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ARSTR LT

The leaching of low grade matle in acid Terric sulphate sulphate

(100 o/l ?e3+} solution has been studied, and showr to be electro-
chemical in nature, The matie was quantitatively analysed and found
to contaln treilite, an iron-nickel alloy, a copper-iron sulphide and
magnetite, as separate phases. Based on the matte analysis, a
shrinking-particle model, combined with an electrochemical leaching
rate expression, successfully predicted the dissolution curves for

the nickel, copper, cobalt ant iron in the matte, in a batch reactor.
The potential of the malte particles during teachling was best approxi-
mated by the solutlon redox potential. The solution redox potentlal
was successtully predicted by the Hernst equation plus Debye-Hickel
activity coeffleients, when the varlous ferric and ferrous sulphate
complex equilibria were taken inte account. The formation of elemental

sulphur on the matte particles did not affect the leaching rate.
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1. PREFACE

1.1 Introduction

In conventional pyrometallurgical processing fe.g. roasting, smelting,
converting) of base metal sulphides, the sulphide sulphur is converted

to suiphur dioxide(37). In general, this sulphur dioxide is either
released into the atmosphere, or converted into sulphuric acid. Releas~
ing sulphur dioxide into the atmosphere causes asr pollution, and the
production of sulphuric acid is not slways atiractive, as the storage
and transportation of sulphuric acid can be costly,

An alternative to pyrometallurgical processing of base metal sul-
phides is hydrometallursival treatment, Simple non-oxidative dissolution
of sulphide in acid would liberate the sulphide sulphur{36) as gascous
hydrogen sulphide, which would probably be no easier tn dispose of than
sulphur dioxide, Oxidative leaching, on the other hand, vields elemental
sulphur(27) or sulphate in solution(26), depending on the severity of
the leachiry conditions. This weuld eliminate the problew of disposing
of a noxious sulphur gas, Oxidative leaching has anmother advantage,
namely that it can treat iron-bearing sulphides in such a way that the
valuable metais {(be they zine, nickel, copper, ete.) atre taken into

golution, while the iren in the sulphide is rejected from the sclution

as an iren hydroxide precipitate, for example, pocthite(s, 51,52,53).
Thit weans that sulphides containing too much iren for economical
pyremetalliurgical processing can be processed hydrometallurgically,
via oxidative leaching.

As reserves ol high-grade sulphides are consumed, lower gra’es
(e, containing more iron) will have to he processed. The mineralogy
of toe lower grade ores will determine the degree of liberatior of
valuable metals from iren possible by ore=dressing techniques such as
flotation, etc. These low grade ores will proebably have te be pro-
cessed hydrometallurgically, one possible route being oxidative dis-
solution in acid. An understanding of the oxidative dissolution of
(especially low-grade fron-bearing) sulphides in acid is thercfore of

obvious importance,




1.2 Literature survey

From the literature, it scems that there 1§ considerable interest in
the oxidative leaching of sulphide minerals. A number of oxidative
leaching processes have been patented(dl, 54, 553). Forward and
wWarren(56) reviewed the chemistry of the oxidation of sulphides in
aqueous solution, and conclu’'ed that the factors controlling the rate
of sulphide oxidation could be breadly classified into three groups,
i.e., mass transport between the bulk of the solution and the soiid
surface of rveactants or products, fovmation of coatings of insoluble
products on the surfaces of the minerals, and control by chemical 1o~
action at the mineral surface ovr iu the solution., Forward and Warren
also found that the sulphide sulphur can be oxidised to elemental sul-~
phur or toe sulphate in acid oxidative leaching, and that when elemental
sulphur is formed during oxidation of a sulphide below 118°C, the
sulphur film produced on the sulphide surface is porous and does not
inhibit oxidation of the underlying mineral. Bevtween 118°C and 160°C,
molten sulphur coats the mineral surface and iohibits further oxidation
{56) while above 160°C, the tendency ia2 for the sulphide to oxidise to
sulphate. Forward and Warven also reviewed various oxidative leaching
gystems, Of the wgcid gystems discussed, they considered the wost
likely to provide economic leach processes to be sulphuric acid and
oxygen, possibiy combined with ferric sulphate to act as an “oxygen
carvier”.

Dutrizac(87) reviewed the literature on the role of the ferric ion
in oxidative leaching, and summarised the Efindings of several studies
on the kinetics of leaching various sulphides in acidified ferrie sul-
phate and ferric chloride zolutions., ¥From this review, it scems that
sulphides of the type MS (M = copper, zin , lead, iron) dissolve in
acid ferric solutions acccrding to the following stoichiometyy:

s« 2Fect o MET & 2Fett 4 g0

The rate of dissolution of thasge '

'simple" (MS) sulphides seems, in

most cases, to be controlled by chemical reaction, rvather than diffusion
mechanisms, according to Dutrizac's review. Two exceptions to this
generalization are sphalerite (ZnS) and galena (PbS). The dissolution

of ZnS was reported to be controlled by ferric diffusion in the solution



while the dissolution of PbS was supposed to be limited by the diffus~
ion of fﬁrric.iuns through a protective sulphur layer, In the case of
chalcocite (cuzs), the dissolution proceeds via a solid-state transition,
i.e.t

cu,s + 2k’ o c®t v are®t 4 cus

This reaction is rapid(57) when compared to the dissolution of the Cu$,
which proceeds in the same way as the dissolution of “simpld sulphides.
1t would appear then that if high extre~tions of copper from Cuzﬁ are
required, the kinetics of dissolution of CuS will determine factors such
as the leaching time, ete. requirsd.

The activation energy for galena dissolution was given as "high"
in Dutrizac's review. This is not consistent with liquid phase diffus~
ion of ferric ions(45) chrough a porous sulphur layer formed below
118°C(56). Brodie(l) and Paul, Wicol, Diggle and Saunders(2) studied
the dissolution of galena in sulphate solution, and fitted an electro-
chemical surface reaction wmechanism to their experimental results.

This would saem to refute the theory in Dutrizsc's review of a pro-
tective sulphur layer inhibiting the dissolution of galena.

In the study summurised by Dutrizac(57) of Zn$ dissolution {in
acid fervic sulphate solution), an activstion energy of about 25 kJ/mol
was measured, which is consistent with control by liquid phase diffus-
ion{43), On the other hand, Rath, Paramguru and Jena(28) studied the
dissolution of sphalerite in acid ferric ehloride solution and found
an activation energy of about 90 kJ/mol, which is too high for control

by liquid phase diffusion (which has activation energies of between

about 8 and 25 kJ/mol(43). Rath ¢t ¢l assumed the rate to be controlled
by the inward diffusion of ferric ions through a protective sulphur

layer around the sphalerite particles. However, their imvestigation

was done at temperatures between 30°C and 70°C, and Forward and Warren
(56) concluded that the sulphur formed on a rescting sulphide surface
at temperatures below 118°C is porous, and doesg not inhibit oxidation
of the underlying mineral., If this is so, then the sulphur formed on
the Zn8 particles during leaching between 30°C and 70°C would be porous,

and ferric diffusion would ocecur in the liquid in the pores. Madsen(45)

measured the diffusivity of the ferric ion in concentrated sulphate

solution, and found an apparant activation energy for ferric diffusion




of 22,4 kJ/mol, which is considerably lower than the value of the
activation energy of 90 kJ/mol reported by Rath e¢¢ al. While the
diffusivity of the ferric ion may be expected to differ in solutions
of ferric sulphate and ferric chloride, this difference is not likely
to be large enough to account for the much higher activation energy for
the dissolution of Za$ in acid ferric chloride solution, thus it seems
likely that some other wmechanism contrals the rate of oxidative leach-
ing of sphalerite. Jan(33) studied the kinetics of oxygen pressure
leaching of sphalerite in sulphuric acid, and concluded that the rate-
determining step is the uxidation of H,8 (formed by direct acid attack
on the Zn8), on the mineral surface, by the ferric ion ~ i.e. chemical

reaction concrol., Verbaan(35) studied the dissolution of sphalerite

in sulphuric acid gnd in a.id ferric sulphate solutions. He used
Langmuir-Hinshelwood adsorption theories to explain the observed kine-
tics, but found conflicting evidence as to whether or not the elemental
sulphur formed on the sphalerite surface resulted in diffusion rate
control,

Mizoguchi and Habashi(27) studied the aqueous oxidation of complex
sulphides containing Zas, PbS and @u?&ﬁg in hydrochloric acid and oxygen.
The disgolution rate of the ZnS was found to be strongly dependent on
agitarion speed, and to have ¢n activation enargy of 15 kJ/mel, which
differs considerably from the value of 90 kJ/mol reported by Rath et al,
also in chloride sclution. The complex sulphides studied by Mizoguchi
and Habashi contained iron, which dissolved to some extent, thus ferric
ions were present {n their solutions, although probably at a lower con-
centration than was used by Rath et al(28), which may explain the dif~
ference in the ohserved kinetics of dissolution. Mizoguchi and Habashi
concluded that the rate of ZnS dissolution was diffusion controlled.
They also compared the dissolution of their sulpbides in hydrochloric
and sulphuric acids, and found dissolution to be gignificantly faster
in hydrochloric acid than it was in sulphuric acid. This may explain
the conclusion of diffusion contrel in chloride and chemical reaction
control in sulphate systems(35, 36). The dissolution of ZnS in chloride
systems may be fast enough to result :n diffusion control, while in
sulphate the glower rate mav be caused by slowsr surface veactions.

Two more reviews of the studies carried out on oxidative leaching

of sulphides are those of Woodcock{59) and Wadsworth(58).

b



Woodcock reviewed the work published prior te 1961, and discuesed the
oxidation of sulphides in terms of the properties of the given sulphidse,
the nature of the leaching solution, and the overall system, inciuding
temperature, agitation, and pulp density., TFinally, Woodeoek discussed
the kinetics of the leaching reaction and the nature of the rate~
limiting step. He quoted cases where the rate~controlling step wa#
oxygen transfer to the leaching solution, trangport across & diffusion
barrier, transport through an insoluble film, heterogeneous reaction at
the mineral surface, and mixed control. According to Woodecock, the ro~
getion mechanism at the mineral surface can be regarded as an elecira-
chemical process involving the simultaneous oxidation of the sulphide
and reduction of the oxidant, analagous to the corrosion of metals.
Wadsworth(57) reviewed the work published after 1961, and also poiuated
cut the imporsante of electrochemical effects in sulphide leaching. He
presented a generalised rate expression for the dissolution regetion,
containing both transport and surface reactions, for which charge &ﬁam&w
fer may or may not be rate-controlling, Wadsworth used this gemevalis~
ed rate equation in a discussion of the dissolution of chaloopyrite, at
the end of which he stated that the importance of electrochemical ya«
actions in the dissolution of chalcopyrite is not clear form the obsere-
ed kinetics which he reviewed.

The dissolution of chalcopyrite seems to differ from that of other
copper minerals(58), Dutrizac(29) surveyed the literature on the fer-
ric ion leaching of chalecopyrite, and undertook experimental work ke
resolve disputed points. He found the dissolution of chaleopyrite Lo
be more rapid inm chlovide systems than in sulphate systems, The aetiw
vation energy for chalcopyrite diseolution was found te be about
42 %J/mol in chloride solutions and about 75 kJ/mol in sulphate systems.
In both systems the disgsolution vate was essentislly indepandant'ﬁf'anid'
concentration and the intensity of agitation. The rate was found to be
directly proportional to the available surface srea in both chlovide
and sulphate systems. In sulphate systems, the addition of ferrous
sulphate (and lithium and magnesium sulphates) substantially decreased
the leaching rate. This was not the case for chloride systems, and the
addition of chloride ion to a sulphate system accelerated the dissolution
of chalcopyrite. In gulphate systems the dissolution rate was only

slightly dependent on the ferric ion concentration, while in chloride




solutions the dependance was found to be greater. Parker, Paul and
Power(61l) presented an electrochemical explanation of the above ob~
servations. They postulated that a film of a metal-deficient poly-
sulphide, which acts as a semiconductor, forms on chalcopyrite during
oxidation, This film was believed to decompose thermally (achieving
an equilibrium thickness) and to slow ion and elactxon,transpoft,wthis
being rate-limiting for much, but not all, leaching of chalcopyrite.
Parker et al used their model to explain why the leaching rates were
independent of agitation, why attrition grinding enhances the rate of
dissolution of chaicepyrite, and the other effects reported by
Dutrizac(29). -

Lee and Donofrio(62) studied the leaching of chalcopyrite in hydro-
chloric¢ acid and oxygen. They found that thevratancontrollingﬁstep was
chemical reaction at the mineral surface, and that the dissolution rate
could be significantly enhancad by the addition of certain metals to
the chalcopyrite. They attrvibuted this effect to galvanic interaction
between the metal and chalcopyrite particles resulting in the rapid con-

version of chalcopyrite to chalcoecite. Liddell and Bautista(63)

modelled the dump leaching of chalcopyrite in terms of slow heterogeneous

reaction between ferric ions and chalcopyrite and dissolved oxygen and
chalcopyrite, and fast (pseudoequilibrium) formation of various sul-

2*, atc. They used their

phate complexes, such as FaﬁO&, BaﬁSOz, FelH
model to predict optimum conditions for the dump leaching of chaleo~
pyrite. One vesult of this study was that raising the concentration of
ferrous sulphate from 15,2 to 30,4 g/l (0,1 to 0,2 M) had a deleterious
“effect on the dissolution of chalcopyrite. Liddell ¢t al explained this
result in terms of the metal sulphate complexes present, and the earlier
precipitation of Fe(OH)Bk However, Dutrizac(29) showed that up to con-
centrations of about 0,5 M, the addition of ferrous sulphate to ferric
sulphate leach solution reduces the vate of dissolution of chalcopyrite.
Therefore, the result of ferrous sulphate addition decreasing the dis-
golution rate of chalcopyrite is not as unexpected as Liddell et al
considered, nor doss it seem necessary to postulate ferric precipita-
tion at the higher ferrous levels to explain the reduced dissolution
rate.

A number of other reviews and studies of sulphide dissolution have

been. done., Habashi(60) znd Majima(42) reviewed the electrochemistry of




sulphide dissolution in aqueous solutions. Habashi reviewed the his~
torical development of aqueous metal sulphide dissolution, and described
some commercial processes whereby metal sulphides are electrolysed to
yield elemental sulphur and metallic products. Majima reviewed the
literuture on electrochemical precesses occurring on sulphide surfaces,
He found that electrochemical reactions seem to be especially important
in acid solutions, and that in the most important cases, elemental sul-
phur is a product of anodic dissolution. The application of corresion
mechanisms was the main emphasis of Majima's review. He concluded that
there is a need for wuch more research on, among other things, the
stoichiometry and polarisation properties of electrochemical reactions
of all important sulphide minerals and matte phases. Bolton{(71)
presented details of processes developed by Sherrit Gordon Mines for
the oxidative pressure leaching of zinc and copper sulphides. Canter~
ford and Dyson(26) studied the oxygen pressure leaching of mixed cobalt-
nickel sulphides. Bolton and Canterford et al presented operating and
experimental data only, without attempting auy explanation of their
results, apart frowm the resction stoichiometry. Scott and Nicol(69)
studied the dissolution in acid ferric sulphate of four different sphale~
rite concentrates. They concluded that the exact nature of the sphale—~
rite had an appreciable effect on the kinetics of dissolution, and that
both oxidative and non-oxidative mechanisms played a role in the dis-
solution of sphalerite. They suggested that mores work was needed before
a mechanism ceuld be firmly astablished. Adams and Matthew(68) studied
the leaching of zinc sulphide voncentrates with mixtures of oxygen and
sulphur dioxide in aqueous solution at atmospheric pressure. They Ffound
the rate of zinc extraction to be controlled by a surface chemical re-
action, without interference from the sulphur product layer, for sulphur
dioxide concentrations of up to nine percent in the gas phase. The
dissolution kinetics were found to fit a shrinking core model, with an
activation energy of about 155 kJ/mol, which is consistent with chemical
reaction rate control. Hubli, Mukherjee and Gupta(67) presented experi-
mental results of leaching nickel-copper sulphides in a ferrous chloride-
oxygen system. They found that most of the copper and nickel could be
solubilised, while most of the iron was eventually precipitated out of

gsolution as a hydrated iron oxide, This was achieved by providing just




enough ferrous chloride in the initial golution to supply two chloride
ions for each nickel or copper ion in the feed concentrate. Apart from
the stoichiometry of the system, no attempt was made at explaining the
experimental results. Grizo, Pacovif, Poposka and Koneska(66) studied
the leaching of a low-grade chalcocite-covellite ore in sulphuric acid
in the presence of ferric ilons leached from the ore, as a function of
particle size, temperature and solution pH. They found three distcinet
phases in the dissolution kinetics. The first phase showed linear
kinetics, and was ascribed to liquid phase mass transfer being control-
iing during the conversion of chalcocite to covellite. The second
leaching period was thought to consist of mixed kinetics, while the
third period, which again displayed linear kinetics was thought to be
controlled by diffusion through product layers. The various measured
activation energies were consistent with the rate-determining mechanisms

assumed. Majima and Peters(63) comparsd the aqueous oxidation of a

" number of minerals, using oxygen at 120°C, by means of oxygen consumption

v time curves. The solutions were not assayed for dissclved metals,
thus the effect of oxidation of sulphide sulphur to sulphate instead of
elemental sulphur would tend to obscure the actual mineral dissclution,
Nevertheless, the interesting obgervation was made that pyrrhotite
gxhibited very different digsolution behaviou~ at different solution pH
values., TIn acid solutions pyrrhotite dissolved much faster than, for
example, sphalerite or galema. In neutral solution, however, the
pyrrhotite was found to leach more slowly than all the other sulphides
tested., MNo explanation of the experimental observations was attempted.

A number of studies on the nop~oxidative leaching of iron sulphid-
es has been reported. Ingraham, Parsons and Cabri(73) studied the non-
oxidarive dissolution of pyrrhotite in hydrochloric acid. They con-
cluded that noustoichiometric pyrrhotite always produces an elemental
sulphur residue, the amount of this residue being proportional to the
non-stoichiometry of the pyrrhotite, that the leaching is rapid, and
that the accumulation of the sulphur on the pyrrhotite surface retards
the later stages of the leaching process. Dissolution of stoichiometric
pyrrhotite (FeS, or troilite) produced no elemental sulphur. When air
was allowed into the system during leaching, significantly more ele-

mental sulphur was produced. No explanation of the leaching results



was attempted. Tewari and Campbell(74) studied the non-oxidative dis-
solution of troilite (FeS) Jn sulphuric acid. The rate of dissolution
was found to depend on the acid and ferrous ion concentration in
solution and the hydrogen sulphide partial pressure. A rate equation
was presented, and it was concluded that the rate-controlling step was
not tramsport of reactants or products. Nicol and Scott(75) studied

the non—~oxidative dissolution of some irom sulphides in acid solutions
and found the kinetic data to be adequately explained by a reduction
process followed by ionic charge transfer from a stoichiometricmaterial.
They used electrochemical theory to model the iron sulphide dissolution.
Nicol(40) briefly reviewed the electrochemical theory of the dissolution
of ionic solids, and showed that rhe non-oxidative leaching of oxides
and sulphides can best be represented by the electrochemical model,
rather than the various adsorption theories previously proposed. Nicol
defined non-oxidative dissolution as dissolution in which the formal
oxidation states of the various elements involved do not change during
dissolution, Oxidative or reductive dissolution was defined as dis-
gsolution in which any of the solute species exist in different oxidation
states in the solid and solution phases. Using these dgfiuitions, the
digsolution of 3 sulphide MS can be sald to be non-oxidative if the
sulphur is liberated as hydrogen sulphide, and oxidative if elemental
sulphur is produced,

Several studiss have been reported on the oxidative leaching of
iron sulphides. BjSrling and Gupta(77) studied the dissolution of
artificial and natural pyrrhotite, chalcopyrite, sphalerite, molybde-
nite and galena in a mixture of nitric and sulphuric acid. They found
that the iron in pyrrhotite ecould be transformed into an easily
filterable ferric hydroxide precipitate, while impurities such as
copper, nickel and cobalt remained in solutiom. A high yield of
elemental sulphur was achieved. Bjdrling »nd Gupta did not attempt to
explain their results in terms of reaction rate mechanisms. Kunda,
Rudyk and Mackiw(78, reported on the development of a process for the
production of metal.iic iron and elemental sulphur from iron sulphides.
One of the steps in this process was the aqueous oxidation of pyrrho-
tite in sulphuric acid and oxygen. They found that the most important
factor controlling :the rate of pyrrhotite oxidation was the mass trans-—

fer of oxygen from the gaseous phase to the mineral surface. Other



factors which affected the rate were temperature, initial sulphuric

acid concentration, and the sulphur to irom ratio in the pyrrhbtite,

In a brief discussion of the leaching, Kunda et al presented stoichio~
metric relations for, among others, direct acid attack of the pyrrho-

tite and oxidation by reaction with ferric sulphates, i.e.,

a) Fel8 + HZSO& “* FQSOA + HQS

g . Y BT o ’ Q
b)Y  FeS + I’az(SOé)3 > aresoﬁ + 8§

Gaseous oxygen plays no part in the above reactions, but is involved in
the re-oxidation of ferrvous to ferric sulphate and the oxidation Of,HZS

to elemental sulphur, as follows:

a) 2res0, -+ ;02 + HQSD& - rez(scé)a + Hzo

~ ; . a° : L
b) HQS + 302 + 8 + ﬁzo

The overall stoichiometry, thersfore, for both direct acid attack and
reaction with ferric sulphate, is as follows:

80, - Feso, + s + w0

Fe§  + icz + H 4 9

2

If this is so, then the observation that oxygen mass transfer is the
most important factor in the oxidation of the pyrrhotite implies that,
in this case, the transfer of oxygen from the gas to the liquid phase
was the rate~limiting step, rather than transport of oxygen teo the
mineral surface, since oxygen was not involved in the solid-liquid dig-
solution reactions proposed. McKay and Halpern(79) studied the aqueous
oxidation of pyrite in acid solutions by oxygen. They concluded that
the rate of pyrite oxidation was controlled by a heterogeneous process
on the mineral surface, involving oxygen. The pyrite sulphur was found
to be converted to sulphate and elemental sulphur, the proportions
depending on the leaching conditions. Subramanian, Stratigakos and
Jennings (80) reviewed a number of hydrometallurgical processes for the
recovery of iron, non~ferrous metals and sulphur from iron sulphide,
and undertook experimental work, using an artificial pyrrhotite derived
from thermal decomposition of pyrite, on some of the processes reviewed,
They found that, when leaching the pyrrhotite in ferric sulphate, the
resulting ferrous sulphate had no effect on the rate of leaching.
However, no extraction va time curves were given to substentiate this

conclusion. Leaching in ferric chloride solution was found to be faster
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than in ferric sulphate solution. No attempt was made at finding a

rate equation for the pyrrhotite dissolution. Habashi(81) reported

the results of pyrrhotite dissolution in nitric acid, and Thornhill (82)
reported on laboratory and pilot plant testwork on the aqueous oxidation
of pyrrhotite, using air. Neither of these two authors attempted to ex-
plain their results in terms of rate equations. Vezina(83) reported the
results of a study of the effects of particle size distribution on the
leaching of a pyrrhotite-pentlandite-~chalcopyrite coucentrate, Finer
grinding was found to improve the leaching of the concentrate in oxygen.
Explanation of the experimental results was not attempted.

Studies of a more fundamental nature have also been reported.
Etienne(84) studied the copper—sulphur binary system in acid sclutionm.
He used electrochemical techniques to determine the copper activity for
various copper sulphide compositions, and studied the growth of copper
sulphide films on a copper anode in acidic soluticn saturated with«ﬁzs.
Etienne also measured current-potential curves for rotating discs of
digenite and covellite, and related these polarisation curves to the
electrolysis of copper matte anodes and leaching experiments in acid
ferric sulphate solutions reported in the li:erature. This work was
significant in that electrochemical theory was successfully related to
oxidative acid leaching of copper sulphides. Brodie’l) and Paul, Nicol,
Diggle and Baunders(2) studied the anodic dissoluti = of galena (PbS)
in sulphate solution. They found the reaction to be electrochemical in
nature, and proposed an electrochemical reaction mechanism which
successfully predicted thelr observed current-potential curves. Tha
reaction mechanism proposed consisted of two single-electron transfer
steps, each controlled by electrochemical kinetics, one of them being
an equilibrium reactien, as follows:

pbs %= Pbet 4+ 8 4+ o

Sw&-So'f-e*

Therefore, overall:
+ -
pbs Bb2T 4 8 4 2e
The overall stoichiometry is in agreement with that in the literature
for oxidative dissolution of metal sulphides. Corrans (ref. 32, pages

56 - 57) obtained current-potential curves for rotating discs of
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pentlandite. The form of these curves can be simulated by electro-
chemical electron transfer kinetic equations, which indicates that
pentlandite may also leach electrochemically.

Tn contrast to the electrochemical emphasis of the studies quoted
above, studies have been published in which adsorption theories were
used to explain the results of acid oxidative leaching of metal sul-
phides. Jan(33) concluded that the rate~determining step in the oxygen
pressure laaching of sphalerite was the oxidation of st at the sphale-
rite surface by the ferric ion. He found that the abserved linear
kinetics were due to the shape of the sphalerite particles, which in
this case appeared to be in the form of flat plates, the surface area
of which changed little during leaching. This wmay explain why Jan
£ound linear kinetics for the leaching of his sample of sphalerite,
while others(és) have found shrinking-core kinetics to be more applica-
ble. In the latter case the sphalerite particles were probably approxlw
mately spherical, thus the surface area would change during leaching.
Verbaan (35) studied the dissolution of sphalerite in acid ferric sul-
phaté and in sulphuric acid solutions, and used Langmuir-Hinshelwood
adsorption theories to explain his results. Verbaan conceded that
eiectquinatic’pheﬁommna may occur, but due to the difficulty of
meaguiing these phencmena on sphalerite, he ignored them for the pur-
poses Qﬁ_hls thagis. TIn a later report, however, Verbaan(38) concluded
that the leaching of sphalerite is electrochemical in nature. He re~
ported on leaching experiments done on gphalerite in acid fervic sul=
pﬁaﬁe solution, and presented an empirical correlation of his leaching
results. Verbaan did not attempt to use electrochemical theory to form
a rate equation for the leaching of sphalerite, Lowe(3) studied the
initial rates of leaching of large single specimens of chalcocite,
bornite, covellite, and pyrrhotite in acid ferric sulphate solutions.
He obtained rate equations for each mineral and compared these &quatlons
to theoretical equations developed for various rate-controlling mecha-
nisms, 1.e., aquecus diffusion of ferrie sulphate. solid-state diffusion
of cuprous ions in the sulphide, chemisorption reactions and electrode
processes. Because his experiments were not designed to investigate
electrode processes, Lowe was mot able to provide direct evidence for

such processes. He did, however, show that the existence of such

12



processes was possible. Lowe's results for the dissolution of pyrrho-
tite were inconclusive. He conceded that i chemisorption mechanism
similar to that proposed for be.nite and covellite could axist for the
ferric sulphate leaching of pyrrhotite, but found that the effects of
temperature and acid concentration indicated departures from the chemi~
sorption mechanism. Lowe suggested that these effects could have been
caused by competition between direct acid attack of the iron sulphide,

and ferric ion attack, i.e.,

- L o s g©
FQE(SDQ)S » Fel - 3FLSOQ S

I"{?“SO,+ +  Pa§ -+ ’F’eso4 + HZS

He recommended that additional test data should be measured before the
wechanism of pyrrhotite leaching could be established.

Brittan(30) has proposed an empirical model for the leaching of
low grade ores. He preseated a variable activation energy model for
the leaching reaction in which the various rate~limiting steps are lump-
ed together into an arrhenius activation energy barrier which increases
linearly with conversion. The reasoning behind this approach is that
the more reactive material in an ore would dissolve more rapidly,
leaving behind progressively more refractory material, thus correspond-
ing to an increasing activation energy for the reaction as convaersion
progresses. Brittan fitted this model to the chloridization of oxide
copper ora, and to the cyanidation of gold ore., In both cases the model
fitted the experimental data very well, The trouble with such a model,
howaver, is that it yields very little fundamental information about the
leaching mechanism. This wmeans that, although this model iz mathematic~
ally simple (and therefote attractive), its use to extrapolate experi-
mental results from, for example, laboratory to larger scale conditions,
would be more visky than the use of a more fundamental modal. In 2
given process, the various reaction resistances may occur in different
proportions between small and large scale operation, which could result
in poor prediction of the larger scale process. In a more Fundamental
approach, Loveday(31l) presented a model for the leaching of an assemblage
of non-porous particles, in which the bulk of the material is dissolved.
This model illustrates the importance of properly accounting for the

particle size distribution'of the feed to a given leaching operation, if
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the leaching kinetics are to be defined correctly. Loveday did not ex-
pand his model to account for changes in the leaching solution on the
leaching kinetics. Roach and Prosser(34) have found that, when leach-
ing low-grade ore where mass transfer is the rate~controlling step,‘the
recovery of the desirved species can be predicted from measured values
of particle size, porosity, pore size and grain size of the valuable
minerals, and constants available in the literature, Their approach
requires a detailed knowledge of the ore mineralogy, and congiders the
effect of an inert matrix on the reactivity of mineral grains towards
an external reagent. The problem in this case differs from metal sul-
phide leaching, because metal sulphide concentrates and mattes do not

occur as graing in an inert matrix, Nevertheless, the idea of well~

known mineralogy of the Feed material fits in well with a fundamental
study of sulphide leaching. There would be little point in doing
fundamental studies on the rate of leaching of a given sulphide if its
mineralogy were not.known.

In summary, then, a considerable amount of literature has been
published on the hydrometallurgical processing of metal sulphides,
This literature review is by no means exhaustive, but it seems that
most of the published work deals with the dissolution of copper and
zine sulphides, A number of studies have been published on the leach-
ing of iron sulphide, but most of these presented experimental data with
little or no theoretical interpretation of the results., One exception
is the work of Lowe(3), although he was not able to conclusively
establish the mechanism of dissolution of pyrrhotite in acid ferrie
sulphata solution. For copper and zinc sulphide leaching, various rate-
controlling mechanisms have been proposed, including diffusion control
and chemisorption and electrochemical rate-controlling steps. More
recent publications on the leaching of copper and copper-iron sulphides
seem to favour the electrochemical theory. Mao and Peters(85) studied
the acid pressure leaching of chalcocite, and used an electrochemical
mixed-potential model, coupled to shrinking-core, particle break-up and
elemental sulphur morphology, to explain the observed kinetics. Warren
Wadsworth and El-Raghy(86) used electrochemical theory to explain the
anodic dissolution of chalcopyrite in sulphuric acid. Hillrichs,
Grenlich and Bertram(87) investigated the electrochemical dissolution

of copper and copper-iron sulphide ores in sulphuric acid, by means of
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eyelic voltammetyy. They interpreted their tresults in terms of the
formation/dissolution kinetics of metastable surface layers. It scems
gignificant that, in the Proceedings of the 3rd International Symposium
oa Hydrometallurgy (ref. 85 - 88), there are no papers which atﬁempt to
explain the kinetics of metal sulphide dissolution in terms of adsorption-
desorption theories. Indeed, Wadsworth(88) gives, among others, the
leaching of sulphide minerals as an example of electrochemical processes

‘mportant in hydrometallurgy.

1.3 Scope of the present study

As reserves of high-grade base metal ores diminish and air pollutien

controls become atricter, manufacturers of base metals will probably be

forced to consider hydrometallurgical processes. One such pracess‘iﬁ
oxidative leaching of the low-grade {(i.e. high iron) sulphides in sul-
phuriec acid. This process has been examined previously (77, ?8, 80, 81,
82, 83), but not in terms of the basic rate mechanism. Oxidative leach-
ing decomposes wetal sulphides as follows: ‘ ‘
ws o+ M o+ 8% 2o

Some of the oxidants reported in the literature are nitric acid, oxygen,
ferric chloride wnd ferric sulphate. (The latter two being used in acid
solution). Whatever the oxidant, the leaching solution will always con-
tain dissolved iron, if iron-bearing sulphides are leached. 1In acid
solution, ferric sulphate reacts with binary metal sulphideé as follows:

> 1 o -l N3 g ' 0
M5 4 }Lz(QQ&)B }:-iSrI)‘,4 ¥ zkeso& + 8

(M = nickel, copper, cobalt, iron, etc.)

In oxygen pressure leaching the ferrous ivon is re-oxidised to ferric

iron as follows(78):

EFaSOQ + 40, + H

~ e S
’ 80,  Te,(80,), + R0

2

Therefore, in simple ferric sulphate leaching, and in oxygen pressure

leaching of low-grade sulphides, ferric sulphate plays an important part.
An understanding of the mechanism of ferric sulphate dissolution of low-
grade sulphide would be of great value if these processes were to become

commercially significant., A reaction rate model, based on the correct
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fundamental reaction mechanism, would facilitate accurate process de-
sipgn of full gcale plant, and would thus be of great value,
Accordingly, this work is & study of the dissolution of a low
grade matte in acid ferric sulphate solution. The overall onjective
of this study was to gain a fundamental underscanding of the above
leaching system, which wmay pave the way to fundamental understanding
of wore complex leaching systewms, for example oxygen pressure leaching

of aulphides in selpburic acid, in the praesence of fervic sulphate.

1.4 Criteria for & wmathemstical model

i @ wathematical model of a leaching process is to be a useful tool for

full~scale process design, it wmust sccount for the following factors:

a}  Miperalogy and physical characteristics of the feed;
The minerals present in the feed materia) must be known. The
faed particle size distribution must be known, along with the
distribution of the various minerals between the particle sizes.
The model must use thiz inforwmation as input data, and must be

#ble to simulate the simultaneous leaching of different minerals.

b}  Reaction mechanism:
The leaching medel must be based on the correct fundamental
veaction mechaniem, which must predict the effects of changes
i the leaching solution on the leaching rate, The appropriate
rate~controlling step should be used,

Surface area change during leaching:

i3
Hgl™

The efffect of changing mineral surface area on the leaching
rate sust be predicted correctiy.

d)  Process design vaviables:
Tha model ghould be capable of accounting for the effects of
variables such as temperature and agitation on the leaching

rates.

The objective of this work was to produce a fundamentally sound mathe-
matical model of the leaching of low-grade matte particles in acid

ferric sulphate solution, which satisfies the above criteria.
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2. CXPERIMENTAL

Description of matte

P
—

2.1.1 Minéralogy and chemical compesition

The matte wag divided into six fractions in a Warman cyclosizer.
Tables 2.1 and 2.2 give the composition and relative amounts of each
fraction. These six fractions were analysed by X-ray diffraction and
electron microprobe. The X~ray diffraction data are shown in Appendix
I.

The analyses revealed that the phases present in the matte were an
iron-nickel alloy (metallic), troilite (Fe¢S), a copper-iron sulphide
and magnetite. The semi-quantitative analyses of these phases by elec-
trom micvoprobe are given in Table 2.3. In addition, detailed image
analysis was used to find the quantitative amounts of each phase present
in each size fraction. The results of this are given in Table 2.4. It
was not possible to separate the copper-iron sulphide and the magnetite
by image analysis, because they are optically very similar. Fortunate-.
ly, however, it is not necessary to do so, because the data in Table 2.3
shows that no nickel is present in the magnetite or the copper~iron
sulphide, no copper is present in the magnetite, and no cobalt in the
copper~iron sulphide. This means that the magnetite plus copper-iron
gulphide phase does not come into consideration for the leaching of
nickel, and can be taken as one mineral phase for the leaching of copper.
Magnetite is assumed to leach so slowly that it can be considered in-
soluble, thus the cobalt in the magnetite is taken to be insoluble as
well. The leachable iron in the magnetite plus copper-iron sulphide
is in the copper-iron sulphide only. The sulphide contains 16 per
cent iron and 55,5 per cent copper (Table 2.3), while the magnetite hasg
no copper. Thus all the copper is in the sulphide, and since the total
copper and the ratio of copper to iron is known, the iron in the sul-
phide can be calculated. _

Perry(23, page 3.13) gives the density of troilite as 4,84 g c:.mm3
and that of magnetite as 5,2 g cmmz. Perry also gives a density of
7,4 g cm~3 for an alloy containing 30 per cent nickel (Ni-Resist type
3, page 23.38). This is roughly the amount of nickel in the alloy
phase in the matte, thus the value of 7,4 g c:m“3 was taken as the
density of this alloy. The magnetite plus copper-.con sulphide phase

was assumed to have the same density as pure magnetite. Since the
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TABLE 2.1

Low grade matte 1 Chemlcal composition

Composition, wass %
fraction
Hi Cu Co Fa
1 1,88 2,73 0,12 56,0
2 2,77 2,17 0,14 58,3
3 3,02 2,01 0,15 58,0
4 3,10 1,84 0,18 58,1
5 3,40 1,76 0,18 58,6
6 5,12 1,94 0,25 59,3
TABLE 2.2
Low grade matte : Partlcle size distributlon
Fraotlon Partlcle slze, microns Hass %
1 less thaa 7,1 26,49
2 7,1 to 9,3 3,67
3 9,3 to 13,7 8,57
b 13,7 to 19,1 8,37
5 19,1 to 24,5 9,13
6 greater than 24,5 45,77

TABLL 2.3

Elsotron microprobe analysis of the matte phases

Composition, mass %
Phase

Fe Hi Co Cy
Fe-ii alloy S5k 3343 2,5-2,8 g,3~1,2
Troflite 59-52 0,3-1,9 | 0,4-1,1 0,2-1,5
Cu, Fe sulphide 13-19 0 0 51-60
Hagnetite 70-71 0 0,7-0,8 0

TABLE 2.4

Voluma proportions of each phase in matte size fractions

Volumetrie Proportions, %
Fraction
ot Cu-Fe sulphlde
Fe<Hl alloy Trotlite and magnetite
1 0,4 66,3 33,4
2 1,8 88,9 9.5
3 1,3 91,6 7,1
4 2,4 92,6 5,1
5 2,8 92,9 4,3
3 6,0 90,1 3,9




3
e - : N e : s -3, o
densities of chalcopyrite (CuFes,, 4,1 -4,3 » cm ) and bornite

£

(CuSFQSQ, 4,9 =~ 5,4 g Cm‘j3 range around that of magnetite(2%) this ig
a4 reasonable assumption.

Using the above densities, the measured volumetric phase propor-
tions shown in Table 2.4 can be converted to mass proportions, which
are shown in Table 2.5, Now, since the mass proportion of the various
phases have been calculated, and composition ranges for nickel, copper,
cobalt and iron for each phase have been measured, values inside these
ranges can be assigned to the nickel, copper, cobalt and iron content
aof each phase. This is done by searching for the set of values for
the nickel, copper, cobalt and iron content of each phase, within the
measured ranges, that best predicts the overall compusitvion of each size
fraction. One wavy of performing this search is to definean errer func-
tion as the sum of the squared differences between the measuved and
calculated overall compositions of the different matte size fractions.
The calculated oversll compositiocns are found by using the mass phase
proportions in Table 2.5, and the current values of nickel, copper,
cobalt or iron composition of each phase, The first and second partial
derivatives of the ervor function, with respect to the nickel, copper,
cobalt or iron composition of each phase ave then used to find the
minimum squared difference between calculated and measured overall com—
positions. At this minimum, all the partial first derivatives are zero,
and all the partial second derivatives are positive.

A Fortran V computer programme was written to do the above search,
and solved on an Eclipse 3250 computer., The programme is shown in
Appendix IX. Once the nickel, copper cobalt and iron compositions were
found, the programme calculated the per cent distribution of nickel,
copper, cobalt or iron in the varvious phases. The print-outs of these
calculations are shown in Appendix I, and the calculated proportions in
each phase are given in Tables 2.6 to 2.9. The leachable iron in the
magnetite plus copper~iron sulphids phase is the iron associated with

the copper in the copper~iron sulphide,
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TABLE 2.5

Hass proportlons of each phase in the matte slze fractions

Mass Proportions, %

Fraction
— e At & ‘ : Cu-Fe sulphlde
Fe.til alloy Troilite and magnetite
1 2,6 64,6 34,8
3 2,0 90,5 7.2
&f 33‘5 ?1’(} E,:
; 6 3,*32 57,1 ‘ {4‘»3{}
|
|
20




TABLE 2.6

Proportlions of nickel in matte phases

Proportions, % of total in fraction
Fraction imene - -
Cu~Fe sulphide
Fe-HL allev Trollite | and magnecite
1 16,5 . 83,5 0
2 38,8 63,2 ﬁ ¢
3 32,0 68,0 0
4 45,7 56,3 ~ 0
3 494 50,6 i 0
& £8,5 31,5 0
TABLE 2.7

Proporclons of copper In matte phaszes

Proportlons, % of total In fraction
Fraction
Cu-Fe sulphlde
Fe-ti alloy Trollite and magnetite

1 0,2 33,22 66,53
2 1,52 69,14 29,34
3 1,33 L 75,03 23,24
4 2,53 79,80 17,62
5 3,02 81,96 15,02
G 6,53 79,84 13,63
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TABLE 2.8

Proportions of cobalt in matte phases

Proportions, % of total in fraction
Fractlon

Cu-Fe sulphlde
fe-Hl alloy Trollite and magnetite

1 8,24 59,07 32,69

2 27,16 69,27 7557

3 23,23 70,78 5,99

5 38,11 60,25 3,64

5 39,88 57,23 2,89

& 34,66 38,68 1,66

TABLE 2.9

Proportions of iron In matte phases

Proportions, % of total in fraction

| cu-Fe sulphide and magnetite

Fraction
Fa-til alloy Troflite Soluble Trsoluble

0,67 68,20 1,88 29,25
2 2,58 88,83 0,52 §,07
3 2,14 9] b4 0,39 6,03
4 3,84 91,55 0,28 b, 33
5 4,48 91,69 0,23 3,60
6 9,45 87,16 0,20 3,19




2.1.4 Particle size distribution

i

A Leeds and Northrup Micretrac particle size analyser vas used Lo
seasure the particle size qistribution of four samples of the matte.
The average of these four distributions is shown in Figure 2.1, and
rhe individual results are given in Appendix L. The average particle
size distribution from the microtrac results differs from that obtained
from the Warman cyclosizer (Table 7.23 . The microtrac measuras indi-
yidual particle sizes optically (i.e., a laser beam), while the cyclo-
sizer separates particles of differing sizc or density by means of
hydrocyelones. Since these Lwo technigques use such different methods
of particle size measurement, one may expect them to yleld gomewhat
different results.

the microtrac results span a larger part of the total matte than
the cyclosizer tesulcs, therefore the wicrotrae particle size analysis
was used, Because the mineral proportions in the matte change with in-
creaging particle size, and this change was measured in the six size
fractions from the cyclosizer, these size fractions were assigned size
ranges by projecting the cumilative cyclosizer par cent undersize
values onto the microtrac curve, and reading off the corresponding
particle sizes. The cyelosizer fractions 1 and 6, which account for
shout 24 and 46 per cent of the matte respectively, were subdivided
{nto smaller fractions using the microtrac gize distribution curve.

The final "average size' fractions used Lo represent the matte sre as

follows:

particle size, microns Mags % Remarks

Lower  Upper Averages

0 2,8 2,4 6,83 'L

2,8 3,9 3,3 65,80 Cyclosizer fraction 1
3,9 5,6 4,6 10,86 J
5,6 6,5 5,7 3,67 Cyclosizer fraction 2
6,5 9,0 7,1 8,57 Cyclosizer fraction 3
9,0 12,5 10,1 8,37 Cyclosizer fraction &
12,5 16,0 13,9 9,13 Cyclosizer fraction 5
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particle size, microns Mass % Remarks

Lower Upper Average
16 22 18,8 7,70
22 31 26,1 8,38
31 44 36,9 13,08
44 62 522 5,05 Cyclosizer fraction 6
62 88 73,9 6,55
88 176 103 5.0%

The mineral proportions for each sice range were assigned according to
the measurements done on gach ecyclosizer fraction, as described pre~

viously.

21.3 Physical appearante

Plates I and 11 are shotomicrograyhy of the matte, The whitish areas
in the particles are the iren-nickel alloy, the light grey aress are
eroilite {iron sulphide) and the dark srev areas are magnedite plus a
copper-iron sulphide.

plate 1 shows micrographs of the coavse fraction (cyclosizer
fraction £) of the matte., The ma jor phase present is the troilite,
with the alley and copper, iren sulphide plus magnetite phases present
as inclusions in the troilit:. The alloy inclusions vary in size, but
they are only rarely much gmaller than the troilite grains in which they
reside. In most cases, the alloy is not encapsulated in the troilite.
Not all of the troilite grains contain allov. The copper, iron sulphide
plus magnetite phase ovcurs as very small inclusions in the troilite
grains, mostly fully enclosed., Again, not all of the troilite grains
contain these inclusions.

Plate 11 shows cyclosizer fractions 5 and 1 at higher magnifica~
tion than plate 1, Where a particle in fraction 9 contains alloy, the
alloy grain is of similar size to the particle, and is not encapsulated
in the troilite. The copper-iron sulphide plus magnetite phase occurs
as inclusions in the troilite, which are wostlv not tully encapsulated
in the troilite. Only some of the troilite grains contain inclusions of
the other phases. In fraction 2 the phases appeat to be of similar

gize, and exposed in those grains which contain more than one phase.
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In the micrographs in plates I and 1I, the particles have irre-
gularly rounded shapes. Needles or flat-plate types of particle shapes

are not evident in the matte.

2.1.4 Degree of liberation of sulphide phases from alloy phase

The miccographs n plates 1 and 11 show that, altbough the alloy does
not occur as separate particles, the gulphide grains do not all con-
tain alloy inclusions. To obtain a rough idea of the amount of the
sulphide containing alloy {nclusions, consider a large rumber of matte
particles, some of which contain alloy inclusions, others of which do

not. The following rough calculation can be made:

Total number of particles present . H
Number of particles containing alloy E
Particles containing alloy: voluge fracvion alloy: X%

¥

»,
o

Overall volume fraction alloy (whole sample) :

The overall volum fraction of alloy is gpiven by

Therefore: n /N s ®/x = fraction of particles containing alloy.
The fraction of the sulphide in the mixed particles is given by:

a {1 - . . . . .
2 Ll x) fraction of sulphide associated with

-3

alloy inclusions,

Now consider the different cyclosizer -fractions of matte. Fraction b
(coarsest fraction) comprises about 46 per cent of the mstte, and con-
tains 6,0 per cent by volume of alley. Examination of plate 1 shows
that most of the alloy is present in this fraction as inclusiong occu-
pying roughly between one half and one fifth of the individual particle

volumes. In terms of the above derivation, this gives:

x = 0,5 to 0,2

X = 0,06
Thus n/N = 0,12 to 0,30
and F = 0,06 to 0,24
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As a check on this calculation, 8 polished section of ryclosizer
fraction O was studied under a microscope, and individual particles
were counted. Of the 332 particles counted, 91 contained vigible alloy
inclusions. This translates into a value of 0,27 for the fraction n /H
abeove, which is within the calculated range.

reaminaticn of plate 11 shows that, for cyclosizer fraction 5, the
volume of alloy, im those grains containing alloy, is roughly between
507 and 80% of che particle yolume., For fraction 2, these proportions
spem to be roughly rhe same as for fraction 5, thus it can safely be
asgsumed that they hold for Eractions 5 to 1.

Using these assumptions, and the above procedure, the following

qumbers can be caleulsated for 7B cyclosizer fraction:

| Fraction 1 |
mber | W % % Sulphide associated with alloy

6 b ,77 6 to 24

5 9,13 0,7 to 2,8
4 8,37 | 0,6 to 2,4
3 8,57 0,3 tn 1,3
2 3,67 0,4 to 1,6
1 24,49 0,1 to 0,4

gummation over the gix fractions of the mass per cent of each fraction,
times the per cent sulphide asgsociated with alloy in the fractiom, K
gives the amount of troilite associated with alloy in the total matte.
This yields a value of betwesan 2,9 per cent and 11,7 per cent, which
means that at least 88 per cent of the sulphide in the matte is not
agsociated with alloy, i,e., is "fully 1iberated" from the alloy, in

terms of galvanic interaction (See gection 4.1.(d)).

7.2 Leaching of matte

2.2.1 teaching apparatus

The leaching experiments were conducted in a two litre, flat bottom,

cylindrical, flanged, glass reaction vessel. Figure 2.2(a) is a
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diagram of the reaction vessel and its internals. The vessel was
equipped with a flat stainless steel 1id, with one central port, and
elght other ports in a cirele arcund the central one. Agitatlon was
supplied by a stainless steel flat four-bladed turbine, driven via
a flexible drive cable by a varlable speed electric motor. The
vessel internals consisted of a perspex baffle, a thermometer and a
sampling tube. A nitrogen purge was supplied from a high pressure
cylinder, via a pressure regulator and a rotameter, through the
sampling tube. The vessel was vented through a condenser. The re-
action vessel was heatec In an 0il bath, and the heater In the oll
bath was controlled by a contact thermometer.

For the leaches during which potential measurements were taken,
a luggin probe, a platinum electrode, and two other electrodes, made
from fresh matte and leached reslidue respectively, were inserted In
the reactor. A saturated calomel electrode (8.C.E.) was connected to
the luggin probe, as shown In figure 2.2(b). Potentials were re-

corded on two Leeds and Horthrup Speedomax Two pen chart recorders.

2.2.2 HMatte and residue plectrodes

The fresh matte and leached residue electrodes were made by compress-
ing about one gram of matte or residue at a pressure of 7,5 tonnes/
emz in a Paul Weber KBr die and press, A wire was fixed to the re-
sulting disc by a silver-bearing conducting epoxy resin (ECCOBOND

v 91, Emerson and Cuming Europe MV). Once this resin had set, the
disc was suspended above a high temperature resin (ARALDITE CW218)
inside an evacuated glass vessel, then lowered into the resin. Once
the disc was fully immersed in the resin, the vacuum was broken, The
dise was left in the resln for a few minutes to allow the resin to
penetrate as far as possible into the pores of the disc., Before the
resin set, the disc was removed and mounted in a teflon holder. The
electrode was then cured at about 90 degrees C in an oven for two
hours. Once cured, the electrode face was ground with emery paper
(1000 grit) on a polishing wheel, to expose the mineral surtace.

The electrode plus holder were then fixed to a second long holder
using the same hlgh temperature epoxy a3 before and agaln cured at
about 90°C for two hours. The electrode was then ready for use.

Figure 2.3 shows a sketch of this type of electrode.
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2.2.3 Leach solution

For each group of leaching experiments, a4 sufficlent quantity of
fresh leach solution was made up and kept in a large closed glass
bottle. Leach solution for each experiment was taken from this
bottle when required, thus a glven group of leach runs used exactly
the same starting solution.

The leaching solutior was made up by dissolving ferric sulphate
powder (A.R. grade) In delonised water, and adding concentrated sul-
phuric acld (98 per cent HESGQ) to ald the dls. ‘lution of the ferric
sulphate. The solutlon contained approximately 100 grams per litre
of FeB*, and about 90 grems per litre of Hgﬁﬁﬁ‘

2.2.4 Leaching procedure

For each leaching experiment, 1,5 litres of the ferric sulphate
solution was poured into the leaching vessel, and the vessel was

put into the oil bath. The stirrer drive was connected to the lm-
peller shaft, and the cordenser to the vessel lid. Cold liquid was
drawn up the luggln probe to cover the tip of the reference electrode,
by vacuum, (Where potentlal was not recorded, this last step was ob-
viously net done.) The oll bath heater and the leach vessel stirrer
were switched on, and coollng water flow to the condenser and the
nitrogen purge were startexd. When the temperature of the leach solu-
tion had stabilised al 90°C, the leach was started. Ten grams of
matte was welghed out on waxed welghing paper, to within + 0,01

grams accuracy, on an electronic balance. Thls matte was poured

from the welghing paper into the leach vessel. It took about five to
ten seconds to pour all the matte into the leach vessel. When poten-
tial was to be measured, the matte and residue electrodes were in-
serted Into the solutlion immediately after the matte was poured into
the reactor. Time zero was taken as the start of pouring the matte
into the vessel. Samples were drawn through the sampling tube into

a small sample holder by vacuum, then filtered under pressure in a
small stainless steel pressure filter, using 0,2 micron filter mem-
branes. Solids from the Filter were comblned for assay for the
overall material balance. The filtered liquid samples were cooled

and their volumes were recorded. The sampling tube was kept clear
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of liquid between sampling by means of the nitrogen purge, thus dead
volume in the sampling tube was avoided. Samples were taken at six,
fifteen, thirty and sixty minutes aftoer the start of leaching, and
theveafter at hourly intervals to the end of the leach - usually a
total time of seven hours. After each sample, the small pressure
filter was thoroughly rinsed with deionised water, then dried. The
washings were collected, the total volume recorded, and assayed for
inclusion in the overall material balance.

On completion of the leaching experiment, the leach vessel was
removed from the oll bath, and the contents were Filtered hot in a
larger rubber-lined pressure filter, using Whatman no. 542 filter
paper as the filter medium. The leach vessel and internals were
thoroughly rinsed with deionised water. The wash water from this
rinse was filtered and kept for analvsis. The golids from the rinse
were combined with the solids from the leach solution. This lsach
residue was washed by three displacement washes of deionised water in
the pressure filter, then dried and weighed fov analysis. The dis~
placement wash water was combined with the vessal rinse water forvr
analysis.

2.2.5 Sample analysis

The leach solutiou samples taken during and after the leaches were
analysed for fervous iran by titration with potassium dichromate.
Analysis of the leach solutions for nickel, copper, cobalt, total iron
and sulphate was done by inductively couples plasma atomic emission
spectrometry ([CP-AES). Wash water samples were analysed for nickel,
coppar, cobalt and total iron in the same way,

Solid samples were fused with sodium peroxide, dissolved and

analysed by ICP-AES, as for the liquid samples,

2.2.6 Calculation of extractions during leaching

a) Ni, Cu, Co
The extraction of Ni, Cu and Co during any given leach were cal-

culated as follows:



i)} Overall extraction = X

vf(c.f - Li)

X w
v.{C. - C,} + R
i< f x} *
Where: Vf = Volume of pregnant liquor out, litres

C. = Concentration of Ni, Cu, or Co in pregnant
liquor, mg/l

¢. = Concentration of Ni, Cu or Co in initial
leach liquor, wgp/l

R = Mass of Ni, Cu or Co in the solid residue

filtered from the pregnant liquor, mg.

11} Extractions = w{t)
X{e(e?
x{t} = e
{\7‘{ - {0}
Where: C{r)Y = (Coencentration of Ni, Cu or Co in the sample

taken at Lime t, mp/l

b) Fe

ince the initial total iren concentration in the leach solution

o

was much hicher than the change in total iron concentration during
leaching, the above method could not be used to calcuiate the iron ex-
traction 2o time curves, Instead, these curves were calculated from
the ferrnas iron conventrations, which chanpged sufficiently during
leaching for accurate calculations to be possible.

The legohing reaction involved is:

. . . b 24 Ty 0
Sulphide: M+ JFe » M 4 2Fe” 4 8
e 34 24 gy 2%
Alloy oM +  IFe » M v dte
Where:r Moo= Ki, Cu, Co or Fe

Thus, for every mole of M leached, two moles of fervie jons are reduced
to ferrous ions, Unee the extractiens of Ni, Cu and Co have been found,
the amount of ferrous ions gencrated by the dissolution of Ni, Cu and Co
can be caleulated and subtracted frow the total amount of ferrous ions
penerated by the dissolution of Ni, Cu, Co and Fe. The difference is

the amount of ferrous ions generated by dissolution of iron =~ for each
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mole of iron leached, three moles of ferrous icns appear in the solu-
tion. This enables the accurate calculation of the amount of iron
dissolved, and thus the iron extraction can be calculated similarly to

the extractions of Ni, Cu and Co.

2.2.7 Leaching conditiouns
a) Temperature, pressure and stirrer gpeed

All the leaches were done under atmospheric pressure, at a stirrer
speed of BOO r.p.m. Leaches were done at 90°C, $2°C, 28°C and 25°C.
The upper two temperatures were constant te within + 0,5°C, and the

lower two were constant to + 1°C.

b)  Imitial solution compesition

The initial leaching solution compositious are summarised in Table 2.10.
The first three leaches were done to chaeck the reproducibility of the
leaching results. The next three leaches tested the effect on leaching
rates of ferrous iron concentration, and the following two were run in
order to measure the potentials of electrodes made from fresh matte and
leached residue, during leaching. The last three leaches were perform-

ed to investigate the effact of temperature on the leaching rates.

2.3 Mpagurement of solution redox potential

2.3.1 Apparatus

The eyuipment used for the measurement of the solution redox potential
wag the same as Chat used [or the leaching experiments, The leach
vessel was fitted with a platinum electrode i1n the hot solution, and
the reference gaturated calomel electrode and luggin nrobe, as shown
in Figure 2.2, The potential difference between these two electrodes

was measuved with a high~impedance voltmeter,

2.3.2 Procedure

a) Measurement at 90°C

Two experiments were done, both starting with solution of the same com~
position as that used in leaches 1 to 5. The initial solution - 1,5

litres - was heated to 90°C in the leach vessel, in the same way as for
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TABLE 2.10

Inicial leaching solution compositions

Leach Concentration, mg/l Concentration, g/l

number 2, . -
Hi Cu Co Fe Fe SOQ

1 22 1 5 0 101,2

2 22,8 1,92 4, 90 0 102,7

3 22,8 1,58 4,99 0 101,3

& 31,1 1,46 G, 43 6,94 102,9

5 33,7 3,75 7,61 18,692 96,6

6 37,8 4,33 9,14 33,63 126,¢9
K2 33,7 1,642 7,80 0,03 99,8 292
5 33,7 1,42 7,80 0,03 99,8 292
g 11,9 1,33 2,82 0 118,0 355
10 12,4 2,24 3,15 0 118,0 355
11 8,2 1,21 2,02 0 101,0 300




the leaching experiments. In the first experiment (Experiment A),
solid ferrous sulphate (FQSOQ-YﬂEOB, of A.R. grade, was added in in-
crements to the hot solution. In the second experiment (Experiment BJ,
finely powdered elemental iron was used, instead of ferrous sulphate.
After each addition of iron or fevrrous sulphate, the solution potential
was allowed to stabilise, and was then recorded, and a liquid sample
was withdrawn for analysis. In the experiment which used irvon powder,
the liquid samples were immediately filtered in the small stainless
steel pressure filter, to remove any traces of iron particles which may

have still been slowly dissolviag.

b) Measurement at 22°C

A set of eighteen solutions was made up, using ferrous and ferric sul-
phate (A.R. grade) and sulphuric acid. The compositions of these
solutions is given in Appendix I11. Redox potentials were measured by
dipping the platinum and reference (calomel) electrode into the various
solutions and waiting till the voltmeter reading stabilised before
noting the potential. Toprevent distortion ef the solution compositions,
the electrodes were rinsed in deienised water and dried before being
placed in the next solution  The solution temperatureg were all 22°C

during these measurements.
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2.4 Electrochemical measurement of matte leaching rate
as a functiorn of potential

2.4.1 Apparatus

The same leaching vessel was used as for the leaching experiments.

A new matte electrode was made for this experiment. Three elec-
trodes were used, i.e. the matte electrode as the working electrode,
the platinum electrode as a counter electrode, and the saturated
calomel electrode as the reference electrode., For this experiment,
a new luggin probe was made. The matte electrode face rested on

the tip of this new luggln probe., Filgure 2.4 shows a sketch of this
probe. The electrodes were connected to a potentiostat., The
potentiostat could apply any required potential, relative to the
reference electrode, to the working electrode, and was equipped with
an ammeter for the measurement of the current passing to the working
electrode. Flgure 2.5 Is a diagram of the experimental set-up.

24,2 Procedure

A 1,5 litre seolution was made up, contalning 380 grams per litre of
sodlum sulphate, and 67 grams per litre of sulphuric acid. This
solution was heated In the lesch vessel in the same way as at the
start of the leach experiments. Once the solution temperature had
stabilised at 90%C, the siirrer was switched off, the electrode was
inserted into the solution, and a current of about 10 milliamps was
passed through the electrode for about an hour, to remove the alloy
fraction from the clectrode face. Mext, the matte electrode poten-
tial, relative to the reference electrode, was brought to 250 mV
and the current was allowed to stabllise, then recorded. The matte
electrode potentlal was then Increased by 50 milllvolts, the current
was allowed to stabillse and was then recorded. This procedure was
repeated up to a measured electrode potential of 650 mlllivolts.
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3. RESULTS
3.1 Leaching of matte

The results of the leaching experiments are summarised in Figure
3.1. The full results, including material balances for the leaching
experiments, are given in Appendix TI.

Figure 3.1 shows typical extraction bé. time curves for the
leaching of the base metals, as well as potentials recorded during
leaching. The extraction of a metal from the matte is defined as
follows:

X Amount of M dissolved from matte
M = Amount of M in original unleached matte

where XM is the extraction of metal M, and M is nickel, copper,
cobalt, or iron,

Figure 3.1(a) and (b) shows the results of leaches 1 to 3 for
nickel and iron. These leaches used the same experimental condi-
tions, thus these results show the degree of reproducibility obtain-
ed in the leaching experiments. Similar results were obtained for
copper and cobalt. The maximum difference between extraction QA.
time curves for iron is 0,05. The curves for nickel and copper
differ by 0,05 or less, except for one point, at fifteen minutes
after the start of leaching. The differences at this point are less
than 0,06. The curves for copper differ by more than 0,05 at two
points only, at fifteen minutes and five hours after the start of
leaching, the differences in this case being 0,07 at fifteen minutes
and 0,06 at five hours after the start of leaching.

Figure 3.1(c) and (d) shows the effect on the leaching rates of
the addition of ferrous lons to the leaching solution prior to the
start of the leach, for nickel and iron. Leach 3 had no ferrous
lons added to the inltial leach solution. Leaches 4, 5 and 6 had
increasing amounts of ferrous ions added to the initial solution,
as follows:

Leach no. Initial Fe®t concentration, g/l
3 0
43 6,9
5 18,7
6 33
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The curves obtained for copper and cobalt are similar to those
for nickel and irorn.

Figure 3.1(¢) and (f) shows the potentials recorded during
leaches 7 and 8, uslig a platinum {redox), a matte and o leached
residue electrode {as described in section 2.2.2). 1In leach 7 the
matte electrode was new, and leach 4 used the same matte electrode
a second time., The resldue electrode was used only once, for leach
8, The redox, matte and residue electrode potentlals were all
measured against the saturateq calomel reference electrode. The

potentials are all In millivelts.

3.2 Measurement of sclutfon redox poteptial

Figyure 3.2 summarises the results of the experiments done at 90°C to
measure the solution redoa petential as a Tunction of total ferrous
and ferric iron concentrations in the solution. In experiment A,
ferrous lons were supplled by the addition of solid ferrous sulphate
to the solution, thus keeping a constant ferric concentration. In
experiment B, the ratlo of ferrous to ferric lron was changed by the
addition of powdersd elemental iron, thus raising the ferrous and
lowering the ferric concentrations by the following reaction:

3+ b

2Fe + Fe + e

Thus the total sulphate concentratlon remained constant during
experiment 8,
Tabulated results of these two experlments are alven in Appendix

IT1, aloog with the resultas of the measurements done at 22°C.,

3.3 Electrochemical measurement of the matte leaching rate

as a functlon of potential

The results of the measurement of the steady-state current-potential
curve of a matte electrode are tabulated in Appendix IV, and
summarised in Figure 3.3.

In Figure 3.3 the symbols represent experimental data points,
and the solid line represents a function of the form:

i = Aexp (b E)

A,b = constants
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The electrode surface potentlil was calculated by:
E s V1R

Wiere: ¥ measured milllivolts

1

i

measured milliamps

=
i1

electrode resistance - 0,150
The values of the constarts A and B were found to be:

A = 0,019 mh
8 = 0,013 mv !

3.4 Deportment of sulphur

a) Mineralogy

A sample of leach residue from leach 7 (90°C) was analysed by X-rsy
diffraction, The vesidue was found to contain elemental sulphur,
magnetite and treilite. Plats II1 is & photomicrograph of the resgi-
due. The black rounded shapes are  vthorhembic sulphur. The white
particle ingide a salphur particle is troilite. Ssall grains of
troilite, with a wean diameter of about !5 microns, occurred in some
of *he sulphur particles. These grains were clearly visible but were
mostly occluded by the sulphur. From plate III, the interface between

the elemental sulphur and the troilite seems to be clearly defined.

b) Sulphur analysis

Samples of frech matte and leach residue from leach § (52°C) were
analysced for total sulphur. The leach residue was also analysed for

evlemental sulphur, The results were as follows (mass %)

Total = Elemental §
Fresh matte ; 30,47
Leach residue : 39,8% 13,42

A sulphur balance over leach 9 can be calculated using the fresh
matte and leach residue iron and total sulphur assays. The iron

analyses were:
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Fresh tatte : 29,30 (mass)

Leach roesidue : 49,77 {mass).

The overall iron oatraction was 44,475, Therefore, asgssuming an ini-

tial amount of matle of 10 grams gives:

Total iron into leach : 10.0,593 = 5,93 grams
Therefore iron remaining in residue: 5,93(1 = 0,444) = 3,30 grams
Therefore mass of leach residue : 3,30/0,497 = f,.63 grams
Total sulphur iute leach : 10.0, 304 = 3,04 grams
Total sulphur ex leach : 65,63.0,168 = 2,64 grams
Therefore sulphur lost during leach: 3,052,604 = 0,40 grams
Elemental sulphur ex leach : 6.63-0,134 = .89 grams

Thus the percentage of reacted suiphur converted to elemental sulphur

ok
%8 » 5 = 100,0,89 /(089 + 0,4)

= 597

3.5 Effect of temperature on leaching rates

Figure 3.4 shows the extraction ve time curves obtained for leaches
7 (90°C), 9 (52°C), 11 (287°C) and 10 (25°C). The cobalt and copper
leaching curves are similar. As the leaching temperature decreased

from 20°C, there was a dramatic decrease in the leaching rates.
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4, THEORETICAL MODELLING OF THE EXPERIMENTAL RESULTS

4,1 Leaching of matte

Levenspiel(39) describes a good engineering model as one which gives
the closest representation of reality without excessive mathematical
complexity., The mathematical wodel used to describe the leaching
results presented in this thesis must account for twe aspects of the
leaching, namely the behaviour of the reactants during leaching and
the nature of the reaction between the leaching sclution and the solid

particles.

a)  Behaviour of the solids during leaching:

Levenspiel(39) presents two ideallsed models for the noncatalytic
reaction of particles with a surrounding fluid. These are the
“progressive conversion” and the "unreacted core'” wmodels. The
"prograessive conversion' model assumes that the fluid enters and
reacts throughout the particle at all times, not necessarily at

a uniform rate throughout the particle, This means that solid
reactant {8 converted throughout the particle, and that there is no
interface between the veactant and any reactiocu products. For the
"unreacted core' model, the assumption is made that reaction ocours
first at the outer skin of the particle. The reaction zone then
moves oto the solid, leaving behind any solid veaction products
and inert material, In this model there is a sharp interface be-
tween the solid reactant and anvy solid reaction products, and a
core of unreacted material which shrinks in size as the reaction

proceeds. In the "unreacted cove' wodel, the rate of reaction may
be controlled by diffusion of fluid reactants ov products to or
from the reacting interface, or by the reaction at the interface,
In the case of diffusgion control, the rate may be controlled either
by diffusion througnh a reaction product layer, ov by diffusion to
or from the bulk Fluild.

A variation of the above "unreacted core'" model is the
"shrinking particle” model, which is the same as the "unreacted
core” (or "shrinking core'") model, except that any reaction products
formed do not forw a layer avound the unreacted solids - instead,

they either flake off the main particle, or are formed as fluid
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products, which then form part of the bulk fluid, In the case of
chemical reaction at the reaction interface being the rate limiting
step, the "shrinking particle” and the "shrinking core” models are
mathematically identical,

In section 3 (experimental results), plate LIl shows a photo-
micrograph of leached residue particles, There is a clearly defined
interface between the unreacted material and the solid reaction
product, thus the “shrinking particle" or the "shrinking core" models
described above would seem to be the mest reasopable description of
the solids behaviour during leaching. Figure 3.4 of secticn 3 shows
that the affect of temperature on the leaching rates is large, thus
the essumption can be made that the rates sre controlled by chemical
reaction and not by any form of diffusion, and therefore the "shrink-
ing core” and "shrinking particle"” models are mathematically identical
in this case. The assumption of chemical reaction as the rate-

controlling step will be further verified in section 5 of this thesis.

b)  Leaching reactions:

The propesed stoichiometry of the leaching reaction ist

. c o e P O
‘L) M5 4 Fa2x36&33 gﬁﬁé + EF@SG& + 8§

Y , . M .
i1y B o+ F&2€SQ&}3 d&@& # 2?330&

M = Ni, Cu, Co or Fe in the sulphide or metallic phase.

Reaction (i) above is the same as that given by Lowe(3) for pyvrho-
tite, and fits the experimental results, in thev elemeutal sulphur was
observed in the leach residue, and ferric fons were reduced to ferrous
iong during leaching.

A different stoiclometry for the leaching reactions could be:

1ii) MS o+ H,80, + NSO, + H,8

iv) M+ “28% + MSO, o+ H,

v) HyS 4 Fe,(80,), » Hy80, + 2Feso, o+ s°
vi) Hy + Fe,(80,), = H,50, + 2Feso,
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This reaction scheme is much less plausible than reactions (i) and
{ii) above, Nicol{40) presented experimental results for the non-
oxidative dissolution of FeS. As the mineral surface potential went
from -0,3 volts (va the saturated calomel electrode) to more positive
values, the reaction: Fed + M v 267 o HZS (reaction 6 in reference
40, with x = 0), decreased rapidly in rate, The open-cireuit non-
oxidativs dissolution of the iron sulphide was also found to be
strongly potential dependant, with the presence of oxidising agents
strongly reducing the dissolution rate.

The leaching reported ou in this thesis was done in strong ferric
sulphate (oxidising) solution, at potentials much more positive than
those used by Nicol. In view of this, reaction (iii) above does not
seem plausible,

ihe reaction: 2K + 2e ﬁg has & standard reduction poten~
tial of zero(18), thus at potentials negative to zero volts (v
standard hydrogen electrode) the above veaction will procesd as shown.
At potentials positive to zero, the reaction would proceed in the
reverse direction (if dissolved hydrogen were present in sclution).

In the leaching experiments done in thils work, the wmatte electrode
potential was always higher than +0,4 volts vs the saturated calomel
electrode, thus higher than +0,6 voits vs the standard hydrogen
electrade. Therefore resction (iv) above is extremely improbable, and

if no H,$ or H, ig generated, equations (v) and (vi) cannot occur.
; &

(c) Deportment of sulphur:

According to Krishnasivamy and Feurstenau(4l), :the general experience
in oxidative leaching of sulphide minerals is chat elemental sulphur
does form. and resists oxidation at potentials below 0,8 volts ve the
standard hydrogen electrode. Thermodynamically, though, elemental
sulphur is a non-~equilibrium species, the sulphate ion being the
thermodynamicallv stable reaction product. The production of elemental
sulphur instead of gulphate is due to slow sulphate-formation kinetics
(42).

In the leaches done for this thesis, the solution redox potential
(ugsed to approximate the sulphide surface potential) were above 0,8

volts (vs standard hydrogen electrede) for the first few minutes of
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leaching, and were ¢.use to 0,8 volts for the rest of the time. (See
Figure 3.1(e) and (f) =~ 550 millivolts va S.C.E. is approximately

0,79 volts vs standard hydrogen electrode). Thus one may expect ele-
mental sulphur to form, and also to be at least partially oxidised to
sulphate. If one assumes the rate-limiting step in the anodic disso~
lution of FeS to be (1,2) § - 57 4 ¢ , and that the elemental sulphur
so formed does not result in a rate-limiting diffusion barrier, then
the subsequent partial oxidation of the elemental sulphur to sulphate
must be assumed to have no effect on the rate of dissolution of the
FeS., The assumption that the elemental sulphur does not give rise to

a rate~limiting diffusion boundary will be re~examined in section 5.

d)  Galvanic interactions:

The alloy phase in the matte was found to be in intimate contact with
the treilite phase, but not all of the troilite phase was associated
with alloy. Dobos(18) Iists the following standard reduction poten~

tials of electrochemical reactions (at 25°C):

had s

o

1) FeS + 2e =+ Fe + § E” = -1,01 volts
i) Fel' 4 207 -+ pe E® = -0,441 volss
i) §° o+ 2¢” -+ &7 £9 = ~0,508 volts
iv),.ﬁig* + 2@ o+ Ni E® = ~0,250 volts

Adding equations (ii) and (iii) and subtracting equation (i) (along
with the various E° values), gives:

v re?t + 8% 4+ 27 4+ rpes E® = 0,06 volts
This means that, at potentials negative to 0,06 volts, rea. tion (v)
will proceed as written, from left to right. At potentials positive
to 0,06 volts, the rveaction will proceed in the reverse dirvection, i.e.
FeS deccmposing to give Fa2+ and 5° plus electrons,
According to equations (ii) and (iv), metallic nickel will decom=
pose to Ni2+ at potentials positive to -0,25 volts, and metallic iron

o

will decompose to Fe” at potentials positive to ~0,441 volts, relative
to the standard hydrogen electrode,
The major sulphide phase in the watte is troilite (FeS), and the

alloy consists mainly of nickel and iron. Because the standard
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reduction potentials of metalllc nickel and iron are appreciably more
negative than that of Fel, one may expect that, when & particle con-
taining alloy and troilite is placed in an oxidising enviromment (i.e.
a ferric sulphate solution), galvanic interaction bastween the metal
and the Fel will inhibit the dissolution of the FeS, until all the
metallic phase has dissolved. Obviously, if the particle does not
contain any of tlhe alloy phase, this will not occur, and the FeS will
begin dissolving as soon as it is placed in the oxidising solution,

Now, in section 2.1.4 1t was calculated that at least 28 per cent
of the sulphide phase in the matte was not associated with alloy phase.
This mesns that inhibition of FeS dissolution by galvanic interaction
with slloy can only affect about 12 per cent of the matte, which
greatly veduces its sffect on the overall Fe§S leaching rate. Consider
two equally large particles, one containing an alloy inclusion, the
other containing only FeS. Let these two particles be placed simui-
taneously into an oxidising solution, In the particle containing only
FaeS, the FeS will immediately begin to dissolve., In the other particle,
the Fe$ will not dissolve until all the alloy has dissolved. If,
howaver, the rate of alloy dissolution is much faster than the rate
of FeS dissolution, by the time that all the alloy has dissolved,
only a small part of the PeS in the other particle will have dissolved.
Now considey ten equally sized particles, only one of which countains
an alloy inclusion. By the same reasoning as above, the effect of
galvanic interaction in the alloy-containing particle on the overall
dissolution of the FeS will be an order of magnitude smaller than for
the alloy-bearing particle alone.

The above reasoning implies thst, in the case of the matte under
investigation, even though the alloy phase is not fully liberated from
the troilite phase, the effects of galvanic interaction between the
alloy and the troilite should be small. This assumption simplifies
the mathematical model needed to explain the leaching results, and
will thus be accepted at this stage. In section 5 (Application of
the theory to the experimental results) this assumption will be re~
examined in greater detail.

Obviously, in a different matte containing more alloy phase, the
assumption of negligible galvanic effects may not be valid. Howéver,,

where it is valid, this assumption allows the different phases in the

51




matte to be treated independently of one another, since all the phas-
es can be regarded as leaching siwmultaneously, each phase at its own

rate.

a) Effect of multiphase particles on the mineral surface area:

While a single phase troilite particle can be expected to show simple
shrinking core behaviour duving leaching, a particle of rroilite,
containing an alloy inclusion, way not do so., Galvanic interaction
will prevent dissolution of the troilite until all the alloy has dig-
solved, leaving & cavity in the troilite. This cavity may so change
the geometry that troilice leaching proceeds from within, as well as
on the outer surface of the particle. This would result in leaching
behaviour significantly different from that of the simple shrinking
core model, However, it was calculated previously (see sub.section
(c) above) that the effect of galvanic interaction should be small.
Therefore the effect of multiphase particles on the overall mineral
surface beahaviour during leaching should also be small, because wmost

of the troilite in the matte is not associated with alloy.

£)  Behaviour during leaching of as_oy surface area:

It can be seen from plates 1 and IT Sa section 2 that, in the alloy-
troilite particles, there is no obvious shape that can be considered
representative of the alloy particles. Consider the following two

idealised inclusion shapes:

i) Cylindrical

[nwww Solution

W ‘ D
FeS Q;//’ *iv\": Alloy
N _;;ﬁ;
NN

If the alloy inclusion were in the form of a cylinder, as shown above,
the surface area exposed to the leaching solution would remain con-
stant. Thus, assuming constant solution composition and surface re-
action rate control, the leaching rate would be independant of the

amount of alloy leached from the inclusionm.
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ii) Conical

(mmw Solution

If the inclusion were in the form of a cone, radius of base = r,

height = h, then the following would apply:

\ 2
The surface areag of ths base ¢ A = ur

The volume of the cone : u o= {ﬂfS)Yzh

The base radius and the height of the cone are related by:
</ o= Tan{8/2)

Thus : h = p/Tan(8/2)
Therefore volume: U = iwiB)rBJTan(efz)
Therefore : v = oar

(& = (=/3)/Tan(8/2)]
o143
(v/a)

5
B

Therefore

Thus, the surface area of the base of the cone is related to the cone

e

volume as Ffollows

A = wrz
Therefore : A - ﬂ(u/a)2f3
Therefore : A o a 2/3

[G' - “/a2/3j

Therefore, if the rate of leaching is proportional to the exposed

snrface;

dm
i ~KA K = some rate constant
m = metal in alloy phase

2/3

dm 2
e m =Kg'v

Then
Then T

In the case of a conical alloy inclusion, then the rate of leaching of

alloy, assuming constant solution conditions and surface reaction rate
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control, depends on the amount of unleached alloy, raised to the power
af 273,

In the actual matte, the alloy inclusions have complex shapes,
thus theoretical prediction of the behaviour of the alloy surface
area during leaching is not feasible. The area (and thus the leach-
ing rate) could depend on the amount of alloy remainiug unleached,
or it could be independent of the extaut of leaching. This aspect,

too, will be ve-examined in section 5.

4.1.1 Derivation of the model

The matte has been fully characterised im sectilon 2.1. It cousists
of an iron-nickel alloy, troilite (FeS), magnetite (Feaoa), and a
copper, iron sulphide phase. These phases cvan be expected to leach
at different rates. Also, there is a range of particle size present
in the matte, thus there are different sized particles of the
various phases present. Two different sized particles of the same
phase can also be expected to leach at different rates. The wodel
used to explain the leaching results should rher:fore take the
different minerals present into account, as well as the particle size
distribution,

The model used will first be derived for a single particle, then
expanded te include the particle size distribution and the differeut

winerals present,

4.1.1.1 Mineral surface behaviour

Consider a single particle of one wminera! phase, leaching in the
ferric sulphate solution. Assume that the rate of leaching of a metal
(nickel, copper, cobalt, or iron) M from this particle, is directly
proportional to the particle surface area.

Thus, the rate of change of the amount of nickel, copper, cobalt

or iron left in the particle is given by:

dm
a..t,.:., = K}i)a (1)
Where: m = amount of metal left in the particle, g-moles

a = particle surface area, cm
_.2 ...1_

n ¥ rate constant, g-mol.cm s

W = a factor accounting for the effect of solution

conditions on the leaching rate, dimensionless.
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The effect of the solution cunditions will be dealt with further

on.
At any given time. the partizle will have a certain volume,
given by:
. o
vt (2)
Where: v = particle volume, cm3
= amount of the given metal in the particle, g-moles
p* = molar density of the glven metal in the particle,
-3
g-~mcles-cm
A characterisiic particle size can be defined for the particle
as:
¢ dB: 9] (3)
Where: d = particle size, om

B

e

k]

particle volume, em’
The surface area of the partlecle will then be:

2
a = ”fd“’ (&)

2

Where: particle surface area, cm

5]
4

= particle slze
y = some shape factor.

Assume that the shape Pactor, vy, remains constant as leaching
proceeds. This will be so If the particle shape (e.g., spherical)
does not change.

Combining equations (3) and (4) gives:

a = yuh

Substituting for u from equation (2) gives:

2
m
3 = Y{B*} 5

Substituting this result into equation (1) gives:

2
L 4«w{ } f (5)

o=
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If the particle Is leaching at the surface only, the molar

density of the metal of Interest will be constant during leaching,

f.e.:
3
& .
e ) mcfdo
where: LN value of m at time = zero
da + wvalue of d at time = zero

Therefore, substituting for p* in equation (5) glves:

dm

2 2y
Mok (/)P )P (6)

All the factors on the right hand side of equation (8) are
constant, execept for the solution conditions factor ¥ and the
amount of the metal m in the particle. Thus, If the variation of
the factor ¢ with time were known, equatlion (8) could be integrated
to glve the amount of metal m remalining in the particle, as a
function of time. The model represented by equation (6) 1s simply
the well-known shrinking core reaction model, with no diffusion
resistance terms,

To expand this model towards the actual leaching situation,
consider a large number n of particles, all of the same mineral and
the same partlele size, all leaching, In this case, the differential
mass balance becomes:

2 2
giom) o nkey (42 /m ) B (m) (7)

(L.e., multiply both sldes of equation (&) by n)

Where: m amount of metal m In a single particle, g-moles

I

total number of particles

i

Rearranging equation (7) gives:

d{nm)

2 ) 2
Tt = - Ky (di/mo) B(my ™ (nmy (7a)

The number of particles, n, is given by:
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, 3
n = Fé/(QUO) = Fg/(@da) (9)

Where: Fg = total initial mass of particles, g

mass density of particles, ¢ em™>

#H

initial volume of a single particle, cm3
d. = initial particle size, cm

<
15

The amount of metal m In a single particle at time zero is:

g
1

M;in = Hépdniﬁé (10}

Where: Hg ¢ total moles of metal m in all the particles
at time = 0, g-moles

Therefore, from equation (10):

m i'd’3

o]y = Méﬁigg (11)

Substituting from equations (9) and (11) into equation (7a) and

rearranging glves:

dinm) e ey 7
i = = Ky rgl(ada) (nm/Hg)
Dividing both sides by the reactor volume gives the rate of
leaching per unit volume:

L800m) - uy F2/(Ved ) (nm/i2) (12)

Equation (12) represents the simple shrinking particle model,
expanded to account for a large number of ldentical particles.
To expand the model again, this tlme to include different
particles leaching simultaneously, consider a leach vessel of
volume V, into which a total mass F of matte is poured. The
particle size distribution of the matte ls known, as well as the
phase compositions of the different particle sizes present.

The mass of particles of a given particle size is then:
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Where: FO = total initial mass of particles of a glven size,
grams
FO - total initial mass of all particles, grams
a = known fraction

Of the particles of a glven size, a knewn fraction can be conslider-
ed to comprise a given mineral, thus

1

B Fo = afFy (13)

B

F
0

initial mass of particles of a glven slze,

H

Where: Fg
of a gliven mineral, grams
B = known fraction

Since the matte has been fully characterised, the lnitial amount of
metal m in each mineral of each size fractlon, ls also known.

Therefore, the rate of leaching of all the particles of a glven
size and a glven mineral, is found by substituting from equation
(13) into equation (12):

1 dinm)

21
L9nm) K B/ (Vad ) (et A (14)

All the terms in equation (14) are known constants, except for
the variable (nm) and the solution effect factor . I the varla-
tion of ¢ with time were known, equation (14) could be Integrated
to yleld the variation with time of (nm).

Before evaluating the soélution effect factor ¢, let us expand
the model again, this time to include different minerals and
different particle sizes. Consider again the leach vessel, Into
which Fo grams of matte are poured. The total leaching rate of
a given metal will be the sum of &ll the Indlvidual leachlng rates
of the metal from the various minerals and particle sizes present,

%'%tEw“(nm)ij :ZE;{% %imm)ij}- (15)

Where: (nm)“Lj

i.e.:

H

amount of metal m in all the particles present
of initial size d ; of mineral j

i,] = indices denoting the different minerals and
initial particle sizes present.

58



Equation (15) represents a set of uncoupled differential equations,
which can be solved, once the variation of the solution effect

factor, ¢, 1Is known.

6.1.1.2 Effect of the leach solution

Brodie(l) and Paul, Hicol, Diggle and Saunders(2) found the anodic
dissolution of lead sulphide to be electrochemical In nature, the
besic process being:

PoS + P74 § & 2e

Lowe(3) reported (page 100 of his thesis) that the leaching
rates, per unit surface area for bornite, covellits and chalecopyrite
are proportional to the exponentlal of the overpotential at the
mineral surface, In ferric sulphate leaching.

Therefore, since the anodic dissolutlon of lead, copper and
copper~iron sulphldes has been shown to be electrochemical in nature,
it would seem reasonable to assume that the anodlic dissolution of
fron sulphide, which constitutes the bulk of the matte used in this
study, to be electrochemical in nature, as well. This assumption
was experimentally substantiated, Oetails of this aspect are
presented further on,

The basic relation used to describe electrochemical kinetics 1s
the Butler-Volmer equation{4), which may be written as follows:

= 14 [exp{(1 - BIFN/(RT)} ~ exp{ - BFn/ (RT)) ]

i

Where: current density

4]

exchange current denslty
Faraday constant

#H

unlversal gas constant

o

3

absolute temperature

#

§
io
F
R
T
8 symmetry factor
n

overpotential

#

The overpotential n, 1ls the difference between the open-circuit
potential of the electrode, and the potential when current is
flowing, 1l.e,:
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n:E~E3
Where: FE = potential with current flowing
Ee = open-circuit potential (no current)

Both these two potentials are measured against some reference
electrode.

The complete Butler-Volmer equation contains anodic and cathodic
reaction terms. In the case of anodic dissolution of iron sulphide,
only the anodic term in the equation is of interest, thus the
equation may be reduced to:

io= 1y exp{(l - B)F(E - E )/ (RT)} (16)

The proposed overall anodic reaction for the dissolution of a metal
sulphide is:

w5 o+ 2T 4 5% 4 2e

Thus, the current at the electrode surface is related to the disso-
lution rate of the sulphide as follows:

1 dm

o e -

a dt 2FL (17)

Yhere: a glectrode surface area

4]

m moles of metal sulphlde

#

Substituting for 1 from equation (16) glves:

L dn

- = = 2FLexp{(l - B)F(E - E.)/(RT)} (18)

For a glven reaction, the symmetry factor B 1s a constant, thus,
at constant temperature:

(1 - 8)F/(RT) = a constant

For a giVen reaction system, lL.e., a given sulphide and a
glven solution, the equillbrium potential, Ee and the exchange
current denslty, io’ will be constant at constant temperature,
Therefore, equation (18) reduces under these conditions to:

dm

- Vo——

-5 = aKk exp{kE} (19)
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Where: K canstant

k

i
i

2F1 exp{~ KE_}

(1 - B)F/(RT) constant

i’
i

Mow, recall equations (1) and (6) from the previous sub-section:

i

dm
IE - kia (1)

4]

‘ : 2 2
) & ke m B (6)
Dividing aqﬁation (6) by equation {1} and rearranging gives:

a = v @)y o

1

shape factor
initial amount of metal m present in the particle
amount of metal m in particle '

]

Y
i
w

H

Where: a = particle surfase area
o

i

Substituting equation (20) into equatlon (19) gives:

d ; I 2,
oy e Jadm) P (m) P (21).

Equation (21} is ldentical to equation (6), with the solution effect

factor ¢ as

Y o= explkE) ; (22)
‘Where: E = mineral surface potential

k = constant

Equations (14), (15) and (22) can be used to explain the
leaching behaviour of the matte.

In summary, therefore, the leaching model assumes simple
shrinking core behaviour of individual particles, and electro-
chemical reaction behaviour at the mineral surfaces. Different
minerals will have different values of the constants K and k in
the above set of equations.
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4,1.1.3 Prediction of the dependence of the leaching rate
of FeS on the mineral surface potential

Paul, Nicol, Diggle and Saunders(2) deduced the following mechanism
for the ancdic dissolution of galena (PbS):

¥ . . ; B N L -
Step 1+ Pbs ¥ Pt 4 ST v e
Step 2 : §° + 8% 4 &"
Overall; PbS -+ Pb°' 4+ §° & 26"

In the absence of information to the contrary, ‘it would seem reasona-
ble to assume that the anodic dissolution of troilite (Fe$S) proceeds
in a similar fashion, i.e.:

Step 1 Fes F FeFt 4 8T 4 @
Step 2 57 o+ 8% 4 e

Overall: FeS =« Fect . 8% + 2e

E 2

Although the derivation of the current~potential expression for
this mechanism is exactly analoyous to that of Paul et al.(2) for
galena, it is presented here for the sake of completeness. |

In deriving the current-potential curve, the assumption is made
that the intermediate product (87) is at some steady state value,
therefore:

N o PP R 2

e Lo
Where iy and 1. are the anodic and cathodlc currents for step 1,

and Ig i3 the anodic current due to step 2.

Current-potential curves for the individual steps in the reaction
mechanism can be calculated(4) as:

I, = KF expl(1 - B)FE/(RT)) (234)
1, - %ar [Fe?] [sTexpl- puFE/RT)} (23b)
1, = &F [37] exp{(d - @IIE/(RT)} (23¢)

Where: [ ]: concentration in solution
oo
ky *+ anodic rate constant for step 1
Y
ki ¢ cathodic rate constant for step 1




<~ ' -

ka : anodic rate constant for step 2
By -+ symmetry factor for step 1

B2 : symmetry factor for step 2

F ¢ Faraday constant

R ¢ universal gas constant

T : absolute temperature

E mineral surface potential

Rewritinc equation {23) in termu of equatians (23a), (2 13b) and (2
rearranging glves: S

‘fs*] | K eplleFE/RTy :*77ff§?%iff“

? [Fepﬂ exp{- szﬂ:/(m)} + kz exp{ {1~ Bg)FC/(H’T)j

i& ;cig‘
Therefore:

H

2FR2[57] exp((1-82)FE/(RT))

| Sﬁﬁsﬁiﬁuting ?ar1IS”1 ft@m:ﬂqmatjon (24) gives:

e g Kk, ©xp1(2-8, -Bo )FE/ (RT))
fiﬁf : k)[Fe“*) exp{wE%FC/(RT}} + k&, axp{(l—ag)rE/(RT)}

4 The total anpdic current is twlce th@ current dUG ta step ?, i e.m'ﬁ; 'yf

This equation can ﬁe simpliffed further by assuming 3I‘a By = O;Sw 

{reference 4, page 918), and rearranging gives:

K* exp{FE/(RT)}

. :

) [Fez*] exp{~- FE/(2RT)} + k* exp{FE/(2RT)}
Where: K+ = 2FkK, /%,
ko= e/

If the mineral surface potential is high enough, the first term in
the denominator becomes small, and can be ignored, giving:

iﬁ = K¥/k¥ exp{FE/(2RT)}
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k; : anodie rate constant for step 2
- symmetry factor for'step 1

TR
-
..

B, : symmetry factor for step 2
. Faraday constant

. universal gas constant
absolute temperature

s BIEE Al » BE s |

: mineral surface potential

B Rehrjting equation (23) in terms of equations (2 33);\C235J,&n&,§2
'reanranginq gives: o |

5 R, W 33¢ =19, 1 1) M Can
I:[f‘ezﬂ expl- Ba FE/(RT}} s f&z e.vp{(l 82)%;(&1')} .

The total anodie current is twlce the current due tc stup 2, i e

i = 21

a - 2
Therefore:
1= zm{s ] axp{fl we:/mm

SQbstiﬁuting for [5 } from equatimn (?&)gives*

2Fkk, exp{(Z—gihgz)ch(RT)}
[F } QXF‘ "ﬁzFE/(RT)} ¥ k2 ekp{(l*ﬁa)*‘?/(ﬂ’f}}

i

,This equatton can be;s¢mpLified further by assuming 81 = Ba
(referenae 4, page 918); and rearranging gives:

~ k¥ exp{Fﬁ/(RT)}
850 [Fez*] expl- FE/(ZRT)} + k* explF c/(zm)}

where: K¢ = 2FEika /R
ko= /K

+

i

1f the mineral surface potential is high enough, the first term in
the denominator becomes small, and can be ignored, giving:

ia 2 K¥/k¥ exp{FE/(2RT)}




Thus, the anodic current, and therefore the dissolution rate of the

FeS, can be expressed as:

1

1. = K exp{k-E}

a
Where: K = K¥/k* -= constant
k = F/(2RT) |
= 0,006 W at 90°C (26)

If the anodic dissolution of FeS proceeds in the manner proposed
above, e value of the constant k in the leaching model dav&loped
in section 4.1.1.2, for the troilite, should be given by equation
(26). |

#,1.1.4  Prediction of the dependence of the 1aaahingfraté’  ‘
of the alloy phase on the mineral surface potential

The alioy phase in the matte consists of about 40 per cent nickel
and 60 per cent iron. Since this alloy centains a significant
amount o? nickal it is posQLblc that its leaching behaviour could ‘
be that of pure irop, pUr& nickél, or some intermediate. Detailed
electrochemical experiments, which are outside the scope of this =
work, w&g;d‘be required to explain fully the behaviour of this
alloy. Taking this into account, however, the behaviour of pure
iron'and;pure;nickel can he tried as possible approximations to
the alloy leaching behaviour.

a) Iron

At anodic potentials above 580 mV (Q&Lnormal hydrogen electrode,
i.e. above about 340 mV v4 the saturated calomel electrode), the
anodic dissolutionof iron virtually stops, due to the formation of
a passive surface layer(l3). If the alloy leaching behaviour can be
approximated by that of pure lron, the rate of leaching of the alloy
should be independent of potential, because the leaching experiments
were done at potentials above 400 mV vs S.C.E., and thus well into
the passivation region of the iron.
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b)  Nickel

Both nickel(15) and iron ~ 10 per cent nickel alloy(l6) form passive

surface layers during anodic dissolution. Bartlett(17) ngeq an ex-

?reSSLon for the current in a passive layer as: ‘
ia = A exp{B E}

Where E is the electric field across the layer, i is the current, and

A and B are constants. This form of expression is the same as that

used in the leaching model but no theoretical prediction of the vélaés_ 

of the coustants A and B can be made.

4,2 Solution redox potential

In Grdéx to use equatien {22) of the pravmous section to pre&xnt the“‘

matte leaching rate, the value of the mineral surface potential'mu £

be known or approximated. Since the leaching solution w&s composed
‘mainly of ferric and ferrous ioms in sulphate solution, a convenient
approximation of the mineral surface potential is the solution redox

potential, as defined by the redox reaction:

3+ Qe

Feo + ¢ T Fe
The use of tha redox potential to approximate the mineral surface

potan*ial is justified in section 5.1.
4,2.1 The Nernst equation

The redox potential of the above ferric-ferrous couple is given by the

Nernst equation, as follows:

B o= £? - B ga e
(Fe
Where: B = snlution redox potential
EC = solution redox potential when Fe2+ and Fe3+
are at unit activity
= universal gas constant
= absolute temperature
F = - Faraday constant
()= activity in solution
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The problem with the Nernst equation, especially at higher electro-
lyte conceuntrations, is that the activity of any given species in
solution need not be related to its concentration in a simple way.
If the fervous/ferric activity ratio in any given solution were
known, the Nernst equation could be used to predict the golution
redox potential. A number of assumptions can be made, in order to
predict the Fervous/ferric activity ratio. The validity of these

assumptions is examined in section 5.2.
a)  Activity ratio equals total concentration ratic

The most obvious approximation of the ferrous/ferric activity ratio

is simply the total ferrous/Ferric concentration ratio in the |
solution. The reasoning for this approximation is that, no<matter
how complax the relation between an individual species activity and
concentratxon may be, this relatxon may be similar for various species
in solutionm. This suggests that the ratio between two species
activities may be similar vo the total concentration ratio between
the two species. If this is so, then the total ferrous/ferric con-
cantratlan ratio, when used in the Nernst equation, will result in

the correct prediction of the solution redox potential.
b)ffyﬁﬂtivity ratio proportional to total concentration ratio

TF the ferrous/ferric activity and total concentration ratio differ by
some congtant factor, the Nernst equation can still be used, with the

following modification:

g = g° - %§~ ln({Fe2+}/{Fe3+
Assume: (F&2+)/{Fe3+} = ag?&2+1/(Fa3+]
Where : { } = activity

{ ] = goncentration

= ponstant factor

The Nernst equation then becomes:

g = % - E%E 1n(affe2+]/[ﬁe3+])
or E = E° - %g- 1n(a) - %g- ln([Fe2+]/[Fe3+])
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This reduces to:

; i N
B o= B - o (e Y Ee” D
Where: g' = E° - %; 1n(a)

Therefore, 1£ the ferrous/ferric activity ratic is proportional (but
not equal) to the total concentration ratio, the Nernst equatlon can

still be used, but with a modified intercept (E' instead of E®) which

must be determined experimentally. The theoretxcal value of the slape

is retained.
The above modified form of the Nernst aquatioﬁ will be called.

the “empxrxcal‘ Nernst equation hereafter, bccause the value of the
intercept (E') must be found ampxrlcally When the correct farrous/ '
ferric normal potential () is used, the Nernst equatlon wxll be

faferred to as the “theoretical' Nernst equation.

(¢) Activity ratio is proportional to some power of the total

concentration ratio
The above assumption can be exprassad‘maﬁhematically as follows:
Db e e Y o, ‘
(re?ty/(re®*) = a({?e2+]/[?‘e3+l)b

Where: { } = activity
(1= concentration

a,b = congtants
The Nernst equation then becomes:

g = E° - %;- 1n(a[?e2*]/{Fe3+])b

This reduces to:

E = A - B 1~n([1:=e2+]/[1*‘63+])

Where: A = g° -~ B 1ln(a)

B = DRT/F

This form of the Nernst equation will be called the '"best straight
1ine" through the measured redox potential values, as a function of

the total ferrous/ferric concentration ratio.
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d)  Activity ratio is retated to the uncomplexed ferrous/ferric

concentration ratio

A number of ferrous and ferric sulphate complexes have been reported
in acid solution (5, 6). The nature of these complexes is discussed
in section 4.2.2., Sapieszko gt al(48) used the assumption that the
solution redox potential can be predicted by the ratio of the un-
complexed ferrous/ferric concentrations and the emplrlcal" Nernst
equation described in paragraph () above. Combination of the un“
complexed concentration ratio with the approximations in paragraphs

(a), (b) and (c) above, results in three more estimates of the

solution redox potential, i.e., the "theoretical” and "empirical
forms of the Nernst equation, and the "hest straight line" of
pavagraph (c), all using the uncomplexed Ferrous/ferric concentration
ratio instead of the total ferrous/ferric concentration ratio. The
mathematics for the calculation of the uncomplexed concentrations is

given in Appendix V.
e)  Use of individual Debye-Hickel activity coefficients

If the approximations in paragraphs (a) to (d) above prove inadequate,
other’ways mugt be sought to calculate the ferrous/ferrie activity
ratio., Using activity coefficients, the activity ratio between

* ferrous and ferric ions im gsolution is given by:
Dby e Bh 24 [ St
(F@ ) r, (F& ) Vﬁez,’_ [FC’. ] YFES.‘}.I:FE :]

Whera: ( ) = activity
( ] = goncentration

¥ = activity coefficient

The activity coefficient of an ilonic species in solution is given by

the Debye-Hiickel equation (7) as:

A z? I
1

nmsapasimes

1+ a; B fﬁ?

- logy,
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Where: <y, = activity coefficient for species i

= ionic eharge of species 1

2

a. = ion size parametar of species i
A,B = constants characteristic of the solvent, (i.e. watex)
at the given temperature and pressure B

I = ionic strength

Tonic strength is defined as:

RN I W

Where: c, = concentration of species 1

2, = ionic charge of species i

Values For the parameter 8 for the various species were taken from
Oblad(6) and from Barner and Scheuerman(7). The values for the
Dehyewﬁﬁckel constants A and B were taken from Harned and Owen(8).
The & values used for the various species are listed in appandlx VI.
; $trxctly speaking, the Debye-Hiickel equation for actmvlty co-
afficients is only valid at low ionic strengths(7). However, Morris
(43) has Ebund that when the formation of complex species is 1ncluded
in the calcnlatxona the Debye-Hlizkel equation gives reasonable pre~‘
dxctmauﬁ of the mean activity coefficients of several divalent metal
sulphates, up to ionie strengths of between 3 and 4. Wllllx(éé) used
an extended form of the Debye-Hlckel equation to correlate the
stability constant of the complex FeSOA as a funétion of ionic strength.
He found famrly good agreement between the correlation and his experi-
mental results, even thcugh some of his results were at ionic strengths
well above the region in which the use of this equation is strictly'
valid. At this stage, therefore, the assumption is made that the Debye-
Hickel equation can be used at the jonic strengths (up to between 3 and
4) found in this work. This assumption will be re-examined in section
5.2,

By using the activity coefficients and the various complex
equilibria, one can calculate the activities of the uncomplexed ferrous
and ferric species in the leach solution. (The mathematics for this
are given in Appendix V.) The activities of the uncomplexed ferric

and ferrous ions can then be used in the Nernst equation to calculate
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the solution redox potential. The value of the ferric/ferrous

standard potential is given by Yeager and Salkind(93) as:

° = 0,771 volts at 25°C ve the standard hgdrdgeﬁ~electrbde
dE®
E%W = 1,19 millivolts/K

In this work, the reference electrode used was a saturated calomél L
electrode (8.C.E.) which has a potential of 0,241 volts relatlve to
the standard hydrogen electrode (S.H.L.) at 25°C (9). The standard
potential of the ferric/ferrous redox reaction at 25°C, therefore,

‘l.VS 4
g% = 0,771 -0,241 = 0,530 volts vs $.C.E. at 25°%C

The standard potential at temperatures other than 25°C is:

2 = 771 + 1,19 (T - 298,15) mV vs S.H.E.

When using the 8.C.E. in concentrated sulphate solutiom, the
liquid junction potential between the K €1 electrolyte of the $.C. E.
and the sulphate solution is not negligible, and must be included in
the calculatien of the measured solution redox potential. The Hender—.
son equation(10) can be uged to approximate this liguid junction

potential:

gy * ’Z{(uyjlzj)(cjyz h C’j,,& {m}m E:iuj $ . 5
E: Quj(cjwﬁ ) Cj.x) } }i{? c‘sl

Where: € = liquld junction potential
uj = ionic mobility of specles §
¢y, = concentration of species § in the K Cl electrolyte
cjgZ = concentration of specles j in the sulphate solution
F = Faraday constant
R = universal gas constant
T - absolute temperature at junction
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Instead of ionic mobilities, limiting ionic conductivities can be
used in the Henderson equation(10). Values for the limiting ionic
conductivities weve taken from Meires(ll), and are given in Appendix
VII. Values of limiting conductivity for the iron sulphate complex
species were approximated by values for other ions of similar charge.
This was done because examination of the walues for several ionic
species in Meites suggested that the main factor in determining the
limiting conductance, is lomic charge.

" The calculated value of the liquid junction potential must be
added to the externally measured redox potential, to give the value
calculated by the Nernst equation. Alternatively, the liquid junction

potential can be subtracted from the Nernst equation redox potential,

to give the externally measured value.




4.2.2 Complex species formed
‘a) Ferric species

The following ferric-complex equilibria have been reported in the

literature:

34

i) Fe + 50, * FeSO
ks ; &m , 42;
i) Fe + Hsaé * Fels0,
1i1)  Fe?* + 250, * ¥e(50,);
\E o™ 3+ ; rany ™ N ]
xv} Fe + HSOQ + SG& * Faﬁsaasoé

Table 4.1 lists some of the reported stability constants for the above
complex species. These values ave cnncen»raclon quotients, valid for
the tempervature and ionic strength indicated. If individual activi-
ties are to be used to calculste the gsolution redox potential (4.2.1c),
it would seem logical to use individual activities in the calculdtlon
of the distribution of the various species in solution. This in turn '
requires the true thermodynamic equilibrium constants (i.e., rt zero .
ionic strength) for the above reactions. Smith and Martell(s7) cri-~
tiecally reviewed the published information on a very large number of
kdomplex gpacies. They gave values for the gtability constants at zero
ionic strength of the species Fesoz and Fe(SOA); at 235°C &sffcllpws: e

Sﬁaaies B Stability constant
FesO), §710 - 13 800
Fe(SOa); 240 000

Sapieszko et al(48) found that, at low pH values, the major species

. ¥ ¥y * ¥ . ) ; 3'{"
present in acid ferric sulphate golution were uncomplexed Fe™ ,
FeSOZ and FeHSOi*, at an ionic strength of 2,67. The total ferric
and sulphate concentrations were 0,18 and 0,53 molax respectively.
The concentration of Fe(504)2 was considered, but was discarded be-
cause it was consistently Found to be negligibly small. This seems to
contradict the findings of Whiteker and Davidson(90) and of Lister and
Rivington(91). These authors found evidence for the formation of
Fc(804)2 ’
than was used by Sapieszko et al. The data given by Smith and Martell

at much lower sulphate concentration - less than 0,1 molar -
(47) for Fe(SOA); is much scantier than their data for FeSOZ. It would
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%’ﬁﬁj}"i{aﬁl 'i 3 j

savvic sulphate complexes @ Some published data

spacian Temp, Tonic Seability Source

o6 strength constant

¥eS0y 25 0 14100 Willix(44)
= 18 -0 15000" c

90 7100

18 0,066 1040 )

9 0,086 525

19 0,15 228 I

25 0,5 205 + 18 Davis and Smith(20)

28 1,0 95 Whiteker and
Davidson(30)

7 Sapieszkokaﬁ;ﬁi§§g)

Ashurst and
Hancoek{49)

 8ykes(89)

T+

25 2,07 , 84
25 5 210

P4 3t
(8]

wenso” "

18 0,15 60 Sykes (89) L
28 0,5 Q Davis‘andHSmi:hczo§‘“

25 1,2 , 6+ 1 Liﬁter,éna, 5ﬂ oy
Rivington(8L)
Sapieszko et al(48)

P+ 14

25 - 80 2,67 4 o

i+
s

Fe (80,7, 28 1,0 893 Whiteker and
4 Davidson(90)
o 95 1,2 1.6600 Lister and
Riviagton(91)

F@Hﬁﬁéﬁoé 25 1,2 380 + 50  Lister and

Rivington(9l)

i+




seem, therefore, that there 1s disggreement in the literaturae over
the stability of the complex ¥e(SO )

Table 4.1 shows only one discordanc point in the stability dats
kfor FeHSOQ i.e., that of Davis and Smith(20). These authors atuasa&
the kinetics of formation of FeSOa, and concluded that the Formation
quotient of Feﬂsoz was less than one hundredth of that of FBSGA at
an ionic strength of 0,5. However, they inferred that their experi~
mental data was insufficient to permit canulusxve determlnatxmn\oi thF:
FaHSO4 stability constant, and thexefore used fhelr finding only to
establish that the influence of ruHSOA wag small under thelr axparmw
mental condxtmons, thus allowing them to observe the for maticn of :
FeSO4 Smlth and Martell(47) give no data for FeHSOZ+, No valua Waa
found for this St&blllty constant at zero ionic streugth

The complex FeHSGéﬁad was postulated by Lister and Rivington.
Ne other authors have reported evidence for the existence of this
species. In particular, Sapieszko et qlL(48) did not require this
species in order to explain their results. It is possible, therefore,
tfhat‘:'Fe{{SOQSO4 is not a stable species in acid ferric sulphate solu~ e

tions.,

b) Bisulphate complex

Data an the stability of the bmsulphate ion, HSOQ, has been extanslve~,
ly repart&d Smith and Martell(47) glve values for the stability ucn~,
staut and heat of formation at zero and several non-zerc ionic .
strengtns. Pitzer(22) presented a set of equations which represent

the behaviour of pure sulphuric acid, including the formation of

HSO4.

c) Férrous species

Various authors (6, 63, 92) have quoted values for the stability con—
stants of FeSO4 and FeHSOZ. It seems, however, that all these values,
directly or indirectly, came from the work of Beukenkamp and Harring-
ton(21). They used an ion-exchange technique to study the nature of
the complexing between ferrous iron and sulphate in acid solution.

The ionic strength in their experiments was not controlled. They gave

the equilibrium constants for the formatio. of FeSO4 and FeHSO4 as
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follows:

[gensoZ]

T
[ngoai h L
™ s0,]

Where { ] denotes concentration in smlution

’Smluh and Martall(&?) give the value for the stabllaty constant of
FeSO (at 25°C and zero ionic strength) as 158, and the heat of

Eormatlen as 6,7 kJ/mol. Wells and Salam(?c) give values for the i
stability constants of FeSO, an” ?eﬁSOa as follows:

= 10 at 25°C and ionic strength 1

1,94 at 25°C and ionic strength 4

However, Wells and »:1.m give values at other temperaturasffor these
fSﬁaﬁﬁiihv constants which imply that they decrease with incraasing,‘f 
tamperaturc, In the case of FeSO , this is in conflict with the data1  '
given by other authors (47, 76), which indicates that these constants

1neneasa with increaging temperature. This saams to thow some: dOubt  
on the validity of Wells and Salam's approach (i.e., the measurement
of the rate of raactxon of Fe 2+ with hydrogen peroxide) as regatds”g
determination of the stablllty constants of 1‘<aSC)£| and F@HSOA This
implies that the work of Beukenkamp and Herrington{21) should be
accepted, even though their ionic strength was not controlled. No

other literature was found reporting these constants.

4.2.3 Estimation of stability constants at zero ilonic strength

Values have been reported in the literature for the stability constants

of FeSO4, Fe (S0, ) H%OZ and FeSO,

at zero ionic strength have been found for FeHSOZ 5 FeHSO4 and

at zero ionic strength. No values
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FeHSOASOA. Therefore these values must be estimated in sows way.

One way in wiich estimates of the above stability constants can
be made is by using individual Debye-Hiickel activity coefficients’at
non-zero ionic strength to couvert the stability constants at‘nonnzéro
ionic strength to zero iomic strength. As an example, consider the |

‘ +

stability congtant of FeSO4 At 25°C, the values of this stability

constant at various ionic strengths are(47,48):

Ionic strength , Stability constant
0,5 138 - 219
1,0 83 - 132
2,67 77 - .

Values of the individual Debye-Hiickel activity coefficients at 25°6 
are as follows(6,7,8): )

Species  Individual aptivity coefficient
I=0,5 I=1,0 1= 2,67
Feot 0,0887 0,0689 0,0515
so: . 0,1781 0,1308 ‘ 0,0869
Feso) 0,7475 | 6,7231 0,6956

I ¢w ;Icnic gtrength

' §p ‘«y ) . N i 4 » *
Now, if K° is the stability constant of Fahﬂ4 at zero ionic strength,
K is the value at some non-zero ionic strength, and aFe3+’ ¥gn= and

Gpegot  @re the activity coefficients at the non-zero iomic strength,

then:
o, .+ FeSO+]
FeSOa 4
K* 3
o+ =
aFe3+ [Fe ] aSOZ {504]
[?aSOZ] '
and: K =

Where [ ] denotes concentration.
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“Feso:
’

dFe3+aSDZ

Ly

Therefore : K®

Multiplying the stability constants at non-zexro jionic strength by the
above activity coefficient factor gives the following results for the

stability constant at zero ionic strength:

Ionic streagth for K Calculated K°
0,5 6530 - 10400
1,0 6660 ~ 10600

2,67 12000 - 14100

The value of the stability constant of Fesozkis given by Smith and
Martell(47) as being between 8710 and 13800 at zero iomic strength
and 25°C. The values calculated via the individual ionic activity
coefficients are surprisingly close to these reported values. Further
justification for the use of individual Debye~Hiickel activity coeffi-
cients is given in section 5.2. The calculation of values for the
stability constants of FaﬂSO§+, FeHSOZ and FaHSO&305 by the above

technique is shown in Appendix V. The values are as follows:

Reﬁﬁtiou , Stability constant
T R I ST TAY.L
Fe” + H + 50, <+ FeHSO, 1900 - 4900
re?* + 8" + 50, % Fellso] 400
3+ + CRREE 4 ‘ 6 6
Fe™ + H + ZSOQ * FeHSOleO4 6,9.10"~ 9,3.10

i :
The stability constant of FeHSOQSOQ is based on only one report(9l)
and the possibility does exist (see section 4.2.2(a)) that this is

not a stable complex, i.e., its stability constant may be very small.

4.2.4 Assumption implicit in the use of the Nernst equation

Tt is not impossible that at least somé of the above complexes take
part in electron exchange reactions(44). The Nernst equation, however,
is only valid for a single redox couple. In oxrder to use the Nernst
equation to calculate the redox potential in ferric-ferrous sulphate

solution, therefore, the assumption must be made that a single couple

77




(in this case Pe /Fez+) dominates the redox reaction, and that any
other redox reactions occurring (e.g. FeSOa +e T FeSO ) exert a

negligible influence on the overall exchange current densxty, and i  f‘?
therefore on the redox potential of the solution., If this assumption | ‘
is not made, the Nernst equation canunot be used, and exchange current
densities for all the exchange reactions are needed to calculate the
solution equilibrium potential via the Butler~Volmer equation. Such

data is simply not available in the literature for sulphate-complexed

ferric and ferrous ions exchanging electrons at & platlnum.surface.'”
Sapieszko et al(48) alse used the assumption that the uncomplexed
ferricfferrous couple dominates the gsolution redox potentmal

Although it is poss sible that the above assumption ig- erronEQus,

it is shown in sectionm 5.2 that its use results in good agraement

between predicted and measured values of the solution redox potenLlal

5.3 Electrochemical measurement of the matte leaching rate

The mathematical model proposed in gection 4.1 for the matte leaching
rate assumes the leaching reaction to be electrochemical in nmature.
An electrochemical reaction is described as a function of potencxal
by the Butler-Volmer equation, which can be reduced, as shown in subé

section 4.1.1.2, to equation (19) of that sub-section:

dm
T dc

The overall chemical dissolution reaction is:

= a K exp{k E} Q9
Ms - M&T o+ 8% o+ 2e”
Where M: Ni, Cu, Co, or Fe

Thus the dissolution current is given by:

~dm
QF% dt}

i 3
Thus: i = 2F a K exp{k E}
Where: i = dissolution current

= mineral surface area

4

Faraday constant

K,k = constants

=i
L]

mineral surface potential
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The constants K and k are known from analyels of the leaching rate
data, thus the currents due to dissolution of nickel, copper, cobalt
and iron from the matte can be calculated, for a number of surface
potenuials. The sum of these currents gives an overall current-
potential curve for the leaching of the matte, in which case the
electrons generated are cousumed by the reduction of ferric ions to
ferrous ions at the matte surface. However, if the leaching reaction
is electrochemical in nature, the method of removal of the electrons
produced is irrelevant. If an electrode were made frmm the maﬁte and
placed in an inert solution (for example sodium sulphate}, and then
an anodic¢ current were passed through this electrode, the electrqda
surface would assume a certain potential (ralatxva to a Lefetance
electrode) at any given current density. In this case, the electrons
are being removed from the electrode face by an external power source.
Varicus currents can bé passed, and a current-potential curve for the
matte slectrode in the inert electrolyte can be obtained. The form
of this curve will be given by equation (19) above. If the value of
the constant k in this equation agrees to within reasonable limits
with the value of & o btained £rom the leaching experiments, it means
that the effect of potential on the dissciution rate is independent of
the meang of production of the potential (i.e., of the means by which
the @lectrons are removed from the matte surface), and therefore that

the leaching of the matte is alectrochemical in nature.
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5. APPLICATION OF THE THEORY TO THE EXPERIMENTAL RESULTS

5.1 Leaching rate model

The mathematical model of the matte leaching ratekconsisua of a set
of differential equations. The leaching experimental results are in
the form of fractional exttaction of nickel, copper, cobalt and iron
as Functions of leaching time. In order to fit the model to the ex-
peummental results, the model must be integrated. This cannot, be
done explicitly, due to the exponential term containing the mlneral
surEace'potential which varies with time. Therefore, the model must
be integrated numerically. Accordingly, the model was written into a
Fortran V computer programme, and solved using an Eclipse §250 com-
puter. This programme is shown in Appendix VIII. '

The computer programme uses the sum of the squared differences
between the predicted and measurad extractions (at the times of
sampling) during the leach, to calculate the values of the comstant K
in equation 14 (section 4.1.1.1) for each element (¥i, Cu, Co or Fe)
leaching fxom each mineral preseant, The values of the constant k
(equatlon 22, section 4.1.1. 2) were initially assigned values as de-
tailed in sectlon 4.1.1. 3. These values were then modified by trial
and error, in such a way as to reduce the total squared errvor (descr;b*
ed abave) ag far as p0551ble, At a given set of values for the con~‘
stants k, the programme used the first and second paltxa] derivatives
of the total squared error with respect to the varlous constants K,
to find the set of values for K that gave the minimum total squared
error. When the total squared error is at a minimum, all the partial
first derivatives must be zero (to suitable tolerance), and all the
partial second derivatives must be positive.

gince the object of this work was to produce a mathematical
model for the leaching of the matte, rather than a computer technique
for the solution of this kind of problem, no mathematical proof of
convergence for the computer solution of the model was attempted. The
results of Fitting the model to the experimental data show that the

technique does work in this case.
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5.1.1  Effect of different potentials on the fit of the

leaching model

The leaching model was fitted to the experimental results of leaches

7 and 8. During these two leaches, the potentials of a platinum elec—

trode, a matte electrode and a leached residue electrode were record-
ed against leaching time. These measured potentials were uged to fit

the model to the experimental data. Table 5.1 shows the resulting

sums of squared differences between predicted and measured extractions

of nickel, copper, cobalt and iron. Figure 5.1 shows the results of
fitting the leaching model to the nickel extraction v8 time data from

leach 7, using the solution redox patantlal and - the matte electrode

potential to approvxmate the particle surface potential during leach— o

ing. Similar results were obtained for copper, cobalt and ifOn eX*l
tractmnne in leach 7, and for nickel, copper, cobalt and irom ex~ :
tractions in leach 8. Graphs showing these results, and the leaching

model computer printouts, &re given in Appendix IX.

kThe results shown in Table 5.1 show that the best overall fit of

the leaching model to the experimental data, was obtained when the
redox potential was used to approximate the mineral surface potential
during leaching. The next best fit resulted from the use of the resi~
* due eleetrode potential, followed by the partially leached matte elec-
trode, while using the new matte electrode potentxal gave the worst
fit of the model to the data. In the case of the nickel, copper and
cobalt in leach 8§, use of the residue electrode potential gave slxght-
ly better fits between the model and the data, but no great penalty
was incurred by using the redox potential. In the case of the iron,
use of the redox potential gave the best fit.

The better Eit of the model to the experimental data obtained by
using the solution redox pocantialyinstead of the new matte electrode
potential to approximate the particle surface potential, can be ex-
plained in terms of the galvanic interactions mentioned in section
4,1(d),as follows:
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Figure 5.2 shows the fraction remaining unleached of the origiﬁal
nickel in the al.woy (broken lines) and in the troilite (solid ]lnes)

for a selection of initial particle sizes. Nickel was chosen for

~ this illustration because the contributions t¢ the overall nickel

extraction from the alloy and from the troilite are of the same. order‘f
of magnitude. In theory iron should be used, because this is the ‘
major part of the troilite ~'except that the contribution to the over~
all iron extraction from the alloy is so much smaller than from the
troilite that it is virtually negligible. Therefore the nickel curves

in Fxgure 5 2 are consmdered more likely to represent the actual

_ dmounts of unleached alloy and troilite at any given leaching time.

Table 5.2 lists, for all the initial particle sizes used, the

tlme for complete dissolution of the alloy in any glven particle 51ze,

‘and the fractlon of troilite remaining unleached when the alloy has

just all dissolved, both ignoring the allowing for the effect of
galvanic 1nteract10ns. The effect of galvanic interaction was cal-
culated by assuming that, for any given pa.ticle size, the fraction
of that particle size that contained alloy inclusions (section 2.1. 4)
did not leach at all while unleached alloy was Present. The fraction
of the troilite not associated with alloy leached as caleulated by

the leaching model. Thus, a particle of (initially) 73,9 microns was
93 per cent unleached after almost 2 hours of leaching, ignoring
gaIVanic effects. In thig size range, 24 per cent of the troilite ‘was

assaezatmd with alloy, thus when the effect of galvanic interactiom is

1nc1uded the amount unleached changes to:

1-(-0,9)( ~0,24) = 0,95

The effect of galvanic interactions is to reduce the amount of troilite
leached from 7 per cent to 5 per cent for this size fraction. "“able

5.2 shows that this is the maximum effect. The smaller particles are
affected less, because they contained less alloy to start with. The
particle size from 18,8 microns upwards represent the cyclosizer
fraction 6, i.e., 46 per cent of the total matte, thus the error in

the overall troilite dissolution due to ignoring galvanic interaction
is, in this case, less than 1 per cent. This is within the experimental

uncertainty of the leaching results.
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TABLE 542

§ffoet of neglecting gatvanie internction between atloy and qro,?ittg,’ g

Tultial ‘timg for complete | Fraction of troilite not yet lqaéhnd;
particle digaciution of Tat koW gh e
sine, alloy. fraetion, Tynoelng ‘lné{udingvf#)¢
wicrony & etk nin. : galvnhié éftectnf,:gaivnniﬁ etﬁﬁb?é
2,4 7,2 0,91 e
3,3 3,4 ' 0,91 S et
4,6 4,7 001 - | 0,91
5,7 5,0 0,92 0,82
31 74 0,92 o
10,1 8,6 0,92 : 0,92
13,9 12,9 0,42 0,92
18,8 18,1 0,93 . 0,95
2641 25,2 0,93 0,45
16,9 31,8 0,93 0,95
52,2 55,5 0,93 S 0,95
72,9 80,5 0,93 0,95
105 118,5 0,94 0,95

(#) Thene figures ware calculated vaing the asgumption thak the
feaation of trellite associated with nlloy does not-dissoive
at a1l untdl all the alloy has disuolved, while the ront of
the troiiite dissolven an before
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In the case of the maLtm elactzOce, however, all of the t?&i?’t@ L

in electrical contact with the alloy, and therefore galvaul@ lnhaﬁw

action is not negligible in the matte a?ecrrode, The effect of

galvanic interaction is to lower the electrode potential {Whlie ali&y'

is preqent) to a value lower than that of the bulk of the partxc]&ﬁ :
in the leach vessel, Flgure +2 shows that almost 2 hoars are. 30$&““
ed to dissolve all the a;loy from the leaching particles. At two
hours the overall iron extraction ig about 50 per cent for tha Pdrflw‘(ﬁ’

cles, but due to galvanic lnteractxon the iron extraction from th@‘57

matte electrode must be small, only alloy having leached, fhxs 1m;i~~
plies that the bulk of the leaching particles are at potentxala
greater than the potential of the matte electrode, which in Lurn
suggests £, the redox potential may ke a better approxlmatlsn mf

the parti-i+ urface potential than the matte Qlectrode potentlaik

Flgur» 3. l(e) (section 3.1) shows that the pouentmal ch

€”. trode increased slawly until about 2 hours of laawh;ng,f

di ped again. The maximum at two hours is in agreemen& with th -
culated time of two haurs for totai dlssolutlan of the alloy {, ,;4) ”
5.2). '

In the case of tha partlally leached matte elactroda th& gai*‘

vanic effect was not as strong as for the neW'matte elec&:sde

(Figure 3. 1(£), leach 8). Hven though the electrode was re~pol;sheﬁ,‘ fj3'k'

beﬁar& leach 8, the amount of alloy at the face was probably muiﬁ ie§§l ﬁ}:

than was originaily the case, The shapes of rhe potential vs tlm@ :
curves for the residue and partially leached matte electrodes WAre -
much more similar to the redox potential curve than was the case for   _'
the new matte electrode. |

Another explanation of the better £it of the leaching model LQ
the experimental data when solution redox potential ig used, which
applies to the partially leached matte and residue electrodes, is
as follows:

First, the assumption is made that the farric/ferrous exchange
current density at the surface of & leaching matte particle is large
enough to make the effect of the anodic current due to the 1each:ng
of the matte negligible., Thus the matte surface potential will be
equal to the redox potential of the solution at the matte surface,

Now, as the matte dissolves, solid elemental sulphur is left behind.
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This sulphur forms a layer through which the ferric
ions must diffuse Inwards, and the ferrous (and Ni2+, Cuaf ?hdiﬁ;. -
Co®™) ions must diffuse outwards, as 1éaching'progresses;,'fﬁigfff”“'ﬂ
diffusion causes the concentrations of the ferrous and Ferri9[i¢h$¥gwi‘
at the matte surface to be different to those 1in thekbulk_$ "”f 
and therefore the redox potential at the matte surfacs‘tqrdi fer
From that of the bulk solution. | e

The overall leaching reactions are:

a) Troilite‘leaching: ,
- G g & e spaen . w0
MS s Ee2(304)3v MOS0, + ZFeSQq,f S

b) Alloy leaching:

40 ‘L N ‘ 2F 650
M2 4 Fey(s0,)y »+ u 50, + 2Fes0,

M in the above reactions repiesents niGKEl,chppavgﬁ¢¢bai'
and for the purposes of this)ﬁisaussien~iswtak§n.3s5r¢pne
‘Qniy iron,_§iqce‘ifon is;tﬁe bulk'cthhe metai in the matte.

:‘ Frqm_the,above equations, we see that for eyéry;mq  f iron
:;eachedffrgm the matte, two moles of ferric ions,must;difﬁuse,ﬁq
the matte surface, and three moles of ferrous ions must di;fq;ggﬁu
away. There;isfalsn,a;total flux of che mole‘p&kg@oIEfléaphﬂi,
away‘ffgm the matte surface. The cancentratinnﬂd;ffg?éncég‘ag‘”
the sulphur layer can be approximated (ref. 18, page 15) as fc

2} Ferrie lons:
‘WF-QQmaC}MW
T 81 e s '
b) Ferrous ions:
N D . ' X .
F g 31{05 - Cm} *;F%

flux of ferric op ferrous ions
net outward flux of ions
diffusivity

thickness of sulphur‘layer
bulk solution concentration
cohcentration at matte surface

Where: F
F¥
D

603 o
-
LU T
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If the rate of leaching of metal from the matte is r, then the fluxes
are as follows: ‘ ~ - LR

Ferric iong : o= 2y
Ferrous ionsg : F o= 3r
Nett flux out : F* = ¢

Substituting these values into the above equations gives:
For ferric ions:

= ¢ . Srél
G, Co )

e . 2:81
€ C,, ‘+ 5

The value of the reaction rate r, as a function of 1aa¢h1ng t_me,f
is known frcm the leachlng model. The thickness of the sulgp hur 1ayax‘,
can be esﬁlmared by absumlng that as matte is leached away, the sul=

phur remains behind, accupymng the same volume as the unleached matte.
Since the density and composition of the matte are known the volumef'
occupxed by a given number of moles of iron in the matte can be ca1~
culated, Sinece the alemental sulphur formed has been found to be

orthorhombic sulphur, whmt“ has a density of 2,07 g cm 3, and the matteff; [f 

dansxty is abcut 4,8 g om 3; the voxdage in the sulphur Iayer w111 be
about 60 per cent. The only remaining properties needed are the

'dlffusmVitxcs of ferrie and ferrous ioms, Madsen(as) measured the L

dlfoSlVLﬁy of the ferric ion in sulphate solutions of varleus con~
centratxons. From these measurements, the value of the ferric 1on ;‘ 
dlffusmvxty at 90°C and 2,7 molar sulphate concentration (correspond~
ing to 100 g/l Fe in sulphate solution), is 5,6:10 -6 2 “1, or
3,310 cm /mlnu;e. Thls 19 Laxrly close to the value given by
Lowe(18) of 5.10°% cm /mlnute' Chﬂpman(lQ) gives the diffusivity of
copper and 7inc ions in aqueous soluLlon at 25°C as 3,810 =6 cmzs 1;
(at a concentratlon of 1,4 g moles 1~ ) and 5,7-10° cmzs (at 0,25 g
moles 1~ ) respectively. Since the copper and zinc diffusivities
decreabe with increasing concentyation, sod diffusivity increases

wmth increasing temperature, the very rough approximation can be made

that the diffusivity of ferrous iron in the leaching solution is the .

v 4
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‘surface area. A surface roughness factor can be deflned ag:

'The leachlng rate per cm2 of electrode surface area is then ngen by

same as the diffusivity of the copper, given above. The diffﬁsivi*
ties found in this manner are by no means claimed to be acaurate, but ,
they should be at least of the correct order of magnitude, The abmve »*:*
diffusion coefficients must be multiplied by the v01dage fraction wf
the sulphur layer, to give values for the dlffusxvmtles lu chms laver
Thus, the diffusivities to bhe used are: '
-1

Ferric D = 2~10”4 cm2~miu

Farrous: D = l,SvIO‘Q cmz‘minul

Once the thickness of the sulphur layer is known, and the values
have been estimated for the ferric and ferrous dlffﬁsxvzﬁles, the :
change in concentrations across the sulphur layer can be calcula ‘

the leachlng rate is known. In the case of single matte partlc es,

the leachlng rate per cm2 is given by rhe leaching model, ag a £ nct1on ”fi"
of potential. In the case of the matte electroda, one further comp x~;[77“d
cating factor arises, i.e.: T
Since the eleetrode was made by compresslng matte partlcles to~'
gether, and the Faca was ground using 1000 grit water paper, the
electrode face cannot be considered to be smooth, The actual mlneral
surface ares available for leaching is greater than the superflcxal

actual surface area
superficial surface ared

$.R.F. =

the - rate predicted by the leaching model, multiplied by the surfacc
roughness factor. From the comparison between the electrochemlcally
measured current potential curve and the curve predicted by the leach~
ing model (next section), a value of 27 was deduced for the surface~
roughness factor,

The above method was used to caleulate the surface concentratlons
of ferric and ferrous ions, and from these concentrations the solution
redox potentisls at the matte surface, This wag done for the matte
aleutrode, and for the largest initial matte particle size, The
results of thase calculations are shown on Figure 5,3. The symbols
represent measured redox and matte electrode potentials, the solld 11ne
is caleulated bulk solution redex potential, the dashed line is cal-

culated redox potential at the matte electrode surface, and the dotted

a8
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line is redox potential at the surface of the largest matte particle i
present. :

Figure 5.3 shows that, while the particle surface notential re-
mains very close to the bulk solution redox potential, the matte
electrode potential deviates significantly from the solutionfredox
potential, by an amount which increases as leaching proceeds.

Once again, it must be emphasised that these two explanations of‘
an unexpected result (namely that the leaching model gives a better
flt when solutiaon redox potential is used as the mineral surface
potential than when the mstte electrode potential is used), are not
claimed to be accurate models of the system. Thaey are used in a
qualitative manner only, as some Justlflcatlon for using the solut10n~*7”

redox pctentxal to model the matte surface potentxal during 1ea ff~“

Fxgure 5.3 does show, however, that  the elemental sulphur formedl
on a leaching matte particles does not affect the leachlng rate, be» g
cause the solution redox potential at the sulphate surface is very

close to the bulk solution redox potential.

5.1.2 Comparison between predicted and experimental

dependence of the leaching rate on potential

Since the bulk of the matte consists of troilite (FeS), comparxsou of;
predlcted and measured values of the leaching rate dependence on .-

patential, for troilite, will show whether or not the 1eachlng;m del

developed in section 4 is sound.

From the leaching results, a value for the constant k of O 019
my. -l has been found to give the best agreement between predlcted and
measured iron extractions at 90°C. The electrochemical exparlmemt ‘
(section 3.3) at 90°C yielded a value of 0,013 mV . for this constant,
while the theoretical prediction (section 4.1.1.3) was 0,016 me1 at
90°C, assuming that the symmetyy Ffactors for the individual reae#ion
steps were equal to 0,5, The measured values of 0,013 and 0,0lQ,mV”l
can be used to calculate the symmetry factor Bl as follows:

In section 3.1.1.3, the full rate expression for anodic dissolu=

tion of the Fel was:




. ZFk1k2 exp{(2 5 BZ)FE/(RD)}

@ [re '] exp{~B,FE/(RT)} + k2 exp{(1~62>FE/Ri}

At high potentials, this reduces to:

i,= Ke/kh exp{(1-8,)FE/(RT) )

= ¥ exp{kE)
The various symbols have the same meanings as in section 4-1‘1;3;;:f
Thus: | | e

k = (1-8,)F/(RT)
or: k = (1"31)03032

The values for the symmetry factor B,, as calculated from the 1ea¢h4‘f,f*”
ing and elec¢trochemical measurement results, for the 'leaching nyiron;

from the troilite phase, are as follows:

From electrochemical measurement: 61 = 0,59

From leaching results : 61 = 0,41

Tamamushl(l&) quotes auod;c transfer coefficient (1-8) values far the  ;’ f ?’
reaction F&3+ + 8 Faz+, on a platinum surface, which vary hetwaen o
0,39 and G ,58.  This means that the accuracy with which the symmatly‘w:
factor for iron dmssoluc;wu fram,troxlxtc was determlned from e1e  ro

ahem;cal ‘and leaching mPaSurementS, is of the same order as thewagreew )

ment between publlshed valueg of the sympetry factor for tbe fert ¢~ R

ferrous redox couple. The agreement between the electrochemlc 1:and
leaching results is therefore acceptabla and the electrochemxéal f  f_ “5m
leaching model assumed earlier is justified. s ,i'
In summary therefore, the leaching mechanism of troilite 1n , 
ferric sulphate solution can be considere d to be electrochemical in
nature. The mineral surface pdtantxal is best approximated by the
solution redox potential, for the purposes of fitting the leaching
model to the experimental data. The mineral surface potential may

differ from the redox potential by a constant amount, without any

detrimental effect on the fit of the model, since:

K exp{k(E -~ E*)} = K* exp{k E}

91




Where: K = K exp{- k E*}

= constant if E* ig constant.
Thus the effect of any constant difference between the redox poténtialkf
and the actual mineral surface potential is compensated for in the

constant K in the leaching model,

5.2 Solution redox potential

The various equations and appromimatiOns discussed in section 4,2
were written into a Fortran V computer programme and solved on the
Ecllpsa 8250 computer. The computer printouts are shown 1n;Appandxx :
I11. e

5.2.1 Redox potential at ambient temperature

The effects of the various assumptions made regarding the. farrous/

ferric activity ratioc (section 4. 2) were investigated using the

measurements done at 22°C.

a) Total concentration ratio

Figure 5.4 shows the effect of using the total ferrous/ferric concen~ -

tration ratio as an approwimation of the ferrous/ferric activity ratlo.[
The "theoretical" Nernst equation predictions arve far from the measur-
ed values, while the "empirical' Nernst equation and the “best straxght;ff
line" predictions are very sxmilar, and give average and maximum ”
differences between predicted and measured values of about 10 and 18
m&llxvo?ts, regpectively, This means that the ”empxrlcal” Nernst

equation, with an intercept value of 682,7 m:llxvalts, and the total

ferrous/ferric concentration ratio, can be used to predict the redox

potential with a maximum error of less than 20 millivolts, However,

as is shown next, better predictions are possible,

b)  Uncomplexed concentration ratio

The result of allowing for the complexes FeSQQ, I%ISO{4 and FeSOé, and
using the uncomplexed ferrous/ferric concentration ratio to approxi-
mate the activity ratio, is shown in Figures 5.5 and 5.6. When the
concentration quotients are taken from the literature, the results in

Figure 5.5 are obtained, i.e., the "theoretical' Nernst equation givas
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K exp{- k E*}

constant if B* is constant.

Where: K*

[

Thus the effect of any constant difference between the redox potential

and the actual mineral surface potential is compensated for in the

constant K in the leaching model.

5.2 Solution redox potential

The various equations and approximations discussed in section\é.z‘ :
were written into a Fortran V computer programme and solv&dton'ﬁﬁe"z” e
Eclipse S250 computer., The computer printouts are shown in Appenﬁiz
III. S

5.2.1 Redox potential at ambient temperature

The effects of the various assumptions made regarding the ferrous/
ferric activity ratio (section 4.2) were investigated using the

measurements done at 22°C.

a) Total concentration ratio

Figure 5.4 shows the effect of using the total ferrous/ferric concen-
tration ratio as an approximation of the ferrous/ferric activity ratio.
The "theoretical' Nernst equation predictions are far from the measur-
ed values, while the "empirical’ Nernst equation and the "best straight
line” predictions are very similar, and give average and maximum g
differences batwaen predicted and measured values of about 10 and 18

mllllVOltB, regspectively. This means that the "empirical" Nernst

equation, with an intercept value of 682,7 millivolts, and the total
ferrous/ferric concentration ratio, can be used to predict the redox
potential with a maximum error of less than 20 millivolts. However,

as 1s shown next, better predictions are possible.

b)  Uncomplexed concentration ratio

The result of allowing for the complexes FeSOa, HSOa and FeSOz, and
using the uncomplexed ferrous/ferric concentration ratio to approxi=-
mate the activity ratio, is shown in Iigures 5.5 and 5.6. When the
concentration quotients are takem from the literature, the results in

Figure 5.5 are obtained, i.e., the "theoretical' Nernst equation gives

92




508 Complexes: PeoOa, HSOA, Fé802 ‘  o

i
[ . \\ (Stability constants ex literature)
(Symbols are the experimental ace R
data points)
ul
e i
3“ "fheoretical Nernst equation §
% predictions %
i 1
:
2 =
ig"Emplrlcal“ o
-3 Nernst equation Yﬁ@m %
ﬁ@ and best straight '\ g
z line predictions N 3 PEmpirical”
8 ] 8
[ [
5 g Nernst eqn’,/r”\
@ | predictions
8 N
-«
\\* 608
©w
\
O
sea.} AN . . i
N Best straight line \.
\ o -
N predictions SN
L N, 550
- -
T T B A et
5 & .y g 32 3 4 5 -2 4 )
Ln {TOTAL FERROUS/FERRIC CONCENTRATION RATIO) L CONCOMPLEXED FERROUS/FERRIC CONCENTRATION RATIO) ©

Fig. 5.4 Fig. 5.5



Author Dry M ]
Name of thesis Kinetics of leaching of a low grade matte in ferric sulphate solution 1984

PUBLISHER:
University of the Witwatersrand, Johannesburg
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the University of the Witwatersrand, Johannesburg Library website
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or
educational non-commercial use only.

The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.





