined by heatmg
the reactor from the injtial 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 avérage temperature of the steam was
116.8°C and the coolmg 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.

(iif) . Plant Leach Test

- The reactor was filled with 1200 litres of 6.00M hydrochloric acid solution and 320 kg
_ of the dried PGM concentrate was charged into the reéc_tor._ Chlorine gas was sparged -

© into the vessel at an average massflow of 1.20 kgmin, As soon as the chiorine gas was-

allowed into the reactor, the watch was started for time zero for the leaching process.
The temperature used for this test was-'?(_PC' which was controlled to within +4.0°C
- and the pressure was set at 80 kPaG. '

The first sample was taken after 1) minutes of leaching wheun the reactor pressure was
enough for sampling through the automatic sampler. The samples were taken at time
‘interyale of 20 minutes for 2 hours and 30 minutes interval thereafter for the other 4 .
hours. The solution samples were filtered iﬁmediately they were taken using the
Millipere filtration system and were bottled, The solution samples together with the
residue samples were sex. 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—ﬂp model
is developed to simulate the results to optimise the conditions for the refinery.
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CHAPTER 4

40 RESULTS OF IHE EX_I’ER]MENIAL WORK

The observations made in the esperiments are reported here. The deductlons and

apphcatxons made from these rezults wre reported in subsequent chapters. The

- procedures outlined in Section 3.4 were. followed and the ; raw data are presented in the -
Appendix _B. ' '

‘4.1 Experimental Results for the Chlorine dissolution

411 _Reprddut:ibi}ity of the Chlorine dissolution

The first three _exp'eriments for the dissolution of chlorine in HCI were used to test the
reproducibility of the experimental results,

13081 = 6.00M %  Chlo.Sol, Tes 14

0015 Mimet speet = 125epm o Qilo.Sol. Tew 17
‘ Temperture = 30°C % Chlo.Sol. Test 1€
[ Cl; flowate = 825cmdmin! - |
0 m " L .l L ] i ] N 1 i I. N | N 1
-0 - 25 5 75 106 125 150 - 175
~Time  (min)

Fig. 4.1 Reproducibility of Chlorine dissolution in Hydrochloric acid results.
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- These three tests used the same experimental condltlons and the results show the degree
of reproduc1b111ty obtained in the experiments. Figure 4.1 shows that the experlmental
techmquc is reproduclble

The e@erimcntal 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 Temperaturc on the Rate " “hlorine dissolution in HCl -
The effect of temperature was tested and the results are shown in Figufes 4.2, 4.3 and

4.4 whlch indicate that the solublhty of chlorine gas m hydrochloric acid solution
dccreases ag the temperature increases from 30°C to the boiling point of the acid.
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Flg 4.2 Bifect of Tempcrature on the rate of Chlorine dissolution in 11,50 M
Hydrochlonc acid solution.
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| Fig, 4.3 Effect of Temperature on the rate of Chlorine dissolution in 6.00 M HCIL.
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| Fig. 4.4 Effect of Temperature on the rate of Chlorine dissolution in 2.00 M HCI.
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' The dlssolutmn of the chlorine gas into solution is described by the foIlowmg matenal
balance
e = —f (C—C, - :
dt 2 ‘)_ o . o4l

The integration of this differential equation gives the expressiox_i:

In(1-C/C)=-kt - 42

where, | '
C is the chlorine conceniration at time t, C, is the saturated chlonne concentanon :

and l‘:m is the mass transfcr coefﬁment for chlorine dissolution.
Thus 2 plot of n(1-C/C,) versus time t should be linear with slope -k,

= |

2

In(1-C/C,)

[ = 11.50M .
4 | Stinet peed = 1251pm .
1, flownte = 825cm®min ! .

0 0 @ © ® 100 120 M0 160
' Time (min)

| Fig. 4.5 Vériation of In(1-C/C,) with time to determine Mass transfer coefficients.
Conditions: [HCIj= 11.50M, Stir.spd= 125rpm, Cl flow.= 825cm’min”
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: Thc ln(l - C/C,) versus t graphs were plotted (Flg 4.5, 4.6 and 4.7) to determine the

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

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

1L 50 M, 6.00 M and 2.00 M at different temperatures. These are presented in Table

4.1 below

Table 4. 1 Temperature wﬂuence on Mass transfer coefﬁment of Cl2 dlssolutlon in HCI )

Temperamre' s Mass Transfex Coetﬁﬁcxent of the Chlonne disso!uncm
: ;-_{HCI] 11 SBM [HCl]“ﬁOOM {HCI]==200M
ok g ke Gk T
4.53 x 10 - 4.83x 10“ 6.44 x 10*
5.30x16* 6.93x10* - 7.97 x 10
L8l 621x10% | 9.10x 107 CLitx10?
Cooe0 | 7.89x 107 1.15x10° | 1.48x10°
LT ) 9.59x10f 1.53 x 10? 2.23 x 10°

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 inrreasing the temperature
“and reducing the kydrochloric acid concentration at constant agitation. However, the
chiorine dissolution in hydrochloric acid solution decreases with tempelamre despite
the increase in the mass transfer coefficient.

The mass transfer coefficient may be expressed as a function of temperature in the
manner of an Arrhenius type relationship: '

km = km.c e*p(_Eﬂ/éT ] . ' _ 43

From the -gradients of In(1- C!C,) agamst time graphs, an Arrhenius plot was
constructed to. dctemnne the activation energy and is shown in Figure 4.8. '
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-Fig. 4.6 Variation of ln(l-_C/C,) with time to determine Mass transfer coefficients.
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_ Fig_. 4,7 Variation of ln(i-_C/C,) with time to determine Mass transfer coefficients. -
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The mass transfer coefficient, k,, results obtained in the three seis of acid concenitrations

([HCII= 11.50 M, 6.00 M and 2.00 M) were used for the Arthenius plot. The slope

is -B/R and the intercept is In(k ,.). From the slope of the Arrhemus graph, the
activation energy, E,, was calculated

20 “\ e T % Hal=119M (Ey= 1634 KImat ™y
AN & [HO]= 6,005 (E=24.38 klmolY
n.\ x [HO) = 2.00M (B=26.7KImty | -
24 + '
\"“\.- _
;ﬁ 28k W:Slss—m * '~...\~ |"¢n)¢7,n7..m
heerd Y
E h“"“h.._
R
42
Ink,) = 2,845 - {EE.14/T
346 _ ' ' _ A
el M 1 N I 1 N 1. . .
0.0029 0,0030 0.0031 0.0032 00033
©UTemp. (K)

Fig. 4.8 Arrhenius plot for the Chlorine dissolution in HC) solution at diff, Conc.
Conditionis: Stir.spd= 125rpm, CL, flowrate= 825cm’min’ '

From the slope of the graph in. Figure 4.8, the activation energy for chlorine dissolution
in the hydrochloric acid concentration of 11.50 M was found to be 16.34 kJmol™. The
activation energies for the chlorine dissolution in 6.00 M and 2,00 M HCI solutions are
24.38 kImol™ and 26,71 kImol" 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 emergy values obtained for the
_ dlSSOIlJ.thll of chlorine in hydrochloric acid solutions indicate a solubility process which

is controlled entirely by diffusion of the chlorine gas th:ough the gas-liquid mterface

into the hydrochloric acid solution,
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_ 4.1_.3 Effect of HCI concentration on the Saturated Cl, concentration.

The tests were performed at constant agitation speed of 125 rpm and chlorine flowrate
of 825 cr’min® over a period of 180 minutes to make sure that the hydrochloric acid
solutions under the experiments were filly saturated with chlotine in order to be |
‘compared. The results, plotted in Figure 4.9, indicate that the rate of chlorine
By dissolui_:ion depends on the concentration of the acid solution. :

The saturated chlorine gas dlssolutmn was compared with different hydrochlonc acid
_ concentrations at different temperatures, '

0,000 F
0075 ||
0.060
T oosh
0030 1
[ e e E.';n_stt Tat_u;a;e:l;u_m = 180min
R HLOEY i © Stirer speed = !"5mpm’
| ' 1, fiowmse = 825emPmin’!
1 PR N - - (] 1 L 1 A | i -
2 C o4 6 8 10 12
[Ecy o

Fig. 4,9 Effect of HCI concentration on the saturated Chlorine concentration.

" From PFigure 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 (,hlormc High concentrations of hydrochlonc acid

-grhance the dissolution of chlorine. )

61




~Aplot of In(k,) as a functiot_l of In[HCY] is shown in Figure 4.10, The reaction order
 of the chlorine dissolution with 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 °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,

a6 Stmerpeed =125pm ' o
T Ol fowate = 825emmin M= T T
’ A
32
28F
of
4 b
' 24
o " ® Temp.=30C (Renordec= (.21)
| LA - s ‘Termp, =A0"C (R order= (,22)
20 &- & ‘Temp,=50"C (Renorder=0,33)
Ik, =188 + 047 I HC] % Temp,= 60"C (Rxn gréer= .34}
[ _ & ‘Terp.= W Renorder= 047)
16 L ) N ' : N " 1
0.5 10 15 _ 20 25
In [FHCY) '

Fig. 4.10 Relationship between the Mass transfer coefficient and HCI concentration
* at different temperattres and Cl, flowrate of 825 em®mixn’.

Table 4.1 also shows that the mass transfer coefficient increases with a decrease in the
hydrochloric acid conceniration. This is due to the fact that a dilute hydrochloric acid
solution absorbs more chlorine than the concentratgd 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 that the acid strength playe
a major role in the rate of chlorine dissoiution.
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* 4.1.4 Eifect of Chiorine flowrate on the Rate of Chlorine dissolution in HCL

| The effect of chloririe concentration o the rate of dissolution which depends on thegas

flowrate was investigated by diluting the chlorine gas with different ﬂoWrates of
| nitrogen into the 6,00 M HC! solutlon at constant temperature of 50°C. The aglmuon
speed was maintained at 125 rpm and the results are presented in Flgure 4.11.
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. . ‘d“-*_*__;_,,*..-u—-*"‘ﬁ-—x
. “‘_'a,.-!@"’.‘ ) -d".‘-‘._*_a-—-‘o
0.03 . —'____.,_-0"" - Ly
fx 4‘*-‘-’_ — - )
. . ,xf *"‘ - > i
x A Rt
g A
o0k ',‘"{ P
E :'f’ x
= !r,m’
. : —-+— Np niitrogen
L f m =6.00M - - N, flowmare= Scnsmint
001 iy Stimer gpeed = 125mm
/ Temperature = 50°C - - - N, flowratem= 200cnrmin’!
iy O, flownte = T20cmtmint. | =% Ny flowrate 310cumin
o'm i .I " 1 1 L M PR | i i i i
¢ 23 X 75 100 125 150 175
Time - (min)

Fig.4.11 Effect of Chlorine concentration on the rate of dissolution in HCl solution,

The results indicate that both the initial rate of chlorine dissolutien 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 conceniration cannot absotb 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 amotint of gas released from the acid sotion.
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4.1.5 Effect of Agitation speed on the Rate of Chlorine dissolution in HCL

‘The effect of agitation speed on the rate of dissolution of ‘chlorine gas in HC1 solutio_n.'
was also iu\fest_igated 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.dissolu'tion
also increases as they converge to 2 common saturated point of conceritration,

006

€ &

~ -u- - Stimer speed= 125 ypm

_ ] —we=s Stiner speed= 190 pm

. Temperstun: = 40°C | - - - Stirrer speed= 300 pm

0.01 Cl, flownate = 825 crPmin — 4~ Stimer peod= 500 pm
(lm i -l M 1 L ) .l " i " L L | L

0 25 0 75 00 125 150 175

Time (min)

Fig. 4.12 Effect df_ Agitation on the rate of Chlorine dissolution in HCI solution.
Conditions: [HCl]= 6.00 M, Temperaure= 40°C, CL, flow. = 825 crtmin’?

The effect of agitation on the mass transfer coefficient is shown in Figure 4.13. The
relationship betwezn the mass transfer coefficient (k) and the stirrer speed is shown
in Pigure 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 agitati_on.'
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Fig. 4.14 Relationship between the Mass transfer coefficient and Stirfer speeds.
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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 balarices for the leaching tests are présentec[ in
- Appendix C. All these expetiments wete conducted using the unscreened concentrate

sample except for the particle size Ieachl_'_t_ig.' 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  Repreducibility of the PGMs Leaching
Thé-reproducibility of the Ieach results was tested on the unscreened sample in G.OO.M '

hydrochlotic acid solution: at an agitation speed of 150 rpm and a temperature of 30°C.
Figures 4.15 and 4,16 show ¢t results of the first run repeated three times for platinim

100, _ —

A

Platinem
HO . =600M ——Run 1%
woll Tenpemture = 36°C & Run lc
Stimer speed = |50mpm ' .« PRun i
Q, flownte = 825cnPmin’
G L 1 N 1 , I L Lo 1 . !
] 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 res'u_lt'sF Rhodium.

and thodium. These leaching tests used the same experitnental 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 i‘eproducible.

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 N
different temperatiures monitored at a constant stirrer speed of 150 rpm. The increase
in temperature from 30°C to 80°C does increase the rate of reaction remarkably desp1te
the fact that chiorine solublhty in hydrochlonc 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 Bifect 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. 4.21 Effect of Temperature on Iridium dissolution rate.
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Fig. 4.22 Effect of Temperature on Gold dissolution rate.




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

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

extraction of platimum and palladium approach completion at higher temperatures,

whereas the extraction of the other PGMs is mwch lower, The rate of dissolution of

pallé.diuﬁl. is almost zero after three hours of leaci.ng at a fempe_ratuxe of 80°C and is-
expected that the dissolution reaction is almost complete. For most. of the other PGMs,

a prolonged leaching period together with hlghcr hydrochlotic acid concentration would

extend their extraction to compl_etioﬁ.

4.2.3 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 0035 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 mode]]ed and'analysed in charter 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
concentt'atidn 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 PGMSs 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 maximmum 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,

71



—v - [HQ] ~ 1.00M

% P Extractic.

40 i
N _ o =+ [HC) = 2,00M
Tenperature = §0°C +, [HCl] = 4.00M
A Stimer speed = 130pm o —e- [ul:;gi :g.&;WM
O, flownte = 825cnPmin? - o= [HOY) = 10.0M
o0 v .1 P SN NS I
' 20 20 W0 0

0. % w15
' Time (min}

Fig. 4,23 Effect of HCI concentration on Platinum dissolution rate.
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Fig. 4.24 Effect of HC1 concentration on Palladium dissolution rate.
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' Fig. 4.26 Effect of HC1 conceritr‘ation on Ruthemm.: dissolution rate.

73 .



% Ir Extraction
| )

—dy -

|

. e T . .
& - L - ¥
et S
.;j:v"" Iriditm
~— ~ [HOY = 1,00M |
- - [HOJ = 2,00M
Temperature = §0°C —4~- HC1} = 4.00M
 Stirer speed = 150mm -*—-gig}wg.ggx
= LT | o ] = §.
1, flownte 5o min o [HCI] = 10.0M
1SR SV T P R R S T
a. % 100 150 200 250 %0 3%
Time (tnin)

Fig. 4.27 Effect of HCI concentration on Tridium dissolution rate.
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424 Effect of Chlorine Flowrate on the PGMs dissolution rate

_ The PGMs léac'hing' reactions'-are strongly 'dcpendent upon the concentration of the
chlorine oxidant. Accordingly, the effect of the chlorine concentration on the platinim-
'grc')up 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
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~ Fig, 4.29 Effect of Chlorine concentration on Platinum dissolution rate.
Conditions: /HCY] = 6.00M, Temperature= 50°C, Stir. Spd= 150rpm

| concentration has 2 strong resporise on the individual PGM dissolution in HCI solution.

The higher the chlorine flowrate, the larger was the chlorine concentration to effect the
dissolution of the PGMs and therefore the reachon rate increased more rapidly.
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Effect of Chlorine concentration on Pailadium dissolution rate.
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Fig. 4,21 Effect of Chlorine concentration on Rhodium d.ssolution rate.
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Fig. 4.34 Bffect of Chlorine concentration on Gold dissolution rate.
Conditions: [HCIJ= 6.00M, Temperature= 50°C, Stir. Spd= 150rpm

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 é_caustic leach to remove
selenium qnd silica. These processes attack some of the PGMs and leave them as oxides
in a form of salts in the concenirate 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 ate the 4* and 5" stage materials from the Base Metal Refinery
~ process line and a material proguced 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 _Eft‘éct 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 pm, +90 -150 pm, 300 um,
- +420+500 pm, and 600 +850 um under 6.00 M hydrochloric acid solution with the

initial total chlormc concentratlon of 0.036 M at 60°C and a stlrrer speed of 150 rpm.

The results are pre.senl.ed in Figures 4.35 to 4.40 for all the PGMS and gold
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Fig. 4.35 BEffect of the initial Particle size on Platinum dissolution rate.
Conditions: [HCY= 6.00M, Temperature= 60°C, Stir. Spd= 150rpm

From these -_figurés 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 PGMs 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
“betvreen the particle size and the rate of digsolution. Therefore, the smaller particle size
yesults in a faster dissolittion 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, 4.39 Effect of the initial Particle size on Iridium dissolution.rate.

81



wlf ¢ - o e i o st
_ —u— Pant, size=-150 +
” [C = 6,00M -t Putt, sizem 3000
Temperture = 60°C —x-— - Patt, gize= +500 -+H4254m
o Stimer speed = 150mpm . o Part, size= -850 +&001m
0 Oy flownte w 825cafmint —— Unscreened sample
0 i ] I L [} 1 1 (]
0 50 100 150 200 250 300 350
Time (mif)

Fig. 4.40 Effect of the iniijal Partlcle size on Gold dissclution rate.
Conditions: [HCIJ= 6.00M, Temperature= 60°C, Stir. Spd= 150rpm

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, Theée results show an increase in the rate of dissolution for an
increase in stirring speed for the five runs at 80, 150, 210, 320 and 450 rpm.

The results of the agitation effect for all the PGMs indicate 2 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 i suspension. The optimum speed
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Effect of Agitation speed on Palladium dissolution rate,
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for fu'l suspension of the sample particles are around 300 tpm. 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 diss.olution

- 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 hydro.chloric- acid
solution at a constant temperature of 50°C, The agitation speed was maintained at 150
rpm and chlorine flow of 825 cm’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.
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Fig, 4.47 Effect of Reactor pressure on Platinum dissolution rate.
Conditions: [MCll= 6.00M, Temperature= 50°C, Stir. Spd= 150rpm
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Effect of Reactor pressure on Iridium dissolution rate,
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Fig. 4.52 Effect of Reactor pressure on Gold dissolution rate.
Conditions: [HCl= 6.00M, Temperature= 50°C, Stir, Spd= 150rpm.

4.2.8  Redox potentials measurement during the Leach test

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 dissolutiori of PGMs without chlorine is presented as Figure 4.54.

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
" pbservation 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,
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4,3 Resulis for the I'l.n.pala 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 conduicted in the same Impala plant reactor 2101. The test
resulis are presented below. This industrial test Tesuits are used to scale up the
laboratory test results and to derive a cotnputer program for the plant leaching process.

4.3.1 Heat Transfer Coefficient of the impala Plant Reactor
The heating and tI_:_Le. cooliﬁg curves for the Impala PMR fea'ctor 2101 were meamed-

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.
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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 E1. The s_olution of the energy balance is given by:

ln[’l‘}"?]:_ Upd_, 44

where

T = Temperatme of the ﬂu1d in the reactor jacket

T, = Initial temperature of the vessel fluid.
U= Overall heat transfer coefficmnt
A = Heat fransfer area
= Number of moles of cornponcnt fin e reactor

Cﬁ— Spec1ﬁc heat capacity of the compo . 4 :
The plot of the left hand side of this equation 4.4 against time tisa stralght 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. ' '

Linearregression forthe - o
12 - Henting & Cooling curves _ : .

Fig. 4.56 Overall Heat transfer coefficient for the Imps ‘a PMR reactor 2101.



- Prom the slopes of the graph the heat transfer coefficients for the Impala PMR reactor
2101 during the test are calculated in Appendlx E1l and are glven as;

For the coolmg, :
| = 647.60 Wi ’K* | a3
For the heatmg, | '
Uy= 507.55 Wm’K*. ' 46

Therefore, the rate of heat generatioj; in the reactor as a result of heating is given by
the equation of the heat trapsfer in an agitated reactor having an external jacket :
. qwng = UirA(T I')

—50755><63(116.8 118) 4.7

= 335.74kIs™ _
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 chiorine 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 equé.tion 4.1, the value of In(1 - C/C,) 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, The mass trar fer coefficient for the
1aboratory'glass reactor used for the experiments under similar conditions as the plant
gave 4 value of 0.0546 min™. This shows that the mass transfer in the laboratory reactor
is better than that of the planf and therefore gives a better chlorine transport to the
“hydrochloric acid solution to effect the dissolution, -
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Fig.4.57 Chlorine dissolution in 6.00M HCI solution in the Impala PMR reactor 2101
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Fig. 4.58 Determination of the Mass Transfer Coefficient of the Impai_a.PIant reactor,
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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 (iil) was
followed systematically: The results for the 6 hour plant leach test of the same platmmn
group metal concentrate materlal is presented as Figure 4.59,
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Fig. 4.5 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
' albngsidé 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 constme the dissolved chlorine in the solution. It then increases
dramatically after 30 minutes as the chlorine concentration increases. '

- 95



CHAPTER 5
/5.0 ANALYSIS OF THE EXPERIMENTAL RESULTS

In this chapter all the experimental resulfs for the dissolution of the PGMs are ahaljséd
- to determine the kmetlcs of the leaching. The leachmg models to simulate the leaching -
kinetics are also considered here ' : :

51 Applications of the Model to the Experimental Results

The results obtained indicated that the rate of PGMs dissolution in hydrochloric acid
solution with chiorine is strongly dependent on the temperature of the leaching solﬁtion,
 the concentrations of the acid and that of the chiorine. The particle sizes also have a

positive effect on the rate of dissolution.

A typical graph of the chemical reaction contro! of the shrinldng—particle model for
platinum in the concentrate sample is shown in Flgure 5.1 with a low activation eﬁérg‘y
of 12.53 kImol™. The shrinking-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 pai‘ticles
present in the concentrate sample is acid-soluble which did not require chlorme 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 4" and 5" stages of the Base Metal Refinery operation line is the
concenrate feed for the Precious Met_a_l Refinery from which the platinum-group metals
and gold are recovered. The 5™ stage material, which has undergone 2 sulphuric acid
“and caustic leaches, is the concentrate material used for all the experimént'reported in
this thesis, In view of this, the two different components of PGM particles present in
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' the concentrate sample which was used for all the testwork were ihvestiga_ted. This was
done by leaching the 4 stage concentrate material (before caustic leach), the 5 stage
material (afier 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 'hydrochlor.ic 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 5* stage material whereas

' 24.26% is recovered from the 4* stage material and only 0.623% is obtained from the
1ea'ching of the dry chlorinated material with hydrogen reduction. These results also
explain the fact that the hydrogen reduced material contales pure platinum-group
metéls, which requires chlorine or an oxidant to be able to dissolved them jn a '
uydrochloric acid solutiot_l. 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,
Condmons' [HCI] = 6 00 M, Agztatwn speed= 150 rpm, Temp. = 60"C
s Platmum—ﬁroup i T % PGM Exua.cnon mthout Chlorme:' ' |

o _SFage Matetial 4"’ Stagc Matanal Dry Chl*)rmatbd Mat
- fafter causttc Ieach) (qﬁer H$0, :each) < (afrer d,, mdum‘aﬂ}
40,79 2426 ©0.623

56.63 ; 37.16 . 3.108
bR, 24,14 20.50 0.725
CU R 26.88 17.60 0513
ap, 2084 16.65 0.540

Alr

0.790 0.647 0.641

The acid soluble PGMs in me.residue after the 4 and 5* stages may be an oxide in a
- form of a salt which dissolves easily in acid solution, This does not give the true picture
of the rate of digsolution of the PGMs in hydrochloric acid solution with chiorine.
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PFig. 5.2 ' Dissolution of the 5* stage PGM concentrate material without Chlorine.

98



50

——F .
~x-pd,| . Al Stage concentrate smple
—au Rh : .
Or  |eamra
|| e
.w-—"‘“"—a_
30 - PP o
X
1 .
E“ . v gty
- ___ﬂ__._,a.._.g__-a.-—a.- —— e A
S | b
. i A= R R R e
O =600M
1@ Tempernture =&PC
Stimerspeed = 150mmy
-0 :
0 50 100 150 - 200 . 250 g 350
Time (min)

Fig. 5.3 DisSoh_Jtidn of the 4" stage PGM coﬁc_entratc material without Chlorine.
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Fig. 5.4 Dissolution of the Dry chiorinated PGM concentrate 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 djss_olzve.thcm in hydrochioric acid
 solution. The oxide formatioli may be due to either the sulphuric acid leach, the caustic
leach or some other processes at the Base Metal refinery operational line.

Ttis 'therefor_e believed that the sulphuric acid with oxygen leach at & high temperature
- and pressure to remove mickel, copper, cobalt .auc_l iron together with the caustic leach
to remove sélenium 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
particlé model on the resulting data to look at the dissolution reactioﬁ_iilvolving
chlorine. There was 2 good ag‘reeiﬁeﬁt between the resulting data and the s‘urfacé
chemical reaction control of the shrinking partmle model expression for all' the
parameters. controllmg the reaction.

The equation used to calculate the conversion for the chlorine soluble PGM fréctions
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
representcd by C then X, and X, are the conversions of the acid soluble and chlorine _'
soluble PGM fractions respectively, Therefore, X represent the overall conversion of
the platinum-group metals.’ |
Mass of PGM dissolved

Total mass of PGM

l\lIEISSOfAdJSSONde Total mass of A Massodelssolved Total mass of C
~ " Total s of A TotalnnssofPGM Total mass of C m

Xe

5.1

Therefore,
| X=X0 + X 52
‘where, _ ' _
f, = the fraction of the concentrate matetial that is acid soluble, and
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fo == the fraction of the concentrate material that is chlorine soluble.
But, . . .'
Cf o+ fe=1 | . o 53
Therefore L _
| X = X + Xc{l-f) . 54

" From the leaching of the platinum-group metals in only acid without chlorine, f, = X, -
at the e_nd of the acid soluble leach was determined. However, at every point in time,

X—-X. 1,

X = o '

Therefore, equation 5.5 is substituted in all the shrinking particle model equations
expressed in chapter 2, The equanon of the chemical reactlon control of the shrmkmg
partlclc model finally becomes - '

A-(1- X8 =k | 5.6

for the chlorine soluble PGM fractmns in the concentrate matenal A similar rate
equation is obtained for the acid soluble PGM fractions and is expressed as

1-(1-x )8 =kt | | 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
| _hydmchloric acid solution for the same set of data is shown foi"_platinum in Pigure 5.5.
The graph indicated that even at the initial leéching period, the rate of dissolution of the
chlorine soluble PGM fraction is much more faster than the dissolu_tidn_ of the acid
soluble PGMs in only hydrochloric acid soluion. This observation explains the fact that
the rate of conversion of pure PGMs into their soluble chioro-complexes require
chloride jons 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 remb_vai from the concentrate by mﬂphﬁric acid with
oxygen préssure 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 chilorine
as illustrated by equation 5.2. Thkerefore, the ratio of the conversion of the acid soluble
 platinum to the conyersion 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 acld
soluble platinum dissolves within two hours of leachmg with good agitation.

- Similar gfaphs to éomparc the acid soluble PGMs, the chloriﬁe soluble PGMs and the .
total extraction of the platinum group inetals as explained above were obtained for
paliadium 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 wﬁs very negligible,

102



5.2 The Leaching Rate Model

. The rate models presented in Chapter 2 were cobsidered and tested on the di_sso_lutidn_

~ of the chlorine soluble PGMs, This is shown for platinum in Pigures 5.6 fo 5.9 below.

The results depicted that the diffusion models either through a reaction product or film

layer do not fit the data obtained. 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 Iayer into the main solutlon also do not.
control the process.

Since the rate of dissolution of the platinum-group metals was observed to increase
retnarkably “with increasing temperatute, the chemical reaction control was fhen
- considered to be the rate driving step. The chlorine soluble PGMs extraction data
- generated accordmg to e-quatlon 5.5 from the experxmental results for the dissolution a

Fig. 5 6 Product layer d1ffusmn [1-2/3X - (l-Xc)m] control model plot for the
Chlorine soluble Platinum chssolutlon
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~ of the platinum-group metals which were presented in Chapter 4 are aﬁalysed in terms
of the chemical reaction control of the shrinking-particle mo&el. The chemical reaction
control of the shrinking-particle model at the mineral surface was found to control the -
'l'each'ing reaction adequately for &l the chlorine soluble platinum-group metals. The
. apparent dissolution rate constants, k, were obtained from the slope of the lines of the
repfesentati‘}e plots of 1-(1-X)'” against time, These rate copstants are used to
determine the activation energy, the order of reaction with respect to the hydrdchl’oric_
acid concentration, the order of reaction with respect to the concentration of chlorine -
and the effect of the p_article size. ' | |

The chlorijic soluble PGM:s results at different dissolution femperatu’fes for the chemical
 reaction control of the shrinking particle model (equation 5,6) were plotted for platinum
and is presented as Pigure 5.9. The same graphs were plotted for the other PGMs and-
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Fig. 5.9 Chemical reaction [1-(1-X¢) 1%] wontrol model plot for the Chlorine soluble .
Platinum dissolution.
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are s_hown'in section '5.3. The rate model [1-_(1-X_0J_”’] versus t gfaphs for the

o di_ssolution of the chlorine soluble PGMs have non-zero intercepts as shown in Figure N

- 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 tobe .

that during the leaching process, both the chlorine soluble and acid snluble PGMs
~ dissolve together under the influence of the chlorine oxidant. Their rate of c{issolut_ioﬁs

in hydrochleric acid solution with chlorine, however are ot the sa:ine 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 ox1dant would be much more faster
. than that of the chlorme soluble PGMs whlch are pure metals

‘Now, when the dissclution of the acid soluble PGMs in only hyc_lrochlofic_ acid is
subtracted from the total PGM dissolutio_n in hﬁdtochloric 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-}'(6)”3 1 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 PGMs for just the initial period of about less
than one hour, when the chlorioe soluble PGMs pick up their true dlssolunon behaviour
as the amount of the acid solublc 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 5.7y was also
- applied to the acid soluble platinum group metals data and the resuits 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 thie parameters that affected the
 dissolution of the acid sohible 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)”3] control model plot for the Acid soluble
Platinum dissojution. :

Both graphs for ihe 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 pl‘atinum 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)"] intercepts of the
wnodel rate plot for the total j)_]atiimm 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 for the dissolution of the
platioum group metals in the concentrate used for this work.
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- 5.3 Analysis of the Rate of Cl, soiuble_PGM dissolution with Temperature.

'The chemical reaction control of the shrinking parrlcle model was applied on the
- dissolution data obtained for the chloring soluble fraction of the PGMs in the
concentrate sample for different temperaturcs Therefore, from equation 2.1, a plot of
1-(1-X)'* against time t glvcs a linear relatlonshlp The slope gwen by k,, is related
to the activation energy by the Arrhenius equatlon

k, =4, éxp(_ %TJ - .1. 58 . |

wheré, : _
| A, = Arrhenius pre-exponential factor,
E, - = Activation energy, (kJmol™)

R = gas constant, (8.314 Jmol'K™),
T - = absolute temperature (K).. _

By taking logarithms of the equation 5.8, we get:

Eﬂ
nh =Rt A - 5.9

Therefore, a plot of In{) against 1/T for the chlorine soluble PGMs is a straight line
with a slope of -E,/R and an intercept of In(A,). '

The effect of temperature on. the rate of reaction is illustrated for the chiorine soluble
1, Pd, Rh, Ru, Ir and total Au as Figures 5.11 to 5.16. An Arthenius piot of the
reaction rate constants k, from equation 5.9 is modified to In(k, / [CL 1) to correct the
B temperat.ure'dependence on the chloﬁnc soiﬁbility in 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 descnbed by the chemical reaction

control of the shnnkmg partxcle model

A plot of ln(k,/ [CL]") versus 1/T is shown in Figure 5.17 below. From the Arrhenius
graph, the activation energy for the chlorine soluble platimim was calculated to be
42.36 kimol”, the palladium was 40. 19 kImol ", rhodium was 44.56 kJmol *} ruthenium
was 46.62 kImol, iridium was 47.60 kImol" and gold was 40.44 kJmol

k L _— " 1 _ .
0,0028 00028 0.0030 0.0031 00032 0,0033
1/Temp. (K)

Fig. 5.17 Arrhenius plot for dissolution of Cl, soluble PGMs and Au in HCI/Cl ,media.

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 kJmol'.
' Therefore, i is concluded that the rate-controlling step is a chemical reaction cccurring
* at the surface of the PGMs particles.
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5.4 Analysis of the Rate of Cl; soluble PGM dissolution with HCI conc.

The resulis for the leaching of PGMs under different HC] 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 surface chemical reaction control of the shrinking

particle model is given by: .
| - o o 510

1-(1- X)¥ = K[HCIF't 3

where k, is thc apparert rate constant for the surface reaction contro} at different HC)
* concentrations. Therefore, the graphs of 1-(1-X)*® against time, t, for the various

OB T e 0o
= [HCT=2,00M
i [Cledom]
» [EC=600M
o " [HCl=B.00M
. I [00M
06} | — Model liney

1-(1-X )"

Temperansre « GPC

Siirser speed = 150min

0, floweats == 835entmin!

| i ) L [T [P | L __i_' . i

"0 o 10 150 20 25 300 350
Time * {min)

Fig. 5.18  Effect of HCI concentration on the Rate of Cl, 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
_ F1gures 5.18 to 5.23. The values of the rate constants k'; were determined by regression
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analysis of the model plots for the different acid concentrations. A plot of ln(k'Q against
I[HCI] yields a straight line whose slope is eqdal 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 fo conchide that the chemical reaction control which was
applied as the 'rat_e-dr'iving step gives a good représentaﬁon of the experimental data.

The reaction order of the chlorine soluble platinum with respect o hydrochloric acid
concentration is 0.70 and 0.94 was obtained for palladium. The order of reaction for
the rest of the chlorine soluble PGMSs are 0.81 for thodium, 0.68 for ruthenium and
iridinm was 0.75. The order of reaction for gold was 0.76. These reaction orders are
within the range of values whick are_nbrmally surface chemical reaction control.
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Fig. 5.24 Reaction order with respect to HC cone. for chlorine soluble PGMs and Au.
5.5 Analysis of the Rate of PGM dissolution with Chlorine concentration.
" @) Determination of the Chiorine concentration in the PGM leach solution

- 'The various amounts of chiorine gas that were passed into the 6.00 M hydrochloricacid =
solution dissolved to produce different chlorine concentrations, It was very difficult to -
calculate the actual chiorine concentration in the PGM leach solution by the iOdonietric
titration due to the dark colour of the solution whmh makes it d1fﬁcult to determine the
end point accurately. In view of this, the concentration of chiorine 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 rédox potentials. The two fundamental pafameters that were used to control the -

behaviour of the metals in aqueous soluuon are the pH and the oxidation potential of
the solutlon '
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‘The redox potential of the leach soluti_dn_wasmeasured 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 tie leach solutions with the
plaunum electrode which was used to check the corroswn potentlal of the solutmns
The measured redox potentlals were used to estimate the chlorine concentrations in the -
_ mlutmn during the leaching process

- .F_rom thc half reaction of the chlorine dissoliltio.n;'
S, ¥ 2 w  2cr | B XY

the redox potential is related to the chiorine concentration by an equation similar to the
Nernst equation: ' '

S 7 (-3 ) S
.E .E +nF'1n{[C‘£‘_]3} _ 12

where,
E = the solution redox potential,
B°= the standard redox potential,
R = the gas constant (= 8.314 JK"'mol™)
F = the Faraday s constant (= 96500 CmolY)
n = the mmber of moles of chlorine (= 2)
The equation 5.12 therefore becomes

E= °+»-~—1 C ——mlnC‘i 2 '
E 7 [12] [ ] 5.13
Whichr‘éducesto

E= E“+—1n[Cl,] | o 5.14
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-where the constant,

B = E* ‘—1“[‘3‘ ] 5.15

" The redox potentials E of the chlorine in hydrochloric acid solutions were measured and .
the results are plotted as Flgures 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 E,, of the

; solunon against In[Cl,] gives a lmear reélatlonshlp with (RTIZF) being the grathent This
is shown in Figare 5.28.

. & " "

- a.._.g.;.qa..-—n--ﬁ-—ﬂ .
e e A 1040

g
Redox Potential B,  (mV)

Fig 5.25  Relationship between Chiorine concentration and Redox potential with
o time for [HCI]= 6.00 M and Temperature= 30°C

| Now, .the values of the redox  wesatials of the leach solutidn which were monitored
. during the platixulin—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 chloﬂné concentration on the dissolution of plaﬁnum-group metals were
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conducted with 6 00 M hydrochloric acid at a temperature of 60°C. The equation of the
line describing the condition is; :

E, = 1085.48 + 1448 iCl] 506
from wh1ch thc chlorine concentrations were calculated with the measured redox
potentials of the leach solution. The calculated chlorine concentrauons are presented i in

' Table 5.2 below.

Table 5.2 Chlorine concentrations from Rednx potentials during PGM dissolution.
Condition: [HCIJ= 6.00M, Temperature= 6(°C, Agitation speed= 150pm -

1051.00 | 1037.90 1029.80 | 1020.10
0.0924 |  0.0374 0.0214 | 0.0109

Now, by substituting equation 5. 16 into equation 5.15, the standard redox potential E°
for the PGM dissolution in 6.00 M hydrochlonc acid solution at 60°C is calculated to
© 36.90 mV,

‘The tedox 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. Por instance, the
‘platinum dissolution reaction; ' '

Pt + 6Cl,, = PICI%,, + 4¢ 5.17

is related to the equilibrium redox potential of the solution with an equation similar to
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the Nei‘nst equation (equation 3.18)

RT. [ [PICIE] -
.E 076+ m{[m[a ]3} 5.18

From a thermodynarnic point of view, in an HCI solution of unit asiivity Pt(IV), Pt and
CI', the P(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 plaﬁnuin—group metals to
establish the potentials at which the chloro-compleéxes of the platinum-group metals are
stable in solution. In practice, the poten_tials 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 potentlals
versus NHE involves adding 0.245 V to the observed value,
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- () Rate of Chlorine soluble PGMs dissolution with Chlorine concentration

The results of the variation of chlorine flowrate as shown in chapter 4 indicated th_at
leaching at higher flow rates of chlorine resulted in greater rates of dissolution of the
' platlnum group metals. The chlorine concentrations were c‘zetcrmmed from the chlorine __

flowrates. The various amounts of chlorine :dded into the 6.00 M hydrochloric acid
~ solution during the leachmg expenments were calculated from the relatlonshlp between
- the chlorine dissolution rate and the redox potentaal of the solutxon as explamed 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:

1-(1-X%.)% = K1C, Pt S R

fot the: chlorine soluble PGMs in the concentrate. The constant k,” is the intrinsic rate _
constant which depends on temp-ature and the hydrochloric acid concentration. The
plows »f 1-(1-X)'? versus 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 shrihldng-
 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 reactidn,- b, with respect to the chlorine
concentration. '

The graphs of In(k,") against In{CL,] 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 chilorine 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 thodium 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 actlvatmn energy together with these reaction orders of the PGMS
dependcncy on the chlorine concentration also support that the dlssolutlon process is
controlled entlrely by the rate ¢ " = surface chemlcal reactlon :
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Pig. 5.35 Reaction order with respect to Cl, cone. for the Cl, soI_ﬁble PGMs and Au.
5.6 Effect of Initiai particle size on the rate of Cl, 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:

| o
'1-—(1—Xc)}5=d—"

5.20

where k,* is the apparent rate constant and d ,is the nitial particle diameter, The r._esuks
obtained from plots of 1-(1-X)'* 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
o reciprocal of the initial particle diameter, d,, and is presented as Figure 5.42. - _
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Fig. 5.42 A plot of the reaction rate constant versus the inverse of the initial particle
diameter for the Chlorine sojuble PGMs and the Au.

Prom the Figure 5,42, the correlation coefficients which express the linearity of the
plots were determined by regression analysis, The 38 sm points 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 conciude 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 1/d, again confirms that the proposed

-surface chemical reaction control of the shrinking particle model is jpdeed the rate
Iimiting'.steg in the PGivis dissolution process,
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- 5,7 Analysis of Acid soluble PGM:s 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 shﬁnkiﬁg particle model expressed in equhtion 5.7. The rate
model (' L-X,)**] vs 1) plots for the individual acid-soluble platinum-group metals
indicated. that theu- dissolution depends on the leaching temperature, hydrochloric acid
concentration and the particle size. There was negligible amount of acid soluble gdld
in the concentrate material, | '

(i) Dependgnce of Teniper_ature on the ﬂissoluﬁon of the Acid-soluble PGMs

The acid soluble PGMs results at different dissolution temperatures also.satisfy the
- chemical reaction control of the shrinking particle model and were. plotted as Pigures
'5.431t05.47. The values of the apparent rate constants, k,, obtamed from the gradients
of the linies of fit of these rate model ([1-(1-X,)**] vs t} plots were used to establish the
Arrhemus plot for the ac1d scluble PGMs ‘This is presented in Figure 5.48. The
regression analysis of all the rate model graphs together with the ‘Arrhenius plot
exhibited 4 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.
The activation energy of the acid soluble platinum was calculated to be 23.05 KJmol”,
the acid-solublé_ palladium was 19,59 k¥mol”, rhodium was 23.82 kImol”, rutheniom
“was 18.76 kImol" and iridium was calculated to be 18.22 1(]1‘;101“T The Jow activation
energies for the acid soluble PGMs indicate that their dissolution is controlie’d by
diffuéi_o‘n. 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 A, which is the In(k,) intercept on the Arrhenius plot is analogous to the
rate of diffusion (cm’min™). This also supports the assumption that the acid solubles are

o  oxides in the form of salts.
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(if) Dependence of HCI conc, on dissolution of the Acid-soluble PGMs.

" The results obtained for the dissolution of the acid sofuble PGMs under different. -
h_ydrochloric' acid concentrations were fitted into the surface chemical reaction control
 of the shrinking particlé model éxpressed in eqﬁatidn 5.10. The model [1-(1-X,) vs ]
plots which are sliown in Figures 5.49 to 5.53 are in good linear relationship for ail the
metals with a high correlation coefficient of more than 0.98. The apparent rate
constants, X, were determined by rcgrcssmn analysis and a plot of Ip(k ) agamst'
In[HCI] were also established to determine the reaction orders of the acid soluble PGMS
w1th respect to the hydrochlonc acid concentranon

"The reaction order of the acid soluble platimum was determined to be 0,56 with respect

to the XCI 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 HC]
_ concentratlon for the acid soluble iridium is 0.56. '
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Fig. 5.49 Effect of HCI concentration on the Acid soluble P . dissolution rate.
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Fig. 5.51 Effect of HCl condeﬁtratio_n on the Acid soluble Rh. dissolution rate,
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Fig. 5.54 Order of Reaction with respect to HCI conc. for the Acid soluule PGMs
- (iti) Dependence of Initial Particle size on dissolation of Acid-soluble PGMs

The chemical reaction control of the shrinking particle model wﬁs 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-X, ) was plotted
against t for the different initial particle sizes and the graphs for the individual
platimim-group mefals 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 patticle diameter, d, and is shown in Figure 5.60, |

‘The linearity of the k*, and 1/d, plots with high average correlation coefficients of 0,99
indicate a good relationship with the model. Therefore, it is conctuded 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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Fig. 5.60 A plot of the reaction rate constant versus 1/d, for the Acid soluble PGMs.
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5.8 Comparison hetween the Experimentai I{wults_ and the Plant Tests
Results for the Fit of the Proposed Models

' The plant leach test Whi-* 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 eéxtractions of the plant and the laboratory

tests were compéred and their results are shown in Figures 5.61 and 5.62. The fesﬁlts '
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~ Fig. 5.61  PGM dissolution in 6.00 M HCI solution with the Impala Reactor 2101,

indicated that the bench scale experiments are in very good agreement with the results
frém the plant test. The extent of exiraction of the PGMs in the bench _scale'experiinent
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
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Fig. 5.62 PGM dissolution in 6.00 M HCI solution with the Laboratory reacior

at ambient pressure.
achieved a good extraction from the concentrate. -

“Table 5.3 Comparison of the PGM dissolutions with the'labbratory_reactor and
Impala plant reactor 2101,
Condmon [HCI] 6.00M, Temperature 70°C, Agitation speed— 140 and 150 rom

" "”% Flmlﬂxtractlon -

.87 | 8452 | 85.71 | 94.79

| ImpalaR"Qtﬂrﬂissol 93,22 | 96.14 | 88.49 | 83.24 | 80.35 | 91.28
| (4300-L- Glass dined reactor).

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




tests was far dilute as compared to about 1:4 used at the plant 'operatibns, therefore the
cdnsumption’ of chlorine iu 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, tdgetiler
with an increase in the stirrer speed of 150 rpm as compared fo the 140 rpm Dsed
during the plant leach test. ' '

The apparent decrease in mthenium'extraction in boih reactors is possibly explained by
~ the volatile nature of the ruthenium tetroxide during acid dissolulion. 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 ruthenfum
and osmiumt in the six litre caustic solution used during the laboratory test run 21 was -

18.60 ppm and 24,37 ppm-respéc_i:i_ve_ly.' F_rom these concentrations, the mass of the
ruthenivm 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: [HCI]— 6. OOM Temperaﬂtre- 60°C, Agtrar:on speed- 80 rpm

= : ':EMass escaped mto NaOH Mass inTe
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 hydrox1dc scrubber during the leaching.
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5.9 Overall Leaching rate Model for the PGM dissolution.

‘The surface chemical reaction ¢ontrol of tie 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 sﬁccé_s_sﬁﬂly applied on the
leaching results. From the results of the rate model [ 1-(1-X)"®=kt ] 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 S

1-(1~X)¥ = kd;' e [eL)™ exp[

—42_360] X

for platinum, The final leaching rate expressions fur both the chloring 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, k,, in the rate model equation 5,21 can be calculated from
the relationship that exists between the apparent rate constants, k,, and the various
experimental parrmeters that affect the dissolution of the platinum group metals which
is shown by the following function:

k, =k,d;'[HC[CL]’ exp[“’%r] 5.22

Now, from equation 5.22, a plot of k, against { d,'[HCI[Cl,"xp[-B,/RT] } for all the
parameters produces a straight line expected from the origin, The graph of this relation
i shown as Figure 5.63 for thie chlorine soluble platinum. The average rate constant,
k,, value from the temperature, HCl and chlorine concentration lines were taken for all
fhe 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 platinurm
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Pig. 5.63 Determination of the overall rate constant, k,, for the chlorine soluble Pt.

is 3.20 x 10° min™ and the avetage 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 ko for the Chlorme soluble and Acid soluble PG 1s and gold.

Values of' the Overall rate constants. k,

Plaunum»Group
Chlonne solubie PGM Amd soluble PGM
Metﬂ.ls D .

_ | (min?). (min®)-
3.20:;1(36 2.96x103
4,15x10¢ 7.20x10%
1.30x10° 3.73x10°
2.90x107 5.65x10

o 230x107 5.65x10°
| 1.80x10° -
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5.1¢ Combined_ Model for the Plant_. Reactor

_ T.hc surface chemical reaction control of }_:hg shrinking pérﬁcle model used to describe
all the Taboratory dissolution of the chldrine_ soluble and the acid soluble PGM fractions
were combined with the cﬁergy 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 exercme mvolved in assembling differential rate equatlons and solvmg them

- The energy balance equation used in this plant i'eactor_ modelling exprcssion is

4T [UMA(T_,W - T)_+ Z::AH 2 -E?(mmal -ma_fes):l | 523
@ X NG, | |
2

_ where
Ty = Temperature of the steam,

T == Temperature at time t,
~ AHy - = Heat of reaction of the i reaction,
X, = Conversion of the PGE from the i® reaction,

 and the rest of the symbols have their usual meanings explained at the Nomenclature.
Z AH, (mztzal moles) ' is the heat generated by the reactic is.

The chlorine mass balance equation applied in this modelling is cxpreséed as follows

acl, . |

"gf" =k, A(Clg,y - )+Zv, =4 (initial moles) s
where _

k, - = Chlorine mass transfer coefficient,

v, = Stoichiometric coefficient, and
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; v, ?(mmat moles) - is the amount of chlorine consumed by
 the reaction. The meaumg of the rest of the symbols are explained at the Nomenclature.

The differential equation of the shrinking particle mode] applied on the chlorine soluble.
PGM fractions used for the C++ computer program on the plant model is expressed as

—i= 3k, (1~ X,) 525
which becomes 1-(1-Xc}"* =k, t after integration. The same equation was applied for
the acid soluble PGMs, where X, is changed to X, and X=I.Xo+(1-F)X,.

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 inechanism of the leaching. The energy balance and the chlorine mass balance

3 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 mode! 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 frora both the chlorine soluble PGM and acid soluble PGM
fractions, The knbwn values from the Impala plant testwork are supplied to the Cas
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
ihe 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. .

10 =%
- DB .
I
. I
. !
: 0.6 a/ »” S _
P : Computer mexdel oot
} / ny - Impala PMR Renctor 2101
% 04 -wu Py
o B =60M ity
' Tenpemure = WAC - Ru:
02 Sthrerspeed = 140 pm —a—Ir
_ Qmussflow = 120 k! —— A,
' Benetor pressure= 0Pz
0.0 | % 1 |- .I Lo ] X 1

o 1 2 13 . 4 s 6 17 8 09

Fig. 5.64 A Plot of the PGMSs conversiott from the. computer program cutput for the
' Impala plant test results.

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 Jeach 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 Cu+ computer model developed from this wor_k .
for the PGMs dissolution in the Impala plant reactor is good for the implementation on
the industrial level. Thi¢ model scaled up the laboratery test to the industrial scale
which can be used to estimate the PGMs cOnvermons durmg the plant leach by
| supplymg the necessary initial teach data.
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Program solves 14 differential equatioms for the leaching reactions,

YAW ASAMOAH-BEKOE

. * PEY Chlorine Leach *

by F. K. Crundwell

University of the Witwastersrand, Johannesburg

the energy balance and the chlorine mase balance,

Press the ENTER key

0
0.255
0.44
0.518
0.555
0.505
0.636
0.678
0.722
) 0.764
82.29 ° 0.B0B
80.976 0.851
80.161 0.388
8p.961 0,523
81.075 0.549
85.998 0.872
84.172 0.988
g2.612 0.5%5
85 the ENTER key

Pg

0

0.338
-0.608

0.749
0.817
0.858
0,911
0,947
0.974
0.991
0.999

R Ry A )

QUTEUT
Rh Ru

V] 0
D.08 0.187
0,178 0.341
-0.27%4 0.431
0,366 0.492
0,457 0.552
G.543 0.61%
G.626 0.871
0.704 0n.73 -
¢.773  0.786
0.837 3.842
0.88% 0.89
0.927 0.93
0.954 0,963
0.968 0.983
0,976 0.024
0.5881 1
0.9B6 1

Ir

0.435%"

9

0.165
0,297
0.375

0.496

~0.557

0.617
0.678
0.735
0.793
0,847
0.892
0.332
0.96

0.982
0.995
0.999

Bﬁse

0
0.05
0.117
0.l84
0,25
0.317

~0.382

0.446
0.513
0.573
0.636
0.696
0.751
0.803
0.846
0.888
0,925
0.95

clL2

o .

0.008
6.009f
4,068
0.011
0.012
0.014
0,016
0.018
0.022
0.024
0.028
0.031
D.033
0.039

‘0.041

0.044

0.048f .
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CHAPTER 6
6.0 CONCLUSION AND RECOMMENDATIC

In this chapter a summary of all the conclusn.r wade in this project is given.

' Recommendations are also made for industrial nnplementatlon which may be beneﬁclal
fot the optmmm 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 mineralogical 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 henefit of improving the plant
recovery. Prom the analysis of the results of this mvestlgatmn the following
conclusions can be drawn.

1. The SEM photomicrographs indicated the presence of silver chloride ir the
residue. Therefore, there is a likelihood that the silver chioride 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 fl‘om
an equation similar to &= Nernst equation with the relationship between the chlorine
concentration and the redox potential of the solution. '

3. The dissolution of PGM5 in the soncentrate sampie in HCL solution without
* chlorine or any oxidarit revealed the prezence of acid soluble PGM fractions which do

- not require chlorine or any form of oxidant to dissolve them. The results are shown in

152




Table 67 1. the results indicated that there were no acid soluble gold in the concentrate
material. Tt was also shown that when the acid soluble PGMs éxn'action is subtracted
from the total PGMSs extraction, the resulting value is the extraction of the chlorine
soluble PGMs. | |

Table 6.1 Cqmparison of the dissolution of the PGMs with and without chlorine
‘Condition: [HCI= 6.00M, Temperature= 60°C, Agitation speed= 150rpm

4., The dissolution of the platinum-group metals and gold is electrochemical in
nature. Therefore, the dissolution of PGMs can be modelled by a shxmkmg paruc]e :
model and electrochemical rate expressmn could also be consxdered

5. The use of the various kinetic models of the shrinking-particle to analyse the - -
PGMs dissolution resulis made it clear that the concentrate maferial was so porous chat
the diffusion through the material pores had no effect on the rate of dissclution, This
supported the assumption that the dissblution process leaves no product layer after the
reaction. The chlorine dissolution rate in the HC1 solution was quite fast 5o the leach
solutions were saturated with chlorine before the concentrate samples were added so
.the reactants diffusion through the leach solution never controiled 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 penectrates through the sﬂlca matrix of the material to the reacting PCM surface
for 4 chemical reaction to take place.
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7. The dissolution data for the chlorine soluble PGM fractions fit the surface
chemical reaction control of the shrinking particle model very well with 2 non-zero
intercept which is equal to the final dissolution rate of the acid soluble PGMs. This is -
confinned by the dlssolutwn results for the acid soluble PGM fractions also obeymg the
applied shrmkmg particle model from the origin of the plots |

8. Itis concluded from the results that platimim, pail_adiuni, and gold in the

concentrate material can be completely dissolved in the HCI/Cl, nied_i_a 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 in the reactor to ensure their total dissolution. In view of this, a total

PGM dissolution was achiéved for most of the metals by reducing the particle size
below 38 pm with a tcmpei‘ature of 80°C at a stirrer speed.of 450 rpm.

_ 9. The activation energy for the chlorine dissolution in 11.50 M hydrochloric
‘acid solution was found to be 16.34 kimol™, The values for the 6.00 M HCI was
calculated to be 24.38 kJmol? and 26.71 kJmot! was obtained for the 2,00 M. This
shows that the activation energy for the dissolution increases with reduction in the acid
concentration.

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 sohation. 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 initihl 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 HCI and that of chlorine are summarised in Table 6.2 below.

‘Table 6.2 A summary of activation energies, the order of reactions with respect 1o
o HCI and Cl, concentrations for the PGMs fractions and gold.

. Order of Reaction | Order of reaction -
| with respect 0 [HCI] | with sspest to (CLT
070 _ 0.49
0.94 ~ 0.78
0.81 0.77
0.68 ' 0.79
0.75 _ 071
_ . 0.76 050

.23.05 0.56 : -

19,59 0.58 -
23.82 : : 0.66 - -
18.76 0.60 -
18,22 0.56 -

12. The dissolution rate for all the PGMs were increased by reducing the initial
particle size of the concentrate sample. The smaler particies of below 38 ym dissolved
| _ much faster than the large particle sizes, The linear relationship between the rate
constant, k,* and the inverse initial particle diameter was also observed.

13. The rates of PGM dissolution at stirrer speed above 300 rpm are indepencent
 of the agitation. Therefore, agitation speed had no remarkable effect on the rate of the

155




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, -

14, The overall leaching rate expressions developed from this work for both the
' cl_lloriué soluble and acid soluble PGM fractions are given in Tables 6.3 and 6.4 below.

Table 6.3 Summary of the leachmg rate expressions for the Cl, soluble PGMs and Au -

- Based On the Chlorme soluh]: PGM Extractmns - o B

Gcneral Rata cquaﬁon for the leachmg
¢ pekds HCIFCLI% xp( :BJRT) .

1« (1-X(g”’—3 20x10%, " [HCI)® ”[cu"49exp(42 36!RT)t
1-(1-X )P =4.15x10%, [HCI"¥[CL]* Pexp(-4n 19/RT)t |

CRh 1-(1-X )" =1.30x 107, [CI*¥[CL, 1 Texp(-44.56/RT)t
R 1-(1-X)!?=2.50x107d,* [HCO*{CL,1* ®exp(-46.62/RT)t
3 0 1-(1-X )" =2.30x107d,  [HCI* *[CLI*"exp(-47 60/RT)t
"Au'-.?*' 40,44 1-(1-X)"2=1,80%10%d, [HCI {C1, 1" Pexp(-40,44/RT)t
Table 6.4 A sm:nmary of the leachmg rate expressmns for the Acid soluble PGMs
LT L Based on the Acxd solublePGMthractwn ‘ '
Plaunum~Gr k . — -
Memls Z"Actwatmn Ener. 2 L Ge.neral Rate equatmn for the. Ieachmg
L gl r=kd,"HCI"exp(-B/RT)-
I _Pt._' o 23,05 1-(1-X, )%= 2.96x10%, l[chMﬁexp(-zs osmT)t
B Pd 19.59 1-{1-X,)""= 7.20x10%, ' (HCI ®exp(-19.59/RT)t
SRR 23.82 1-(1X, )= 3.73x10°, " [HCI" ¥exp(-23.82/RT)t
R 118,76 1-(1-X,)"*= 5.65%10%d, ‘{HCI*®exp(-18.76/RTt
U 18.22 1-(1-X,)'P = 5.65x10%, [HCI"®exp(-18 22/RT)t

The shrinking particle model which combined the activation epergies of the wietals
predicted the leaching rates for all the individual PGMs in this Impala concentrate,
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_ 15 The Ce+ ‘computer program developed to run the overall platmum 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 outained from .the computer run was in
agreemeﬁt' 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 fmpala 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 kmetlcs being mode].led with an

_ electrochemlcal rate expression cannot be ruled out on th* basis u/ this project. It is

therefo_re 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 -

the PGM dissolution operation at the plant level.

3. The platinum-group metals dissolution with chiorine 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 suggestcu that leaching in a
closed reactor or a pressurized reactor would be better for the most effective utilisation
of chiorine.

4., It might be worth dbing some more experiments by leaching pure platinom-
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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
- experitents. It might be possible also to give a better explanauon to the presence and
thie nature of the acid soluble PGMs fraction in the concentrate sample used. This will
spell out clearly how the various metals respond 1o both the diffusion and surface
chemical reaction control mechanisms of the shrinking particle models. | |

5. the work was done with a more dilute solid to quuid-ratio of 1:100 for a -
constant lea~hing period of 6 hours so different solid to liquid ratios can be used to -
determinie the effect of this on the rate and extent of dissolution of PGMs in
hydrochioric acid solution with a constant chlorine concentration, The leaching duration
may also be varied to establish an optimum period which would yield the inghest_
extraction or a total dissolution of all the PGMs. '
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APPENDICES

- Appendix A

Some Physical Properties of the Platinum-Group Metals
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Table Al: Some Physical Properties of the Platinum-Group Metals

Light Group . Heavy Group
Property ' _liunwmm Rhodlom | Palladium | Oswium | Irdium | Platioum
‘Re | Rh | Pd | Os | Ir | Bt
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 | 2063 | 5012 | 4428 | 3825 -
Bonding energy, eV 663 | 576 | 3.91 | 820 | 6.94 | 565
Brinell hardness 220 | 130 | 49 | 400 | 164 | 47
| Bulk modutus, kPa 2840 | 2740 | 18.63 | 37.20 | 37.20 | 27.40
Coeff. of linear expansion, 70°¢? | 5.05 | 830 | 1180 | 2.60 | 6.80 | 9.10
Density (at 20°C), gem® 12.450 | 12.414 [ 12.020 | 22.583 | 22.650 | 21.450
Ductility, % - 170 | 1.80 | 410 | 170 | 1.8 | 450
Electrical resistivity, 10%Gm 680 | 433 | 993 | 812 | 47 | 9485
Enthalpy of fusion, kJmol’ 38,50 | 26.50 | 1674 | 57.85 | 4i.12 | 22.17
| Hardness (Mohs) 650 | 570 | 480 | 7.00 | 650 | 430
Heat of evaporation, kJmol! 568.15 | 495.72 | 376,81 | 628.02 | 563.96 | 510.79
Latent heat of fusion, khmot' | 2600 | 21.60 | 17.60 | 3170 | 26.40 | 19.70
Mean specific heat, Jkg” 234.0 | 243.0 | 247.0 | 130.0 | 130.6 | 1344
Melting point, °C ' 2334.0 | 1964.0 | 1554.9 | 3033.0 | 2446.0 | 1768.4
Normal elastic modulus, MPz 481 | 326 | 128 | 591 | 530 | L7
Specific heat capacity, J(g-K)7 | 0238 | 0243 | 0.244 | 0.130 | 0.131 | 0.133
Standard entropy at 25°C, Jmol”! 2250 | 31.50 | 37.90 | 32.60 | 35.50 | 41.60
Thermal conductivity, Won-i)! 107.50 | 150.00 | 73.00 | 73.80 | 147.50 | 72.10
Thermel expansion at 25°C, 10°K? | 640 | 820 | 11.80 | .10 | 640 | 8.80
| Work function, eV 4.7 498 | 532 | 483 | 540 | 5.65
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~ Appendix B

- Raw Data for the Chlorine dissolution tests
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Table B1: Raw Data for the Chlorine Dissolution

. ' : [HCi] = 11.50M
Effect of Temperature on Cl, dissolution in HCI sciution Stirrer speed=~ 125rpm
. Cl, flowrate = 825cm’min
Time Temp. = 30°C Temp. = 40°C Temp.= 50°C Temp.= 60°C Temp.= 70°C
(miny | TieVal | [CL] | 1 | Tioval | o)) In | TizVal | [CL)] I | Ticval | [CL) In | Tiwval | {CL] In
(ml) M O[O @) | M OS] (mD) M |@CC {ml) M jOCC) | (mD M | (-CiC)

¢ | 000 0.0000 { 0.0000 | 0.00 { 0.0000 | 0.0000 | 0.00 - | 0.0000 | 0.0000 0.00 €.6000 | 0.0000 0.00 | 0.0000 § 0.0000
10 { 11.80 00288 | 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 | 1120 { 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 { 0.0340 | -1.2108 | 1040 | 0.0254 | -1.2991 8.50 | 0.0208 | -1.8424
40 2400 | 0.0586 | -1.2099 | 19.60 | 0.0479 | -1.3565 | 16.10 {0.0393 | -1.6775 1190 | 0.0201 | -1.7845 9.10. | 0.0222 | -2.3123
30 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 {(.0235 | -3.0052
60 28.20 | 0.068% | -1.7407 | 22,80 [ 0.0557 1 -1.9927 | 17.90 | 0.0437 | 23442 | 1340 | 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
o 31.50 0.0769 | -2.5385 | 25.00 | 0.0611 | -2.9375 | 19.20 | 0.0469 | -3.4976 | 14.05 | 0.0344 | 4.1253 | 10.05 | 0.0246 | -5.3030
100 32.20 0.0787 | -2.8398 | 254D | 0.0620 | 3.2743 | 19.40 | 0.0474 | -3.9037 | 14.15 | 0.0346 | -4.6203 | 10.07 | 0.0246 | -5.8103
110 3270 | 0.0799 | 3.1278 | 25.70 | 0.0628 | -3.6316 | 19.30 | 0.0476 | 4.1919 | 1420 | 0.0847 | -5.1753 | 10.0B { 0.0246 | -6.2114

120 33.00 $.0806 | -3.3512 | 25.85 | 0.0631 | -3.8720 | 19.60 | 0.0479 | 4.5986 | 14.25 | 0.0348 | -5.6389 | 10.09 [ 0.0246 | -6.8915
130 3330 [ 9L%33 | -3.6303 | 26.0n ) 0.0635 | 4.19191 19.65 | 0.0480 | 4.8874 | . 14.27 | 0,0349 | -6.1385 | 10,10 | 0.0247 -
140 33.50 O.uild { -3.8911 | 26.10 | 0.0638 | 4.4804 | 19.70 | 0.048]1 | -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 33.50 0.0826 | -4.43524 | 26.40 | 0.0645 - 19.80v | 0.0484 - 14.30 - | 0.0349 - 10.10 | 0.0247 -
170 | 3420 0.0835 - 26.40 | 0.0645 - 19.80 | 0.0484 - 1430 | 0.0349 - 10.10 | 0.0247 -
180 34.20 0.0835 - 26.40 | 0.064% - 19.80 | 0.0484 - 14.30 | 0.0349 - 10.10 | 0.0247 -
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' | BCD = 6.00M
Effect of Temperature on Cl; dissolution in HC solution - _ : SBtierer speed = 1251pm

_ _ Cl, flowrate = 82Scm’min™
Time Temp.=30°C Temp.= 40°C Temp.= 50°C . Tenp. = 60°C | Temp.=7w0C

(min) | Tieval | [CL;] In | TiVal | {CL] In | Tirval | {CL) In Tinval | fCl) In TitrVal { [Cl] In
mhy | M |-G (mD M (G| @m) | M |00 | @) M. |@acrcy | (mb M | d-cicy

0 000 | 000000 | 0.0000 0.00 - | 00000 { G000 0.00 00000 [ 00000 | 0.0 goo00 | 00000 | oo | coo00 | acoo
2 430 | ooun { a1 | - - - - - - - - - - 1 - -
4 750 | o.oigaz | 03171 - - - - - - - - - - - .
5 - - - 580 0.0142 | @320 | -390 | 000955 | 02965 4.20 0.01026 | -0.46% 420 | 0.01026 [ -D.6700
6 870 | o025 | -0.3787 - - - - - - . - T - - -
8 9.60 | 002345 | 04275 - - - - . - . - - - - -
10 1070 | 0.02613 | -0.4505 8.50 0.0208 | 05220 720 | 001758 | -D.6418 590 | 001441 | -0.7480 530 1 Q01417 | 1247
2 1150 | 0.02809 | -p.5390 - - - - - - 1 - - T . - -l -
14 1220 | n02980 | -0.5835 - - - - -o- - - - - - - -
15 - 1006 | 0.0247 | -0.6602 8.60 | 002100 | -0.8341 7.80 001505 [ 11918 680 | 0.01681 { -1.5632

16 . 12.80 0.03126 { -0.6232

18 { 1540 003273 | -0.6646 - - - B - . - - - - B
2 | 410 0.03434 | -0.7152 11,60 0.0283 D.8097 | 1020 002491 ] 11115 .63 0.02101 -1.4599 7.30 0.01743 } -1.B8§2
25 1 - - - 13.10 0,0320 0.9856 11.50 002809 | -1.4126 030 0.02272 -1.7734 A 0.01930 | -2.5061
k(] 17.80 0,04348 | -10355 | '4.50 0.0354 -1.1834 12,10 0.02955 | - -1.5893 10.00 - D.2443 22324 BID 0.01978 | -2.8415
40 20.10 004909 | -1.3030 16,40 0,0401 -1.5356 13.50 003207 | -2.1898 10 50 002565 2,715 8.40 0.02052 | -3.7524
50. 2190 0.05349 | -1.5775 17.80 10,0435 -1.9082 14.20 0.03458 | 27198 10.90 0.02662 -3.6147 | 853 | 0.02083 | 47857
60 25.20 0.05657 { -1.8365 19.10 0.0467 24516 14,60 D.03566 | -3.2296 11.05 0.02699 4.3026 857 002093 | -5.6000
0 ‘24,60 006009 | -2.219% 19.60 0.0479 27768 | 450 003639 | 29201 11.12 42716 -.5221 8.59 002098 | -6.5910
8 | 2520 | GL.0615F | -h4429 20,50 0.0491 82621 | 1500 | 0.0366¢ [ 43230 .16 | 002726 45,5459 B.60 . 0.02151 -

90 2580 0.06302 | 27307 20.40 0.,0498 -3,7317 1510 0.03688 | -5.0084 iL1 0,02731 -6.2515 8.60 0.02101
100 26.20 0.06399 | -2.9823 20.60 0.0503 42417 5.4 [ 003698 | -5.5089 1120 | 002735 - - 8.60 0.02108

110 26,60 0.06497 | -3.3191 2070 {0505 -3.6461 15,16 003703 | -5.85016 1120 | 002736 - 8.60 - 0.02101 -
120 - 26,80 0.06546 | -35426 20.75 0.0507 48327 '] " 1518 003708 | -6.5576 11.20 0.02736 | - 8.60 o.2i01 -
130 27.00 0.06595 | -3.8308 20.80 0.0508 -5.3351 1519 0.03710 | -7.1803 1120 - | 042736 - 8.60 0.02101 -
140 - 2720 | 0.G6644 | 42374 20.85 0,0509 50230 15.20 0,03713 - 11.20 002736 - 8.60 0.02101 -
130 27.30 0.06668 | -4.5262 20.86 00510 +6.2430 5.2 0.03713 - 11.20 0.02736 - 8.60 .| g.0n01 -
160 27.40° | 006652 | -4.9339 20,87 0,0510 -5.5255 1520 | 0.03713 - 1120 002736 - 8.60 0.42101 -

170 2160 | 0.06%41 - 2090 0.0511 - 15.20 0.03713 - 11.20 0.02736 - 8.60 o020 | -
180 - 27.60 0.05741 - - 20,90 0.0511 - 1520 0.03713 -

11.20 0.02736 L. B8.60 0.0211 -
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Effect of Temperature on Cl, dissofution in HCl solution

HCY =2.00M
Stirrer speed= 125rpm

Cl, flcwrate = 825cm’min™

Time | Temp.= 30°C Temp.= 40°C Temp.= 50°C

- Temp.= 6G'C - Temp.= 70°C
(mip | Tirval | [CL] | In | TiVal | {CL] | In | TiwVal | [CL) n | Tirval | {CL] | I» | Tiwrval | [CL] In
] D M Q0T | (m]) M OO0 mb | M | QGO0 | (mh M [OCC | @) M | T
0 0.00 | 0.0000 | 0.0000 { 0.00 |0.0000 | 0.0000 | 0.00 | 0.0000 | 0.0000 | 0.00 { 0.0000 | G.0000 | 0.00 | 0.0000 { 0.0000
5 | 7.0 00173 {04527 | 5.70 | 00139 | -04%04 | 430 |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 | 630 |0.015¢ [ -0.7731 | 5.50 | 0.0134 | -0.9271 | 4.90 |0.0120 | -L.4011 |-
15 | 11.60 {0.0283 | -0.9035'| 9.80 |0.0239 |-0.9480] 770 |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 | 1430 {0.0349 | -1.3217 | 12.10 | 0.0296 | -1.4116 | 9.70 [0.0237 | -1.7660 | 8.10 | 0.0198 { 22071 | 6.30 | 0.0u54 | -3.4740
30 | i5.20 | 0.0371 [-1.5117 | 13.00 | 0.0318 |-1.6740 | 10.20 |0.0249 | -2.0535 | 8.4@ | 0.0205 | 25632 | 6.40 | 0.0156. | -4.1596 |
40 | 16.50 -{ 0.0403 | -1.8717 | 14.10 | 0.0344 | -2.1308 | 10.80 | 0.0264 | -2.5638 | 8.80 | 0.0215 | -3.4081 | 647 |0.0158 | -5.3205
50 | 17.50 | 0.0427 {-2.2771 | 14.80 | 0.0362 {-2.5003 { 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 | 539551 650 |0.0159 | -
70 | 18.50 | 0.0452 | 2.9700 | 1550 {00379 |-3.4659 | 11.60 | 0.0283 { 4.7515 | 9.10 | 0.0222 - | 650 |o0.0159 -
80 | 18.80 | 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 | 1920 [ 0.0469 | -4.1730 | 15.90 | 0.0388 | -5.0758 | 1L.70 | 0.0286 - 9.10° | 0.0222 | - - 6.50 | 0.0159 -
110 | 1936 | 0.0471 | 4.5777 | 16.00 | 0.0391 - 1170 1 0.0286 - .10 | 0.0222 - 6.50 .} 0.0159 -
120 | 19.35 | 0.0473 | 4.8647 | 16.00 | 0.0391 - 1120 |0.0286 - 9.10 | 0.0222 -~ | 650 |00159| -
130 | 19.40 | 0.0474 | -5.2687 { 16.00 | 0.0391 - 1170 0.0286 - g0 [oo222| - 6.50 | 0.0159 -
140 | 1950 | 00476 | - 16.00 | 0.0391 - 11.70 | 0.0286 - g0 lomnl - 6.50 | 0.0159 -
150 | 19.50 | 0.0476 - 16.00 | 0.0391 - 11.70 | 0.0286 - 9.10 | 0.0222 - 6.50 | 0.0159 -
160 | 19.5¢ | 0.0476 - 16.00 | 0.0391 - 1170 0.0286 | - 2.10° { 0.0222 - 6.50 | 0.0159 -
170 | 1950 | 0.0476 - 16:00 | 0.0391 - 1170 | 0.0286 - 9.10 | 0.0222 - | 650 |o0.015 -
9.10 -

180 19.30 | 0.0476 - 16.00 | 0.0391 - 11,70 | 0.0286 | -

0.0222 - - 6.50 | 00,0159
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 Effect of C, concentration on dissolution in HCI solution

[HCH

= 6.00M

Temperature= 50°C

Stirrer speed= 125rpm

Time | . No Nitrogen N, flowrate= 90cm’mix N, flowrate= 200cm’min® = | N, flowrate= 310cm’min™
| (min) | Cl, flowrate= T20cnr'min? Cl, flowrate= 720cm’min* CL, flovwrate= 720c;n3min'1 Cl, flowrate= 720cm’min™
TitrVal | [CL] In Titr Val | {CL] - In TieVal | [Cy} [ In- | TicVal | [CL] In

{ml) on GG | mly M 13-C/CY | (mb) oM |ECCY | (md ™) | (-C/ICY
0 0.00 0.00000 | 0.0000 0.00 0.00000 0.0000 0.00 0.00000 0.0000 0.00 0.0000 0.0000

5 3.9 000953 0.2965 - 3.50° G.00855 0.2617 2.80 0.00684 -0.2036 1.70 . 0.00415 -0.1186 |
16 7.20 0.01759 0.6418 6.00 0.01466 -0.5020 5.20 0.01270 04187 4.00 0.00977 -0.3053

15 8.60 0.02101 : | -0.8341 7.50 0.01832 -0.6800 6.70 001636 -0.5811 3.20 0.01270 -0.4187
20 10.20 0.02491 [ -L.1116 - B0 0.02125 -0.8494 7.80 0.01905 ¢ -0.7197 6.30 0.01539 -0.5352
25 11.50 0.02809 ~1.4126 5.80 0.02394 -1.0347 { 830 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 -0.8%66 7.60 0.01856 -0.6930
10 13.50 0.03297 -2.1898 11.60 0.02833 -1.4400 990 [ 0.02418 -1.0534 8.50 0.02076 | -0.8191
50 14.20 0.03468 -2.7198 12.40 0.03029 -1.6912 10.50 0.02565 -1.1735 9,10 0.02223 -0.9129
60 14.6% 0.03566 3.2296 12.90 003151 ~1.8878 11.00 0.02687 -1.2859 9.50 0.02320 -0.9807
70 14.%0 0.65639 -3.9201 13.40 0.03273 -2.1327 11.40 0.02784 -1.3860  9.90 0.02418 -1.0534
30 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 24578 12.00 0.02931 -1.5578 10.60 0.02589 -1.1550
100 15.14 0.036598 -5.5089: 14.10 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 i5.18 0.03708 -6.5576 14.40 0.03517 -2.9426 12.80 0.03126 -1.8453 11.40 0.02784 | -1.3860
130 15.19 0.03710 -7.1803 14.50 0.03542 | 3.0758 13.1¢ +.03200 -1.9787 1170 0.02858 -1.4682
140 15.20 0.03713 - 1460 | 0.03556 -3.2396 13.30 0.03249 -2.0787 11.50 | 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 - 14.80 0.03615 -3.6338 13.60 0.03322 ~2.2504 12.30 0.03004 -1.4561
170 15.20 0.03713 - 1490 | 0.03639 -3.9201 13.80 0.03371 | -2.3838 12.50 0.03053 -1.7276
180 15.20 003713 |- - 15.00 | 0,03664 - 13.90 [ 0.0339% -2.4578 12.80 | 0.03126 -1.8453
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Effect of Stirrer speed on CF, dissolution in HCI solution

[EC] = 6.00M
Temperature== 40°C
Cl, flowrate = 825cm’min*

Stirrer speed = 150rpm,

| Time Stirrer speed = 190pm Stirrer speed = 300rpm Stirrer speed = 500rpm
®I) o val | [Cly n | Tirval| [c1) I | Titrval| [CL] In |Tirval| [C] | I
@) | ™) |AC/CY| (mD M | (Q-CO) | (m) ™M (ECCY [ (@) ) ) (-CICY
0 0.00 0.00000 { (.0000 0.00 0.06000 | 0.0000 0.00 0.9000 0.0000 0.00 | 0.00000 | 0.0000
5 5.80 0.01417 { -0.2334 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 | 0.517%" 9.80 | 0.023% | -0.5396 | 11.60 0.02833 | -D.6804
15 10.1¢ } 0.02467 | -G.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 (.03126 | -0.7867 13.80 0.03371 | -0.8848 | 1590 | 0.03884 | -1.1288
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 ; -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 { -L.9041
50 17.80 0.04348 | -1.4165 19.10 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 | 2.0022
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 | 2040 004983 | 2.0255 20,72 | 0.05061 .| -2.1344
20 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 .| -2.0822 20.70 0.05056 | -2.1273 | 20.60 0.05032 | -2.0922 | 20.76 0.05071 | -2.1489
110 20.70 | 9.05056 | 2.1273 20.80 0.05080 | -2.1636 | 20.70 | 0.05056 | -2,1273 20.80 | 0.05080 | -2,1636
120 20075 | .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 0.05000 | -2.1783
140 20.85 0.05093 | -2.1823 |- 2090 0.05105 - 20.90 005105 - 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 0.05093 { -2.1899 2090 | 0.05105 - 20.90 0.05105 - 20,90 0.05105 - '
170 20.90 0.05105 - - 20.90 0.05105 - 20.90 0.05105 - 20.90 0.05105 -
180 - 2090 | 0.05105 - - 20,90 | 0.05105 - 20.90 0.05105 - 1 20.90 0.05105 - -
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Comparison of Redox potential aud Cl, concentration in HCI solution

[BCI

Stirrer speed= 125rpm

Cl, flowsate = 825cm’min’

Tperauire. = 30°C

Time - Temperature = 50°C Temperature = 60°C -
(m)_ Titr, Value [Cl] | Redox Pot. | Titr. Value [CL] Redox Pot. | Tiir. Value [CL] .} Redox Pot.
(ml) . ) - (mV) {znl) D (mV) (ml) M) (mV)
0.0 . 0.00 | 0.00000 961.0 0.00 0.0000 8954.3 0.00 0.0000 950.1
3.0 8.10 0.01978 1031.2 3.90 0.00953 1019.8 3.60 0.00879 1017.4
10.0 11.20 0.02736 10354 6.80 0.01661 1027.5 5.80 0.01417 1023.6
150 13,20 - 0.03224 1037.3 8.60 0.02101 1030.7 7.40 0.01807 1027.1
0.0 15.10 0.03688 1039.4 10.20 0.02491 1033.1 3.50 0.02076 1029.0
25.0 16.90 0.04128 1040.9 11.50 - 0.02809 1034.3 9.20 0.02247 1030.0
30.0 18.20 0.04445 1042.1 12.30 0.03004 1035.4 5.30 0.02394 S 10312 .|
40.0 2040 0.04983 1043.6 13.50 0.03297 1036.8 - 10.50 0.02565 ‘10321
500 22.10 0.65398 1044.7 14.20 0.03468 1037.5 10.90 - 0.02662. 110322
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 1046.0 14.20 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 10380 11.18 0.02731 1032.9
100.0 26.60 0.06497 1046.5 15.14 0.03698 1038.2 C11.20 - 0.02736 1033.1
110.0 26.90 0.06570 1045.6 15.16 0.03703 1038.3 11.20 002736 1033.3
120.0 27.10 0.06619 - 10467 15.18 0.03708 1038.5 11.20 0.02736 1033.5
130.6 27.20 0.06644 . 1046.8 15,19 0.03710 10386 1120 - 0.02736 . 1033.7-
1400 27.30 0.06668 1045.9 15.20 0.03713 1038.9 11.20 0.02736 1033.8 |
150.2 27.40 0.06592 1047.2 13.20 0.03713 1039.5 11.20 0.02736 1034.1
163.0 27.50 0.06717 1047.5 15.20 0.03713 1039.9 11.20 0.02736 1034.3
170.0 27.60 0.065741 1047.6 15.20 0.03713 | 10401 11.20 0.02736 1034.5 -
180.0 27.60 0.06741 1047.6 15.20 2.03713 . 1040, 1 11.20 0.02736 1034.8
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- Appendix C
Results of the Leaching experimeats of the Platinum-Gronp Metals
Raw Data: |
(i) Experimental measuiements

- (i) Mass balances o .
(iii) Extractivns versus time and redox potential data
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RUN 1

Leaching Condition:

Mass of sample
Volume of HCl used
HC1 concentration
Témperamre

Cl, flowrate

Stirer speed

Total leaching period

=20.0g
=2.00L

= 6.00M

= 30°C

= 825 cn’min™
= 150 rpm

= §.00 honrs

174

Table €1.1 Raw Datn for the Leaching Experbuat I.
Luwe | Sample Sample Amlysis results in % wdd ppm
il Vol
{min) aml) Pt e Rk . Ra Ir Au
o | - - - - - - -
5 15 0072 | oosB | 157 136 45 42
15 13 0100 | 072 1M 76 59 %
0 15 0110 | 00783 19 2135 652 il
30 15 0125 | 00812 25 | 249 59 s
a4 15 - | -0a35 | opss1 s - 260 7 57
0 5 | oaas | o087 248 277 75 >
50 15 pas2 | 00926 | 260 23 77 6
70| 15 | 0158 | 00954 | 266 23 7% &
20 15 0163 | 0.1000 e 201 81 o8
o0 15 0169 | 0.1034 282 08 83 @
100 15 | 01¥5 | 01056 288 3 84 n
- 110 15 | 0am™ | oo | 202 -5 8 | m
120 15 0184 | 0.1090 295 328 86 73
150 15 6192 | 0.i40 306 339 88 76
180 15 0200 | oarse-{ 310 346 g0 7
210 15 0203 | D.200 314 i 9 80
240 15 0208 | 0.1207 319 ass 92 82
) 15 | o210 | c1zs 320 359 .9 83
| 300 15 |- o2s | ouzas | 34 368 . 94 84
“330 13 0218 | 0.1242 328 75 95 85
360 | 18 0.20 | 01258 129 ar .| os 86.
Pregn. 0220 | 0.1258 329 379 9% 8-
Wash A linfppm) | 66 56 M- 8 3 2
Wash B | i {ppm) 1 <1 - <l 1 <1 <1
Residve | in (%) 796 1 118 3.84 628 238 112
] Volame of lig. (HCI) into Leach = 2.00 L
Volame of lig, (HC) ex-deach -+ = LEBOL
Wash water volume (Wash A} = 500 ml
Wash water volume (Wash B) = 1500 ral.
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&my.wlms for Leech 1 solids

Tabfe C1.2: _
Assays, Mass %
| Selids P Pd } Ri | Ru Ir | An
Sampleimo Leach | 2300 | 1250 | 410 | 510 | 1.50 | 110
Residne 796 | 115 | 384 | 628 | 238 | 132
Solidsinsample | ©0.56 | 031 | 050 | 078 | 029 | 048
Masses Recorded
Sample into Leach =200g
Regiduz =45lg
Solids in sample =052
Sofids dissolved I solution = 14.97¢
Table CL.3; Mass Balsace for Leach 1
Mass (5)
. Fd Rh Ru { I A |
Intg Leach, ]
Sample n 4.6000 | 2.5000 | -0.8200 | 0200 | 03000 | 02200
Leaching Selution | 0.0000 | 0.0000 | 0.6000 | 0.0000 § £.0000 | 0.0000
Toulla | 4.6000 | 2.5000 | 0.8200 | 1.0200 { 0.3000 | 0.2200
‘Ex-Legch,
Residue 0.3590 | 0.0532 { 0.1732 | 0.2832 | 0.1073 | 0.0505
Solids insampte | 0.0029 | 0.0016 | 0.0026 | 0.0041 | 0.0015 | 0.0025 |
Pregn. Soluson | 3.6960 | 2.1134. | 0.5527 | 0.6367 | 0.1613 | 0.1445
Wash A Liguor | 0.0330 | 0.0280 | 0.0070 { 0.0040 | 0.0015 | 0.0010
Wash B Liguor | 0.0015 | 0.0015 | 0.0015 | 0.0015 { 0.c015 | 0.0015
Samgiles 0.4970 | 0.3028 | 00818 | 0.0896 | 0.0240 | 0,0205
Total Oar | 4.5894 | 2.5006 | 0.8388 { 1.0191 | 0.2971 § 02205
Mass Balance %
(QuvIn) 99.77_}100.02 { 99.85 | 99.51 | 95.04 | 100.22
% Extraction oz11 | 9781 | 7853 | 7181 | 6337 | 75.96
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" TablsCld:  Exiractionvs time duta for Leaeh 1.
Time _ ._% Extyaciien . | RedoxPot.
{min) Pt Pd | Rh | RBa Ir Au | (m¥y
0 | oooo | 0000 | 0000 | 0.000 { 0.000 | 0.000] 10180
5 131304 | 49.840 | 38.203 | 30.588 | 30.000 | 38182 [ 1019.6 |-
15 | 43387 | 36,113 | 47.249 | 34.480 [ 39.263 | 41791 { 10202
20 | 47.670 | 60.131 | 51.003 | 41.627 { 41.233 | 48368 | 1020
0 | 54044 | 64745 | S6.670 | 48527 | 45795 | 49823 w0228
a0 |8z | ar7 | s7.oms | s0.699 | 47735 [ SLs86 | 02Z8
50 | 62447 | 69851 | 60,087 | 53.827 | 4v.660 | s5.081 | 10235
60 {6533 | 72518 | 62882 | 35.887 | 50.933 | 58566 | 10242
70 | 67.825 | 75.690 | 64269 | 56.816 | 52197 | eo2m9 | 1047
50 | 69.869 | 79.009 | 66.791 | 58,290 | 53.450 | 61,143 | 10254
50 | 72.3m | 8r.a36 | 57.528 | 59.570 | 54693 | 1901 | 10264
100 | 74714 | B3262 | 69.282 | 60.114 | 55310 | 63673 | 10275
10 | 76310 | 24579 [ 70,127 | 61014 | 35.922 [ 64,507 | 10280
120 | 78288 [ 85,752 { 70.843 | 63.155 | 56528 | 65.334 | 1029
150 {81427 facaa2 | 73264 | 5.2 | 57732 | 67.796 | 10208
120 | sasar 26 + 74,137 | 66.330 | s8.025 | @023 | 10901
210 | 85688, 46 | 75.003 | 67.200 { 59517 | 71036 | 10317
240 }87.611 | 54,199 ] 76.075 | 67.890 | 60103 [ 72636 | 10335 -
27t | 88570 | 95395 | 76,289 | 68.575 | 60.685 | 73430 1034
300 | 90.250 | 95.087 | 77.133 | 70001 | 61262 | 74216 | 10345
230 | 91.369 | 96,567 | 77.970 [ 71446 | 61.%33 | 74996 ] 10353
360 92-1_.1_]_§ O7.6561 78177 | 71046 | 62,400 | 75.768 1037.1
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. RUN2

Leaching Condition:

- Mass of sample

Volume of HCI used
 HCl concentration
_ Temperature

Cl, flowrate

Total leaching period

=20;Dg
=200L
=600M

= 40°'C

= 825 cy’min’!
=150rpm

= 6.00 hours

178

TableC2.1: ~  RawData for fhe Leaching Pxperiment 2.

Time | Sawple Sample Analysis results in ppm
(min} | Vol. . [T - :
1 = P Rh Ru Ir “Au
(] - “ - - - - -
5 15 738 | 537 M5 148 44 . 4%
15 . i5 1079 69 | 196 | 190 64 50
20 15 0 | ™ 218 220 m 56
30 15 1365 841 1. 266 T4 (13
40 15 1457 897 24D 276 78 62
sno| 15 1540 | 90 250 294 81 66
60 | 15 1610 oz | 266 300 84 69
n 15 1672 1006 270 an " 85 il
20 15 1710 1045 283 | 321 88 72
| 1S 1 1070 29 | 324 0 7
o0 | 15 | 180 1080 295 332 91 75
110 15 1885 LI e [ 3%5 /) 7%
120 15 1908 1129 307 | 34l o4 78
150 15 190 | 1365 3i6 350 95 8D
1% 15 2043 & 1200 | 318 3855 ) 81
2o 15 2090 1213 326 370 o7 83
240 15 2135 | o1zms | 3 574 o8 84
-2 15 2170 | 1236 ;g ) e | s 8
300 15 212 1241 341 3st 100 87
330 15 w27 1258 343 g2 |- 01 i
360 15 247 | 1267 346 386 102 89 -
Pregm. 247 1267 16 386 02 89
Wash A {in(ppm) | 48 54 15 15 | .z 3
WashB | (ppm} | 1 <1 <1 <1 <1 ] <1
Residoe | in (%) 5.98 0.96 - 3.46 632 235 | 107
Liquids

Volame of lig. {HCF) into Leach = 2.000 L
Volame of lig, (HCT) exdeach = 1.674 L
Wash water vohime (Wash A) = 500 ml

Wash water volume (Wash B) = 1500 ml.
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Fable C2.2: Assay values for Leach 2 solids

_ _ ;un; Mass % . . ' TubleC24; - Extroction vs tme data for Leach 2.
_ Salids. Pt Pd Bhi | Ru I | Ae _ ' o ' D
Sample ino Leach| 2300 | 1250 | 430 | 530 | 15 | 110 ' | Time | % Extraction | Redoxpec
Residue 59 | 096 | 346 | 63 | 235 | 107 (wim) | Pt | Pd | Rb | Ru § B } Au | («¥)
: " _ _ ' n | oooo § 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0217
| Solldsingampte | 0.5¢ | 028 ]| 041 § 077 | 026 | 0.3 . ' . 5§ | 32087 | 42.960 | 35366 | 20.20 | 29.333 | 3s.122 | 10217

15 | 46802 | 55020 | 47.712 | 31153 | 42.567 | 45.400 | 10279

Basses Recorded ) o
==—"——"sample into Leach =m0g 52840 | 61412 | 52.907 | 42.987 | 46.507 | 50.773 { 10302
Residre . ‘=445 | 50,003 | 66.964 | 56.095 | SL.B04 | 49.113 | S4.327 | 10326

62.883 | 71309 | 58.226 | 53.70& | 51,700 | 56.091 | 10326 |

© Solids in sample =045g

1
30
40
: I s | es356 | 73.080 | 60573 | 57103 { 53625 | sesm1| 10399
Solids dissolved in soludion. = 15.31g 60 | 60263 | 77,053 | 6a.300 | 58.227 | 5.5 | 62196} 10346
' T 71.817 | 79.630 | 65.224 | 60.270 { 56.167 | 63918 | 1035.2
80
o0
100

Table £2.3: Minss Balance for Leach 2
\ - 73.370 | 82563 | 63205 | 62.13 | 58.097 | 64778 | 10355
Moss (g} 76.086 | 54.428 | 69.797 | ea.66z | 59200 | 65621 | 1me
Pr 1 Bd SRR} B ) Aw 77.826 | 85.168 | 70.925 | 64.113 { 50007 | 67302 ) 10363
Tnto Leagh, : : ue §e.en | 72.432 [ 6a.6525| 60512 | 136 | 10367
Sample in - 4.6000 | 2.5000 § 08200 | 1.0200 | 0.3000 | 0.2200 - 87.370 92 | 64 & ' :
Leaching Solution | 0.0000. | 0.0000 | 0.0000 | £.0000 | 0.0600 | 0.0000 120 | 31312 | 88.753 | 73,601 f 65.723 { 61752 | 69.791} 1037.2
Tomiln | 46000 | 23000 | 0.0200 | £.0200 ] 03000 | 62200 150 | 84137 | 91353 | 75382 | 67.316 | 62.333 | 71432 | 10373
) = — =1 120 | 86.589  93.930 | 76.019 | 68.793 ) 62.930 | 72246 | 1omma
Residue 1 02536 | 0.0407 | 0.1467 | 02680 [ 0.0996 | 0.0454 ' 210 | 88402 | 94782 | 7775 | T0.80- . ¥ -2 | 73859 | 10394
Solids in samgle | 0.0024 | 0.00t3 | 0.0019 | 0,005 ] 0.0012 | 0.0014 : 240 | 90.12¢ | 95.557 | 78.609 | 71.494 1 6,108 | 7659 | 10395
Pregn, Solution | 37615 | 2.1210 } 0.5792 | 0.6462 | £.1708 | 0.14%0 270 | 91452 | 96354 | 80312 | 72.520 | 64.690 | 78.246 | 10999
Wash A Liguor | 0.0240 | 0.270 | 00075 | 0.009s | 0.0010 [ 0.0015 | w | o, - |
Wash B Liquor | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 93.031 | 96.740 | 80.945 | 72.690 1 63,261 { 77.052 1 1043.8
Samples 0.5193 | 03091 | 0.08m | 0.0938 | 0.0258 | 0.0216 330 | 93.591 | 97.006 | 81.363 | 2838 | 65838 | Trenr | 10438
+  tomlow | 4562 | 25005 | 0.8208.] 1.0204 | 0.2090 | 02204 | 360 | 94330 | 08,518 | 81985 | 73.525 | 66.405 | 78584 | 10438
(i) 9918 | 100.02 | i00.10 | 300,03 | 90.96 | 10018 |
% Exmaction ve39 | 989 | mo0 | 7340 | 638 | 776
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~ RUN3

Leaching Condition:

Mass of sample
. Volume of HC used
~ HCI concentration
‘Temperature
Cl, flowrate
Stirrer speed
. 'Total leaching period

=200g
=200L

= 6,00 M

= 50°C

= 825 co’min’?
= 150 rpm

== 6.00 hours
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Table C3,1:

Licmids

Volume of tig, (FICI) inte Leach = 2.000 L
Volumo of fig, (HICl ex-leach
Wash st vohume (Wash A) = 500 ml

Wash water vohmme (Wash B) = 1500 ml,

=161

Row Data for the Leaching Fxpertment 3.
Time  §{ Samplz " . Sampla Analysis results in ppm

(omm) | Vol. . * }
(onl} 23 Bd - Bh Ru K Au
0 - - - - - - -
5 15 837 654 161 175 . 8§ 47
15 | 15 1224 | 750 204 207 87 58
20 15 1348 848 27 255 74 63
0 15 1482 511 . 245 282 81 68
A0, 15 | 1540 ] w47 257 302 & )
50 15 1660 575 264 31 87 L
& 15 1707 990 m 325 89 77
0 15 | 1754 | 1045 284 3% ) 79
8 15 1850 1078 289 338 95 81
1] 15 1B6E 1051 297 346 o7 82
10 15 90 | InR 208 a47 98 84
110 15 938 | 1136 308 35 101 B6
120 15 1970 1155 32 | @ 1m 88
150 15 2041 172 323 369 104 20
180 15 w080 | 124 334 378 7} /]
210 15 2138 w25 338 390 107 o4
2490 15 2190 1232 342 993 109 96
Ho 15 6 1246 346 400 19 o7
300 15, 265 | 1254 348 . 111 98
330 | 15 2290 1263 | 350 04 121 99
360 15 | 235 1275 354 405 113 - 100
Pregn, 2925 s | 3 406 113 106
Wash & {in(ppmy | 51 57 17 . 1a 7 5
Wash B | in (ppm) 1 1 1. <1 <1 <1
| Resitue {in (%) 320 |_ 052 3.25 5.74 .98 0.62
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Table C3.2: Assay valpes for Leach 3 golids
: _ Assays, Mass %
Solids B | v | pa | R | T | aw ]
i E— —
| Sample into Leach )] 23.00 | 1250 | 410 | 510 | 150 | L0
Residue 320 | 052 | 325 | 574 | 188 | 6
"] Solidsinsample | 049 | 023 | 043 | 074 7 023 | 035
Masses Recordid
j Sa_mpleinmLur.h h?.ﬂ_.Og
Rexue =d0ig
Solids i sar =% =039
Solids dissalveo ue - ngn = 15,60
TableC3.3: Mo Balance for Leachd
Mass (g} :
Pt rd Rh Rn I An
Into Leach,
Sample in 4.6000 | 2.6 | 2.8200 | 1.0200 | 03000 | 0.200
* Leaching Solution | 0.0000 | 0.000 { 0.0000 | 0.0000 | 05,0000 | 0.0000 ]
Tatal In 4.6000 | 2.5000 | 0.8200 | 1.6200 ) 0.3000 | 0.2200 |
Residae 0.1283 | 0,020 { G.1308 | 0.2302 | 0.0794 | 0.0249
Solids n sample | 0.0019 | 0.000 | 0.0017 | 0.0029 | 0.0009 | 0.0010
Pregn. Solution - | 3.8828 | 2.1293 | 0.5012 | 0.6780 | 0.1887 | 0.1670
Wash A Liquor | 0.0255 | 0,0285 | 0.0035 | 0.0070 { 0.0035 | 0.0025 |
Wash B Liquor 0.0015 | 0.0015 { 0.0015 | 0.0015 | 0.00!5 | 0.0015
Samples 0.5445 | 0.3194 | 0.0870 | 0.1000 | 0.0282 | 0.0244
Toml Cut 4585 ] 2.5004 | 08202 | 1.0196 | 0.302 | 0.29¢2 |
Mass Balince % - ; '
1 (outin - 59.66 | 100.02 | 100.02 | 99.96 | 106.74 | 100.55
% Extrsction 9116 | 9943 | ga01 | 7739 | 7343 | 88.22
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Tahle C3.4: Extraction vs time data For Eeach 3.
. “Fime % Extraction RedoxPot
- (min} Pt Pd '} Rh- | Ra. | I Au (mv) |
¢ | 0000 | 0.000 | 0000 | 0.000 | 0.000 | 0.000 | 1032.6
-5 | 36391 {52320 | 39268 | 34914 | 56.667 { 4227 9700
15 | 52.001 | 59.942 | 49.677 | 40.541 | 44.607 | 52652 | 9765
20. | 58402 | s7.665 | 55203 ] 40812 | 49208 | 57130 | oo06
30 | 64097 | 72591 | 59.495 | se.087 | 53765 | 61573 ) 1000.6
4 66,543 | 75385 | 62.334 | 58.791 | 55.705 | 65.100 | 1003.8
so | 71568 | 77.501 | 63.977 | e0.480 | 57.630 | 66.850 | ‘10055
60 - | 73.5t6 | 78.657 | 65.840 | 63141 | 58.903 | 69.455 | 1006.1
0 75452 | B2.856 | 69.613 | 64.040 | 60708 | 71077 ] to0ss
80 | 79376 | R5.338 | co7en | 65504 | 62678 | 72886 | 10083
oo | 70.822 | 85307 | 71579 | 66,977 ) 63.922 | 13,734 ] 10095
100 | 21792 { 88.305 | 71.804 { 67.158 | 64.538 | 75.416 | 10102
1o | 82,009 | 20.627 | 74.043 | 68.058 | 66.373 | T7.084 | 1010.7
20 | eazs] onmo | 73951 | 70.021 | 66,980 ] 7830 ) 1018
150 | 86961 | o2.237 | 77.352 { 71.082 | 68.183 | 8080 | 10122
180 - | 38470 | oams [ 79.753 | 72662 [ 65.973 | 82007 f 10126
210 | 90717 | 96.019 | 20.619 | 74750 | ev.073 | 83401 ) 10044
240 o207 | 96512 | 81477 | 75268 | 71 14| B522t | 10053
0 | 93.693 | 97489 | 82.320 | 76.465 | 71.147 | BEO4 | 10159
300 | 95.536 | 98.043 | 82,751 | 76.635 | 72.300 | 86,800 | 1017.4-
330. | 96.468 | 08,660 | 83.169 | 77139 | 72.872 | 87500 | 10285
360 | 97.761 | 99.476 1 83.998 | 77.473| 75,438 | 38352 | 1000.8 |
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RUN 4

Leaching Condition:

Mass of sample

Volume of HCI used -

HC] concentration
Temperatmute

Cl, flowrate
Stirrer speed

‘Total leaching period

=200g -
= 2,00 L

= &600-M
= 60°C

= %25 cm’min™

= 150 ripm
= §.00 hours
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Volume of ¥ig. (HCT) bnto Leach = 2,000 1,
- Volume of lig. (HCL) ex-leach = 1.668 L
Wash water valume (Wash A) = 500 ml

‘Wash waler volume {Wash B) = 1500 m!.

‘Table C4.1; Raw Data for the Leaching Bxpeciment 4.
Tims | Ssoople Sample Anatysis tesulfs id ppem
(i) v(,_,,"]‘!) ) Pd Rh Ru Ir Au
1] “ - - - . f - - -
5 15 898 i 180 192 - 59 9
15 15 1333 802 21 gl M1 60
20 15 1469 | 895 241 295 g | &
0 15 1596 | 950 | 253 208 87 1
40 15 1682 995 25 314 %0 73
se | 15 1730 | 4 | 281 328 9 ™
|80 15 s | s 20 34 o7 8
0 15 | 1840 f088- | 298 348 98 %
B 15 1504 14 | 305 356 101 5
50 15 1960 136 | [ 361 | 104 87
100 15 1974 148 | 321 | 365 106 8.
110 15 2M4 1161 28 37 110 0
120 15 2055 176 | 37 376, 13 9”2
150 15 2080 1205 350 387 ‘116 95
180 15 2145 1230 361 396 17 9%
210 15 2180 1240 365 - 406 119 100 -
240 15 2213 1243 I 413 120 102
20 | 15 242 1256 s | A8 121 103
300 15 2283 1265 375 4 122 104
.330 15 2312 127 378 424 124 105
.30 15 2332 1274 381 | 431 125 106 -
Pregn. 2332 129 381 431 125 106
Wash A |in (ppn)} | 45 52 4 | 12 5. 4.
'Wash B { in (ppm} P 2 1 1 <1 <1
Residue [in(%) § 2.0 [ 042 2.20 4.78 1.50 0.36
Liquids
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Table C4.2.

- Assny values for Leach 4 solids
" Assays Mass &
Sollds Pt Pd Rh Re I Au
Sample tto Leach| 23.00 | 1250 | 416 | 510 | 150 | L0
Residus 210 | 042 | 220 | am | 130 | 035
Solids fasample | 045 | 024 | 036 ) o7 | 021 | 020
Masses Recorded
" Sample intp Leach =200g
Residue =37 e
Solids in sample =038¢g
Solids dissolved in sofuion = 1590 -
Tahle C4.,3: Mass Balemce for Leach 4
' . Mnss [+3)
Pd | R | Ru | ¥ | an
Iniz Leach,
Sample in 4.6000 | 2.5000 | 0.8200 | 1.0208 | 03000 | 0.2200
Leaching Solution | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0,0000 | 0.0000
Tomiln | 4.6000 | 2.5000 | 0.8200 | 1.0200 | 0.3000 | 0.2200
P o |
ExLeach, [
Residue 0.0781 | 0.0156 | 0.0818 | 0.1778 | 00538 | 0.0134
Solids in sample | 0.0017 | 0.6009 | 0.0014 | 0.0027 | 0.0008 | 0.0008
Pregn, Soluon | 3.8898 | 2,1250 | 0.6355 | 0.7139 | 0.2085 | 0.1768
Wish A Liguor - | 0.0225 | 0.0260 | 0.0070 | 0.0050 | 0.0025 | 0.06:0
Wash B Liguor | 0,0015 | 0.0020 | 0,0015 | 0.0015 | 0.0015 | 0.00E5
Samples 0.5657 | 0.3207 { 0.0931 | 0.1053 | 0.0307 | 0.0057
Towl Out | 4.5593 | 2.5003 | 0.8209 | 1.0172 | 0.2098 | 62201
Mass Balaitce % 1 '
{Out/Es}. 99,11 ) 10001 | 100.04 | 9923 | 99.94 5 100,05
% Extraction 9825 | 9934 | Ro.86 | 8217 | 8r.12 | 93.57
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Table 4.4 Extraction vs time data for Leach 4.
Tine : % Extraction RedoxPot
{min) Pt Pd Rh Ru Ir A_l_.l (m¥)
9 0.000 | 0000 | 0.00u | 0.000 | 0.000 | 0.000 | 1024.6
5 P304 | 56.880 | 43.902 | 37.647 | 29.333 | 44546 | 980.3
15 | 57815 | 64.105 | 53.827 | 44458 | 47273 | sean1 | 10057
20 | 65,639 | 71434 | 55692 | 53.729 | 53133 | ;o843 | 10072
0 | 9037 | 76517 | 61493 | 58137 | 7145 | saz86 | w009
40 | 72.664 | 79.233 | 64332 | 61180 | 59685 | 66050 | 10089
50 | 74.672 | 81.466 | 68.088 | €3.823 | 61.610 | 69.550 [ 1008.6
6 F77.662 | 84.140 | 70.418 | 66.070 | 64.157 | 73003 | 10126
70 | 79227 | 86.338 | 72.035 | 67.556 | 64.788 | 7474 | 10152
80 | 81843 | 88293 | 73,640 | 0030 | 66,668 | 76455 | wn1s
50 | 84113 | 89.93 | 75.915 | 69,045 | 68.593 | 78,150 [ 10152
100 | 84.676 | 90.896 | 77268 | 70.670 | 69.767 | 79.8321 10153
o | ge2rz L ovrrr | 78835 | 7750 | 72213 { Boses | 10160
120 | 87894 | 92.90 [ woemz | 72602 [ 74033 {52521 | 1026
150 | 88.875 | 4963 | 83.694 | 74.588 | 75.838 { 84782 | 10168
130 | 91.405 y 96.753 | 86.005 { 76.168 | 76.435 | s7.223 | to14.6
20 | 92755 | 9.463 | 86,961 { 77.908 | 77.618 | 88,836 | 10IE.6
240 | 94.018 | 97.674 | 88.034 | 79.106 | 78.205 | 90436 | 1019,
270 | 95.118 | s8.582 | sa.673 | 70971 | 78987 | 91230 10198
30 | o6.660 | 99.204 | 89,095 | 80.650 | 79.363 | ;2016 | 10203
330 {97741 | 95.616 | woi72a | 80.986 | 80.507 { s2m9e| 10005

| 360 [98.480 | 99,820 | 90.344 | 82.153 | 81.073 | 93568 | 10208
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RUN 5

I.&achmg Condition:

Mass of sample
Volume of HCI used
‘HCI concentration
Temperature

CI, flowrate

Stirrer speed

Total leaching period

=200g

=2.00L
=600 M
=7"C

= §25 c’min’

= 150 ipm
= §.00 howrs

1
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. Table Cs.1: Raw Dala for the Leadlmgzxperhnmt 5.

Tiime | Sample Semple Anatysis reslts in ppm
iy | ‘(‘;:'1'; | M | R R K § Au
[} - - . - - - - -
51 15 957 il 134 | 20 & 51
15 15 1426 854 219 247 77 &5
20 15. 1574 4 255 | 296 87 7t
30 15 mé | 100 267 315 93 7%
40 15 1750 1043 232 332 % 78
50 15 1854 1073 1 290 346 101 8 -
6 | 15 1895 1102 310 356 | 1M 85
70 15 1927 12 i 367 106 -
0 15 1995 1160 Jar 374 0 89
90 15 | 2032 1170 334 e | o 1
wo |15 H uss | s 382 4 ]
10 15 2088 1188 | 349 389 116 o
120 15 2135 1204 aw | 3. 18 5
150 15 2160 1226 388 - 404 122 o§
180 151 a9 1235 | 370 415 123 100
210 i5 2231 1253 375 825 125 102
240 15 2265 1255 380 433 127 i0a
am 15 2282 260 | 384 | 437 128 04
113 15 2311 1272 38 | 439 130 £05
330 15 2331 | 1278 390 441 131 106
2650 15 2346 1282 | o3t | ap | 1w 107
Pregn. 246 1282 ] 30 442 k) 107
Wash A |inppm) | 42 n | 25 28 g | s
Wash B | in (ppen) A 1 1 <1 <1
Residue | in (%) - | ~2.23 0.11 1.53 418 | 113 0329
=" Volme of lig. (HCI} It Leach = 2.000 L.
Volume of lig, (HCY ex-death = LSGSL
Wash water valume (Wash A) = 500 ml
Wash water volume (Wash B) = 1500 ml.
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Table C5.2; Assay velues for Leach 5 solids

Assays, Mags % _
Sofids | p | mdi | mn | Re | x | A
Sample into Leach | 23.00 | 1250 | 410 | 510 | 150 | w0
Residnz 223 | o1 | 153 | 418 | £13 | 039
Soliésinsamgle | 038 | 006 } 033 | o6z | 0.8 | 018
Masses Reeorded .o
Sample fop Leach =200g
Residue =3T72g
Salids in sample =030g
‘Bolids dissolved in solution =1380¢g
Table C©5.3; Mass Balaoce for Leach 5
Mess {g) _
Pt B4 | Rh Ru Ir An
| Imio Leach,
Samgle in 4.6000 [ 2.5000 | 0.8200 { 1.0200 | 0.3000 | 0.2200

Total 4.65000 | 2.5000

Leaching Solotion, | 0.0000 | 0,0000 | 0.00H)

0.0400 | 0.0000 | 0.0000

Samples 0.5878 | 0.3393 | 0.0968
Total Out 4.6001 | 25001

Regidus 0,023 | 0.0041 | 0.0569
Solids n swmple | D.0013 | 0.0002 | 0.0013
Pregn. Solution | 3.9067 | 2.1345 | 0.6510
Wesh A Liguor | 0.0205 § 0.0205 | 0.0125
Wash BEiguor | 0,005 | 0.0015 | 0,0015

0.8200 | 1.0200 | 3000 | 0.2200

£.1555 | 0.0420- | 0.0108
0.0024 | D.0007 { 0.0007
0.7359-1 0.2198 | 0.1782
| 0.0140 | 0.0040 { 0.0030
0.0015 | 0.0015 { D.0015
0.1107 | 0.0327 { O.(B256

0.801 | 1.0200 | 03008 | 0.2208 |

100,00 | 100.25 | 100,36

Mass Balance 5
(Out/En) 10000 | 160.01 ] 100.01
% Extmacion g8.17 | 99.83 | ;90

84.52 | 8579 | S4.E0 |
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Table C5.4: Fxtraction vs time dats for Leach 5,
Time % Extraction | RedoxPar
{min} | Pd Rit Ru Ir _An (mV)
o | 0000 f o000 { 0.000-| 0.000 | 0.000 [ 0.000 | 10122
5 42044 | 61.680 | 44878 { 41,177 | 43.333 | 46,364 | 98BS
15 | 6185 | 68270 | 53.351 | 48.377 | 51293 | sR.996 | - 9972
20 | 68.189 | 75.362 | 61.999-| 57.841 | 57.840 | 64.368 { 1002.5
a0 | 74224 | 80445 | 64.260 | 61.482 | 61.750 ] 6B.8I1 | 1007.8
a0 | 75.658 | 83.084 { 68.409 | 64716 | 63.690 | 70575 | om0
50 | 30010 | 85.304 | 70.287 | 67.358 | 66.898 | 74950 | 10089
-0 | 875t | 87.609 | 74.946 | 65230 | 68.808 | 76.686 | 10095
70 | 83.031 | 89.883 | 75.408 | 70274 [ 70.072 | 78.409 | 100B.6
80 | 8510 91.989 [ 77.4m | 72.564 [ 71.952 | s0.1ar | 30092
o0 | 7310 [ 92,735 | 80.428 | 73.296 | 72.573 | 81814 | 10106
100 | 88.878 | 93.475 | 81331 | 74021 | 75.040 } @3.496 | 10110
110 | 89.557 { 94,062 | 83.792 | 75.280 | 76.263 | 84.330| 10118
20 | 91.000 | 95.227 | 84.458 | 75.99¢ | 77477 | #5157 | 10125
150 | s230¢ | 95515 | as.779 | 7rom | 1omsa | sr618] 10142
180 | 93.639 {97480 | 88.398 | 79..71 | 80.480 | B9.246 | 10144
210 | 94.758 | 98.738 | 89.481 | 8L.6LI [ RL663.§ 90,859 [ 10152
240 {96442 | 98.878 | o0.554 | B2.992 | 82837 | o650 | 10164
270 | 97.086 | 99.856 | 91,405 | 83.676 | 53.418 | 92.452 | 1017.8
300 | 98.177 | 100.06 } 91.827 | 34,015 | 84.572 { w238 | 1017.9
330 | 98.923 | 10048 | 92.663 | 84552 | 85.143 | 018 | 10078
| 360 | 99477 30075 [ 92.871 | 8¢.518 | 85,710 | 04.79% § 1037.6
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RUN 6

Leaching. Condition:

Mass of sample
Volume of HC1 used
HC1 concentmation
Temperaiure

Cl, flowrate

Stirrer speed

Total leaching period

=200g
=2.00L
=500 M

= 825 co’rmin’?
= 150 rpm.

= 6.00 hours
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Tuble C6.1: Raw Dafa for the Leaching Experimeat 6. -
Time | Sample Samgle Analysis results in ppm
{min) WVol. - i | an
{mi) Pt by R . Ra r Au.
0 - - - - - C. -
5 15 1009 820 95 | 7 n 48
15 s | e 908 | 25 | 268 7] 65
.20 15 1730 |. 992 261 316 r] 72
a0 - 15 1829 1035 275 | 3 % 78
40 15 ] 1900 1091 295 a5 2 83
30 15 1965 1112 e | e 108 - 86
0 15" 1998 | 1147 8 374 ‘115 50
70 15 2025 | 1160 324 385 15 92
80 15 2088 | 1151 335 92 1i8 [+
20 15 2120 | 1200 L] 396 20 95
100 5 | 2137 | 123 345 400 122 97
110 15 2167 1216 358 407 123 7}
120 15 2199 1234 | 360 C 412 125 %%
150 15 7223t 1246 371 . 422 126 | im
180 5 2243 | 1257 k1 O 128 103
210 15 2264 1264 380 445 130 104
240 15 297 1268 92 434 132 106.
270 15 2314 1273 w4 | 459 134 107
300 15" 2344 1281 308 462 - 136 108
330 15 2368 1286 402 464 138 109
360 15 2370 .| 1290 407 466 139 110
Pregn, : 270 1290 407 466 139§ 110
‘Wash A | tn (ppm} 43 10 2 I R g .
Wash B | in (ppm} 1 <1 1 I i ] =<1
Resicue | in (%) 0.%2 0.12 0.73 2.96 0.77 0.14 .
E i

- Volume of liy. (HC1) ivio Leach = Z.HDd L

Volume of fiq. (HC) ex-leach. = 1.660L

" Wash water volame (Wesh A = 500ml
_Washwmwhuue_ﬁ?ashnj = 1500 ml.
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Table C6.2: - Aszay vahnes for Leach £ polids
' Assays, Mast %
Selids P bl Rb Re - | % An
Sumple into Leach| 2300 { 1250 | 410 | 510 1.50 1,10
Residue o2 | oaz | o | 296 | a7 | ome
Sofidsinsample | 032 | pos | o030 | 038 | 049 | oat
Hnsmkcwrded
i Sample oo Leach =200
Residue =30g
Solids in sample =036g
Salids dissolved i soliusion =1394g
Table B5.3: Masg Faance for Leach §
Mass (g) -
P Pd_ | Rk Ru Ir Au
Into Egach,
Sample in 4.6000 | 2.5000 | 0.8200 | 1.0200 | 03063 | 02200
- Leaching Sohuion { 00000 | 0.000 | £.0000 } 5.0000 | 0.0000 | 0.0000
Toulln | 4.6000 | 2.5000 | 0.8200 | 1.0200 | 0.3000 | D.2200
Bx-Leach, :
. Residue 0.0303 | 0.0044. | 00270 | 0.1005 | 0.0285 |.0.0052
. Solidsinsmplz | 0.001Z { 0.0002 | 0.0011 | 0.0021 { 0.0007 | 0.0004
Pregi Soutoa | 3.9342 | 25414 | 0.6756 | 0.7736 | 0.2307 | 0.1826
‘Wash A Liquor | 06210 | 0.0050 | 0.0160 | 0.0190 | 00050 | 0.0040
Wash B Liguor | 00015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | D.0015
Samples 0.6127 § 03479 | 01000 | 0.1164 | 0.0347 | 0.0275
Towmt Owe  § 4.6000 | 2.5005 | 0.8212 | 10021 | 0.3001 | 0212 |
Mass Balance % :
(Ow/In} 10002 | 100.02 | 100.15 | 100.20 | 100,715 | 100.55
% Extraction 9932 | 09.81 | 9658 | R9.08 | 90.34 [ 97.48 |
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Tabls C6.4: Extractios vs time data for Leach 6.

Time __% Extrction RedoxPot |
{min) Pt Pd Rh Bx | I Ax {mV}
o. | 0000 ! ecen | o.ooe | ooco | o000 | 0000 | 10m3
s |agm] 656 | 47561 | 4a510 | 47,355 | 45636 | osa2
15 | 70.408 | 72.587 | 54823 | 52499 | 55935 | 50877 | 9735
20 | 74948 | 79.206 | 63.472 | 61.759 | 61188 | 5250 ] o702
30 | 75.55 | 82569 | 66,810 | 64,634 | 65008 | 70.582 | 0818
40 | 82150 ] 86915 | 71.942 | 8438 | 67.685 | 14001 | om0.6
50 | 84870 | sR5m2 | 73.650 | 70.514 | 71535 | Trers | 9195
& | 86240 | 91206 | 76.915 | 72761 | 74718 [ 81.089 | 9807
70 | s73m | 92191 | 78902 | e85 | 75.082 | 82811 | o940
s | 20007 oas | sngea { 76005 | Trmee | ses2r | o3
9 | 91228 us.a04 | B2.436-| 76.827 | 19,005 f asge | voss
‘0 | on908 | 96.156 | 83.995 | 77.552 | 80.338 | 87.050 | 995.1
110 | 93.105 | 96.376 | #26.009 { 78.811 | B0.950 | 57.884 | ovEa
120 | 9437 | 97.686 | 26453 | 70703 | B2.163 [ 38711 | 99m
10 | 95313 | 98553 | 98,874 | 21473 | 82765 { 90352 | 1om2
180 | 96,091 { 99300 | 90.939 | 83.403 | #3.958 | s1.980 | 10024
210 {96901 | '99.857 | 92.787 | 85.492 | 85.142 | 927R6 | 10028
240 [ 98154 | 100.32 | 93.431 | 87.045 | 86315 | 24.386 | 1003.5
70 | 98.309 | 10047 | 93.857 | #7.900 | 87.478 | 95180 10053
300 | 99.937 | .02 | 54701 | BB.409 | 28632 | 95.966 | 10076
330 100.83 | I0L.36 | 95.537 | BB.745 | 89.775 [ 96746 | 10082
360 | 100.91 | 101.64 | 96.574 | #o.078 f o0.342 | 97.518 | 10006
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Teble C7.1 Raw Datn for the Leaching Fxperiment 7.

Time | Samgle Sample Analysis resalis in % and ppin
{min} | VoL |
e R Pd Rh. o] oK Au
0. - 6 0 0 0 0 0
5 15 490 s | w4 9 ® 2
15 15 840 694 | 160 160 kY I 44
20 15 1020 7% 186 190 48 53
_ 0 | 15 1230 824 204 210 54 58
RUN 7 -an 15 1340 850 25 | 2 62 62
50 15 1410 o4 235 25 ] 64
@ | 15 1470 950 #2 | 268 I 67 .
: 70 15 1530 981 254 2 70 )
Leaching Condition: - : . i 80 15 1590 1008 262 282 72 Mo
_ _ % 15 ) e | o015 270 288 75 ”

_ _ _ 100 5| 166 Wi 1o W [ | .

' 1o 15 | 1700 1050 amr | wée | 7%
Mass of ;ample =200g I o | s 1m0 | wes | 2w e | 7 77
Volume of HCI used =200L : : 150 15 1780 1030 283 2t | ® ™

_ 1 ... 15 | o180 | 100 200 a2 BL 8t

HCI concentration = 1.00M 20 | 15 1840 LI 205 340 2 83
_ 240 15 1860 | 1110 00 345° L] 85

Temperature - = : 1 2o | 15 | w0 | tzo | 305 | 3% & | s
Cl, flowrate = 825 e’ 300 15 ] 1900 130 310 355 85 g8

: : 330 15 | 1930 1140 315 360 87 89
Stixrer speed = 10mpm _ a0 | 15 ) e | nso | om0 ] ses 8 50
Total leaching period = 6.0J hours- : Pregn. _ 1950 1150 320 365 f] 90

. Wosh A |in(ppmy| 15 9 6 4 2 1
WashB |infppem) [ 1 <1 <1 1 <l <1
Reshdoe {in (%) | 923 3.20 231 3.54 142 0.43

Voluma of lig. {HCI) inmg Teach = 2,00 L
Volume of lig, (HC) ex-leach = 1.665 L
-. ‘Wash water volome (Wash A) = 500ml
 Wash water vohmme (Wash B) = 1500 ml,
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Assay values for Leach 7 splids

Tulile T7.2:
: ﬂh‘m'% o
Soids . om | P | Rh | B | K | aw
Sample jnto Leach | 23.00 | 1250 | 410 | sao | 150 | 1.0
| Residue 923 | 320 | 211 | 3.5¢ | 142 | 043
Solidsinsampte | 286 | 162 | 185 | 1.9¢ | 0o [ 149
Masses Recorded _ -
’ Sample joo Leach =X0g
Residue =B62g
Solids in sample =04l g
Solids dissolved i soloion. = 10.77 g
Table CT.3: Mass Balasce for Leach 7
' Mass ()
Bt Pd_| Eh | Bu Ir Au
Sample in 4.6000 | 25000 | 0.8200 | 1.0200 | 03000 | 0.2200
Leaching Sofusion | 0.0000 | 0.0060 | 0.0000 | 0.0000 | 0.0000 | 0.0000
Towlln | 4.6000 | 2.5000 | 0.8200 | 1.0200 § 0.3000 | 0.2200
Residus ] 07056 | 02738 { 0.1905 | 03052 | 01224 | .03
Sofids fnsample | 0,0175 | 0.0089 | 0.0113 | 0.0158 { 0.0060 | 0:0091
Pregn. Solution | 3.246° | 1.0148 ] 0.5328 | 0.6077 | 0.1482 { 0.1499
Whash A Liquor | 0.0075 | 0.0045 | 0.0030 | 0.0020 | 0.0010 | 0.0005
Wash B Luor | 0.0015 | 0.0015 | 0:0015 | 0.0015 | 0.0015 | 0.0015
Samples D,4595 { 02035 { 0.0758 | 0.0333 | 0.0207 { 0.2}
Towl Qur | 45283 | 2.5001 | 0.8149 | 1.0115 § 02998 § 0.2191
Mass Balance % :
(Out/En) 9544 110000 | 9938 | 99.16 | 9993 | 99.58%
1 % Extraction 82.0¢ | 88.57 | 7524 | 68.66 | sv.18 | 78.93
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Table C7.4; Extraction vs time da‘tn for Laach 7.
Thme ‘% Extraction HedoxPot.
{emin) Bt P Rh Ru Ir An_ | (mV)
0 0.000 | 0000 | 2000 § 0.000 | 000 | 0,000 | 11269
5 2304 | 45.600 | 22.927 | 19.612 | 12.667 | 23.636 | 10942
15 | 36.408 | 55.446 | 38.004 [ 31.283 | 20.607 [ 39.877 | 10925
20 | 44116 | 63.010 | 45150 | 37.077 | 31.770 | 47936 | 10993
30 | sa048 | 65.669 | 49.442 | 40.910 | 35.680 | 52380 | 10926
40 | 57.680 | 70..91 | 52.044 | #4714 | 40.853 | 55.907 | 1086.1
50 60610 | 71869 | 56,739 | 49.055 | 43.420 | 57.657 | 10958
60 | 3.101 | 76.147 | 58370 | S1.864 | 44.693 [ c0.261 | 1696.2
70 65573 | 7739 61143 | 52.607 | 45.957 | 61984 10965
80 68.005 | 79.769 | 62.977 | 54.450 | 47.210 | 63.693 1096.8
90 | 69241 | 20.292° ] 64796 | 55.547 | 49.075 | 647 1097.2
100 | 70.850 | 81.698 { 65.699 | 56.273 | 50308 | 66,223 | 1096.8
U0 | 72446 | 82.872 | 66370 | 56,992 | 50.920 | 67.891 | 1006.6
120 |713297 | 83.964 | 67.036 | 50.133 | 50.527 | 68.718 | 10974
150 | 7550t § 85.760 | 68.137 | 61934 | 52028 | 70358 | 10991
180 | 77048 | 86.485 | 69.228 | 63.364 | 52.725 | T1L.986 | 1099.4
20 | 77.920 | 86.485 | 70.310 | 64.756 | 53.317 | 73.600 | 1098.9
240 | 7B.685 | 87.189 | 71,384 | 65.619 | 53.903 | 75.200 1 1d99.2
270 | 79.444 | 87.887 | 72,448 | 66.475 | 54.485 | 76.786 | . 1099.3
300 | 8196 | 88570 | 7302 | 67.323 | ss.o62 [ 77.573 | 1oss3
330 | 81.314 | 89.265 | 74.548 | 68.163 | 56,205 | 78352 | 1099.6
360 | 82,053 | 89.945 | 75.585 | o8.007 | 57,308 | o.125 | 10993
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RUN 8

Y eaching Condition:

Mass of sample
Volume of HCl used
HCI concentration
Temperature

Cl, flowrate

Stirrer speed

“Fotal feaching period

=200g
=200L
=2.00M

= 825 cm’min’!
= 150 ipm.

== £.00 hours

202

Raw Data for the Leoaching Experfment 8_.

Table C8.1:
Time | Sample Sample Am_!jrsis Tesulis In ppin
[ {x Vo, . i . ;
o - (mly Pt Bd Rh Ru I An
4] - - - - - .- T
5 5 735 585 127 120 - 40 . 38
15 15 53 - Fry s 170 172 i 46
- 20 5 e | 805 198 202 56 56
| 5| B 850 214 m 6 62
40 15 | 1480 920 228 246 66 65
50 15 1560 M5 220 265 69 n
&0 13 1640 - R0 250 i 2 T2
70 is 1890 1000 . | 260 250 75 "
80 15 1723 1020 265 291 ki) 76
90 15 1760 1035 218 295 B0 78
100 15 | 1790 1042 280 300 81 80
13l 15 1820 1060 284 310 83 - 8
120 15 1850 1080 280 s 85 82
150 15 10 | s 297 330 88 B
180 15 1920 1148 " 304 338 "o R}
210 &) 1540 1150 302 348 oz ]
240 15 1960 1175 313 355 54 '8¢
prrli] 15 1920 1190 38 364 96 - 1
300 15 2000 1205 a2 369 - 98 91
330 15 2020 1220 326 574 100 92
360 15 2030 1240 329 378 102 9
Pregn. 2030 1240 329 378 jlirs L)
Wash A | in {ppm) 2% i3 - 11 8 -5 4
Wash B | in (ppm) i <1 | <1 <l <1 <l
Residue | in (%) 7.98 1.35 2.18 346 1.22. .40
Liquids:
] Volume of lig. (ECI} jmto Leach = 2.000 L
* Volome of lig, (HCI} ex-leach = 1670 L
Wash water votume (Wash A) = 500 ml
Wash water vohvme (Wash B) = £500 ml,
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Table C8.2:

Exiracton vs itme data for Leach 8.

Assay values for Leach 8 solids -
. . Arzys, Mass & _ )
Solids Pt PFd Rh R | 1w | aw
SampleinoEeach| 23.00 | 1250 | 410 | 5.0 | 150 | Li0
Residue 798 | 135 | 218 | 346 | 12 | vao
Sulids nsample | 219 | 167 175 | 1.8¢ | 050 | 136 |
Masses Recrimded:
Sarmple joto Leach: =X.0g
Residue. - =§05g
Sollds tn sample =053g
Solids dissolved in sohution =ll42g
Tabl= C3.3: Mass Balance for Leach 8
Mass (g) )
n | M Ri_ | Ro I Au
ma Egach, )
Sampte in 4,6000 | 2.5000 | 0.3200 | 1.0200 | 0.3000 | 0.2200 |
Leacking Soiution | 0.0000 } 0.0000 | 0.0000 | 0.0060 | 0.0000 | 0.0000
Totalln | 4.6000 | 2.5000 | 0.8200 | 1.0200 | 05000 ) 0.2200
Ez-Leach, o
- Residue - 0.6424 | 0.1087 | 0.1755 | 0.2785 | 0.0982 | 0.0322
Splids in sumple | 0.0116 | 0.0089 | 0.0095 | 0.0098 | 0.0048 | 0.0072
Pregn. Solotion | 3,390t | 20708 | 0:5494 | 0.6313 | 0.1703 | 0.1553
Wash A Liquar | 0.0140 | 0,0065 | 0.0055 | 0.0040 | 00025 | 0.0020
Wash B Liguor | 0,0015 | 0.0015 | 0.0015 | 0.0015 { 0.0015 | 0.0015
Samples 0.4992 | 03043 { 0.0701 | 0.0867 | 0.0233 | 0.0225
Totzl Qut 4.5588 | 2.5006 | 0.8203 | 1.0117 § 0.3005 | 02207 |
- | Mass Balance % _ ' '
{QurEy 99.10 | 100.02 | 100.03 | 99.19 | 100.21 } 100.33
% Extraction | 8565 | 9530 | 77.48 | 7151 | 65.74 | 82.15
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Table C8.4:
Time % Estraction RedoxPat
i) | p | pa | me | B | & | Aw | (@W
o | o000 ) 0000 [ 0.000 | 0.000 | 0.000 | 0000 | 10846
5 | sz.000 [ 46.800 | 30.976 ) 23.529 { 26,667 | 34545 | 10431
15 | 4179 | 60.060 ] 41.385 | 33.649 | 32.622 [ 41764 | 1050.6
20 | 51517 | 64236 | 48112 | 39.443 | 37218 [ 078 | 10523
© 30 |s87az | 68537 | 51.926 | 45.385 | 41128 | se.os0 | 10842
40 63.803 { 73.193 | 55.238 | 47.857 | 93,715 | 58.695 | 10563
50 |eras1 | 7s.s | 58056 | 51443 | 45600 [ @3.071 | 10554
& 70473 | 71792 | 60,385 | 52.567 | 47.550 | 64.807 | 10549
70 | 72552 | 70308 | 6266 | 54239 | 49,445 | 66530 | 10550
& 73.758 | 80.812 | 64.071 | 55.266 | 50.698 | 68.230{ 1056.2
00 | 75.380 | 81.633 | 66.346 | 56,908 | 52.563 | 0.9 | 10861
100 | 76.587 | 82.447 | 67.248 | s7.904 | 53180 | 7066 | 0562
C110 77783 | 83.768 | 68.143 | 59.703 | 54403 | 12450 | 10556
120 {79366 | 85.224 | 69.475 | G074 | 55617 | 3297 | 10889
150 - | 80.543 | 87751 | 71016 | 63.252 | 57.422 | vamug [ 10864
180 | 817t | 89.541 | 72.544 [ 64.304 | 58.615 | 76.546 | 10868
210 J 82482 | 00061 | 13420 | 66303 | 59.798 | 78.159 | wses
240 | 83.248 | 92007 | 74.483 | 67.601 | 60972 | 78959 | 10558
270 | 84.006 | 93.06¢ | 75.567 | 9,140 [ 62,135 | 7m | 10s6.2
300 | 84755 | 94.102 | 76.602 | 69.938 | 63288 | s0.539 | 1085.8
330 | 85504 | 9519t | 77.220 | 70.520 | 64432 | s8] 10966
360 | 85.874 | 96.491 | 77.851 | 71496 | 65.565 | s2.001 | iose.s
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‘RUN 9

Leaching Condition:

~ Mass of sample
“Volume of HC! used
- HCI concentration
Temperanure
Cl, flowrate
Stirver speed
Total leaching period

=200g
=2.00 L
=4.00M

= 150 rpin

. = 6,07 hours

-1

Table €. l

Raw Data for the Leaching Experiment 9.’

Time | Sample -: Semple Analysis results in ppm

(emic} -?éli Pt Pi | Rh Ru . Ir: A,
D . . - - ) - - - . '_ - N
5 15 785 632 128 156 | 46 !
15 15 1120 756 180 195 & [ 5
n 15 1258 840 208 26 |- -6
30 15 1442 o0 225 248 S 66
40 15 18525 242 236 - 264 - 75 &9

.5 15 1628 - 975 252 274 78 .73
60 15 1684 1098 64 282 80 76
0 5 1725 1045 270 290 82 T
80 15 . 1772 1070 2715 | 208 84 78
50 - 15 1845 1095 286 | 308 85 20
10 15 1898 1110 290 317 3 2 .
110 15 1920 128 294 - 320 88 84
120 15 1945 1143 30 328 20 85
150 | 15 1996 10 | 308 - 3% 93 88
180 15 2068 1193 | 314 345 9. 89
21 15 2100 208 318 356 98 90

40 15 2128 1218 322 364 M |
270 15 2iz0 1230 3 K17 14 2
300 15 2208 1238 330 s 105 83

- 330 15 2 1250 334 30 107 o4
360 15 n4p 1258 338 396 199 95

Pregn, 2242 258 33 396 109 95

Wash AlIn(ppm)} 45 ¢ 27 19 n 10 7

WashB |In{ppm)| "1 1. 1 <1’ <1 Tl

Residue {in{%) | 428 101 2.96 4.00 1.36 0.45

" Linuids:

Vohme of lg. (HCY) into Leach = 2.000 L

Valute of Tig, (HCH ex-leach. = 1,670 L,
Wash water volume (Wash A) - =500 mi
Wnﬂlml‘vqlumc(WashB]' = 1500 ml.
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Tatle C9.2:

Extraction vs time dais for Leash 9,

Assay valzes for Leach 9 solids
' Assuys, Moss %
Solids Pt M| R | R | ¥ Au_
Sample it Lench | 23.00 | 1250 | 410 | 510 [ Ls0 | L10
Residue 428 | 100 | 256 | 402 | 136 | nas
Solids in sampie | 1.74 102 1.15 L17 081 | 1.3
Magses Recorded _ )
'S:_impieimuLeach =Hlg
Residue =6.17g
Solids in sample ={51g
Sollds dissolved in solution = 13.32 g
Table €9.3: Mass Balance for Learh 9
Mass (g)
Pt | wd Eh Ru I Au
- Iato Leach, 1
Sample in 4.6000 § 2.5000 { 0.8200 | 1.0200 | 0.3000 | 0.2200 |
Leaching Solution | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 6.0000 | 0.0000-
Tots! In 4.6000 { 2.5000 | 0.8200 | 1.0200 | 0.5000 { 0.2200
Bxleach, _
Residug 0.2641 | 0.0625 | 0.1580 | 02480 | 0.0839 | 0.0278
Solids ja sample | 0.0089 { 0,0052 | 00059 | 0.0060 | 0:0041 | 0.0057
Pregn, Solution 37441 | 21009 | 0.5645 | 0.6613 | 0.i820 | 0.1587
Wash A Liquar | 0.0225 | 0.0135 | 0.0085 | 0.0055 | 0.0050 { 0.0035
Wash B Ligumor | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015 | 0.0015
Samples 0.5318 | 0.3171 | 0.0819 | 0.0908 | 0.0255 1 0.0235
Toad Dot - | 4.5729 | 2.5005 | 0.8212 | 1.0131 | 03020 | 02218
‘Mass Bilunce % i
{Out/In} esa1 | 100.02 | 100.14 | 9933 | 700.68 | 300.72
% Eatmction os03 | 97.30 | 20.05 | 7493 | 70.85 | 84.45

Table C9.4:
Fime _ % Extraction RedoxPat
mi) | P | P | B | Be | ;) oAv | (v
0 ¢.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0:000 | 10326
5 |34.130 | 50.560 | 32,220 | 30.588 | 30.667 | 39.091{ 1190
15 | 48586 | 58.818 | 43.807 | 38.178 | 30.030 | 49.016 | 10052
20 | 54.496 | 67.013 | 50,534 | 44,165 | 45.183 | 54.389 { 10083
30 62316 | 71,705 | 54.587 | 48.362 | 47.780 | 59.721 | 10095
4. |esm7 | 74969 | 57.190 | 51425 | 49730 | 62366 | 10112 |
50 | 70.27 | 77.505 | 60.946 | 53312 | 51.655 [ §5.866 | 10127
60 | 72452 | 80790 | 63,74t | 54.810 | 52.928 | 53.471 | 1012.8
70 | 74041 | 82,837 | 65.127 | 56.207 | 34.192 | 69.332 | - 1083.2
80 | 76062 | 84717 | 66274 | 57771 | 55445 | 70186 | 10136
50 | 79.022 | 86.582 | 68,776 | 59.500 | 56.067 | 71.882 | 10i4.4
100 | 81154 | §7.692 | 69.678 | 61.232 | 56.683 | 73.564 [ 10153
110 { 8203t | 89.013 | 70.573 | 61,772 ( 57.907 | 75,232 | i015.9
120 | £3.020 [ 90.105 | 71905 | 63.159 | 59.120 | 76.886 | 1017.4
150 | R5.021 | 92.054 | 73.666 | 64.615 | 60.925 | 78527 | 1018.5
180 | #7.823 | 93.701 | 74.976 | 66.194 | 62.715 | 99.348 | 1020.8
210 | 89.058 | 94.837 | 75.842 § 66.108 | 63 w08 | 80148 | 10242
246 190,129 | 95471 [ 76.700 | 60,489 | & 2 [s0.548 | o246
© 270 {92102 | 96,308 | 77.551 | 70.857 | .48 | 81741 | 10253
300 | 93.155 | 96.862 | 78.305 | 72.89% [ 67.975 | 82527 | A026.3
330 | 93.751 | 97.685 | 70232 | 73.902 | 69.118 | #3307 | 10264
360__| 94.417 | 98.220 | 80.061 § 74.902 | 70.292 | 84.080 f 1026.5
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RUN 10

Leaching Condition

Mass of sample
Volume of HCI used
HCI concentration
Temperature
. Cﬁ; flowrate
Stirrer speed .
. Total leaching petiod

=200¢g
=200L -
=8.00M

= 825 em’min’

- = 150 rpm

= 6.00 hours
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Tale C10.1: Raw Data for the Lepching Experiment ie.
Tuue Sample { " Sample Analysis resylts it ppm
T Voi.
51 15 | ww 850 242 248 66 |
15 15 1550 - 80 260 o8 79 78
n 153 1670 1020 P 30 &5 B0
0 | 15 1750 | 1060 280 17 83
40 15 1840 1080 290 . 368 % 85
s0 1 15 | e | ume | 208 | 380 102 53
&0 &) ) 2010 1140 o - 388 105 50
70 15 2050 1160 320 k) 107 n
80 15 2000 1170 325 400 109 92
90 i5 210 1180 - 330 408 112 - :
100 15 . 2140 1190 336 408 i 24
110 15 2170 1200 kr ] 412 16 e
120 5 2200 1210 347 416 " 118 96
150 15 | 2w ) 120 | 355 | a2 120 98
1RO 15 2250 1230 350 425 122 100
20 I5 2280 1240 165 433 124 101
240 15 pclli] 1230 370 438 126, 12
i} 15 2320 1260 375 446 128 103
30 | 15 { mae | 2w 380 450 2 | e
330 15 2350 1280 3RS 455 130 105
360 15 1 760 [ 1350 300 | 450 131 106
“Pregn, 2360 t2o0 | 390 460 141 106
| Wash A | in {(ppm} 7 51 a6 - 24 17 4
Wosh B |in (ppm} |  f 2 1 1 <1 <1
Residue | in (%) 0.13 0.01 i 223 4.73 !.96 0.37
Liguids: _
© Volume of Lg, (HCE} jmo Leach = 2,000 L
Valume of lig, (HCI) exdeach = LETOL
‘Wash water volume {Wash A) = = 500 ml
‘Wash water volume (Wash By = §500m:
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‘Table CI10.2: Assay values for Leach 10 solids
_ Asays, Mas & _
Solids R P Ri | Ru I | _Au_
Samplc into Leach | 23,00 | 1250 | 410 | 540 [ 150 | 410
Regidue 0.13 0.01 223 - 473 L.96 0.37
._Solids in e 0,12 0.01 | 250 3.04 _ 0.68. 0.95
Magses Recorded - .
Sample into Leack =200g
Residun =215g
Snfids in sample =045 g
Solids dissolved in sohution =1740p
. Table C10.3: Mass Balance for Leach 10
Mass (=)
7 | v | BRh ] Ru | An |
Inm Leagh,
Sasmple in 4.6000 [ 2.5000 | 0.8200 | 1.0200 | £.3000 § 0.2200 |
Leaching Solution § 0.000¢ ) 0.0000 | 0.0000 § 0.0000 | 0.0000 0.0000
Toel In 4.6000 | 2,5000 | 0.8200 | 1.0200 | 0.3000 | 0.2200
Ex-Leach, :
Residoe 0.0128 | 0.0002 | 05480 { 0.1017 | 0.0421 | 0.0080
Solids in sample  { 0.0005 | 0.000% | & 0113 | 0.0177 | 0.0031 { 0.43 |
Preg, Solution 3.9412 | 2.1543 | 0.6513 | D.7682 | 0.2188 | 0.1770 |
W A Liquor 0.0360 | 0.0255 | 0.0180 | 0.0120 | 0,0085 | 0.0070
Wa.h B Liquor 0.0015 { 0.2015 | 0.0015 | 0.0015 | 0.0015 | 0.0MS
Samples 0.6149 { 0.3468 q.nssl 0.1180 | 0.0327 | 0.0278
Total Qut 4.5969 | 2.5284 | 0,323 | 10191 § 0.3067 | 0.2255
Mass Balance 5% . 1
(Cuatffn) 50.93 110113 ¢ 100.98 | 99.91 | 102022 | 162,51
1% Extmction 99935 | 99.09 | 92.85 | 2828 | 8526 | 94.98
C 212

TableC10.4:  Extraction vs time data for Leach 10,

Time _ % Extraction . RedaxPot
o) | m | Pa | Rh | Re § W | Av | (0¥
0 0.000 | c.ooo | 0000 | 0.000 | o000 | o000 | 10235
s 0.8 | 68.000  59.024 | 48.628 | a4.000 | 65362 | 9913
15 | 67342 | 322 { aa3m | 60304 | s2.602 | 70875 | 10028
20 72482 | Bl.A74 | 65.784 | 64,553 | S6.542 ?2.1‘:66 100E.3
a0 | 75.882 | 84.602 | 68155 | 68.386 | 61108 | 75.332 | 10123
40 | 79677 | 86.950 | 70534 | 71.049 | 63.690 | 77.096 | 10142
50 | 83444 ] 89.240 | 2.2 | 74,060 | 67.540 | 79721 | 10172
60 | 86.765 | 90.768 | 75.207 { 75.567 | 69.450 | 81457 { 10076
70 - | 88.483 | 92284 | 77.518 | 76310 | 7073 [ 82318 | 10208
30 o0.048 | 93.036 | 7R.665 | 77.784 | T1.967 | B3.173 L3
0 | 91266 | 93782 | 79.802 | 78.699 | 73,892 | 84,028 { 1021.8
100 | 97.069 [ 94522 | 81156 79243 | 75,065 | sad61 | 10214
110 | 93.265 | 95,256 | 82.051 | 79.962 | 75.288 | 85.696 | 10218
120 | %452 | 05994 | B3.604 | BO.676 | 7502 | 86523 | 10212
156 | 95.629 | 96.706 | 85.365 | 81384 | 78,705 | 8%.164 | 10224
180 | 96.408 | 97.422 | 86.457 | R2.261 | 79.808 { Bo.791 | 10231
210 | 97.965 | 98.132 | 87.539 { 83.131 | sr.o82 | woses | 10224
240 | 98713 | 05,836 | 88612 | 84512 | 22,255 | vr3us | 10226
70 {99092 | 99.534 | 80.676 | 85.880 | 83,418 | 92.191 | 1m224
300 | 99.469 | 100,226 90,731 | 86559 | #3.995 | o2.077 | 10232
330 {1002t | 100922 9r.777 | 87.400 | 84,567 | 757 ) 10234
360 | 100.58 | 101592 | 92813 | w233 | 85,198 | oe530] rooa6
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RUN 11

Leaching Condition:
Mass of sample =320.0g
Volume of HC used =2.001L
HC) concentration = 10,0 M
Temperahire = 60°C
Cl, flowrate = 825 cm’min’
Stirrer speed = 150 rpm_
Total leaching pericd = 6.00 hours

214

Table CI1.1: Ravw Data for the Leaching Experiment 1€,
Time | Sample Sarrple Analysis results in ppm
{min} | Vol
I () - Fr P Eh Ru I Au
- _ " - N i " N
5 15 1517 926 251 27 87 1]
15 | 1§ 1595 980 27% 318 9% Al
20 . 15 1720 102 289 332 100 78
kO I L] 1780 1030 22 356 102 81
0 | 15 1783 1053 6. | 36z 104 71
50 15 1842 1092 310 368 106 &
& 15 1910 1095 314 372 103 B
70 A3 1920 1147 316 76 109 87
80 15 1934 1151 318 3713 110 88
%X 15 1943 1167 320 380 m 89
100 15 195 1171 k775 383 - 112 20
11 - i5 68 | IIBO 24 386 113 91
120 15 260 11RR 325 . 389 113 oom
150 15 3 11498 330 ns i " 93
180 15 2110 1206 335 400 114 o
210 5 2138 1212 338 402 i15 95
240 5 2180 1713 a2 404 116 %6
74 15 2194 1230 344 406 i17. 97
300 15 215 1240 345 408 118 98
330 15 230 1250 50 | a0 |- 119 99
360 | 15 242 1262 355 412 120 100
Prepn, 2242 262 355 #12 124 100
Wash Alin(ppmy| 84 9 47 a2 29 20
Wash B { in (ppm) 1 i 1 1 <1l <1
Residoe | in {%) 523 039 324 545 1.72 054
Lignids

Velume of iy, (HC1} ‘nto Leach = 200 L
Voiume of lig. (HCl) ex-leach = L.670L
Wash water volume (Wash A) == 500 ml -
‘Wash water volume (Wash B) = 1500 ml.
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Table C11.2:

Assay valnes for Leach 1 solids

: Assays, Mass %

Solids Bt »d Rh Ru E | Au
Sample o Leach | 23.00 | 3250 | 400 | 510 | 130} LD |
" Residue 523 | 0390 | 334 | 545 | 172 | 034
Solidsingmpic | 286 | 016 | 18 | 265 | o8 [ 106 |
Masses Recorded ©

. Sample into Leach =200g
Residue =365
Solids in sample =0a2g
Solids dissolved insoluion = 1595 g
Table C11.3: Kiass Balance for Teach 1T
Mass (g}
P | Pd #h | Re Ir Au
Tuo Leach,
Sample in 4.6000 | 2.5000 | 08200 [ 1.0200 | 0:3000 [ 0.2200
Leaching Solution | 0.0000 | 06000 | 0.0000 | 0.0000 { 00000 | 0.0000
romlln | 46000 | 2.5000 | 0.8200 | 1.0906 | 5.3000 | 62200
Ex-Leach. 1

Residue 0.1909 § 0.0142 | 0.2183 | 0.1985 | 0.0628 | 0.0197

Salids insample | 0.0120 | 0.0007 | 0.0050 | 0.0152 |0.00374| 0.0045

Fregn, Soledon. | 37441 | 2.1075 | 0.5925 | 0.6880 | 0.2004 | 0.1670

Wash A Liquor | '0.0420 { 0.0345 | 0,0235 { 0.021Q | 0.0145 | 0.0105

Wash B Liguor | 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

Toml Gue | 45748 | 2.5000 | 0.8363 | 1.0332 | 0.3157 | 0.2206

Mass Balance % ) . i
(Out/An) 99.45 | 100.00 § 101,95 | 103.29 | 105.23 | 104.37
% Bxtraction 95.56 | 99.40 | 8527 | 79.67 | 78.93 | B8 |
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Table Cit.4: Extraction v tine date for Leach 11.

Time % Extraction RedoxPot |
(i) | P | Pa | Rb. | R | I | Au | (W
o . | o000 | o000 | o.xo | oo | 0000 | 000 | 10286
5 65.957 | 74.080 | 61219 | 54.510 | 58.000 | e0.000 | 9906.8
15 | 69322 | 78368 | 67.029 | 62.294 | €3.955 | 68.121 ] b4z
0 | 7467 | sre77 | 70353 | 64.998 | 66582 | 70807 | 10005
30 | 76376 | 82303 | 71.108 | 69.598 | 67.885 | 73.473 | 10067
40 | 77306 | 84864 | 74420 | 70739 | 69.178 | 76.118 ] 10072
so | 79815 | a7.007 | 75350 | mnevz | o6z | 76992 1om2
60 - | w2638 | §7.305 | 76.201 | 72621 | 70.735 | 77861 | 10121
70 §83.050 | 91267 75753 | 73364 | 72367 | TBI23 | 10124
1] £3.622 ) 91568 | 77212 | 73732 { T2.993 | 577 m2.5
o | 83.987 | 92762 | 77.667 | 74.008 | 13.615 | &0z | 1013.4
W0 | 84510 | 93,058 | 78.118 | 74.642 ] 74232 | BL266 | 10146
10 | es989 | 9318 | 78565 | 75182 | 74843 [ s2100 | so13g
120 | B6.255 | 34301 TOO09 | 75,717 | 4.843 | £2.27 | 10142
10 | 87.569 | 95.023 | m0.800 | 76.779 | 75.445 | s34k | 10146
180 | 90546 | 95.596 | B0.481 | 77.656 | 75.445 | 84.561 | 10143
20 | 91627 | 96.022 | 81.631 | 78.00¢ | 76.037 | 85368 | 1014.8
200 [ 93234 | 95996 | 82489 | 718.350 | T6.623 | Ba.168 | 1014.6
200 | 93.765 | 97.285 | 82.915 | 78.692 { 77.205 | 86.961 | 10152
300 | 94.555 | 97.977 | k3397 | 7903t | Tk {emde| 10142
330 - | 95.114 | 98.663 | B4.173 [ 79.367 | 78353 { 48527 | 10153
360__| 05,357 | 99.479 | 85210 | 7.701 | 78.920 | 39300 | 1654
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RUN 12

Leaching Condition

Mass of sample
Volume of HCI used
HCI concentration
“Temperature
Cl, fowrate
"N, flowrate
Stirrer speed
“Fotal Teaching period

=200g
=200L
=6.00M
=50°C

= 825 cr’min’
= 310 e’ mim!

= 6.00 hours
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Table Ci2.1 Raw Dats for the Leaching Rkperiment 12, .
Time | Sample Semiple Analysis resulis tn % and ppm
(uin) | Vol [ | b - R _ Ir an
B N I L. il i
o - - - - - - -
5 15 665 436 85 24 45 7 30
15 5 025 | &7 iE5 163 56 41
20 B 124 680 128 181 @ a3
30 15 1242 761 145 206 &7 54
4D 5 1365 812 160 226 n 60
- 50 15 1428 852 172 246 7 - 64
60 50| 104 £5 184 260 80 68
w s 1567 9k6 95 294 53 70,
80 5 6t | o3 201 283 e 72
20 15 1686 970 206 202 87 74
100 15 78 | w0 | 215 302 80 76
110 15 1762 120 Pl 30 %0 77
120 135 1795 | 1042 28 217 2 79
150 15 1870 2 242 334 94 ¥z
180 15 1913 8 255 345 5 | &
0 15 1952 1134 263 354 3 8
240 15 1980 L1145 70 350 % .88
270 15 2004 k62 275 365 | o8 B9
300 5 2098 | 174 280 an- 99 0
330. 15 2072 | lise 285 373 100 o
30 1S W98 | um 288 375 10t 92
Pregn. - 2098 192 288 375 m i on
Wasih A | in (ppm) | 32 19 1 7 4 3.
WathB |in(ppm}| 1 <1 <1 - 1 <1 <1
Regidue | in {%) 8.38 2,85 3.99 449 1.55 0.57
=" Vohme of liq. (HC1) fmo Leach = 263 L
. Volume of Mg, (HCT) ex-leach = 1612 L
Wash water volurne (Wash A} = 500 mi
Wash watcr volume (Wash B) = 1500 ml.
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Assay values for Leach 12 sofids

. “Table C12.%
Aﬂ._‘m.sss.
__Solids Pt | Pa | R | B | & | A
Sample into Leach | 23.00 | 1250 | 400 | 530 | 150 | 110
Residue 832 [ 235 | 35 [ 449 [. 155 | 057
Solidsinsample | 294 [ 160 | 178 { 194 | o# | 1
Mezsses Recornded : E
T Sample frto Leach =20g
" Reskdue =§a6g
Solids in sample =043 g
Solids dissolved insolution = 13,165
Table C'32.3; Mass Balanee for- Leach 12
. Mass (g}
: Pd_{ Rh Ru E_| Aw
Into Leach, ;
Sample in 4,6000 | 2.5000 | 0.8200 | 1.0200 | 6.3000 | 0.2200
Leaching Sofuson | 0.0000 | 6.0000 { 0.0000 | 0.0000 | 6.0000 | 6.0000 {
Tatgl In 4.6000 |. 2.5000 | 0.8200 | £.0200 | 0.35000 | 6.7200 |
Residue - 0.5330 | 0.1813 | 0.2538 | 0.2856 | 0.0986 | 0.0963 }
Solids insample | 0.0103 | 0.0077 | 0.0085 | 0.0993 | 0.0040 | 0.0063
Pregn, Solution | 3.5079 | 1.9930 | 0.4815 § 0.6270 | 0.1689 { 6.1538 |
Wash A Liqeor | ©.0160 | 0,0095 { 9.0055 | 0.0033 { 0.0020 § 0.005 |
Wash BLigeor | 0.0015 | 0.0015 | 0.0015 { 0.0015 [ 0.0015 | 0.0015
Samples 0.4849 | 0:2844 | 0.0518 | 0.0853 | 0.0249 | 0.0204
ol Owm 4,5535 | 24774 | 0.8127 | 1.0122 | 09909 | 9.2208 |
Mass Balance % K -
{Out/In) 5839 | £0.10 | 99.11 | 9923 | 99.95 | 10035
% Extraction 8307 | 9247 | 61.72 | m.27 | 6578 | 80.7

Table C124:  Estraction vs time duta for Leach 12,

% Extraction
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Time RedoxPol.
{min} a3 Pi_| Rh | Ru I | Au | (mV) -
o oo 0oco | oo | 00co | 0.000 | o000 [ 10326
5 - [28.913 | 34.8%0 | 2073 | 24314 | 30.000 | 27.273 | 986.9
15 | 44448 | 50.839 | 27.994 | 31903 | 37.278 | 57.198 | 9804
20 {48.638 | 54228 | 31117 | 35380 | 30,805 | 43.466 | 1000.4
a0 153703 | 60362 | 35,400 | 40.172 | 44.467 { 48798 | 10022
4 | 58.80 | -64.520 | 35.721 | 43.976 | 47.053 | se.089 | 10055
50 | ersz6 ] 67600 | 41538 | 47.750 | 50262 | 57.589 | - 10042
e | 6a.682 | 70.121 | 44.333 | 50372 | 52.808 { 61.051 | Q0N
“70 | 1277 {72471 | 45.951 | 2973 | 54703 | 62784 | 10079
50 | 6076 | 74,125 | 48243 | se.snn | 55.057 { 64493 ] w0112
o0 | 72116 | 76.512 | 49,381 | 56.277 | 57.200 | 66.189 | 10124
100 | 73.408 | 78732 | 51411 | 58.09 | 58433 { 67.871] 10129
10 | 75159 ( 80.200 | 52.754 ( 59.530 | 59.045 { 63.705 | 1014.2
120 | 76.964 | 81802 | 54.307 | 60.779 | s0.258 | 70359 | 40154
150 | .07 | 85012 | s7aes | e3.787 | 61402 | 221 | 10n62
180 | 81775 | 87273 | 60.227 | 65.718 | 62.058 | 74.448 | 10175
210 | 22587 | 88.409 | 61.959 | 67.284 | 62.650 | 76.061 | 1018.4
240 | 83.658 [ 89.184'| 63.461 | 66319 | 63.237 | 77.661 { 1018.6
270 | 84.569 [ 90.370 | 64.525 | 69.175 | 3.;1m | 78455 | 10184
300 | 85.847 | 01201 | s5.500 | 70.022 | 64395 [ 79241 1018.L
330 | 87.115 | o224 | 66,626 | 70.527 | 64.967 | 80.021 | 1018.4
| 360 8809 | o243z | 67248 | 70.860 | 65.533 { 20793 | 0184
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.RUN 13

Leaching Condition:

Mass of sample
Volame of HCi used
HCI concenhaton.
Temperature

Cl, flowrate

N, flowrate

Stirrer speed

Totat leaching period

=200g

=200L
=6.00M

= 825 co’min™
= 200 e min’
= 150 xpm

= 6.00 hours

222

Raw Data for the Leaching Experiment 13,

“Fable C13.1:
Time | Sample Sample Analysis results in ppm
{mim) { WVl —
0 - - - - . - - . -
5 1 s 724 ABG 108 141 9 35 .
15 15 1096 680 146 182 64 49
20 15 1232 750 162 199 @ 54
.30 15 1344 828 180 @ ] 7 80
a0 15 1460 874 192 250 .l 65
50§ 15 1528 D14, 207 268 84 &8
[:1} 15 108 | 950 216 282 87 N
70 15 1658 972 223 . 209 90 78
80 15 1708 995 228 05 92 ki
o .| 15 1765 1022 234 7 |- M4 78
W0 | IS 1788 .| 1024 242 . 3% 9 79
m | 15 1830 1054 244 330 w7 81
130 15 1860 | 1075 252 335 9 g2
1% 5. 1942 1114 262 352 1,1 88
180 15 20i0 1145 269 364 | 100 87
210 i5 2050 1168 278 . | 3w C 89
240 15 2090 1178 284 375 102 o0
270 15 2120 1188 290 378 103 91
k(L 15 2130 1197 295 381 105 | 92
330 | 15 2140 1210 am | 383 14 %3
[1) 15 2150 1216 306 386 105 94
.| Pregn 2150 | IMG a6 386 05 | 9
Wash A | in(ppm) | 45 n 18 10 6. 4
Wash B | in {ppm) 1 <l <1 . ol <1 <l
Residue _'131_(%} 7.1% 2.1¥ .80 4.45 1.52 l]_‘j_’s__-__
Liquids:

Valume of Jig. (HCI) ino Eeach = 2.000 L
Volume of lig. (HCi) ex-leach = 1.672L
Wash wmrvum(wm-m = 500-ml
Wash water volime (Wash B) = 1500 mi. .




TableC134:  Extracion va tirae daia for Leach 13.

fabfeCi32:  Assay values far Leach 13 solids
Solids r_ | wa | A
Samiple foto Leach| 23.00 | 12.50 150 | LIO
Residug 15 | 215 152 | 053
Sotids in sami 202 | 142 02 | 12
Masses Recorded ;
Sample inio Leach =0g
Residoe =587F
Solids in sample =054g
Solids dissotved in sofution. = 13.59 &
. Table G133 Mass Balance for Lessh 13
. Mass {g) i
)33 Pd Rh Bo Ir Au
Into Leach, '
Sampie in | 4.6000 | 2.5000 | 08200 | 1.0200 | 0.3000 | 0.2200
Leacking Sofution | 0:0000 | 0.0000 { 0.0000 | 0.0000 | 0.0005 | 0.0000]
Toalin | 4.6000 | 2.5000 { 9.8300 | 2.0200 | 5.3000 | 0.3200 |
Ex-Leach, i
Residuz 0.4197 | 0,262 | 02201 | o.2612 | o9z { 00311
Solids i sample | 0:0109 | 0,0077 | 0.0084 | 0.0098 1 0.0039 | 0.0068
Prego. Soluion | 3.5048 | 2,0332 { 0.5116 | 0.645¢ | 0 1756 | 0.1572
Wash A Ligor | 0.0230 { 0.0105 | 0.0090 | 0,0050 | 0.0030 | 0.0020
Wash B Liguor | 0.0015 | 0.0015 | 0,0015 | 0.0015 | 0.0015 | 0.001i5
Samples 0.5112 |- 02080 | 0.0692 | 0.0911 1 0.0268 | 0.0225
| TowlOur | 45611 | 24770 | 0.8928 | 1.0140 | 0.3000 | 02011
Mass Bakance % o
(Cu/Tn) 99.15 | 99.08 ] 100.35 | 5941 | 99.59 | 100.49
- | % Exmaction 90.56 | o460 | 7187 | 7327 | 895 | 8245
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~me . % Estrartion | RedoxPot
i) | P § opa | R | Rw | ¥ | Au | @)
o {ooce | 0000 | 0000 | 0000 [ oooo | ooov | 10267
5 | 31478 | 29.680 | 26342 | 27.647 | 32.657 | 31818 | 10004
15 | 47531 | 54200 | 35.540 | 35.626 | 42.502 | adas0| 10012
“ap . ] 53.355 | 59.806 | 39.324 | 38.909 | 45.875 | 48927 | 1007.2
3 | 58115 65.905 | 43.676 { 45.618 [ 49.133 | 54259 | 10056
40 {63.007 | 69.475 | 46.515 | an.661 | 52367 | 58.668 | 1009.6
50 | 65.853 | 72555 | s0.036 | s2.088 | 55.975 | 61203 | 10129
60 | 69.050 | 75305 | 52.122 | 54.679 | 57.485 ] 63.898 | 10146
70 | 71234 | 76973 | 53.750 | 57.838 | 59380 | 66,482 | 10122
w | 73277 | 1878 | 54.806 | 59.128 | 60.633 | 68101 | tmins
o0 | 75588 | 80.717 | 56.261 | 61,130 | 61.877 | 69.886 | 1014.0
100 | 76513 | 82345 | 58.066 | 62590 [ 63510 ] 70727 | 10153
110 [ 78.189 | 83.813 | 58.513 | 63.4%0 | @3.722 [ 72396 | r0167
120 | 79375 | 84.614 | 60.280 | 64560 | 64.328 | 73.223 | 172
150 Lgrses | 87420 62400 | 6739 | 65532 | 75684 10173
180 | 85239 | 89.649 | 64.018 | 60.498 [ 65.522 | 77.351 | I0IR3
210 | 86783 | 91280 | 65.967 [ 0542 | 86.123 | 7B.325 | 10194
200 | SR3I3 | DLONE | 67,250 | 71404 | 66.710 | 79725 | 10195
20 | 80.451 | 02.684 | 68.531 | 71918 | 67.202 | 80518 | 10199
300 | 89.827 | 93.307 | 69.586 | 72.427 | 67.292. | 8L.305 | 10133
330 [ 90200 § 04.199 | 71.0%0 | 72.673 | 67.863 [ 52.084 | 10138
360§ 90.570 | o4.607 | 76.879 | 75.263 | 68.430 | 82.857 | 10138
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RUN 14

Leaching Condition:

Mass of sample
Volume of HCL used
HCI concentration
Temperaml"e '
CL, flowrate
N, flowrate

~. Stirrer speed
Totzl leaching period
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Clt.l:  Raw Dats for the Leaching Experiment 14.

Valume of Hy, (HCL) o Leach = 2,000 L
Velume of lig, ICTy ex-feach = 1.670 L

- Wash water volume {Wash A)

= 500 ml

 Wash water volume (Wash B) = 1500 ml.

Time | Sample | Sample Amlysls resdlts o ppm .
i) ;;!n' Pt R Rh Ru rr__ . A
o - - - - - - -
"5 15 795 572 133 6t | ;2 41
15 15 .| um 40 178 217 68 54
20 11§ 1328 121 192 28 - 0 59
W0 |15 Mg | wOs 208 21 76 6%
40 15 1597 5 225 91 85 71
50 15 1662 9wz 236 310 a7 "
Ly 5 1738 1022 246 06 8¢ 76
3 15 1790 1040: 255 336 94 78
80 - 5 1830 1058 260 32 % g0
%0 151 1.7/m | 1084 265 348 o8 82
‘100 15 1900 o6 | 2w - 354 99 8
110 15 | 1938 1126 274 358 100 84,
120 15 | 2000 1138 278 365 01 85
150 15 | 2060 170 286 am toz 87
180 15 | 200 1196 294 378 103 &9
210 15 2110- | 1208 g4 104 ot
240 15 2120 1216 305 390 105 93
c2m | 1 2130 1226 314 396 . 106 M
300 15 2160 1231 320 400 107 o5
3% 15 | am | 12% 324 o8 | 108 96
360 15 | 2180 1240 8 | w | e
Pregn. | - 2180 124D, 328 412 109 97
‘Wash A | in (ppm) 57 35 20 12 7 5
Wash B [tn(ppm) [ . | I <t <1 <]
Residue [in (%} | 6.69 136 34 | sl 1,65 0.51
Liquids:
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' Eitraction vs time data for Leach 14.

Table C14.2: Assay valueg for Lenach 14 sollds
Assays, Mass %
Solids | ™ R | R g
SampleimoLeach| 23.00 | 1250 { 410 | SI10 | 150 | Li0
Residos 680 | 136 | 349 { 411 | 165 | 0SI
Sofidsinsample | 197 | 128 | 1e8 | 178 | peo | 139
Mnsses Recorded :
- " Sample into Leach -20.05
Residue =512g
Sofids in sample ={46g
s«;ﬁﬂsd'msulvedmsnluﬁnn =3y
Table CI14.3: Mass Balance for Leath 14
. 1 Mass (g} .
Pd Rh Ru Ir At
Sample in 4,6000 | 2.5000 | 0.8200 | £.0200 | 03000 | 0.2200
Leaching Solirign | 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
Residue 0.3425 | 0.0606 | 0.1787 | 02104 { 0.0845 | 0.0261
Sofids in sample | 0.0091-| 0.0059 | 0.0068 ; 0.0082 | 0.0032 | 0.0655
Pregn. Solation | 3.6406. | 2.0708 | 05478 { 0.6880 | 0.1820 | 0.1620
“Wash A Liquor | 0.0260 | 0,025 | 0.0100 | 0.0050 | 0,0035 | 0.0025
Wash B Liquor | 0.0015 [ 0.0015 § 0.0015 | 0.0015 | 0.005 | 0.0015
Ssmples 0.5391 | 0.3156 | 0.0775 | 0.0997 | 0.0278 | 0.0237 |
Towl Cut | 4.5588 | 2.4760 | 0.7222 | 1.0138 | 0.3024 | 0.2212
 Masg Balance % - : ]
| {(OuEn) 9.10 | g9.0¢ | 160.27 | 9940 § 200.81 | 100.35
% Extraction - 92799 | 9695 | 7744 | 7844 | 1m | 852

" Table Cl4.4c
o) | p ] pd | Rh | Be | & | Ax | (mV) |
0 0.000 | ‘o.000 | 0.c00 | c.000 | o000 | 0.000 | 10326
5 34.565 | 45760 | 32.4%0 | 31.568 | 3a.667 | 37273 | 740
15 | 51003 [ 50.000 | 43332 { 42.467 | 45253 | 40002 | 9715
20 | 57516 | 65482 | 96.606 | a6.523 | a6.567 | 53480 | - 0926
% | 63465 | 72051 | 50.510 | 53.281 | s0.477 | 58811 |- 10056
40 | esoor | 7555 | sa.532 | 56.654 | 56207 | 402 | 10088 |
so | 7627 | 78.774 | 571146 | 60.240 | 57580 | 66727 [ . 10075 |
60 | 74723 | BLO6G | 50.444 | 63236 | 58.853 [ 63464 ] 10111
70 | 76005 | 82430 | 61524 | 65.094 | 62012 | 70188 | 10128
0 | 78.560 | 84.536 | 62670 | 66:200 | 63.265 | 7L.896 [ - 10323
%0 | 80506 | 85.728 | 63.807 } 67.207 | s4.508 [ 73501 10135
100 | 1390 | 87.357 | sa935 | 63385 | es.izs | 7a432| 10142
110 | #2.006 ] B8.k25 | 65.831.{ €9.105 | 65737 | 75266 | 10157
120 {85353 ] 39.689 | 66.718 | 70.3< [ 66.343.§ 7602 | o168
c150 | grma | o209 | ss.479 | TL23e | esoas L arae | T2
180 | 8g.8r | 95871 | 70226 | 72643 | er3a2 | 793611 10176
210" | 89.653 | 94.723 | 70524 | 73.687 | 68.133 | 0975 { 10174
240 | 90.035 | 95286 | 72.508 | 74722 | 68720 { 82575 10173
270 | 90.415 [ 95:984 | 74515 | 75.749 | 69,302 { 83368 | - t016.9
W | v1303 | 26330 | 75779 | 76.427 | 60.878 ] 8ai55] 10174
330 | o916 | 96.67 | 76.615 | 7772 | 0450 | 8e934 | 10085
360 | 92985 | 96.945 | 77.445 | 78430 | 71017 | 25707 | 10008
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RUN 15

Leaching Condition:

Mass of sample
Volume of HC! used
HCl concentration -
Temperathre

CI, flowrate

Stirrer speed

Total leaching period

=200g
=200 L
=600 M

= 50°C

= No Chlorine
= 150 rpm

= 6.00 hours
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Table C15.17 Raw Data for the Lesiching Experiment 15,
Time | Sample Sample Analysis results in ppm -
i Vol. T
0 - - - . - - -
5 15 480 w0 {4 52 2 | o
15 15 600 405 - Fif 17 B!
20 15 [1) ©432 &3 26 20 0.2
30 15 70 460 7 o8 22 02
40 15 To0 500 8 1 o4 0.3
30 15 790 520 25 Iy - 28 ‘03
&0 15 BZ0 544 a8 114 ar - 0.4
w | 15 8360 564 %0 117 28 0.5
g ] 15 880 - 572 o2 12t 25 [1X]
] 15 895 SES 93 126 30 [
CI00 15 910 598 94 128 30 0.8
110 | 15 920 607 95 13t 30 0.9
120 15 9 | 618 9% 133 31 1.0
150 15 935 641 o7 134 31 Ly
180 §} 15 937 658 - 98 135 1 1.0
] 15 939 K75 o8 136 31 1.0
240 15 | w0 692 08 137 32 10
270 i 940 03 98 138 32 10
300 15 940 T2 98 138 Er A 1.4
330 15 - 40 720 - 18 139 ¥ I L0
360 15 840 725 98 140 32 10
FPregn, M0 13 o8 D C Az Lo
Wash A | in(ppm) ] 45 5 4 V] 5 - 4
Wash B | in (ppm) 1 2 1 1 <1 <1
| Residue | in {%) AL Q.42 2.0 4.78 1.50 0.36
Liquids; .
T Volume of fiq. (IC0 imo Leach = 2.000 L
Volame of lig. (C]) ex-leach = 1.668L
Wash water volume (Wash Ay = 500 mi’
Wash water volume {Wash BY = 1500 ml,
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TableC15.2:  Assey values for Leach 15 solids

Astays, Mass %
Solids Pt | Ppa | ®i | Re | W | aw
| Sumplc into Leach| 23.00 | 1250 | 410 [ 580 | 150 | L10
Regidue 200§ 04z | 220 | 47 | L0 | 036
| Soiidsnsample ) 045 | 024 | 036 | 07 | 021 020
Masses Recorded : .
Sample into Leach =20g
Residue =3Tte
Solkis in sample =038
Solids dissolved i soloton - 1500
Table C15.3:  Mass Balance for Leach 15
Mass (g)
P Pd Rh Ra Ir Au_|
Into Leach,
Samgle in 4,6000 | 2.5000 | 05200 | 1.0200 | 0.3060 | 0-2200
Leaching Solution | 0.0000 | 0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0000 | -
TotalIn | 4.6000 | 2.5000 { 0.8200 | 1.0200 | 0.3000 | 0.2250
 Residue 05781 | 0.0156 | 00818 | 0.1778 | 0.0558 | 0.o934
Solids insemple | 0.0017 | 0.0009 | 0.0014 | 0.0027 | 0.0008 | 0.0008
Pregn. Solotion | 3.8898 | 21250 | 0.6355 | 0.7189 | 0.207" | 0.1763
Wash A Eiguor | 0.0225 { 0.0260 | 0.0070 | 0.0060 | 0.0025 | 0.0020
Wash B Ligor  { 0.0015 | 0.0030 | 0.0015 | 0.0015 | 0.0015 | 0.0015
Samples 0.5657 | 0,3207 | 0.0931 | 0.1053 | 0.0307 | 0.0257
Toml Our | 4.5593 | 2.5008 | 0.8209 | 1.0122 | 02098 | 0.2201
Mass Balance % .
(Ou/Tn) - 99,11 | 10001 | 100.04 | 9923 | 99.9¢ | 100.05
% Extraction 9825 | 99.34 | 89.86 | #2.17 | 8L.13 | 03.57
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Table C15.4: Extraction vs time data for Leach 15.
Time % Extraction RedoxPor
(min) Pt Pd | _Rh Ru Ir Al (mV
0 0.000 | 0:000 | c.000 | 0.000 | 0.000 | 0.000 | B0
-5 | 20870 | 24.000 [ 10.244 | 10,186 | 15,308 | 0.091 | 6148
15  |26.0d8 | 52,357 | 13,140 | 15296 | 13.278 | 0091 | 5245
20 | 28189 | 34455 | 15311 | 16,801 | 14.587 | 0.180 | 4362
30 [ 30739 | 36.65¢ | t7.457 | 19.101 | 15875 | o180 | 4106
40 | 32848 | 39758 | 19349 | 20242 | 17058 | 0.269 | 3988
s0 | 34103 | 41,208 | 20.525 | 21375 | 17795, 026y | 3284
" g0 | 35340 fasam | 2i022 | 22004 | 18427 0355 | 3826
T | 36.997 | 44.648 | 20.684 | 22,681 1 19.083 | 0.442. | 3784~
80 137814 | 45249 | 22,149 | 23.408 | 19675 | 0527 | ss0
o0 {3842 | 46294 | 22.370 | 20332 | 19675 | o6z | 3800
100 | 39.026 | 47.182 | 22.5% | 24695 | 19675 | 0.696 | 3801
150 | 39425 | 47.842 | 22.820 | 2n.2a5 [ 20282 | 0779 | 3854
120 | 39.320 | 48,643 | 23.042 | 25.592 | 20,282 | D.862 | 3%0.1
150 | 40,016 | 50304 | 23.262 | 25.769 | 20282 | ¢8G2 | 35
‘130 | 40,004 | s1.521 | 23.4%0 | 25.944 | 20232 [ 0.862 | 3928
210 . | 40,171 § 52728 | 23.480 | 25,118 | 20282 | 0.962 | 3826
240 | 40210 | 53.925 | 23.480 | 26201 ] 20,868 | 0.862 | 23928
70 ! 40210 | 54.693 | 23.480 | 26.462 | 20,86k | o862 | 3042 |
300 | 40.210 | 55.315 | 23.480 | 26.462 | 20,868 | 0862 | 3944
330 | 40210 | 55.85¢ [ 23.480 | 26.630 | 20.868 | 0862 | 394.8
| 350 | 40.210 | 5604 | 23,480 | 2677 | 20.868 | 0862 | 3956
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RUN 16

Leaching Condition:

Mass of sample

Volume of HC) used
" HC! concentration

Temperature -

Cl, flowrate

Stirrer speed

-Particle size

Total leaching period

=200g
=200L
=6.00M

= 825 cro’min”
= 150 ipm

= 38 pm
= 6.00 hours
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Ray Data for the Leaching Experiment 16,

Tsble C16.1:
Time | Sample Sample Analysis vesults inppm
(e ‘{;:) Bt P Rh Ru I A
L - W - - - -
5 15 1795 | 1070 282 w7 S0 91
15 15 | %0 1108 250 315 92 93
20 - 15 1925 1129 300 ;e | 97 a1
30 15 | 1965 142 258 338 - 98 97 -
40 13 20m use | 07 343 165 o8
50 15 204 1267 | 35 | 104 %
60 15 . 242 | us6 310 57 100 100
0 15 2074 1200 | 320 37 108 (L
80 .15 288 1206 | 318 | . 3w uz 2
90 - 15 2086 | 1213 | 331 381 13 103
100 15 2136 . | 1231 334 9 114 103 -
110 15 2130 1238 | 339 3% 115 THM
120 15 2160 1248 343 395 116 5
150 15 2192 1254 350 405 ng 06
180 15 2218 1262 355 415 120 107
210 15 | 2242 | 1268 362 m | 107
40 15 2265 1272 368 426, 124 108
210 15 2285 1278 374 428 126 109
100 15 2306 1282 37% | 432 128 110
330 15 2338 1286 380 435 129 1
360 15 2342 1292 381 442 131 112
Pregn. ' 2342 1202 LY | 442 131 1z
WashA|in(pm) |. 68 | 58 21 18 1 8
Wash B | in (ppm} 1 1 t 1 <l <1
Residus | in (%) 0.532 006 2.70 5.05 162 | o008 |
Liquids:

Volum of Hg. (HCT) o Leach = 2,000 L

Volume of Tiq. (HC) ex-leach = 1665 L

Wash water volume (Wash A)
‘Wash waier volume (Wash B) = 1500 mi. .

500 1 -
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Tuble C162: - Assayvalues for Leack 16 solids

Extraction vs time data for Eeach 16.

Ascays, Mass
_ Solids B B Rh | Ra Ir Au
Sample into Leach| 23.06 { 1250 | 472 | s10 | 150 | 110
Residue 032 | 006 | 270 | 585 | Les2 | 008
Solidsinsample § 026 | 009 | 128 | 094 | 085 | 04
Mpsses Recorded =
" Sample into Leach =200g
Residoe =254
Solids in sample =030g
Solids dissolved in sofution =17.16¢
Table €16.3; Mass Balance for Leach 16
Mass {g) :
P M | Rh R | 1 An
Saniple in .| 4,6000 | 2.5000: § 0.8200 | 1.0200 | 0.3000 | 0.2200
Lesriing Sofution | €.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
‘Total In 4.5000 | 2.5000 | 0.8200 | 1.0200 | 0.3000 ' 9.2200
Residoe 0.0081 | 0.0015 | 0.0636 | 0.1511 | 0.04F2 | 0.0020
Solids in mple | 0.0008 { 0.0003 | 0.0038 | 0.0028 | 0.0025 | 0.0002
Pregn. Solation | 3.8994 { 2.1512 | 0.6344 | 0.7350 | 0.2181 | 0.1865
Wash A Liqguor  { 0.0340 | 0,0270 | 0:0105 | 0.0090 | 0.0060 | 0.0040 |
Wash BLiguor | 0,0015 | 0.0015 | 6.0015 | 0.0015 | 0.0015 | 0.0015
Samples 0.6325 | 0.9630 | 0.0997 | 0.1137 [ 0.0336 | 0.0307
Total Our | 4.5763 | 2.5444 | 0.8184 | 1.011 | 0.3029 | 0.2249 |
Mass Balance % .
Oufln) 99.48 | 10178 | 90.81 | 9942 | 100.97 | w222
% Extraction | 9981 | 9™ | 9115 | 84.81 | 85.57 | 99.03
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Table C16.4:
Time % Extraction RedaxPot
{min} Pt pd Ki | Ru Ir Au (mV}
0 | ogoo | 0.000 | a.ooo | D000 | 0.000 | 0.000 { 20235
5 77.957 | 85.600 | 68.781 | 60295 | &0.000 | g2727| 9812
15 . | s2ae2 | se.617 | 7077 | 61,43 | 61323 feassz| 10028
20 | 83.641 | 90272 | 73120 { 64.264 | 63.607 | 86323 | 10083
30 §85.341 | 91280 | 72.643 | 56372 | 65258 | e8.200] 1012.4
40 | 86544 | 92530 [ 74.772 | 67,123 | 6075 | smgmz | rorLe
50 [87.823 | 95.223 | 74302 | 68.643 | 69,143 | e0.87 | (0126
60 | 88.570 | 94.675 | 75.467 | 69.766 | 2327 | 0725 | 10172
70 | 89.888 | 95736 | 72778 | 2581 | 1605 { ouses | 1m0
50 %1460 | S6.187 { 77.320 | 71.997 | 742072 | 92.441 10162
“o0 | 90379 | 96.709 | 80276 | 7a.191 | 74.823 | 93280 | 10128
100 | 52300 | 98041 | 80953 [ 73,828 | 75.440 1 92.389 f 10125
110 | 92101 | 98.555 | 32072 [ 74728 | 76052 | 9ezs | 10122
120 | 93.338 | 99.283 | 82.960 | 76.691 | 76.658 | pa.950 [ 10143
150 | 94594 | 99.716 | 84.501 | 78.266 | 77.862 | 95771 | 10134
180§ 95.605.] 100.20 | 85.810 | 80.215 | 79.055 | 96.584 | 10152
216 | 96,53 | 100,72 | 57.109 | 81.607 | 80-238 { 96.584 | - 19154
240 97.411 | 100.99 | BB.397 | 82,125 31.412_ 97384 1015.1
270 | 93208 | 101.42 | 89674 | 82.467 | B2.575 | 98177 | 1016.4
300 | +8.960 | 10169 | v0.09 | 93,146 | 83.728 | 989mi ] 10172
330 | 100.15 | 101.97 | 90.932 | 83.650 | 84.300 | o.m3 | 10183
360 | 100.30 | 102.38 | 92.140 | 84.817 | 85.433 | 10052 | 1018.5
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RUN

Leaching Condition:

Mass of sample
Volume of HCl used
HCI concentration
Temperature

Cl, flowrate

Sticrer speed

Particle size

Total leaching period

17

=200g
=20L

= 6.00 M

= 825 cofmin®
= 150 pm

= -150 +90 pm
= 6.00 homrs
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Table C17.1 Haw Data for the Leaching Experiment 17.
Time | Sample Sample Aaslysis results in % and ppm
{uaic) ‘(;;} Pc____ L] Rh Bx Ir A
0 - _ _ N N - _
5 | 15 1525 1608 245 265 C o8k 64
15 15 1676 1098 7 91 2% 76
0 15 1790 1110 286 300 S8 80
30 1% 1885 130 | 288 317 56 a4
40 15 1938 1i312 293 332 9 7
50 15 | 2016 1150 304 345 103 20
60 15 2024 1138 314 352 78 2
70 15 2045 1187 305 365 106 94
80 15 2072 1189 318 368 197 Sr
50 15 093 1204 323 3 109 o7
100 15 2108 1212 334 376 110 98
110 15 2138 1218 328 381 112 99
120 | 15 21860 1228 338 388 114 100
150 15 2186 1236 342 6 116 {23
180 15 245 1243 3E Az 118 104
) (1] i5 22w 1252 355 408 120 105
. 240 15 2242 1253 359 415 12 07
20 15 2256 1256 . 363 419 124 108
300 15 | z22v | 1259 66 421 125 g
330 15 2300 1261 365 423 126 1o
. 360 | i5 2304 1262 371 415 127 111
Preget 2304 1263 371 425 127 11
Wash A | i (ppm} 32 131 13 0 ] 4
. Wash B | in {ppm) 1 <1 H 1 <1 <1
Residue | in (%) L.68 008 234 480 1.29 0.07
Liguids:
Volurie of lig. (HCI; Infoy Lesch =2 00L -
Volume of Tig. (HC1) ex-Jeach = 166 L
Wash water volume (Wash A) = 500 wml
Wash warer volome (Wash B) = 1500.ml,
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Assuy vaines for Leach 17 solds

Extraction vs time datn for Leach 17.

Table C17.2:
Assays, Mass 5
_ Solids | P | Rn | B | K | A
Satple joto Leach} 23.00 | 1250 | 410 | 5w | 150 | 110
Rasidve . 168 | 008 | 234 | 480 | 128 | 0o
Solidsinsample | 042 | 107 | 145 | 184 | 096 | 008
Masses Recyrded 1
Sample izt0 Leach =Mlg
Residu - =376g
Solids in saple =032g
Solids dissofved in solution = I552¢g
Table C17.3: Mass Balance for Leach 17
' Mass_(g)
Tt Pd Rh Ru Ir An
Sample in 4.6000 | 2.5000 | 0.8200 { 1.0200 | 03000 | 0.2200
Leaching Solution | 0.0000 | 0.0000-| 0.0 | 0.0000 | 00000 | 00000
Tomtin | 4.6000 { 2.5000 | 2.8200. | 1.0200 | 0.3000 | 02200 |
Ex-Leach, : ]
Residue 0.0632 { 0.0020 [ 0.0850 { 0.1805 { 0.0485 | 0.0026
Solids in sample | 0.0013 | 0.0034 | 0.0046 | 0.0059 | 0:0031 | 0,003
Pregn. Solution | 3.8431 | 2.3050 | 0.6188 | 0.7089 | 02112 | 0.1852
Wish A Ligeor | 00160 [ 0.0055 | 0.0115 | 0.0200 | 0.0040 | 0.0020
Wash B Liguor | £.001% | 0.0015 | ©.0025 | 0.00E5 | 0:0005 | 0.001s
Sammples 0.6179 | 0.3569 | 0.0958 | 0.1100 | 0.0328 | 0.0286
Tatal Our | 45430 | 2.4753 | 08213 | 1.0168 | 0.3017 | 0.2201
Mass Balanee % . . .
{Out/Io} 98.76 | 99.01 | 100.15 | 99.69 | 300,55 | 100.04 |
% Extraction | os58 | 9974 | 8872 | 8167 | &2.00 | 2050
240

Tabic C17.4:

“Time _ % Entraction . RadoxPoL
i) § e | pa | ®e | Re ! K | A {@W
0 { 0000 | 0.000 | 0.000 | 0.000 | 0000 | 0.000 | 10258
5 66304 | 80.400 | 60.488 | 51.961 § se.o00 | 58182 | o863

.15 | 72820 | 27.784 | 66.056 | 57.021 | 59.970 | 69.009 | 989.F
20 | 77703 | 88.730 | 69.659 | 58.750 | 63253 | 72591 | 10028
30 - | 81740 | v0.294 | 70.136 | 62.007 | s3.905 | 75.146 | 10078
@ 83975 | 90449 | 71319 | 64870 | 65845 [ 78791 | 10092
st | 87739 | s2.605 | 73001 | 67.924 | 68412 [ 81416 | 10094
60 . | 87572 ] 92452 | 76231 | 68.634 | 70,958 | 83.152 | 10085
1] 88.560 | 94,650 | 74151 | 71050 | 70327 | 84.875 | - 1010.2
8¢ LE9.541 ForaM | 72131 [ 71603 | 70.953 | B6.5R4 | 106
90 . | 90393 | 95920 | 78.268 | 72334 | 72.197 | 87.432] 1082 .
100 . | 90915 | 96512 | 80.750 | 73.059 { 72.813 | a8am3| 10123
10 | 92452 95.952 | 79.407 | 73.959 | 7e.057 | 89.107 ] 10125
120 | o306 | 07.680 | Bi.627 [ 75208 | 75250 | %0.934 | 10152
150 | 94.083 | 98258 | B2.507 | 76.624 | 76.45% | 90.575 | 10163
180 | 9s2n [usyse | 23807 | 767 | 7ee7 | a2z | 1onss
210 | 95790 } 99,398 { 25.332 | 78.721 | 7TR.430 | 94.816{ 10261
240 | 56249 | 09468 | 36,101 | 79.928 { 8003 | 5616 | 1020 "
270 | 96780 | 99.678 | 87.042 | 80.613 | BL.I67 | 96409 1028..
300 | 98200 | 99.885 | 87.675 | BO.952 [ 81.743 | 97.196 | 1021.3
330 {98433 | 100.02 | 88300 | 81288 | B2315 | w7975 | 10204
360 )} 98581 | 10009 | RR.7i7 | g1 622 | R2.8er j 98748 ] 1020.8
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RUN 18

Leaching Condition:

Mass of sample
Volune of HC] used
HC} concentration
Temperatore

CI, flowrate

Stirrer speed

Particle size

Totzl leaching period

=200g
=200L
= 6.00 M

= §25 em’min
= 150 rpm

= 300 pm

= 6.00 hours

_242'-

Raw Dats for the Leaching Expetfment 8.

Table CI8.1:
Time | Sample | Sarmgle Analysis results inppm
i) | val. |
1 ) Pt Pd Rh Re I Au
o | - .- - - - - -
5 15 1459 1005 260 ¢ 285 80 64
- 15 i5 1657 1042 280 298 s 2
20 | 15 the | 62 2284 2 88 75
30 1. | 18a2 1097 282 326 90 B
40 15 1398 1115 300 23 | 84
| S0 15 1991 1132 308 343 | 9% 86
0 | 15 2018 1548 310 350 9 88
70 15 { 2036 1158 4 3% .| 10 50
80 15 2058 1173 315 361 102 »
o0 15 LE 1186 518 368 103 4
100 15 2097 1192 34 a4 104 5
110 15 | 212 1204 328 | 378 106 97
120 15 2148 1210 | 330 38 107 98 .
150 15 2172 1218 336 3% 110 100
180 15 2190 1230 340 394 1z 102
210 15 4 1238 346 399 14 103
240 15 223 1247 351 a2 s s
270 15 243 1260 355 406 116 106
300 5 250 1261 360 410 s 107,
330 15 2284 1262 351 413 119 108
380 i5 225 1264 a6z 415 120 509
Tregn. | 20 | et | 32 45 | 120 109
WashA)in(ppmy| 35 25 21 16 - 7 4
Wash B | in (ppm} 1 <l <} «<] <1 <l .
Residue | in (%) 2.37 2.07 2.65 5.00 1.54. 0.16
Volume of o (HCi} into Leach = 2.000 L
Volame of liq. (HCD ex-Jeach = 1L667L
© Wash watet volume (Wash A) = 500 ml}
‘Wash water volume (Wush By = 1500 mi.
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Assay values for Leach 19 solids

Table CLE.2:
. Assays, Mass %
Selids Pt Pl Rk Ru i Au
Sampleinto Leach] 23.00 | 250 | 430 | 520 | 150 | 110
Residue 237 | oo | 265|500 | 154 | o6 |
Solidsinsampte | 064 | 008 | 119 } 117 | 128 | o8 |
Musses Recordsd 3
Sample ipto Lea: 1 =10g
Residoe =392g
Solkds in samgle =038z
Sotids dissolved insoloion. = 15.70¢
‘Table C18.3:- Mass Balance for Leach 18
| Mass (g) .
Tt P RR Bu . I A
Into Leach. i . .
1  Samplein | 4.6000 | 2.5000 { 0.8200 | 1.0200 | 0.3000 { 0.2200
Leaching Soution |.0.0000 | 0.0000 | 0.0000 { 0.0000 | 0.0000 | 0.0000
_ Towlln | 4.6000 | 2.5002 { 0.8700 | 1.0200 | 0.2000 { 02200
Residue 0.0929 | 0.0027 | 0.1039 { 0.1995 | 0:0604 | 0.0063
Solids insample | 0.0024 { 00001 | 0.0045 | 0.0045 | 0.0049 | ©.0007
Pregm, Soloion | 3.8174 | 2.1071 | 0.6035 | 0.6918 | 0.2000 | 0.1817
‘Wash A Liguor 0.0175 | 0.0125 1 0.0105 | -0.0080 { 0.0035 { O.G020
Wash B Liguor | 0.0015 | 0.0015 | 0.0015 | -0.0005 | 0.0015 | 0.0015 |
Samples 0.6105 | 03515 | 0.0961 | 0.1693 | 0.0308 | 0.0277
_ Toal Out' | 4.5422 | 2.4754 | 0.8200 | 1.0146 | 6.3011 | 02199
Mass Balance % ]
(OutiTn) 98.74 | 99.02 | 100.00 | 90.67 |100.37 | 99.54
% Extraction | 97.00 | 90.88 | 8678 | 79.90 | 7234 | 9534

TableCi8.4:  Extraction v time data for Leoch 18.
Time % Extrzction RedoxPat
i) | P | Pa | Be | Rw o} o ) oA} @W
¢ |oom | 0000 | 0.000 | o.coo | o000 | o000 | 10284
5 | 625651 80.400 | 63.415 | 55682 | 53393 | se.182 | 9932
15 | 71972 | 83.338 | 68.256 | 58412 | 56,642 | 65.400 | 1010.2
20 | 74.328 | 84904 | 69217 | 6L116 | 5R.612 | 68.086 [ 10183
30 | 7e.sss | sr.6si [ 7124 | 63.800 | 59015 [ 72530 [ 10187
40 | 2215 00d8 | 73.017 | 65702 | 61855 [ 76.057 [ 1019.2
50 | 86.106 { 90.357 | 74190 | 57.023 | 63.780 [ 77,807 { 10209
o0 | 87.228 | 91350 | 75356 | 68.333 | 65.053 | 79.543 ] f024X
70 | 87969 | o1 35 | 76.280 | 0.563 | 66317 | 81266 | 10252
20 28.86% | 93459 | 76.309 [-70.378 | 67.570 | ar.o75] 1022R
o | 89274 | 94420 | 77.192 | 71698 | 6u.192 | 84671 ] 1023
100 | 90440 | 94873 | 78.545 | 72.747 | 66.808 | 86.452 | 1019.6
10 | 91557 | 95.754 | 79.440 | 73.466 | 70.082 | €718 | 10189
120 | 92467 | 96.150 | 72.884. | 74.180 | 70.638 § 88004 | o197
150 | 93.409 | 95.768 | 81.205 | 75.596 | 72.443 | 80.655 | 10204
130 | 94.109 | 97.627 { 82.078 | 76.298 | 73.637 | 91282 | 10214
210 | 95421 | 98105 | 83.377 | 77.168 { 74.820 | oz0B9 | 10226
240 | 95.880 | 98.829 | 84.450 | 77.685 | 75.407 | 93.689 | 10225
20 | 96.146 { 99:736 | 85.301 | 78370 | 75.988 | 9.4m | 10252
30 | 96785 | 99.805 | 86.356 | 79.048 [ 77.142 | 95268 | 10240
330 | 97.680 | $9.874 | 86.565 | 79.553 | 77.713 | 9648 | 10234
360 | o7.002 | 100.01 | 86773 | 79.886 | 78.280 | 96.821 | 1024.1
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RUN 19

Leaching Condition:

Mass of sample
_ Volame of HCI used
HCI concentration
. Temperature
" Cl, flowrate
- Stirrer speed
Parficle size
Total Ieaching period

=200g
=2.00L
=600 M
= 50°C

= 825 er’min*t

= 150 rpm

= +H0 +425 pm

= 6.00 hoors
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‘Tahle C19.12

Velume of lig. (HCI) into Leach = 2.600 L
Valume of fiq. (EHCY) ex-laach
* ‘Wash water volome (Wash A) = 500 mi'

‘Wash water vplome (Wash B} = 1500 ml.

= Le6TL

- Raw Data for the Leaching Experiment 19,
Time | Sample Sample Aralysis results In ppm
sy | Vel. R P Ry Re | I A
foh) _ :
I - - - | - - - -
5 15 o652 610 140 . 186 36 46
3 1 15 1160 00 185 212 65 | 54
bl 5} s | 730 200 248 k] 0
0 15 1420 860 220 20 | 7 &7
40 15 1510 | 920 235 | 2w 8l g
50 15 1630 950 22 | 30 -84 74
60 15 1680 HHO 255 . 308 87 7
70 15 1710 050 267 316 o0 8
| i5 £780 1w | 2% 327 L] . <}
9 [ 15 1810 1100 286 335 9 85
100 15 1840 1124 252 342 % 88
110 15 1870 | 1137 298 359 97 90
- 120 B | 1w 1152 306 | 352 98 91
150 15 158G 1174 n 368 100 93
180 15 270 198 ) 1 a8 2 95
210 15 07 | 1206 327 333 104 97
240 15 3130 21z 332 a8 108 %
- 270 15 2160 26 | 34 an 106 10D
© 300 15 0 1225 347 398 108 101
330 5 2230 1230 350 402, 101 102
560 15 2260 1235 352 406 Li0 103
Pregn, 2260 235 | 3 406 110 105,
Wash & | in (ppm)| 27 17 15 13 5 4
Wash B | in (ppm) 1 o1 I <1 <1 <1
| Residue | in (%) 460 | 178 2m 4.79 171 0.40 |
Liguids:
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Table C19.2:

'Amva!ms for Leach 1% soHds.
Assays, Mass %
Solids m | ra | ®E Ru | I Au
Sample ine Leach| 23.00 | 1250 410 1 510 190 110
Residue 462 | LI8 b ar i} 4.79 171 | 040
Solids in samnple | 0.72 041 2.30 1.41 1.31 0.31
Masses Recorded = .
Sample intn Leach =200¢
Residee =4.67¢
Solids tn sample =045¢g
Solifs dissolved in slution =488
Table C19.3: Manss Balance for Leach 19
. Mass (2)
31 Ad Bh | Ru Ir Au
Tntp Leach, 3 .
Sample #6000 | 2.5000 | 0.8200 | 1.0200 | 6.3000 { 02200
Leaching Sotetion | 0.0000 4 D.000¢ | 0.0000 | 0.0000 | 0.0000 | 0.0000
Tatat In 46000 ) 2.3000 1 0.8200 | £.0200 | 0.3000 0.2200 |
Reside 0.2190 | 0.0831 | 01266 | 0.2237 | 00799 | 00187
Solids in sample | 4.0052 | 0.0019 | 0.0113 { D.0D64 | 0.0059 § G.0014
Pregn. Soludon 57674 | 20588 | 0.5868 | 0.6768 | 0.1834. } 0.1717
Wash A Liquor 0.0135 | 0.0085 | 0.0075 | 0.0065 | 0.0025 | 0.0020
‘Wash B Liguor 0.0015 | 00015 | 0.0015 | 0.0D15 | 00015 | D.O01S
Samples * [ 0.5308 | 0.314¢ | 0.0830 1 0,090 | 0.0274 | 0.0248
Toda]l Oue 4.5355 | 2.4681 | 0.8166 | 1.0129 | 0.3005 | p.2201
Mass Balance % ' i
{Out/Tn} 98.50 | 98.73 | 98.58 $9.30 | 100.16 | 100.04
% Bxtraction 95.10 | 96556 | %3.12 | 7229 | 71.46 | 9088
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“Table C1%.4: Fatraction v5 time dats for Lench 19,
Time % Extruction RedoxPot
(i) Pt Pi- | B | Ruw | Ir An (¥
o | ooo0{ o000 | o000 | 0000 | oooe | o000 | 10260
5 | 41.826 7 48.800 | 34.146 | 36471 | 37393 | MB1B | 10071
15 | 5070 | 55946 | 45.040 | 41530 | 43288 [ ae.38 | 10097
30 | s7.051 { 62250 | 48.643 | 48483 | 47.885 | 34409 | 10102 -
30 Jenan | 68506 | s3.412 | 50703 | 51795 s0.630 | 10123
40 | 65.267 | 73.162 | 56,560 | 55.348 | 53.735 | 63.275 | 10206
s0 | 70289 | 77782 | 38.604 | 58.368 | 55.660 § 66775 | 10251
G 72965 | 80.074 | 61.632 | 59.866 | 57570 | 70248 | 10248
70 | 73.600.] 83.106 | 54405 { 61.352 | 59.465 | 72892 | 10243
80 76,461 | 85,362 | §7.385 | A3.379 | 60.718 | 74541 | 1240
9 | 77678 | 86.854 | 68.750 | 64,842 | 61.962 | 76236 | 10213
100 | 78.884 | 88334 | 70.10¢ | 66.112 | 63,195 | 78750 | 10208
1o | so.08r.| e9.582 | 71,446 | 67.551 | s3.807 | go.a27 | 1000.1 |
120 | 82.059 | 90.674 | 7277 | 68.978 | 64.413 [ 81255 | 1019.8
150§ 84414 192262 | 74.530 [ 0.748 | 65.617 | 82.806 [ 018.8 |
180 | 35.970 | 99.766 | 76.067 | 72.503 { 66.310 } 84.523 | 10184
210 | 37.890 | 94.547 | 1rmos [ 13372 | 67.993 [ 86136 | 10184
290 | som1z | masew | 78872 | 7236 | 68580 | 82736 | ms4 |
270 | 91330 | 95.528 | g0.574 | 74920 | eo.162 | BR.s30 [ 10194
00 92,834 { 95.874 | 82.051 | 75.938 | 70.315 | 89.316 1es
30 | 93.953 { 96217 | B267e { 76.610 [ 70.887 { 50.096 | ' 1019.8
aso_ | o5.061 | o6.557 | 83.093 | 77.277 | 71.453 | 50.858 | 1019.5
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RUN 20

Leaching Condition:

Mass of sample
- Wolume of HCI used
HCL concentration
Temperams
Cl, flowrate
Stirrer speed
Particle size
Totat Ieaching period

=200g
=2.00L
=600 M

= §25 c’min?!
= 150 ipm

= 850 +600 mn

= §5.00 hoes
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Rew Datn for the Eeaching Experiment 20,

Tahte C20.1:
Time | Sample Sample Analysis result in ppm
(o) F,:DL p Pd #h Ro . Ir Au..
) - - - - - - -
5 15 612 448 9 | 115 4 - 28
15 | 15 024 518 126 174 50 £
20 15 1012 670 158 | 190 58 - 47
10 15 1238 748 181 211 61 55
a0 15 1360 812 195 ns a9 62
"5 |15 1460 856 203 241 74 69
60 15 15411 880 211 250 77 74
0 I5 1580 932 230 261 82 '
80 i5 1652 964 2%4 m 8 82
%« i5 " 1660 o2 236 280 B8 B
100 15 1710 120 261 %8 19 . 86
110 15 | 1760 1045 264 298 o 88
120 15 1790 1070 z70 305 93 g
150 15 18722 1098 282 .1 8 95. 92
150 15 1942 1Ig - 290 533 o7 %
210 15 |. 2026 1142 300 345 98 95
240 | 15 240 1168 | 34 354 a9 o6
210 15 2100 | 1189 315 . 366 00 97
300 15 2115 1208 20 3 | 1o 9%
330 15 2130 1215 332 k) 100 99
360 15 2150 1224 340 388 100 100
Pregil, 2150 1224 | 340 kL 100 |- W
Y ahAfin(ppmy| 24 16 ] g | & 3
Wash B | in (ppr) 1 2 t 1 <1 <l
Restdne | in (%3} 1.97 2.21 268 | 43 1.83 0.41
Liquids;
. 1

Volume of Tig. (HCI) into Leach = 2,000 L

Votume of kg, (HCD exdeack = 1.668L

‘Wash water volume (Wash A}

‘Wash water volume (Wash B)

z Sv-nf
< s ml.

251




Table C202; Aszay vahes for Leach 20 solids.

Assays, Mass % : E
Solidg o .y A TebleC204: - Extraction v fhme data for Esach 26,
Sample into Leach| 23.00 | 1250 | 410 | 530 - _ _
] Time % Extraction _ RedoxPot,
Residue 797 { 22t | 238 | am i | 7 [ e | R | Ro | 1 | an | v |
sotidsinsamete | 264 | 176 | 103 | 106 ) o000 | 000 | .ooo | 0000 | 0.000 | oe | 10186
. 5 29217 | 35.840 | 24.146 | 22,549 | 27.333 | 25455 | 10153
_Masses Rengrded = . 15 | 40,092 45162 | 30.682 | 34,031 | 33.288 | 32.673 | 10154
. Sample into Leach =200 20 | 43.860 | 5312 | 38390 | 37121 | 3854z | 42523 | 10062
Resklue : ==45g 30 | 53465 | 59.511 | a3.851 | 41146 | 40497 | 0.2 | 10062
Solids in sample =0%2¢e 40 [SB6I1 | 64.478 | 47.166 | 44379 | 45,670 | 55805 | 10166
- Solids divoatved in solation. = 14,02 8 50 | 62795 | 67,866 | 49.044 | 46.833 | 48.78 | 61950 | 10169
_ 60 | 66217 | 9.699 | 50.907 | «8.518 | s07se | ss27m | 10172
TubleC20.3:  Mass Balance for Leach 20 70 | 67765 | 73.641 | 55.298 | s0.562 | s3.047 €976 | 10174
R0 69.800°| 76.047 | 58,508 | 52589 | S4.573 | B [ 10175
Mass : op | 70025 | 78.136 | 61.237 | 54.052 | s6.438 | 74.830 | 1017.8
Pe ! Pd | Rh | Ro | I An 100 | 73.025 | 80.208 | 62.365 | 55.684 | 58.2688 | 76.511 | 10172
{ loo Eeach, 1 _ 10 {7503t | 52.043 | 63.057 | 57:303 | 59.512 | 78180 [ 1017.9
m‘gmn P ;f@'?i 05900 | woona | 030 02200 120 {76218 | 83.863 | 6a.568 | 58553 | 60725 | 19.007 | 10078
Total In 4.6000 | 2.5000 M 10200 | G.SUEEI u.na 3 150 © [ 79.435 | 85.885 | 67.010 81,207 | 61.928 | 81468 | 10184
L - _ A A 180 | 82159 | B7.317 | 68755 | €3.488 | 63.122 | 83.006 | 1019.4
b Residue " | 0.4352 L 01207 | 0627 | 0.2686 | o000 | 0.0024 210 | 85401 | 89021 | 70.921 | 63.577 | 63.713 | 83.902 | 10181
Solids in sample | 0,0137 | 0.0092 | 0.0054 | 0.0055 | 0.0062 | 0.0043 240 | 85086 | 90.851 | 71999 | 67.129 | 64300 | 34702 | 1017.4
:ﬁ:k sgmn :iﬁ n’-g;;g :-u-sg';;' g-g;z g-;g g:;nﬁﬁé o | 5822 | wary | 74a20 es.82 | 64882 | psans | 10175
Wash B Liquor 00015 | o015 | 00015 | 0.0015 | a0ous | 0,005 300 | 88777 93.632 ) 75.175 4 10.200 | 64.852 | 86,282 | 1018.1
Samples 0.4885 | 02873 | 0.026 | 0.0838 | 0.0247 | 0.00% | 330 | 89336 | 04112 | 77.685 | 71345 | ea8m | 8706t | 10186
Tows Out | 4.5370 ] 2.4683 | 0.8159 | 1.0806 | 0.3021 | 02157 360 190075 | 94.724 | 70.343 | 72.478 | 64.882 | 87.834 | 10318.7
Mas. Balance % : ' ' ' ' '
(Qut/ln 98.63 | 9873 | 99.43 | 90.08 | 0069 | 99.85 |
% Exiraction o1 | 9474 | 79 | a7 | 6o | w77
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RUN 21

Ieaching C'onditibn:

Mass of sample
Volume of HC] used
‘HCI concentration
-Temperatura
Cl, flowzate
Stirrer speed

. Total leaching period

=200¢g
=200L
= 6.00 M

= 825 c’min’
= 80 rpm
= §.00 hours
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. ‘Fabfie CZ1.1: Raw Data for the Leaching Bxperiment 21.

| Time | Sample Sample Analysis resolts in ppm
fmin) :::n!' Pt Pd Ru Ra Ir Au
0 - - oo - - - -
5 15 | 724 553 1wz 108 2% 38
15 13 998 660 148 160 50 42
0 15 1120 725 170 187 54 48
30 15 1230 | 789 188 207 65 54
.4 5 1346 842 61 26 6 59
50 15 1398 868 210 240 7 63
60 15 | 15m 915 25 248 78 [
70 15 1565 406 230 257 80 68
0 15 (1625 960 - 242 270 8 70
20 15 1648 98 MR 278 84 2
100 15 1698 1005 253 20 86 2l
e | 15 173% | 1018 260 2597 88 76
120 15 1758 w27 265 306 89 7
150 | 15 1798 | 1068 278 328 91 0
80 | 15 1841 1087 288 3 o3 33
210 15 | iseR 1115 296 352 o5 85
240 15 1802 | 127 T3 359 97 . BT
270 15 1913 1140 311 %68 9% 89
3001 1S 1945 - us2 318 373 100 o
330 | 15 1960 1164 @ | 3 |10t 91
350 15 1970 1170 ag 379 2 92
Pregi. 1570 1w 3 | 102 S8
Wash A |in{ppm)| 18 1 6 | 4 2 4
WashB |infppm)| 1 1 1 | <1 <I
Rasidue | in (%) g1 | 236 207 4z | L1 D.42

olume of tiq, (HCI} into Leach = 2,000 L
Vohume of lig, (HCD) ex-leach = 1.670L
 Wash water voiume (Wash A) 5= 500 tol
‘Wash waler volume (Wash B) = 1500 ml,
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Table C21.2: Asctay valoes for Leach 21 solids
' ' _ Assays, Mass %
Solids Pt Pd Ei | Ru I Au
| Sampie futo Leach | 23.00 | 1250 | 410 | s10 | 150 { 110
Residue o110 | 256 | 207 | 342 | 199 } 04z
| Soldsinsample | 236 | 157 | 174 | 103 | os8 | 535
Mzsmskmmﬁed:
- Sample ino Leach =00z
Residue =827g
Solids i sample =0.58¢g
Sotids dissolved fn solugon = [1.15g
Table C21.3: Mass Balance for Leach 21
Mass ()
P ) y:] Rh Ru Ic Au
Into Leach, .
Sample o | 4.6000 } 2.5000 | 0.8200 | 1.0200 | 03000 | 0.2200
Leaching Sofution | 0.0008 | 6.0000 | 0.0000 | 0.0000 { 0.0000 | 50000
TowdIn | 4.6000 | 2.5000 | 0.8200 | 1.0200 | 0.3000 | 0.2200
© Residue 07534 | 02147 | 0.1712 | 0.2828 | 0.0984 | 00347
Solids in sampl= | 0.0137 | 0.0091 | 0.0101 | 0.0060 § 0.0034 | 0.0078
Pregn. Solutlon | 3.2899 | 1.8539 | 0.5544 | 0.6329 | 0.1708 | 0.1536
Wash A Liquor | 0.0000 | 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 1 04740 | 0.2871 | 0.0728 | 0.083s | 0.0241 | 0.0212
g 0.4740 | 0.28 36
Toml Out | 45415 ! 2.4689 | 0.8131 | 1.0088 | 0.2087 | 0.2209
Mass Balance % _ '
(0T 98713 | 9e.75 | 99.15 | 98.90 | 99.56 ] 100.40
% Extraction 8.1 ] o106 | 77.70 | 7137 | 65.92 | 8073
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Table C21.4: Extrzction vs time data for Lesch 21.
Time : % Extraction ) . RﬂduxPut
foin} | P} Pd | Rh | Re | ¥ | Aw | (uW
o | oo | oooo | n.ooo | 0000 | 0iooo | oooo | 10195
s | 31458 | sa.160 | 20578 | 21077 | 18667 | 346 ) om0s
15 | 43302 ) 52,735 3a.077 } 31296 | 33223 | 38155 ] 10103
20 }48.527 | 57.857 | 41286 | 36.511 | 35.850 [ 43.527 | 10123
30 | 53202 | 62.862 | 45.570 | 40.344 j 43,008 | 48,859 | 10129
40 | 58.094 | 66.975 | 48.651 | 43.958 | 45.605 | 53.268 [ 10124
so | eoamo | 68.977 | s0.764 | 46.600 [ 49.455 | 56768 | 1013.4
60 {65917 [ 70.568 | 54.258 | 48.098 | 51365 | s9.373 | 10127
70 | 67.19¢ | 74.917 | 55.413 | 4977 | 52.628 | 61096 [ 1016.4
%0 | 60.646 | 75.0m | 58,165 [ 52166 | 53882 [ 62805 | 10176
00 | 70579 77.611 | 59.529 | 53.629 | 55.125 | 64.500 |. 10171
100 | 72500 | 79.313 | 60.657 | 55.805 | 56:358 | £6.182 | 1017.2
110 | 74.105 | 20.268 | 62.224 | 57.065 | 57.582 | 62.850 | 1016.8
120 | 74.976 | 80.925 | 63.334 | S8.671 { SB.188 [ 68.677 | 10I7.0
150 176545 | 83.883 1 66195 | 60.564 | 50.392 [ TL.139 | 10169
180 | 78219 | 85.243 | 68.378 | 64.845 | 60.585 | 73580 10172
210 | 7926t | 87.231 | 70.150 | 66.759 | 61768 [ 75,193 [ 10171
20 | 30,079 | 88.076 | 71827 | 67.967 | 62942 | 76793 | 1017.0
20 [e0.975 | 88,984 | 73.317 | 69.507 | 64.105 | TR.360 | 10072
300 | 82.179 | 89.814. | 74,753 | 70355 | 64.682 | 79166 | 10173
3% - | 82738 | 90.637 | 76.676 | T0.859 | 65.253 | 79.046.[ 10174
560 | 85.108 [ 91.045 { 77712 | 72.350 | 65.82 | eovz8| iowse |

257



‘RUN 22

Leaching Condition:

Mass of sample
Volune of HCI used
HCE concentration
Tem?emm

Cl, flowrate

Stirrer speed

Total leaching period

=200¢g
=200L
=6.00M

= §25 c’min”?
=210 rpm
= 6.00 hours
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Tabde C22.1

Raw Data for the Leaching Experiment 22,

Volame of lig. (HCI} into Leach = 2.00 L
Vnlome of Hg. (HCD ex-desch = 67D L
Wash water volume (Wesh A) = 500 ml

Wash waeer volume (Wash B} = 1500ml. .

Time | Samgle Sample Analysis results iy % ao” ppm

(min) | Vel - . .
™ Pt Pd Rh Ru Ic Au
0 - - - - - - -
5 15 ‘960 | - 658 146 145 51 | 4
i5 5 | 2 |. m 175 178 52 ‘52
w0 |15 | 1210 800 188 204 fié 58
30 15 1345 830 208 224 &) &
40 15 1438 910 23 2 78 68
s | 15 1520 28 241 Py 82 73
6 15 1610 962 250 226 95 76
0 15 1685 -| 980 |- 260 295 o 75
80 15 1740 w2 | 20 305 w9 7]
50. 15 1770 1042 778 34 91 84
100 15 1824 st | 285 - 925 93 86
e | 15 | m4s 1072 292 32 84 b2
m. | 15 1870 1086 300 338 95 20
150 15 1510 132 310 353 98 23
180 5 1972 st 320 - 382 100 C 95
210 13 1996 |- 1163 330 368 103 98
240 15 2026 181 | - 336 375 106 100
27 15 2048 1188 340 380 e | R
300 13 2082 | 193 343 35 109 | 103
330 15 21i2 1208 | 350 390 110 104
380 15- 2131 1217 354 n 111 105
Pregn. 21351 1217 354 | 33 111 105
Wash & | in (ppimsy 46 21 1 7 4 6
| ‘Wash B { in (ppm) 1 <1 <L 1 <t <1
| Regidne | (%) | 7.34 2.03 22 4,31 131 0.21

Lianid
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Table C22.2: Assay valees for Leach 22 solids
' Ay Mis%
Solids Rt Pd Rh Ru Ir Au
Sample into Leach| 23.00 | 1250 | 410 | 530 | 150 | e
Residve .{ 784 f 205 | 221 | 431 | 131 | o
| Sofitsinsample | 187 ] 13t | 1es | sea ) 100 | 105
Masses Recorded :
’ Sanmple into Eeach =200g
Regidue =578g
Solids in sample =047 g
Solids dissolved in solation = i3.75g
Tahle C22.3: Mass Balance for Leach 22
Mase (g}
Pt Pd B | Be | Ir Au
| Inip Leach, :
Sampie in 4.8000 [ 2.5000 | 0.8200 { L0200 ( 0.3000 | 0.2200
Leachiog Solution | 0.0000 | 0.00¢0 | 0.0000 | 0.0000 1 0.0000 | 0.0000
. TolTn | 4.6000 | 2.5000 | 0.8200 | 10200 | 0.3000 } 02200 |
Ex-Leach,
Residue 04532 | 01185 { 01297 | 02407 | 0.0757 | opa21
Solids fasample | 0.0088 1 0.0062 | 0.0078 | 0.0087 | 0.0089 | 0.0049
Pregn. Soluion | 3.5588 | 2.0524 | 05912 | 0.6563 | 0.185¢ | 0.1754
Wash A Liquor - | 0.0230 { 0.0102 { 0.0055 | 0:0025 | 0.0020 | 00030
Wash BLiquor  § 0.0015 | 0.0015 § 0.0015 | 0.0015 | 0-0015 | 0.0015
Samgples 0.5113 § 02050 | 0.0816 { 0.0911 | 0.6266 | 0.0245
Towl Gur | 45565 | 2.4741 | 0.8153 | 1.0107 | 0.3002 | 0.2215
Mass Balance % A
{Out/In) 90.05 | 98.96 | £2.43 | v9.09 | 100.05 | 100.67
% Bxiraction - 80.86 | 9496 § §338 | 74.44 | 7180 | 9220 |
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Table 224 Extraction vs time data for Leach 22,
Time _% Extrection RedoxPat.
Gon) | k| pe | ®h | Re | & | Ae | (¥
0 0000 | 0.000 | 0.000 | 0.000 | 0ce | cooo | w080
5 | 479 | 52.600 | 34,146 | 28431 3¢.000 | 37.273 | 9m9.6
15 (45.644 | 60104 | 42,619 | 34,853 | 38632 | 47.098 | 10046
20 | 52.498 | 63.885 | 45.742 | 39.108 | 43.885 { 52571 | 10062 |
30 | 58235 | 67,706 | 50.510 [ 43703 | 48.447 | ;2004 | 1007.0
40 | 621se ) 12452 | 54.050 | 47.026 | 51.680.| 61423 | IG0R.8
50 | 65589 | 73.838 | 53.285 | 52788 | 54247 | 65.708 | 1008.%
60 | 69.326 | 76.436 | 60.381 | 55.409 | 56.157 | 68.402 | 10095
0 | 72416 ] T7.800 | 62692 | $7.081 | 57.420 | 70.986 [ 10E14
80 | 74.664 | 80206 | 64.985 | 58.925 | SR.673 | 7R850 | IMZ5
90 | 75.880 | 82.444 | 66.504 | 60,570 | 9.917 | 75246 | 1013.0
100 | 78.052 | 34.368 | 68.384 | 62.565 | 61150 [ 76.927 | 1014.1
10 | 78.88% | B4.662 | 69.950 | 63.825 | 61762 [ 78.59G | 0158
20 | 79.878 | 85.681 [ 71726 | A4.8°5 | 62.368 | 80.250 | 10161
150 | giea8 | go.omz | 73927 | 67550 | ssam3 2711 | 1ms?
180 | 83.862.] 90291 | 76.110 { 69.129 | 65.367 | 85.052 | 1016.1
216 | 84987 | 91214 | 78.274 | 70.347 | 67.142 | 86766 1017.1
240 | 85935 [ 92481 | 79.5@ | 71.382 | 68.902 | 8838 | f0I7.5
270 | 86760 | 92970 [ 80.413 | 72298 | 7006 | snos2 | 10173
300 | 88.048 | 93.316 | 81.468 | 13255 | 70.642 | 90739 B
330 | 89.166 | 04345 [ g251- {Ta e | "r23 T oLs1s | 19184
360 { 89,868 | 94,957 sa.aﬁj_;ﬂ_ 1780 | 92201 § 1018.6
261




‘RUN 23

Leaching Condition: -

~ Mass of sample
Volume of HCI nsed
HCI concentration
Temperahire
Cl, flowrate
Stirrer speed
Totat leaching period

=200g
=2.0L
=600M

= 60°C

= 825 cm’min’
= 320 Ipm

= 6.00 hours
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Tahle C23.1:Raw Data for the Leaching Experimeni 23.

Time | Samp. Safnple Amljsis results iy ppm
{mi Wk, —=
k) T | X Pd R | R i A
0 - - - - - - : -
5 15 1050 2 | 148 180 58 45
5 15 1192 T8 186 24 63 58
20 =) 1298 853 198 248 70 65
| 15 1415 884 21 274 7 72
40 5 | 1492 932 240 286 82 75
50 15 | 1586 955 256 . 310 86 a
60 15 1642 w6 | 264 32t 89 -84
Y 15 1732 g 1 276 32 2 ]
0 15 1784 w7 | 284 340 94 88
%0 15 183 K {2 350 % %0
100 15 1880 iz 301 360 98 52
10 15 ] 1915 | n2a4 308 365 2o 9
2% 15 1992 | 142 315 370 100 %
150 15 2010 1168 az? a2 13 w
150 15 2065 1192 337 asg 108 12
210 15 2108 212 46 kL2 108 H4
240 15 2150 1236 st 400 110 M6
270 15 2184 1245 | 354 404 m 107
300 15 mG 1254 358 . 408 12 100
330 15 265 1262 360 410 113 110
360 13 2300 1266 362 412 114 I
Pregn. | 2300 1266 562 412 114 1111
‘Wash Al intppm) | 54 18 16 9 7 5
Wash B {in (ppm}| 1 =1 <t | =<1 <1 <1
Residue | in (%) 3 .52 243 451 1.53 0.09
Volume of ti. {HCT) into Leach = ZO0L -
Vohime of lig. {HC- ex-leach = 1.668L
Wash water volume: (Wssh AY = 500 ml
Wash water volame (Wash B) = 1500 ml.
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Asszay valoes for Leach 23 solids

Table C23.2:
' ' Assays, Moss %
Solids P Pd Rit Ru ¥ Au
Sample intoLeach| 23.00 | 1250 | 410 | 510 | 150 | . LID
Residue a2 [ 052 | 243 | 451 153 | 009
Solidsinsample | 154 | 089 | 121 | 139 | 11 | o2
Masses Recorded ;
) Sample inmo Leach =200z
Residue ) =468 g
Solids in sample =030
Solids dissolved jnsolution = 14.93 g
Table C23.3; Mass Balance for Leach 23
__ Miss ()
Fi Pd_| Rh Ru Ir Au
Sample in - | 26000 | 25000 | 08200 | 1,0200 | 0.3000 | 02200
Leaching Solution | 0.0000 | 6.0000 | {.0000 § 0.0000 | 0.00G0 | 0.6000
Total In 4.6000 | 2.5000 ] 0.8200 | 1.0200 | 0.3000 | 0.2200
B Leack, -
Residue 0.1450 | 0.0243 | 0.1137 | 02111 | 0.0716 | 0.0042
Sokids in sampie | 0.0060 | 0.0035 | 0.0047 | 0.0054 | 0.0071 | 0.0008 |
Pregn, Sotinion | 3.8364 { 2.1117 | 0.603% { 0.6872 { 0.152 | 0.1852
Wash A Liquor | 0.0270 { 0.0000 | 0.0680 | 0.0045 | 00035 | 0.0025 |
‘Wash B Liquor 0.0015 | 0.0015 | 0.00L5 | 0.0015 { 0.0015 | 0.0015
Samples 0.53¢5 | 0.5197 | 0.0858 | 1012 | 0.0280 | 0.0264 |
_ Totat Dut 4.5534 § 24697 | 0.8176 | 1.0109 | 0.3018 } 0.2206
| Mass Balance % ] .
{Out/Tay 1 9899 | 9879 | 98.71 | 99.11 | 100.61 | 100.28
% Extraction 96.66 | 98.87 | 8551 | 7858 | 73.04 [ 97.72 |
4

Table C23.4:  Extraction vstime data for Leach 23,

% Exiraction

(mi)- | P | Pd_| Rh | Ru | E { Au | (W
o 0.000 | 0000 | c.000 | 0.000 | 0.000 | o006 | 10247
5 | 45652 | 56950 | 36.098 | 35204 | 38.667 | 40008 | 9739
15§ 50780 | 62004 | 45006 | 43.857 | 41.975 | s2.639 | 10000
W0 | 56.319 | 68.116 | 48.179 | 48.492 | 46572 | 58.507 | 10102
30 61334 | 70581 | 53.663 | 53.476 | 51785 | 65127 [ 10116
40 | sese | 7a265 | 58,158 | 55958 | seam2 | 6703 | 10126
50 |o8a73| 76.806 | 61.914 | 60287 | 56.938 1 13023 | 10139
80 | 70.799 | 80.703 { 63.777 | 62.347 | 5B.848 | 75.627 | 10146
70 | 74506 | 83028 | 66.551 | 64.391 | 60.743 | 77.350 | 10152
B0 | 76631 | 85.234 | 68388 | 65.865 | 6199 | 0030 | 1455
%0 | 7849 | 86278 | 10204 | 67.694 | 63240 | 80752 | 10160
100 | e0.507 | a7.006 | 72.235 | 69.507 | 64.473 | s2.436 | 10163
10 | 81.903 | 88,787 | 73.801 | 70.407 | 65.085 | 84,105 | 10167
120 | 52972 | o0.008 | 75.355 | 71209 | 65.692 | 85.759 | 1017.2
150 {85.640 | 91978 | 77.996 | 73.423 | 67.407 88221 | 1017.3
180 | 87.780 | 93.693 | 80.179 | 74.475 | 60287 [ o0.c61 | 10183
210 [ 89.439 | os.n13 ] g2.127 | 75.520 | 70.470 f 92275 | 10194
240 | 91046 | 96,803 | B3.201 | 76,555 |.71.643 | 93.875 | 10195
270 | 92336 | 97.431 | B3.R36 | 77290 | 12209 | 94668 | 10209
300 | 93.916 | 98.05¢ | Ba.68a | 77918 | 7282 f 96241 | 10218
330 - | 95.370 | 98.603 § 85.101 [ 18.25¢ | 7337 |ormr | 10228
360, | 96.663 | 08.875 | 85.516 | 78.587 { 73040 fo7.793 | 10228
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RUN 24

Leaching Condition:

Mass of sample
Volume of HCLused -
HCI concentration
Temperature

Cl, flowrate

Stirrer speed

Total leaching penod

=200g
=2.00L
=6.00 M

. =825 em’min’

= 450 rpm
= 6.00 hours

‘Teble €24.1:

_ Raw Data for the Leaching Expértment 24.

Volume of lig. (HCI} into Leach = 2.000 L
Vaolume of lig. (FICH) ex-leach = 1667 L )
‘Wash waicr voheme {Wash A) = 500m! -

Wash water volaie (Wash B) = 1500 ml,

“Time | Sample Sample Amalysl¢ results in ppi -
(i) 2;‘:,1)' Pt P Rh Ru I Au
0 - - - - - o -
5 15 1284 v 200 | a5 65 58
15 15 1411 ‘882 242 280 73 1)
20 15 1524 504 261 308 0 &8
a0 . 15 1652 {1773 270 324 o8 K:]
40 | 15 1724 | 1z | 283 335 [i7] 78
50 15 - ig20 1045 o KF] 18 B4
0 15 1854 10724 312 360 112 8%
0 | 15 1392 118 321 372 115 92
g0 15 1932 1140 33 | 3719 116 94
90 15 1951 1162 340 384 118 96
1113 15 2012 173 345 350 120 o8
110 15 2040 | 1186 351 395 121 100
12¢ 15 2092 1204 356 405 122 12
150 15 2132 1230 362 . 418 13 104
150 15 2186 1248 367 427 124 106
210 {15 24 1252 3 | 4 25 108
240 15 2264 | 1266 | 372 438 126 109
270 15 2308 1269 | 374 445 - ) 110
E14} 15 7335 1270 76 Mg 128 113,
330 15 2352 1275 378 451 129 12
360 15 2362 1280 380 453 130 113
Pregn, o 2382 1280 380 453 120 13
Wash Alln(ppmd| 62 i 18 1n B [
Wash B | in (ppm) 1 1 L <1 <1 <1
Reside { in (%) 0.04 | 001 2.19 4.11 143 0,01
Liids:
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Assey values for Leach 24 selids -

Table C24.2:
_ Assays, Mags %
Solids P | a | B | Re | ® | Aw
Sample into Leach| 23.00 | 1250 | 410 | 500 | 150 | 10
Resijie | 004 | 01 | 249 | 411 | 143 | om0
Sofigsinsample | 006 | 001 | 250 | 213 | 045 | oo
Masses Recorded : )
Sample into Leach =20.0g
Residue =315¢g
Solids in sample =028g
Sofids dissolved m solution = 1657y
Table C24.3: Mass Balance for Leack 24
Mass {g)
. | P Ri | R | & | ad
Into Leach, - ] |
Sample in 4.6000 | 2.5000 | 0.8200 | 1.0200 { 0.2000 § 0.2200
Leaching Sohuion | 0.0000 | 0.0000 | 0.0000 | ©.0008 | 0.0000 | 0.0000
| TomlTn  { 4.6000 { 2.5000 | 0.8200 | 1.0200 | 0.3000 | 0.2200
Reskdue 0.0013 | 0.0003 | 0.06%0 | 0.1295 | 0.0451 | 0.0003
Solids insamplz | 0.0002 | 0.0000 | 0.0070 | 0.0059 | 0.0004 | 0.0000
Pregn. Solution. | 3.9375 | 2.1338 | 0.6335 | 0.7552 | 02167 | 01884
Wash A Liguor | £.0330 | 0.0100 | 0.0090 | 0.6.35 | 0.0040 { 0.0030
Wash B Liquor | 0.0015 | e.0015 { 0.0015 | 0.0085 { 0.0015 | 0.0015
Samples 0.5854 | 0.3362 { 0.0077 | 0,133 | aunass | .0278
Towi Out | 4.5568 | 2.4818 | 0.8177 | 1.0008 | 0.3015 | 0.2211
Mass Balance % !
(CutfIn} 90,05 § 0027 | 99.72 | 90.10 | 100.48 | 10049
% Extracion 50.97 | 99.95 | 071 | ses1 | 2292 | 9953
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Table C24.4: Extraction vs time data for Eeach 24.
Tirie - % Exwraction _ RedoxPot
{min) B | Rh Ru I Au (V)
o |0000 | oo | o000 | cooo | o000 [ 0.000 | 10323
5 £5.826 | 58560 | 48.781 | 42.157 | 43.383 | ;2727 | 9800
15 | 613061 70.470 | 58.948 | 54.806 | 54,582 | 56336 | 9765
20 | 6646 | 72204 | 63.912 | 60.214 | 59.835 [ 61709 | 9976
30 [ 71586 | 77.501 | 65.658 | 63.281 | 65.048 | 67.930 | 10085
4 | 74.622 | B0.625 | 69.207 | 65.563 [ 67.635 | T0.575 | 10128
50 | 78.640 | 83.166 ] 73.198 | 66.696 | 71.485 | 75.825 | 10125
60 | 80.051 | B5.220 | 75.527 | 70.065 | 74,052 { 79,208 | 1014.1
76 | 81.617 | 88.716 | 77.607 | 72296 | 75.927 { 82743 | 10155
80 | #3253 | s0.370 | 80.129 | 73585 | 76.553 | g3 | 10163
90 | 85.644 } 92.001 | B1.048 | 74500 | 77.797 | B5.148 | 1018.5
we | 26488 | 52,825 | 83.076 | 75.588 | 70.090 | 87.830 | 10202
1o }87.605 | 93.780 | 84419 | 76.488 | 79.642 | 89498 | - 1022.7
‘120 [ 89.663 | 95.090 | 83,529 [ 78.272 | 80248 | 91152 | 1023.8
150 | 91232 | 96.967 | 86.849 | 60573 | g0.850 | 92753 | 1024.2
180 | 93334 | 98.256 | 87.941 | 82.152 | 81,447 { 54.421 | 10256
210 | 94.800 | 98.540 | 88.5%0 | .3.370 | 82.038 | 96.034 | 1026.4
240 | 96.330 | 99526 { 89.020 | 84.060 | S2.625 | 96,834 | * 10273
70 | 97.999 | 99.735 | 80.445 | 85.258 | 83.207 | 97.627 [ 1028.9
00 | 905 [ 99.045 | s0.867 | 85.036 | 83783 [ 98.414 | 10304
330 | 99.649 | 100.22 | 90.285 | 86273 | 34355 [ 00193 | rto3zs
360 | 100.02 | 100.49 | 90.700 | 86.606 | 84.922 | 99.966 | 1082.8 |
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RUN 25

" Leaching Condition:

Mass of sample
Volume of HCI used
HCI concentration
Teﬁperature

Cl, flowrate

Stirrer speed

Reactor pressure
Total leaching period

=200g
=200L
=600M

= 825 em’min’
= 150 rpm

= 345 KPa

= 6.00 hours

270

Table €25.14 Ravw Data for the Leachlng Expertment 25,

Time | Samgle Sample Aralysis results in ppoy
(miny | Vol. .
) P Pd Rh Rao I Au
o - - - - - - -
5. 15 1492 904 - pr] 309 T 7?2
15 . 15 1624 990 262 338 79 7%
20 15 17 1032 284 35 8 82
0 15 1786 1082 298 370 . & 87
aw 15 1832 1110 310 g7 9 - 01
50 15 2 1138 323 357 84 -
&0 15 1944 | 1154 330 406 97 %
70 15 1964 1168 337 412 09 03
B0 15 | 200 1192 243 418 101 100
% 15 235 | 1198 347 424 | e 101
100 | 15 245 1212 352 428 105 02
110 15 082 [ 1225 |- 356 433 106 105
- 120 15 e | 1238 360 438 - 108 104
150 15 21 | s 266 444 1o 105
180 15 2196 1261 - mn 450 H2 06
210 15 27 1264 w7 455 t13 107
240 15 2258 |- 1268 380 459 14 108
m | IS 275 1272 | 384 461 115 109
300 15 2306 1275 388 464 L6 10
330 | 15 2331 1278 391 466 n7 (7%
360 15 2336 1280 305 470. 118 12
Pregn.’| 1 =z | 1m0 3% 470 58 112
Wash A |in(ppm) | 37 12 25 2t 1 9
Wash B | in (ppna} i 2 1 1 <1 <1
Regidue | in (%) 0.61 0.01 1.14 2.44 L.76 0.01
1 iquids: . ) :
Velome of Hy. (HCY lnto Leach = 2,004 L
Volume of lig. {(HOI} ex-leach = L.672L
‘Wash water votlume (Wash A) = 500 ml
“Wash water volume (Wash B) = 1500 mi.
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Extraction vs thue data for Leach 25, -

Table £25.4:

Time % Extraction __| RedoxPot |
i) | m | P | ®m | Be | & | A | @W
o 0.000 | 0,000 | 0.000 | 0.000 | 0.000 | 0.000 | 10236
5 | eAsm | 72.920 | 54,146 { 60.588 | 47.333 { 65.455 | 1007.3

C 15 |70.566 | 79.148 | 3.820 | 65.843 | ;2627 { LT | 10167
20 | 73906 | 82.458 | 69.115 | 59319 | 55.253 | 74457 | 10172
30 | 77.476 | 86.368 | 72.452 | 72.386 | 57.860 | 78.500 [ 10185
40 | 790416 ) 88541 | ez | 75.619 | c0.4e7 | 82427 1019.9
s6 [ 82764 | 00.697 | 78.343 | 77.506 | 62372 | ws0m: | 1ems
60 jed.093 | siomw | Mo | a0z | se2ez | se7en ] rons
70 | #4917 | 92.080 | 81.592 | B0.306 | 65.545 | 88.511] 1022
80: | 87.205 | 94.985 | 82.967 | 81.412 | 66798 | 90.221 | 10235
90 |a7me | 95233 | 3877 | B2.509 | 67.420 1 on.068 | 10232
100 | 88216 | 96.269 | 85.005 | 83.235 | 69.200 | or.o0e | 1024,
10 | s9.692 ] 97.223 | 85.900 | 84132 | 69,882 | w2743 | 10251
120 | on.562 | 98.169 | 86788 | 85.027 | 7095 | asm | 10266
150 | 92948 | 99252 | 85.009 | 25088 | 72.20% | :4201 | 10259
180 | o458 | on.ros | 80.018 | k7101 | 732 | 95205 | 10264
210 [ 95261 | 100.04 | 90.501 | 88.185 | 74.083 [ 96,0011 | 1077.6
200 | 96538 | 10092 | 91145 | 88.703 | 24.670 [ 98,811 | 10284 |
270 | 97.183 | 100.67 | 91996 | 89.045 [ 75252 | o7.605 | 10291
300 | 98.349 { 100,88 | s2.84p | 89,554 | 75.828 | om.301 | 1080,
330 o281 | 101.01 | 93467 | 89.850 | 75.400 | 99071 | 10306
360 | 99.466 | 101.15 | 94.296 | 90.557 | 76.967 | 99.943 | 10305 |

Table C25,2: - Aseay valuet for Leach 25 solids
B ' Assays, Mass & _
Solids P Pl Rh- Ra I Au

| Sampte into Leach; 23.00 | 12.50°| 440 | S10 | 150 | 110
Reskdue 060 | 0oL | 114 | 244 | ry5 | 002

Solidsinsampte | 045 | oor | 127 | 14 | 115 | oot

Mausses Reconded =

Sample inio Leach =200g
" Residue =376g
Silids in sample =032g
Solids dissolved in sofution =150p
Table C25.3: Mass Balanc:tnr Lead: 25
Mass {g)
Pt Pd | Rt { Ru Ir A
Sampile In 4.6000 { 25000 | 0.5200 | 1.0200 | 0.3000 | 02200
Leaching Solution. | 0.0000 | 0.0000 | 0.000 | 0.0000 { 0.0000 | 0.0000
Fotal In 4.6000 | 2.5000 | 0.8200 ; 1.0200 | 0.3000 | 0.2200
Residue: 0.0229 | 0.0004 | 0.0429 | 0,0917 | 0.0662 | 0.0004
Solids in sample | 0.0014 | 0.0000 | v.0041 [ 0.0045 | 0,0037 | .0000
Pregn. Solution | 2.9058 | 2.1402 | 0,6804 | 9.7858 | 0.1973 [ 0.1873
Wash A Liguor  { 0.0125 | 0.0060 | 0.0125 | 0.0105 { 0.0040 ; 0.0045
Wast B Liguor | 0.0015 | 0.0015 { 0.0015 | 0.0015 | 0.0015 | 0.0015
Samples 0.6042 { 0.3527 | 0.1017 | 9.1247 | 0.6303 | 0.0295
Toml Owt | 4.5544 [ 2.5008 | 0.8231 | 1.0188 | 03030 | 0.2232
. Mass Balanee & i .
{CutfIn) $9.01 100,03 { 100.38 | 99.8% | 100,58 | 101.43
1_% Entracti 99.46 | 99.95 | 94.30 | 90.55 | 76.54 | 99.82
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_RUN 26

- Leaching Condition:

Mass of sample
Volume of HC1 used
HCI concentration
Temperature

C'lz flowrate

Stirrer speed

Reactor pressure -
Total Jeaching period

=200g
=200L
=6.00 M

= 825 ci’min’?
= 150 mpm

= %0 KPz -

= 6.00 hours
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Raw Data for the Leacking Experiment 26.

=== ~Volume of tig, (HCI) into Teach = 2.000 L

Volume of lig. (HC]) ex-leach = 1385

Wash water volume (Wash &)~ 500 ml
Wash water volume (Wask B) = 1500-ml.

Table C26.1:
Time | Sample Sample Analysis results in ppm
MBI R
) - - - - - - -
5 15 1687 004 256 36 18 82
15 15 1800 1065 o4 . 368 &7 g0
W | 15 1872 | 2 318 384 2 o3
30 15 1950 1128 332 399 96 25
4n 15 2008 1173 342 408 ] 9%
50 15 2050 1214 | a3so 418 102 1
60 15 2095 1226 356 a4 105 103
T I5 2120 1233 364 " 431 107 105
80 15 2148 244 | sek 436 109 106
9% 15 2180 1252 an - 440 i 107
100 15 2186 1258 37 443 113 108
110 15 2194 1260 380 446 14 109 -
120 15 2210 1264 382 449 15 110
150 15 2240 1270 387 455 18 it
180 I5 ) 1272 30 458 20 112
210 15 90 1278 302 462 - 122 112
- 240 15 2300 1230 ‘308 465 EvL ) 13
270 15 | 2311 1282 398 468 125 114
300 15 2332 1284 402 47 126 s
" 330 i5 | 2348 1286 405 474 127 116
260 15 2350 1288 409 476 128 17
Pregn. 2350 1288 409 476 128 17
TWash A fin{ppm) | 37 54 2 18 12 ]
‘Wash B | in {(pom) 1 1 ! 1 <1 <1
Residwe [in(%)} | 002 | om 0.69 345 208 a.01
Liquids: -
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Table C26.2:

Assay vatnes for  sach 26 solids
. s, Mass %
Solids . P | P | Ra | Re { It | Au
Sample into Leachf 25.00 | 12.50 4.10 510 .30 10
Residue 0.2 001 0.69 345 208 | o1
Sclids i1 5ample | _0.01 0.01 0.18 1.74 1.59 0.0t |
Masses Recorded
Sample irto Leach = W.0E
Residie m2ASE.
Solids in semple =030p
Soltds dissolved in solution =I1725g
"‘fahle C26.3:  Mpnss Batnce for Leach 26
i Mass 1g)
Pt | Pd | B | Ru | ¥ | Au |
Sample in 4.600¢ | 2.5000 | 0.8200 | 1.0200 | 03000 [ 0.2200
Leaching Sofetion | 0.0000 [ 0.0000 | 0.0000 | 0.000( 1 0.0000 | U.00CEH
. Tolln | 4.6000 | 2.5000 | 0.8200 | 1.0200 | 6.3000 | 0.3200
ExLeach, ) '
Residue 0.0008 | 0.6003 | 0.0160 | 0.G345 | 0.0£10 | D.0003
Solids insmpte | 0.0000 { 0.0000 ¥ 0.0005 { 0.0052 1 0.0048 | 0.00C0
Pregn. Solution 4.4298 | 2.4279 | 0.7710 | 0.8673 | 02413 | 0.2206
Wash A Liquor 0.0185 | 0.0270 ] 0.0105 | 0.0090 | 0.0050 | 0.0040
V/ish B Liquor 0.0015-| 0.0015 | 0.0015 | 0.0015 § 0.0015 | 0.0015
-Samples 0.6390 | 0.3636 | 0.1080 | 0.4205 | 0.0320 | 0.0315
TomiOut [ 5.0893 12,8923 | 0.9004 ) 1.1270 ) 0.3374 | 0.2578 |
- Mass Balance % 1
{Ous/n) 110.64 | 112.85 | 130.91 | 110.49 ) 112,45 | 1£7.20 |
% Exraction _ 1 99 | 9090 { 98.08 | 92.04 | 8348 | 99.89
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 Tuble C26.4; Extraction vs time deia for Leach 26,

Time % Extraction RedoxPot
i | P | Pa | Rh | Ru | ¥ | a | @V
0 | oo00 | 0o | 000 | 0000 | 0.000 | o000 | 10272
5  |734a8 | w50 sz | 65882 ) 52.000 | 74546 ) 10260
15 | 78.224 {'85.157 | 74.059 | 72.110 { 57.935 | £0.861 | 1026,8
90 81308 ) 88.861 | 77.422 | 75.200 | 6t.238 | 84aa3 | 1m67
30 }asers| 90112 | 90.760 | 78.075 | £3.845 [ 87208 | 1027.3
a0 | 87.069 | 93.60¢ | 83.126°} 79.787 | 65.785 | 89.755 | 10274
0 | 8282 | 96.761 | 85.004 | 81674 | 67710 | o505 | 10220
60 | 90.695 | 97.678 | 86.401 | B2.798 | €9.620 | w3.241 | 027.8
7. | 91725 | 02200 | 88.250 | 84.098 | 70,883 | 94.954 { L0281
80 | 92.869 | 90.096 | 89.167 { B5.020 | 72.137 { 95.818{ 12B.O
o0 | 9a166 | 99.633 | #0.849 | 85,751 | 73.3%0 | vs.666 | 1028.8
100 | 94.408 | 100.08 | 90.752 | 86.295 | 7,613 | 01507 | 1020.4
10 94727 | 10022 | 01,671 | 85.835 | 75.225 | 98.341 | 10302
20 | 95360 | 100,52 | 92.315 | 87370 | 75,832 { 99.168 | 1030.6
150 | 96.537 | 100.95 | #3.415 | 88.432 | 77.637 { 99589 | 10312
180 | 97.899 | 101.09 | 94.070 | 88.958 | 78.830 | 00.80 | 10316
210 | 98.478 | 101,52 | 94.503 | 89,654 | 80.013 | 1080 ] 10318
240 | 98.860 { 10666 | 95.147 | 0,172 | 81,187 | 10160 { 1031.8
270 [ 99,657 | 10190 | 95.785 { 90.685 | 8L.768 { 10240 | 1az.4
300 | 200.07 | 100,94 | 96.629 | 91,194 | B2.345 | 10318 | 10328
380 | 10041 | 102,07 | 97.466 | 9169 | 82,917 | 10306 1 10331
360 | 100.74 | 10221 } og.088 | 92.093 | 83,483 | 10473 | 10m08
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RUN

Leaching Condition:

Masg of sample
Volume of HCL used
HC! conceniration
'Temperature
Cl, flowrate

. Stirrer spaed
Reactor pressure
Total leaching period

27

=200g
=Z2.00L
= 600 M

= §25 cr’min’!
150 rpm
1034 KPa

= .00 hours
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Table C27.t  “Raw Data for the Leaching Expeciment 27.
Time Sﬁmpla Sample Analysis results in 95 and ppm.
(miny | Vol - - _ ;
{m M Pd Rh - Bu . Il'_ An _
3 o - - - - - ) - ) ‘.
5 15 1875 | 1066 320 359 85 g8
15 15 1986 | 130 350 400 95 05
20 15 w54 { nm | 380 417 9% 97
30 15 | 24 1221 368 . 429 W6 § 100
.40 15 (2156 1242 | 3M4 - 435 109 103
50 15 2167 { 1256 38 443 12 106
€0 15 " 2208 1261 3gp 47 | U5 107
70 15| 223 | 1266 az2 449 117 109
80 15 2242 1368 385 453 119 10 |
90 15 2256 12712 388 . 455 21 1.
100 15 | 22 1z74 389 450 123 1
10 [ 15 2295 1276 391. | 462 125 1z
120 15 2310 1278 -363 454 126 113
150 5 | m7 1279 3y 46K - 129 114
180 15 323 1280 397 472 132 15
210 15 2332 1284 380 478 133 116
240 15 28 | 1286 401 482 135 17"
270 . 15 g [ 129 405 486 137 118
300 15 | 48 204 | 47 490 - I38 118
330 15 2348 1296 409 493 139 19
360 15 23% | 1208 § 410 496 140 120 -
Pregn. | 2350 1298 410 496 140 120
Wash A [in(ppm)| 42 13 25 12 10 g
| #ash.B ] i (ppm) i <1 <1. rol <1 <1
Residue | (%) | 001 001§ 038 1.56 117 0.01
Liquids: _ _
i Volume of lig. (HCI) into Leach = 2.00L.
Volume of Hy, (HCY) ex-leach = 1885 L
‘Wash water yolume {Wash A) = 500 al
. Wash water volume (Wash B). = 1500 ml.
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" Tabls Q272 Assay values for Leach 27 solids
Assags, Mass £
Solide | P | v | mu | 1 | oaw
Saruple foto Eeach | 23.00 | -12.50 | 4.10 5.10 1.50 1.10
Residue eor | oo | 03s | 196 | 17 § om
Solidsinsample | 001 | 0.0f | 035 { 057 | 124 | oot
Masses Revorded -
' Sample into Leach 20ng
Residus =2Mg
Solids in sample =025
Solkis dissofved in sohution = 17.51g
Tyble C27 3: Mass Balance for Leach 27
_Mass (g}
Pd Rh Ru Tr Au
Sample in 4.6000 | 2.5000 | 6:.8200 | 1.0200 | 0.3000 | 0.2000
Leaching Solution | 0.0000 | 0.0000 } £.0000 | 00000 | 6.0000 | 0.0000
Tomlln | 4604 | 2.5000 | 0.8200 | 1.0200 | 0.3000 | 02200
Ex-Leach,
Residue 0.0004 | 40002 { 0.0078 | 0.0439 | 0.0262 | 00002 |
Sollds in sample. | 0.0000 | 0.0000 | 0.0005 | 0.0014 { 0.0031 | 0.0000
Pregp. Solution | 4.4208 | 2.4467 | 0.7720 | 0.9350 | 0.2639 | 0.2262
Wash A Liquor | 0.0210 ] 0.0185  0.0125 | 0.0080 | 0.0050 { 0.0040 |
Wash B Liguor . | 0.0015 | 0.0015 | 0.0015 | 0.015 | 0.0015 | 0.0015
Sansples 0.6674 | 0.3750 | 01251 | 0.1358 | 0.0359 | 0.0327
Totl Out - | 5.1199 | 2.8400 | 0.9:04 | 1.1236 | 0.3356 | 62647
| Mass Balarce S ’
{Out/In; 11130 | 113.60 | 111,02 | 11015 | 111.88 | 120.30
% Eximactipn 10000 | 100.00 | 99.07 | o5.97 | 9197 | woss
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Talle C274: - Extraction vs thne datn for Leach 27,
Time % Extraction RedoxPot.
iy | P ) Pd | R | Re | ¥ | As | oW
o |} o000 | 000 | oo | cooe | 000 | dooo | seos
5 8L.565 | 85.280 | 78.049 | 72.353 | 56.667 | 80.909 | 10s.1
15 {84312 | 50.362 | B5.311 | 78.386 { 63.283 [ 86.323 | 1006.8
20 | mez2a 94144 | 57713 | 81669 | 65.910 [ 82114 | 10102
30 | 91,349 | 97.507 | 89.621 | 83.969 | 70.472 | op.780 | 10K0.E |
40 | 93.542 | 99.1365 | 91.040 | 85.110 | 72.412 | 03425 | 10112
50 | 94003 | 100,21 | 51979 | 86.491 | 74.337 | v6.050 | 10126
.60 | 95705 | 100.60 | 92.445 | 87.368 | 76.247 | 96.918 | 1014.8
70 | 96:323 | 10098 | 52.907 | 87.739 | 77.510 | 58.641 | 1016.¢
80 | 97.099 | 100,20 | 93.595 | 38.477 [ 78.763 | 99.496 | 10186
90 | 07.667 | 101.43 | 04,277 | 88.842 | 80.007 | 500,34 | 1020.4°
100 | 98310 | 0157 | 94,503 | 89.729 | 8r.240-] 10034 | o227
10 | 99228 [ 10172 { 94,951 | 90100 | 82,463 | 10818 | 10247
120 | 99.82t | 10187 { 95.305 | 90466 | 83070 {10201 | 10266
150 | 10010 | 101.94 | 95.835 | 91174 | BL.ETS { 102.83 | 10316
180 | 10033 | 102.01 | 95271 | 91.8% | B6.6s5 | 103.64 | 10322
210 | 10068 | 102.29 | 96.704 | 92.920 | 87.257 | 10445 | 10326
240 [ 10091 | 10245 | 97.134 | 9s.610 | 28.430 | 10525 | 10328
270 | 10106 | 102.71 | 97.08% | 94.204 | 89.593 | 106.04 | 1033.8
© 300 | 101.21 | 102,99 | 58.407 | 94.973 | 50.170 | 106.0¢ | - 1034.4
330 | 10028 | 103.13 | 98.825 ] 95.477 | o742 | 10682 | 10843
360 .| 101.36 | 10326 | 99.052 | 95.977 | 91308 | 107.59 | 1035.6 |
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ACID & CHLORINE SOLUBLE PGMs

Leaching Condition;

Mass of sample
Volumie of HCI wsed
HCI concentration
Temperature
Cl, flowrate

" Stirrer speed
Total leaching period

=200¢g
=200 L
=600 M
=30°C

= 8§25 e’ min”
= 150 rpm

= 6.00 hours
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s Table C28.1:  Evaluation of the Chlorine soluble Plaiinam.

) Platinam o
[HC= 6.00M  Stirspd,=1501pm  Temp.=3(°C
Time | Baimcfion | No€l, | €,-Nocey | X(@;- j 1-nxp™
(min) (%5} | % % | wecy
a 0.000 0.000 0.000 0.000 0.0000
5 © 31304 9.217 22087 | 0366 01407 |
10 42,987 20825 22 562 0.373 0.3443
‘20 47670 | 24.508 23.161 0383 | 0.488
30. | sa0a5 | 30586 23.458 0.388 01511
40 sgagz | 34ass | 24007 0397 01553 |
50 62,447 37.896 24,551 0.406 0.15595
60 | ssas3 | a0as0 | 2574 0417. | o6
T &1.825 41,827 25,908 0430 0.1710
B - | W9.869 | 43462 | 26406 0437 | 0113
o0 72301 45449 | 26852 0.444 0.1779
we oM 47.339 21.375 0.453 0.182
119 76.310 48.605 | 21.615 0,457 0.1842
120 74288 49,843 28445 04rs | .edsu
150 21477 | 51608 | 20.819 0,493 0.2029
190 | #se | sz 31.250 0517 0.2156
210 85,698 52.857 32.841 0.543 | 0.2300
240 £7.611 53.852 33759 0558 | 02386
27 ssare | s272 | aseis 0.589  0.2568
300 0250 | s3.843 | 36408 0.502 0.2617
330 91,368 | 53246 38123 0.631 | 02827
60 | WAE | 4057 52.536 0860 | 04926
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Table C28.2:  Evaluation of the Chlorine soluble Platinum.

" Platinum )
{HCI= 6.00M  Stirspd.=150mm  Temp.=4(0°C
Time { Extmctiop § NoCL - { CL-Noll, | X{CL- | 1-0%°
{min) (R % % No Cly
0 0.000 0.000 0.000 2.000 0.0000
5 7087 9.348 279 | paw 0.1470
10 46.502 22,811 23.901 0,400 0.1567
20 52.840 27.608 25.233 D.421 01685
30 59.003 32.750 26253 0,438 0.1747
40 62.883 35330 | 17.644 0462 0.1863
)] 66.356 37R15 [ 28481 0.475 0.1934
& 69.263 39.744 26,519 0.492 0.2023
0 TLEBIT 447 30.343 0.506 0.2056
&0 73.370 42.414 30.956 0.516 0.2151
)] 76006 | 43.954 32132 0.536 0.2259
100 | 77816 44,759 33.057 0.551 0.2345
1 | 79611 45.716 33.805 0.565 0.2428
120 81312 46.428 34.834 0.582 02523
150 84,137 46,781 37.356 063 | 0217
180 86,5689 46,520 19769 0.663 0.3044
210 88402 46.743 41.659 0.695 1.3269
- 240 o, 124 46.3% 43,725 0.729 03532
0 91452 | 45.0%: 45.470 0.758 0.3773
360 93.031 45,369 47163 0787 | 0.4026
3w | s 4862 | 4870 0.813 0.4281
360 | 94330 40,058 54272 0.505 0.5444
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Table C28.3:  Evaluation of the Chiorine soluble Platinum. -

Plattnumy
[MCi= 6.00M  Stirspd.=150 mm  Tewp.=50°C
Time | Bxtraction | NoCl, | CL,-NoCi, | X(ChL- | s-{t-X}¥
(min) (%) % & “No €l
0 £.000 £.000 0.000 0.000 £.0000
5 16391 9,870 26.52% 0.444 0.1775
10 52,091 25.706 27.385 0.458 0.1847
200 | ssam | 281% | 020 | oss | 02
30 o7 | 3ams | A 0.524 0.2195
40 66543 | 33497 33.046 055 | 02952
50 71.565 | 36468 35,096 o587 | o2ss3
60 B56 | 37340 36.176 0.605 0,2663
() 75452 | 37.958 37.494 0.627 0.2802
g0 | 79376 | 3983 39.538 0.661 03029
) 7082 | 39.980 39.862 0.667 | 03067
100 sLmz | 40046 41752 | 0.698 £.3293.
110 82959 | 478 42,191 0706 | 03348
120 84.175 40.837 43.338 0725 | 03496
150 B6.961 40.798 46.164 0.772 03802
| 130 88479 | 40.097 48.382 0800 | 04243
- 210 w7 | 40175 50.543 " 0.845 0.4632
240 92707 | 40213 52494 0.878 0.5040
270 51693 | 4001 53.670 0.898 0.5322
30 | 95836 | 40211 85.325 095 | 05789
230 96468 | 40025 56.443 054 0.6174
| 360 97761 40.210 57552 B.os3 0.6655
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- Appendix D

() Raw data for the Heat transfer coefficient for the
Impala reactor 2101
() Raw data for the Mass Transfer Coefficient of the
| Impala plant reactor 2101 |
(i) Raw data for the Impala plant leach test
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“Table D1.T Raw data for the Heat transfer coefficient of the

Table D1.2 Raw data for the Chlorine mass transfer
coefficient for the Impala reactor 2101

- - Irnpala reactox 2101
_ Heating Cooling
o) Temp. | (LTo | I T, | Temp. | (T-To | WITT,
“cy T | BT °Cy T T T)
) 154 - - 9.0 - -
i 154 - - 810 - -
2 15.5 - - 0.1 - -
3 16.0 - - 868 . -
4 " 169 < - | sa2 | 103576 | 003514
5 ws | - | - 81.0 | 1.08345 | 008015
6 202 | 101547 [ 001535 | 784 | L.12556 | 0.11828 |
7 C 226 | 103571 |onasoe | o754 | 117840 | 0.16416
3 255 1 L0628 | 005047 | 724 ! 123545 | o2u22s
9 288 | 109194 | 008796 | 695 | 12988 | 0.26104
10 23 [ Lizéd7 | 0.Li502 | 666 | 136861 | 031233
1 361 | 1.16651 | 015902 | 63.7 | L.44253 | 036640
12 401 | 2188 {oagns | 606 | 153380 | 042762
13 442 | 126215 | 023288 | S84 | 160554 | 047345 |
1% 84 | 131818 | 027625 | 560 | 1.68213 | 052599
15 526 | 137942 | 032157 | 536 178860 | 058143
113 56.9 144832 {1 037040 | 513 189196 { 0.63761
17 6.1 | 152259 | 042041 | 492 | 199735 | 0.6m182
18 652 | 16mema | oanTr | 473 | 210335 | 0aass
19 692 | LGBOTD § 052455 | 449 | 225449 { 0.81292
20 732 | 1.78653 | 058028 { 427 | 241346 | 0.8B106
2t 770 | 188939 | 063626 | 40.5 | 258762 { 0.95074
2 806 | 199840 | o.69235 | 386 | 277860 | 1.02195
2 5.0 | 20783 | 0.73157 | 372 | 2.92995 | 1.07499
24 854 | 216995 {07799 | 356 | 312448 ] 1.13927
25 87.8 | 225006 | 0.81405 | 342 { 331718 | 11951
287

Chlorize dissolution in HC1 solution
| [HCI] = 6.00M, Stirrer speed = 140 rpm, Temp. = 50°C
Time Titr. Value [cL,] . Im(l-CIC) -
{min) (ml) (M) .
0 0.0 0.00000 0.0000
10 9.2 0.02274 -0.5620
20 13.3 003283 | © -0.9716
30 15.8 0.03906 -1.3408
40 17.6 0.04351 -1.7287
50 18.8 0.04648 2.1083
50 . 19.4 0.0¢796 . |  2.3708.
70 19.8 . 0.04895 25942
! 20.2 0.04994 -2.8821
90 204 . 0.05043 | 3.0647
100 206 0.05093 ©-3.2881
110 - 207 0.05117 . 3.4219
120 2.9 0.05167. | 37591
130 21,1 0.05216 42717
140 212 . 0.05241 -4.6794
150 213 0.05266 53793
160 214 005290 -
170 214 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 gi'
{min) | Vol. : -
o Pt Pi | R | Rn | ¥ An
0 . - - - - - -
10 |os0] 1560 120 230 | 320 | 070 | 0.80
20 | 050 | 2670 | 17.50 | 3.60 | 4.50 | 120 | 130
30 | 050 | 35.80 | 20.80 | 440 | 580 | 150 | 1.50
40 | 050 [ 4130 | 2230 | 510 | 720 | L75 | 160
60 | 050 | 4720 | 24.60 | 592 | 7.62 | 2.4 | L%2
g | 050 | s0.80 | 2650 | 632 | 820 | 223 | 198
100 | 050 |'53.40 | 27.80 | 670 | 882 | 238 | 215
120 | 050 | 5520 | 2870 | 654 | 9.10 | 248 | 2.7
150 | 0.50 | 5680 | 29.50 | 724 | 942 | 2.60 | 229
180 | 0.50 | 5800 [ 30.00 { 7.41 | 970 | 2.67 | 236
210 | 050 | 58.90 | 3050 | 756 | 990 | 272 | 2.40
240 | 050 | 59.70 | 30.80 | 770 | 10.00 | 2.75 | 2.43
270 | 0.50 | 60.60 | 31.10 | 7.84 | 10.10 | 2.79 | 2.48
300 | 050 | 61.10 | 3140 | 7.90 | 1020 | 2.81 | 2.53
330 | 050 | 61.80 | 3160 | 3.06 | 1030 | 283 | 2.56
360 | 050 | 6250 ! 31.85 | 8.2 | 1040 | 2.85 | 2.59
Liuids; _
Volume of lig. (HCl} into Leach =1400.0L
Volume of lig. (HCY) ex-leach = 1392.5L
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~ Table Di.4: Extraciion vs time data for the Impala

plant Leach fest.

- Timé % Bxiraction - [RedoxPot
i) | ot | Pa | Rh | Ru | & | Au | m»)
0 | 0.0000.000 | 0.000 0.000 | 0.000 [o.000] 930
10 [23.294[33.840{22.912|25.641|19.758{28.226] 014
- 20 |39.862|52.868|19.271|36.054|33.866145.861] 905
30  |53.440|62.831(47.953[46.463]42.328}52.912] 900
40 |61.345}67.35055.622|57.660(49.377|56.437] 928
60  |70.441}74.298|64.556]61.030}57.550(67.711| 1063
80  |75.807|80.028]68.012}65.660162.904[69.224] 1006
100 |79.681{83.948(73.04970.626|67.128|75.809 . 1100
120- - |82.362{86.660|75.661[72.864|69.944[76.513] 1102
150 |84.74489.071|78.924{75.421|73.321[80.735| 1104
180 [36,530(00,576[80.773|77.657|75.29183.196| 1110
210 |87.869(92.082{82.404(79.254|76.69784.603] 1118
240 |89.059(02.985]83.925]80.052| 77,541 [85.657| - 1121

270 |90.397)93.887|85.446|80.850| 78.665{87.414] - 1126 |
360 191.140{94.789|86.008(81.648|79.227[89.170] 1130
330 {92.180|95.391|87.835(82.44579.788(90.223} 1131
360 _193.220(96.142{88.48683.242]80.350(91.276] 1131
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Appe'ndi.x E

@) Derivation and calculation of the Heat transfer coefficient for the

~ Impala reactor 2101 o :
() Derivation of the equation of Mass Transfer Coefficient
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- _Appendix El

_ Derwatlon and Calculatmn of the Overall Heat Transfer Coefficient for

the Impa]a PMR Reactm 2101,

Heat tmnsfer in an agltated vessel havmg an extenml jdcket like the Impa.la PMR.

' reacmr 2101 follows the relationship:
Q-=’ U, AAT

Where,
&, = heat transfer coefficlent
A = heat transfer area
Energy balancr, _équation for cooling curves is of the form:

du

i ¢=-U,AT~T,)

where, |
u= NG, =T N(H-po)
=0 i . .
: e _ dav,
For a Liquid system, - 0
d) NH,
A= A(T-T,

- (r-1,)

Now, |

=0

ZM ZHt“":'Um (T-1,)

‘El.1

El.2

R1.3

Bl.4

EL5

22



Since there is 1o reaction in the reactor, —t = 0: :
H = H“| + [ ¢ ar
AL P

d[ c dr
ZN —=-U,A4T-T,)

=0 -

- Integrating using Liebnitz’s rule for differentiating definite i

YN, c,,, =-U,4(T~T,)
=l _ _
Integrate
_ r dl - U A t
. 'LT! T-T, ZN C 'L’dt
m(T-T,); = 2~ G4,
YN, C,
i=0
From the energy balahce equation,

I[T TJ U __,
T T ZNCP:

-als gives:

El.6

EL.7.

El.9

Ei1.8

E1,10

El.1

1
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_ 5501 x1000g /!

N =3055556mol -~ BLI2
55070f33% w/vHel  =5501(033) HCI - BL13
A =5501(1-033) H,0 -~ BLl4
" 550kg + 550(1 - 033)kg |
Ny = _ x 1000g / kg - - El1.15
= 5102778 mol H,0
5500 x 033%kg /1 n _
= 1000g / & B1.16
=49726mol HCI
Cpmey = 28.1cal/molK | - ELIY
= 28,1 cal/mol K X 4,186 J/cal | E1.18
= 117.63 Jmol™ K o . Ei.19°
Crotasg= 18 cal/mol K X 4.186 J/cal o . El20
= 75.35 Jmol* K | | ~ EL21
Now,
g N,C, = (5102778 x 7535)+ (49726 x 11763)J | K B2
= 3,844,043.223 + 584,926.938
= 44298 x10°JK*
—-gi'!i.— = gradient ' '
2NC, E1.23
=0 . . . : . . :

29



U, A= gradeNC

- i

‘- (o osszﬁymm) 44298x10“)JfK

60 S/t

'=407985WK™' for Cooling

U A=
: %m |

= 3,19758 WK™ for Heatz'ng

Now, .
. A=63m |

Cooling U, = 647.6 WmK™
Heating U, = 507.55 Wm®K!

(0 04331 17 i) (44298 x 10°) / K

E1.24

E1.25

El1.26
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Abpendix E2

Derivation of the équation of Mass Transfer Coefficient

From the mass transport rate equatidn ;

where,

_ln[.g.l_:_c]= kit

d£ = _kﬁ(c - Cx.)

C = Chlorine concentration at timé t
C,= Satuvated chlorine concentration -

€ _
C.-C

ic
CRr

"

~In(C, - C)|S =kt |

in(c, —¢)-InG]=ky

.}

C

r

E2.8
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Appendix F

C++ compater program for solving 14 differential equations for the
(i) Energy balance, -
@) Chlorine mass balarice and
(i) PGM leaching reactions "
to calclﬂate the overall PGM dissolution conversion from the Chlorme _
- soluble and Acid soluble PGM fractions for_ the Impala PMR reactor 2161
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f*Yachp"-'-" S . | ..*!

/'™ program yaw - to model the temperatm‘e profilein a- batch reactor - - . . %/
/* to model Yaw's plant results for his MSc - 14/2/98 Y
/* written by FK. Crundwell using objects for initia value problems : -
1* (ivp) and for presentation of results (border) o S /]

* Use of this program must acknowledge the author!l! */

#inclyde <stdio.h>>

#include < iostreamn.h>>

#include <io.h>

#include <econioh>

#ioclude <stdlip.h> =

#include < math.h>

#inciude "c:\tc\programs\fioc.h" _

- #inchude "e:\tc\programs\ivp: cop.cpp” - -
#inchude "c:\tc\programs\border.cpp”

#define MP 3 //oumber of paratneters +1
#define NP2 //mumber of parameters
#define FTOL 1.0¢4

_ static float sqrarg, cubearg;
#define SQR(z) ((sqrarg={a)) == 0.070.0: sqrarg*sqrarg)
#define CUBE(a) ((cubearg=(a)) ==0.070.0: cubearg*cubearg*cubearg)

/* global parameters | - ' M

float TotalMass, WaterMass, HCIMass;
float Starte. Temperature,SteamTemperature, HeatTransferUA; -
float CoulmgWaterSmtchOnTemp,MassTransfeLI\LA ChlorineSat, Volume:
float FracChlorineSoluble[20]; . : . .
/* F+++++++++++++class bateh leach+++++ 4+ ++ + ++++¥
class BatchLeach {
privhte:
pubhc

fioat Timef20}, Temp[20] Pt[20],Pd[20] R1[20],Ru[20),1r[20], Au[20],
. BageMetals[201,Chlorine{20];

% Member functions of class BatchLeach ¥
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BatchLeach(); -
void leach (void),
void Batchl eachParameterst mld),
void BabchLeachR:esuIts (void);

/i this function is use by class ivp (de's that are mltlal-vaiue problems)
/{ and derivative evaluates dx/dt

friend int PrimaryLeach(float,float [J, float []);
by cach(foat,float {1 1 -

| !*+++++++++++Members_ of class BahchLeach+++++++'-|-++++*f

. [*======ﬁ=====.==_.-_-=='=;===-=====—_.-_-x=====.==_==*f-.

BatchLeach BatchLeachO

N conSttuctOr fanction _
// create an input and out environment for data

- char s[80]; _ ' _ o
‘wintype w2(0,0, 80 25,1," YAW ASAMOAH-BEKOE "); /1 declare object wi
w2.winput(y; '
w2.setcolor(yellow);
w2.setbkeolor(blug);
w2.winels(); - :

i

w2, winxy(1,1);

w2.winxy(29,2);

cout< < "* PGM Chlorine Leach *";
. w2.winxy(31,5);cout< < "by F. K, Cruudwell"

w2.winxy(19,7);cout < < "University of the Witwatersrand, Johannesburg ;

w2. wmxy(ﬁ 11);cout< < "Program solves 14 differential equations for the leaching

resctions,”;

w2.winxy(14,13);cout < < "the energy balance and the ¢%' >rine mass balance, "

w2, winxy(2,22};cout < < "Press the ENTER key";

w2.winxy(16,22);

w2 > >s;w2.winremove();
} S .
f*:=‘==========='.."==='====================*!
void BatchLeach :leach (void)

float a,b,x} 14],tout, tin,n,v;
* float abserr,relérr, work[1000];
~ int i,j,iwork[500] Jibug,neq,iter,ans;
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/1 create an input and out environment for data

char s[80]: . o B

wintype w1(0,0,80,25,1," OUTPUT ", I/ declare object wl

wl.winput(); wi, setcolor(whlte),wl sethkcolor(blue); wl. wu:clso, :
i wl>>s; /w1 . winremove();

e declare rkf object | - R X,
: Iivp de; |
"/ initial values for the integration S o W

tin=0.; _
- for (i=0;i< =14;i+ +) {x[i]=0.0;} S
*{12]=S8tartUpTemperature; : //temperature Celeius

J* runge.-kutté. parameters B ' | V)

. ibug=1; _ .
neq=14; {{ number of differential equations
abserr=0.1;relerr=0.01;

Tlme[O] 0.0,
- Ptf0]=x[0];
Pd[0]=x[1];
Rh{0] =x[2];
- Ru[0]=x[3];
Ir[0]=x[4];
Aul0]=x[5};
BaseMetals[0] =x[6];
Chlorine[0]=x[13];
Templ0]=x[12];
wl.winxy(1,2); '
cont< <" Hours" < < "\t'l‘emp“ < <"PHT < SMIPA"C <WMRE" < < “\tRu“
< <" < < "tAn" < < "\tBase" < <"\t CI2\n";
. wl.winxy(2,4);
cout< < Time[0] < <"it" < <Temp[0] < <"u" < <Pt[0] < <"t < <Pd[0] < < Myt
< <Rh{0] < <"\t" < <Ruff] < < "W'< <B[0] < < "W" < <Au0] < <"\t"
< < BaseMetals[0] < < "\t < < Chlorine[0] < < "\n"; _
© tin=0.0;
tout=0.,5%3600,;
for(j=1j<18;j++)
-

if(tout >>0.0)
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de.rkf(neq,x, &tin, &tout, relerr,abserr, &ibug, work, iwork, PrimaryLeach);

if (ibug >2) {printf {"ibug= %d\n",ibug); getch();return;}
}

" Time[jj=tout; -
- PHlfi= FracChlormeSolublc[O]*x[D]+(1 -FracChionneSoluble[O})*x[?],

Pd[j]=FracChlorineSoluble[1}*x[1]+(1.-PracChiorineSotuble[1])*x[8];

'Rh(j] =FracChlorineSoluble[2]*x{2] +(1.~-FracChlorineSoluble[2])*x[9];
- Ru[j] =FracChlorineSoluble[3]*x[3] +(1.-FracChlorineSoluble[3])*x[10];

Tr[j] = FracChlorineSoluble{4]*x[4] + (1 .-FracChiorineSoluble{d])*x [t 1};
Au[j] =PracChlorineSoluble[5]%x[5]+(1 —FracChlormeSoluble[S])*’! 0;

- BaseMetals[jj=x[6];
* Chlorine[j] =x[13];
‘Templj]=x[12];

wl.winxy(2,4+3);

cout < < Timefj]/3600. < < "\t* < <Templj] < < "Wt < <Pifjj < < "\t"

< <Pd[j] < <"\t"< <Rhfj] < < "\t' < <Rufj) < <"t" < <Lf] < <"t
< <Aufjl< <"\t" < <BaseMetals[|] < < <Chlorme[j]< < "\n“‘
tout=tout-+0.5 *‘3600 . :

)

wl.winxy(2,22);cout < < "Press the ENTER key";
‘wl,winxy(23,22); _

wl> >s; wl. eremoveo, .

return;

3.

void BatchLeach: BatchLeachParameters(void)

{

TotalMags =320.;
WaterMass=0.8%1200.;
HCIMass=0.2*1200.;
StartUpTemperature =30.;
SteamTemperatre =116.8;
HeatTransferUA =5,07e2%6.3;
MassTransfesKLA=0.0312/30.;
CoolingWaterSwitchOnTemp =73.;
ChlorineSat=0. 0527;

char s[807; o

wintype w3(0,0,80,25, 1 * INPUT PARAMETERS "), 1/ declare object wi
w3, winput():

w3 setcolor(yellow);

w3, setbkcolor(blue);
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w3.wincls();
/s o
w3.winxy(l,1};
w3, winxy(19,2); | '
cout< < "* Enter values of parameters and press ENTER Y,
w3 winxy(10,4);
cout < < "Mass concentrate (kg) " < < TotalMass;
w3.winxy(10,5); cin>> > TotalMass;
- w3, winxy(10,6);
cout < < "Mass water kg) "< <WaterMass
w3, winxy(10,7);
cin> >'WaterMass;
w3.winxy(10,8);
cout< < "Mass HCI (kg) "< <HClMass
w3.winxy(10,9);
cin> >HCIMass;
w3.winxy(10,10);
cout << < "Start up temperature (C) "< <StartUpTemperau1re,
w3.winxy(10,11);
cin> > StartUpTemperature; -
w3, winxy(10,12);
cout< < "Temperature at which cooling water is sw:tchad on (C) "
' < < CoolingWaterSwitchOnTemp; '
w3, winxy(10,13);
cin> > CoolmgWaherSwltchOnTemp,
w3, winxy(10,14);
cout < < "Steam temperature (C) " < <SteamTemperamre'
w3, winxy(10,15);
cin> > SteamTemperature;
w3, winky(10,16);

cout< < "Heat transfer coefficient (meZC) times area " < <HeatTransferlUA;

w3, winxy(10,17);
cin>> > HeatTransferUA;
. w3, winxy(10,18);cout, precision(5);
cout < < "Mass transfer coefficient " < < MassTransferKLA;
w3, winxy(10,19);
cin> > MassTransferKLA:cout. precmon(S),
w3.winxy(10,20);cout. precision(5);
cout< < "Sat. Chlorine concentration * < < ChlorineSat:
w3, winxy(10,21);
cin> > ChlorineSat;cout. preclslon(?l),

Volume—WaterMass+1.169*H~_1Mass,
w3.winxy(10,22);
cout < < "Press the ENTER key again"®;
w3.winxy(32,23);
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/* Chlorine soluble fractions at 70 deg C¢ . ' *f

FracChlorineSoluble[0]=1,-0,4091; B 1Pt

PracChlorineSoluble[1]=1.-0.5752; .~ = o hPd
FracChlorineSoluble[2]=1.-0.24908; : S //Rh
PracChlorineSoluble[3]=1.-0.2714; o : © {Ru
FracChlorineSoluble[4]=1.-0.2103; o Iy
FracChlorineSoluble(5]=1.-0.0; =~ = //Au
FracClilorineSoluble[6]=1.-0.0; _ _ IAg
FracChiorineSoluble[7]=1,-0.0; : /Ni
FracChlorineSoluble[8]=1.-0.0; ' : : IiCa
FracChlorineScluble[9]=1.-0.0; _ ' © //Pe
w3 > >g;w3, winremove(}; . '
retufn; _
}
void BatchLeach::BatchleachResults (void)

inti,j;

float y1,y2,y3,74:y5,6,Y7,y8,y9,%

FILE *fp;

if (fp=fopen(" YAWS.OUT", "w"))==. *1LL)
{

prmtf("Cannot open t‘lle Exit to system\n"),
EX]I(I), )

} -
for(j=0 < 18;j++)

t=Time[j1/3600.;
yl=Temp(jl; .
y2=Pi[j];
. ¥3=Pdj];
yd=Rh[j];
y5=Ru[j};
y6=nTj],
y7=Auljl;
y8=BaseMetals[j];
y9=Chlorine[j];
fprintf(fp," %12.6At %1260\t % 12.60t%12.6At %12, 6ﬂt%12 6\t % 12.6f\t%12.60\¢
 %12,60t%12.600" t,y1,¥2,¥3,34,¥5,¥6,¥7,y8.Y9);

}
felose(fp);
return,



4

f*+++++++Endofmemb:'r functions ofBatchLeach+_++++'++'++++*f -

mt anaryLeach(ﬂoat t, ﬂoat x[l ﬂoat xdotl])
mt 1; -
float ul,sum;

float temp,cl2, ImtnalMoles[ZS] Moles[23], Conversnon[ZS] ep[23];

- float rate[23] sume,sumHeat HeatTransfer HeatReacnon[ZB] (;tau[23],Stoich[23];

float sumChlorine;

temp=x[12];
cl2=x[13];

/#* Tnitial mumber of moles of each component

InitialMoles{0] =0.246*TotalMass*1000./195.09;
InitialMoles{1]=0.133*TotalMass*1000./106.4;
InitialMoles{2] =0.0412*TotalMass*1000./102.9;
InitialMoles{3] =0.0503*TotalMass*1000./101. 07
ImitialMoles[4]=0.0149*TotalMass*1000./192,22;
InitialMoles[5]=0.0112*TotalMass*1000./196.9;
“ InitialMoles[6] =0.022%TotalMass*1000./107.87;
InitialMoles[7]=0.012*TotalMass*1000./58.7;
InitialMoles[8] =0.03*TotalMass*1000./63.546;
InitialMoles[9] =0.026*TotalMass*1000./55.847;

InitialMoles[10] =0.129*TotalMass*1000./60.086; o

InitialMoles[11]=HCIMass*1000./36.45;
InitialMoles[12] =WaterMass*1000./18.; -

1* Sprc*fic Heats in cal/deg mol

cp[0]=5.92+0.00116*(temp +273.);

~ cp[1]=5,4140.00184*(temp+273.);
cp[2]=5.40+0.00219*(temp+273.); -
¢p[3]=5.61-+0.00144*(temp+273.);
op[4]1=5.50+0,00148*{temp+-273,);
cp[5]=5.614-0.00144*(temp +273.),
cpl61=5.60-0.00150*(temp +273.);
cpl7]1=4.26+0.00640*(temp+273.); .
cp(8]=5.444+0.00146*(temp+273.);

. cp[9]=4.13+0.00638*(temp +273.);

¢p[10]=10.87+0,0087*(temp+273.)-241200./SQR (temp +273 ),

/temperature
{/chlorine

*

1ot
fiPd
/IRh
/iBa
i
{1An

/1Ag

i

{ICu
}Be
118102
{HC1
{IM20

»f

et

/Pd
}I/Rh
/R
e
{1Au
ll1Ag
/INi
HICu
[{Fe

118102
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epl11]=28.1;
pliZ]=18.0;

/% Calculate conversmn for the chlorine soluble ﬁ*actiou 3

"~ /™ Beats of reactlon for the reactions that are beheved to occur
I* in keal/mol

HeatReactionf0] =-75.35;
HeatReaction{1] =-64.65;
HeatReaction[2]=-69.73;.
HeatReaction[3]=-62.95;
HeatReactionf4] =-62.95;
HeatReaction[5]=-28.77;
HeatReaction[6] =-27.36;
HeatReaction[7] =-89.35;
HeatReaction[8] =-58.66;
HeatRzactmn[S‘] -118.9;

J* Calculate rates

*

tauf0] =3.2e6/60./300.¥pow(6.,.94)*pow(fabs(c12),0.78)*exp(-42360./8.3 14/ (temp+273.));
tau[1]=4.15¢6/60./300. *pow(6.,.94)*pow(fabs(cl2),0.78)*exp(-40190./8.314/(temp+273.));
tauf2] =1,3e7/60./300.*pow(6.,.81)*pow(fabs(c12),0.77) *exp(-44560,/8.3 14/ (temp +273.));
tauf3] =2.9¢7/60./300.*pow(6.,.68)*pow(fabs(cl2),0.79)*exp(-46620./8,314/(temp+273.)); -
taul4] =2.327/60./300.*pow(6.,,.75)*pow(fabs(cl2),0.71)*exp(-47600./8.314/(temp+273.));

tau[5]=1,8¢6/60./300,*pow(6.,.67)*pow(fabs(c12),0.5)*exp(-40440./8.314/(temp+273.)); .
tauf6] =1.3e6/60./300, *pow(6. ,. 7)*pow(fabs(c12),0.49) *exp(-42360./8.314/(temp +273.));

. for (i=0;i<T;i++)

- |
xdotfi] =3, *tauli] *pow(fabs(l.-x[i]),2./3.};
if(x[i] > 1.0)xdot[i] =0.0;
}

* rate{0]=-FracChlorineSoluble[0}*InitialMoles[0] *xdot{01;

- rate[1] =-FracChlorineSoluble[1]*InitialMoles[1]*xdot]1];
rate[2]=-FracChiorineSoluble[Z]*InitialMoles{2} *xdot[2];

. ratef3] =-FracChlorineScluble[3]*InitialMoles[3]*xdot[3];
rate[4] =-FracChlorineSolublef4] *InitialMoles{4]*xdot{4];
rate[5] =-PracChlorineSoluble[5]*InitialMoles[5]*xdot[5];
rate[6] = -FracChlorineSoluble[6] *InitialMoles[6] *xdot[6];

- rate[7] =-PracChlorineSoluble[ 7] *InitialMioles[ 7] *xdot[6]; - -
rate[8] =-FracChlorineSoluble[8]*InitialMoles[8*xdot[6];.

/Pt
{Pd
{/Au
{Ru
//Rh
i

itAg

1N
/iCu
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 rate[] =-FracChlorineSoluble[9] “InitialMoles 9] *xdot[6]; 1/Fe

/* Calculate conversion . : *f
. Conversion[0]=x[01; o . Pt
. Conversion[1]=x[]; ' N 1) 18
Comverstzn[2]=x[2];. - - - . . ' ' J/Rh -
Conversion[3] =x[3]; S . {fRu
. Conversion{4]=x[4]; . : e
- Conversion[5]=x[5]; - ' . HAu
Conversion{6] =x[6]; : R _ - MAg
Conversion[7]=x[6]; . _ . L INL
Conversion[8]=x[6]; - : I
Conversion{9] =x[6]; - _ ' {IFe .
P===s===========Acid-soluble fraction>====sse=====

' /* Now calculate the conversion for the acid-soluble fraction
/* Heats of reaction for the reactions that are believed to occur

-/* in keal/mol

HeatReaction[10]=23.28; | o m
HeatReactionf11]=38.88; ' ' {/Pd
‘HeatReaction[12]=-72.02; _ /Rh
HeatReaction[13]=-11.42; : : //Ru

“HeatReactionf14]=-11.42; o i
- * Calculate rates . _
taul7] =2.96=3i60;1300.*pow(ﬁ.,_.5_6)*3xp(-23050.!8.3I4I(tcrnp+273.)); '
tan[81=7.262/60./300. *pow(5.,.58)*exp(-19590./8.314/(temp +273.));
tan[9] =3.73e2/60./300. *pow(5.,.66) *exp(-23820./8.314/(temp +273.));
tau[10] =5.65¢2/60./300. *pow(6.,.6)*exp(-18760./8.314/ (temp +-273.));
tau[11]=>5.65¢2/60./300.*pow(6.,.56)*exp(-18220./8.314/(temp +273.));
for (i=73i< 12;i++) |

{

xdotli] =3.*tau[i*pow(fabs(L.-x[i}),2./3.);

if(x[i] > 1.0)xdot{i] =0.0; -

} .

rate[10]=-(1.-FracChlorineSoluble[0])*InitialMoles[0]*xdot{7]; /Pt

rate[11)=~(1.-FracChlorineSoluble[1])*InitialMoles[1]*xdot[8]; ~  //Pd
rate[12]=-(1.-FracChlorineSoluble[2])*InitialMoles[2] *xdot[9]; //Rh
rate[13]=-(1.-FracChlorineSoluble[3])*InitialMoles[3]*xdot[10]; /Rt

rate[14] =-(1.-PracChlorineSoluble[4])*InitialMoles[4] *xdot[11]; e

*/

306




. * Caleulate conversion

Conversion[10]=x[7]; .

-~ Conversion[11]=x[8]; HPd -
Conversion{12]=x[9]; /fRh
Conversion[13]=x[10]; R
Conversion{14]=x[11]; HTr
Conversion[15]=0.0;

I C-ﬁlculate Number of moles
- for (i=0;i< 1ii++)

L
for (i=01i< 6;i++)

JiAu

*f

oy

Molesl[i] =InitiﬁMOIes[i]*FracChlori_ﬁeSolubIe[i]’i"..(l.O-Conversion[i]);H N

Moles[i] =Mocles{il -;I-IrﬁtialMoles[i]*(l .O—FraccmorincSoluble[i])*(l .0-Conversion[i+10]);

Moles[10} = InitialMoles[10];
Moles[11]=InitislMoles[11];
Moles[12] =InitizlMoles[12];
© * Calculate Sigma NiCpi

sumCp=0.0;
for (i=0;i<13;i++)

sumCp = sumCp-+Molesfi] 4. 18%cp[il;

- *Calculate Sigma (Heat of reaction * rate)

sumHeat=0.0;
_ for (i=0;i<155i++}
{ .
}

/* Caiculate Heat transfer term

sumEeat =sumHeat +4,18+1000, #HeatReaction[i] *ratefi];

HeatTraﬁsfef= HeatTransferUA*(SteamTemperature-temp);
if(temp > CoolingWaterSwit_chOnTemp)HeatTransfer=647 J6%(11,8-temp);

#f B

*f

*f
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I* caleulation of femperatur_e'fmm the energy balance
' xdot[12] = (HeatTransfer +sumileat)/sumCp;
* caiculatiqn of chlorine equation

Stoich[0]=2.0;
Stoich[1]:2,0;
Stoich[2]=1.5;
Stoich[3]=2.0;
Stoich{4]=1.5;
Sioich[5]=2.0;
Stoich[6]=0.5;

" Stoich[71=1.0;
Stoich[8]=1.0;

© Stoich[9]=1.5;

sumChtorine=0.0;
fpr(i==0:i <10ji+ )

sumChlorine =sumChilorine-+Stoichfi}*rate[i];

xdot[13) =MassTransferKLA*(ChlorineSat-c12) +sumChlorine/ Volume;

void main (void)

cout.precision(3);
set_v_ptr(};

BatchLeach ob;
ob.BaichLeachParameters();
ob.leach(}; :
ob.BatchLeachResults();
/fwrite_data0); '

/* end of program -

*/

.'l'[

*f
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