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A 1 of the mechanism of both the oxidativa end
dtssolutt baseé on the tramsfar of charge
acruss the phase boundary is given,

The rate of dissalutlon of sphalerites in a
forric chloride solutlon is showm to be linear function of the
concentratio) of the {ron in the lattlse, This 4s attributed ©o the
Formation 0! a narrow Impurity band within the forbldden band gap of
the sphalerite, The impurity band i¢ of iron d-oxbital origin. The
transfex of elactrous between this d-orbital band and the oxidant is
enargotically more favoursble than that between the valence band and
the oxident. A model the electr

of the sphalerite and Gerischer’s quantun theory of semiconductor
olectrochamistry is presented. An squation is derivad that 1ig
congistent with tha obsexved dissolution kinetlus of iren-containing
sphalerites, i.e., £lrst order In the concantratien of iron in the
sphalerite and ons-half order in the concentration of oxidant in the
solution.

It was obsarved that the digsolution of tha Gamsberg sphalerite in a
Zorris sulphate solutlon comtinued beyond 90 per cemt comversion in
two hours at 80°C. The rate of reaction is proportional to the sun of
tha concentrations of the Fe?¥(aq) and the PeNsofT complexss wieh
a redction order of one-half. The addition of Fe(LI) to the solution
had eu indirect effect on the reactlon rate, by dacréaslong the comcen
trations of the electroactiva fons. Additlens of ZnS0; did not affect
the resction rate. The kinetics of dissolutfon is successfully

by an el 1 mochanism in which the cherge transfer
from the solid to the oxidant is rate-limiting.

The dissolution of the concentrates from Rosh Pinsh and Black Mountain
dopogits failad to emceed & comversion of 5O per cent after 5 hours at
80°C with 5.5 M re(li) in on acidic ferric sulphate selution. X-vey
a1l analysis the of an luble PbEG, or
lead Jarosite coating, Eleotron microprobe analysis was unable to




detect a continuous layor of matorial that coverad the lesches

particlas,

The kinetics of the non-oxidative dissolution of sphalerite are first
oxder in [#%], and the raverse reaction is proportional to the square
oot of the concontration of zine in solutfon and to the square root
of tho hydrogan sulphide partigl pressure, The activation emergies
£or the removal and d are net to the ixon
mpurity content in tho solid, The rate of both the removal and the
deposici 1s by & charg £ hand in
which the movement of ions across the Helmholtz double-layar is the
zata-controlling step.

agltd

The alactrochemistry of other metal sulphides is veviaved with

enphoats on the influence of the solld-state properties on the rats of

dissolution, It is stressed that the elactronle structure of the solid

and of the solutlan must be token into sccount in any Pundamental
of the anodia of semiconducing minarels.
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L.l Jatredustion

Interest in the lurgical of b 1 sulphid
has boen maintained ne o high lovel duming tha laat £iftcon yoars, The
impozed on tho sulphido smoltors
have lod to tho davn!.opmnn: of hydromotallurgical routes for tho ox-
traction of motals £rom oulphides that avold tho production of
sulphur dioxida. Those procosses imvolve the aquecus oxidation of
selphide to olomontal sulphur or to sulphate by an oxidant such os
forede don or dianolvod oxygon.

Thege al for tho of matal have
othor advantages ovor the conventional roast-loach precess, Doyle et
al (1978) comparod thoso processos and ocstimated that at that time
the capital roquirements wore up to 30% loss for the loaching process.
In adtivton, lurgleal are in able to
craat lowovsgrado oxes. lowovar, a major disadvantage is the uoed to
heat large volumos of diluta solutione, and thovefors the omergy ro-
quirements may bo prohibitive.

In tleular, 4 1 has hoon focussod on the
dovalopmont of precossos Por tho  loaching of wine  sulphide
soncontratos An chloride and sulphate solutiona using dissolvad
Lron(IrI) an tho oxidant,

Shoryitt Gorden Mines, Led,, have adaptod thoir eochnology daovalepod
for the oxfdation of nickel sulphido to tho loaching of zime sulphide
oltman of a1, 1978). The esncentratos axe loached dirvestly in
«ollshouse zotun acid with afr or oxyson undoy pressurs, The leach
coustions aro:




e e DU [
L 2
205 + Foy(80,)3 - ZaSO, + 2FeSO, + § 11
2Fo80;, + HgS0, + HOy ~ Fep(S04)3 + HaO 1.2
208 + HyS0, + M0y -+ ZnSO, + § + HaO 1.3
The autoclave 1s above 160°C and surface-active

agents are addsd to ensure complete conversion, This process, which is
espacially smansble to high iron and copper coneentrates, has been
installed av Comlmco Ltd. (Trall, B.C., Conada) snd at Kidd Crask
Mines, Ltd., (Timofns, Ont., Gsmada).

The Sherritt-Gordon autvclave at Kidd Cresk s a horizental, four cam-
partment unit, which is designed to treat 100 tons of concentxate per
day. ‘The zinc concentvate is fed to the autoclave as a slurry with a
2011ds content of 70 per cant snd & specific density of 2.1. Ths temp-
eratures in the compartments range from 135°C in the first compert-
mont to batween 140 and 144°C in the other thres. The total press.re
1s maintained at 1000 KPa. Oxygem-enriched air (85 to 90 per cent
oxygen), drawn from the copper smeiter, is fed to the sutoclave at &
rate about 50 per cent in excess of the stoichiometric requirement
for sphalerite oxidation, The slurry is discharged from the
autoclave through a stainless steel orifics, and vegulex blocksge of
the orifice by sticky elemental sulphur results in an auteclave down-
time of about 30 per cenmt (Dry, 1987,

The pressure-lesching plant at Trall has been in operatfon since 1981,
fhe four compartment autoclave has a werking volume of 100 n?, and
the residence time at the dasign faed rate of 190 tons per day is
about 100 minutes, The temperature is maintained at 230°C, and the B
total pressure is maintained ut 1250 kPa. About 88 per cent utiliza-
tion of the oxygen, which 1s 98 per cent pure, is achifeved. Downtime B
in the pressura leaching plent s about 10 howrs per momth, signifi-
cantly less than that at Kidd Greek (Dry, 1987).




Vielle-Nontagne (sslen, Belgius) have commissioned 4 pilet plant in
which the autoclaves, such as those used at Kidd Creek and Trall, are
replaced with a pipe reactor. The reactor runs at 4 temperatura of
between 150°G and 160°C and at pressures of 4000 kPa, This high-press-
ure leaching process is batng patented. The oxygen fsed

to the leach reaster is controlled so that the final solution contains
about 30 g 11 of sulphuric seid and all the soluble iron is in the
farrous form, The formation of jarosite in the reactor is avoided. The

residance time in the pipe resctor iz about 10 minutes, a tenth of the
residence tims in the Sherritt-Coxdon auteoclavas. Extracclons of
batween 95 and 98 pex ceni are obtained, &nd most of the sulphidie
sulphur is converted to elemental sulphur. A surface-active agent,
o-phenylene dlamine, is added to the solution to prevent the agglom-
aration of the elemental sulphux that is produced, &nd it bas been
clalmed that this speeds up tha rate of reaction. An important
advantage of this process is the high racovery of the assoclated
silver and gold from the sphalerite ors, Ninsty five per cent of the
silver is revoversd from the leach resicue (Vegter, 1987).

MINTER patented a process in which the zine sulphide matevisl s dis.
solved in a solution contalning between 5 and 50 g 17! irom and
about 20 g 11 sulphurfc acid (Verbaan, 1981). The temperature is
maintained below the melting point of sulphur, 119°0. Tha sdvantage
of this process is that a milder temperature is wsed, amd there is

therefore & majox saving ou the enexgy requived to heat the solution, -

The dissolution of sphalerite In an acld solutlon in the absence of an
ox{dant produces hydrogen sulphide, vhich could ba oxidized to pure
elemental sulphur in 4 subsequent step. Attention has not boen

fooussad om the 1em-oxidative dissolution of sulghides, presumably N
because the production of hydrogen sulphide would have its own i |
anvironmontal and produstion problems, .t

In the hydrometallurgical processing of sphalerite to obtain zinc




metal, the central operstion g the leaching unit, which replacas the
roast unit {n the conventional plant., In the lsaching process, the
dissolution of the mineral is encouraged, and efforts are made to pro-
mote the dissolution rats, A fundamental understanding of the
kinetics and of the of sphalerite would aid in
the choice of flowsheet for the plant, and in the design and the
operation of the plant.

The kinetics of the and dizsoluti
are reported In this thesis, The aim of the thesis is to present a
1 of the hant oL both the oxidative and

non-oxidative reactions based on the transfer of charge at the phase
boundary, The electrochemical machanisms proposad take into account
the ol nges In the eleatrochemical potential of adsorbad ions, the
trans€er of slectrons and fons across the Heluholtz layer, the effact
of the diatrlbution of charge within the sold and the effect of im-
purities within the solid,

This rescarch is Intended to present an original conmtribution to the
kinetics of the dissolution of zine sulphide concentrates b, defining
more *sarly the mechamistlc details snd the electrochemlstzy of the
system,

In tbe remalning section of this chapter the literaturs on the leach-
ing of sphalerite s reviewad, and the aims and scope of this research
ave discugsed in detsil. In Chupter 2 the styuctura and solid-state
proparties of (Zn,Pe)S are reviewsd, and the semiconductor natura of
sphalerite is emphasized. In Ghapter 3 the established theory of
charge transfor at the semiconductor-solution phase boundary is
discussed in detail, with parcicul to di

veactions. It i stressed that the electronic properties of the solid
and the sclution must be tsken {nto account in any fundamental imter-
prafation of the reaction kinetics and the anodic behaviour of semi-
conducting minerals, sueh as sphalerise. The expeimental procsdure

and results are presented in Chaptor 4, and these rosults are




discussed and analyzed in Chapter 5 in terms of the electrochemical
theory presented in Chapter 3. It 1s shown that the mechanism propesed
based on this theory is consistent with the dissolution kinatics, The
conclusiona of this work ave presented in Chapter 6.

1.2 Research. beokground and criticel revisw of tho lltexature

of
llurgists and

Tha & From
both
sion av the surface of the sulphide ancde fs an ubiquitous problem in
solar suergy lending ultinately to the of the
photoelectric cell, Research work has been focusaed on the search for
redox couplos that will suppress the corrosion by compating for sur-
face holes, or for maverials, such as MoSy, that are resistant to

has received
hot:

coryas

corrosion. The alectrochemistry of cadmium sulphide has received pav-
ticulox attentlon, sané the kinetics of corrosion and photacorrosion
have been interpreted in texms of the theory of semiconductor electra-
chemistry. Hydrometallurglsts have investigated the kinetics of
solution of the base-metal sulphides with the wiew to maximiz "
rate of dissolution. The kinstics of dissolution have been .-
prated in terms of adsorption Lsotherms, and more recently inm te..

tha el al d. L model d to daescribe the
mechanism of the corrosion of metals.

The el try of metal has besn reviewed by Kach
(1975) and Riskey and Wadsworth (1961), while Wadsworth (1972) and
Dutrizas and MacDonald (1974) reviewsd the leaching studies of metal
sulphides, Burkin (L969) has raported on solid-state transformetioms
duzing lecching, emphesizing the formetion of surfaca fllms that
inhibit further dissolution, and Paters (1977) has discussed the
exporimental techniques used in sulphide slectrochemistry.




1.2,1 Pissolutd and preducts of

Disgolution roactions can bs classified on the basis of the overall
veastion into non-oxidative dissolution, in which ne chonge in the
formal oxidation state of the constituent atoms of the solid occurs,
and oxidative dissolution, in which such a change does occur (Diggle,
1973).

Forward and Warren (1960) rovieved the avallable Miterature for the
uxtraction of motals £rom base metal sulphides by hydrometallurgical
methods, and reported on the chemistry of the dizsolution process.
They soncludad that the products of reastion ave 1+ jaly determined by
the concentration of hydrogen ions,
oxidizing agent, and the temporature in so far as it affects the For-
mation of eulphates.

oxidative reaction lst

the presenca or shsenas of an

In the absence of an oxidizing agent the non-

268 + 8,80, + TS0 + Hp3 1.4

while in the presenco of oxygen (or any other oxidant), the oxidative
reaction 4s:

Z0S + HoB0, + MOy + ZnSO, + Hp0 + § 15

Oxidation by oxygen oan oocur diroatly in solutions of higher pH vale
uos, as Zollows:

S 420, -+ Zns0y 1.6

The dominant mochanism of dissolution would depeud om the relativa
concontrations of oxidant snd seid, Im o solution With a high concon-
tration of osidant, opidative dissclution would bo axpected to ascur,
while in a solution with a high concentration of acid, the non-oxi-
dativo progoss will deminata.




2.2 of the of

Eifgcts of oxidint and praduot;
on. the xate of di

TForward and Warron (1960) saparated the factors that may control the
rate of dissolution of sulphide minarals into threo categorest (1)
mass transfer of reactants and products in solutlon, (1i) coating of
insolubla products on the surface of the minoral, or (iil) chemloal
roactlon on the surface of the mimeral. Thoy reported that when
oxidation ocaura balse 119°C, the film of olomental sulphur that iz
formed S5 porous, and doos not ishibit oxidation. Betwesn 119°C and
160°C, molten sulphur forms an impanotvabla coating on the minaral
surface and prevents further owldacion, while above 160°C the sulphur
s oxidizod to sulphate, and, thorefors, it docs not form a coating
thae tohibits the disselution ¥enetien,

Dutrizaa and MacDonald (1974) reviewed the literaturs on the leaching
of buse-metal sulphides by forric ion and reported that tho loaching
of ophalerite 1s controlled by tha diffusion of forrle fons in
solution (pH =~ 2), wich an activotion enorgy of about 24 kI mol™l,
which {s congistont with diffusfon contrel. It was alse reportad that
the rate is dircetly preportional te the forric lon concentratfon, and
1s nat impaded by the formation of olemental sulphur,

Jan ot al (1976) that the stop was the
voaction ot the minoral surface, and not the diffusion of forrtc fons
to tha surface, -oven though thay obsorvad an apparent activation
onorgy of %4 k! mol'}, and a dopondoncs of the rate on agitation,
They attributod the lincar kinotica that they obtainod to the
disk-like shape that the sphaterito particles appeavad ¢o have when
axamined undor 2w oleotren micrescops., Thoy propesad that the rsaction
sosurs by o mochanism 4n which tho initial stop 1s tho non-oxtdative




dissolution reaction, followed by tho oxidatlon of tho hydrogen
sulphide by forric loms, By loaching sphalorits in tha presence of
sulphurtc acid and fodide, they demonstrated that th reastion

208 ¢ HySOy o ZaS0y 4 HgS 7

ia instantaneous, and that tha oxidacion of hydrogen sulphide by
oxygon

HpS + MOy + Hp0 4 8 1.8

in elov and race.dstersining, In tha prosemce of foerric dow, thay
proposad that the role of the oxygen is to reoxidize the farrous fon
producad in the oxidation of the hydrogen sulphide, This schema can be
voprosented as follovs

208 + HS0, = 2nS0, + HyS 1.90
2F050, + HpSOy + MO = Fop(S04)3 + HaO 1.9
Fap(50,)g + HpS i 2F0S0,, + HpSO, + § .90

and tha overall roaction would then bo
298 + WpS0y + 40y + Zn80, 4 HpO 4 § 1,94
in which roasefon 1.9b is tha rato-controlling step.

Vorbasn (1977) loachod a number of aphalovitos of difforent origin in
the prosonce and absomee of forrie lons in aeid sulphate solutions, Ha
ahowed that the amount of Hp§ formed duwing reaction was dvsmaticully
doczoased by the addition of ferzia len, Ho obtained conflicting cvide
onco as  te whothor or not the olomental sulphur resultod in
product-layor diffusion control., MHo attompsod to oxplain  tha
kinotios of the initial rate of roaction by & mechanfsm in which tho




cdaorpeion of forrte fons ond bydrogon loms onto the surface 1s
doscribed by the Lengmuir fsetharm., Thia mechoniem was rolatdvely
succossful 4 tho absonce of forric doms, i.e., it described ths
initial ¥ato of the non-cxidative raaction. Van Sandwijk and Koopuons
(1986) applicd an adsorption model to the oxidative dissalution of

and the rate of df don in torms of the
Lengmuiz fsothorm, Their medol is very similar to that proposed by
Vorbaan (1977).

It was common practice In Qlurgloal studies to the
kinotics of dissolution in torms of adsorption isothorms. These iso-
tharma make wo proviefon Jox the offeets of the eloctrical
doubla-layor and fur tho chonges in the olactrochomical potontials of
the adgorbed fons - offecty that are {Incorporated in tho
charge-transfor  thoory.

Scott and Dyson (1968) notod the catalytic activity of soveral di.
volont metals on the prossure leaching of a chemically-propaxed zine
sulphide by oxygen. This setivity incrossod in the oxder Fo < Mo < R
< B < Cu. Tho effeot of tho catalysts was attrlbuted to the pono-
ex :clon of the matal fon into tha lattico (substitution) which affoets
the olectylcnl conduotivity of tho solid, and thorefove onhances thy
oloetrochomical dissolution of tha gsolid, The main paremotors
influcnoing tho rata wore vopovtod to bo tho catalyst cancentration,
the tompovatura, tha oxygen progsure, and the ucid aoucentuation.
Tha sulphato that formed waa attributed to the oxidation of hydrogon
aulghlda that formod as an intermediata produat,

Seott and Nieol (1978) reported inconsistoncies bstwoon the axporimens
tal fox various sphalaritos and tha prodistions
based on tho assumption that tho dlssolution cceuxa by means of a inmd-

tial ddanl aotl Thoy that the mechaniam af dia-
solution in asidie solutions of forvie aulphate may bo direct oxi-
dation, and conaludod that the hanism of 4l i

m the eutgln of the spholozise, Uoing a sphedoztto-graphite




aloctrode, thoy indicated that the process diractly respensibla for
the rate of dlssolution ocours on the surfacs of the cloctroede, and
that if direct oxi<ation doos occur, one would sxpoct the potential of
the zine sulphide aurface to 1ic in the reglon anodic to 0,4 V with
veapoct to the satuvated calowel olectiods (80E), Thoy owporionced
difficulties with this typo of eloctrede dus to the high rowiativity
of tho aphalerita,

Pawlok (1969) doseriboed the kinetlea of digsolution of sphalarits in
tarms of a model which incorporated am electrochemical step. This des-
cription involves onodic and cathedic reactlons occurring on the
surfaco of the mineral, with & current flowing botwoon the soparate
localitics whore sach reaction takes place. The anodic yoaction woe
loases olectrons

s = 2o 4y o+ 207 1,10
whilo the cathodic ragetion eomaumns the olestvons by

207+ 2 440y -+ HyO 11

Although cine sulphide s a with o high ty, the
oslootron oxchange cocuts ovel a limitod lecality, and tho high rasist-
ivity of tho =minoral doos not Limit tho olootrachomical raastien,
Pawlok @id not doseribo the evorall kinotics in Latms of an olcctyoe
chomtoal mochanism, but used g thaoky of boundary chomiserpeion, &ndi«
cating that the rato-senfreliling precoss is not tho clectroshamical
1goation. Ho found thet ioitfol $lesolution rosultod in tho formation
of hydrogon sulphide, which retards tho wxate of dissoluclon. Pawlok
showad exporimentally that tho continaus removal of hydrogen sulphido
can increaas the rate of dissolution by a factor of approximately
four,

Varbaan (1980} coneluded fn a lacer that the 1-
Ling stop in the loaching of sphalorits fs an elostvochemisal ro-
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Figura 1,1 Tha oxder of roaotion wich Toapuat to tosal ferete Lon
aoneuntzacion o fortlo eblaxide leadhing of & nacural 2%
soneancrate (aftee JIn e al, 1983).

astion. Ho voported that tho rate is proportional to the ferric fon
concontration to the power 0.4 and Snvarsely propertional to the
forrous fon concantration te the pewer 0,25, and used this {n an
ompirfcal ecorrelation for his rosules in acldic forrie sulphato 8ol
utiona. No attompt was made to apply sloctrachamical theory in the
formulation of this eoxrelation,

Jin wod Warvan (1985) proposed an adsexptionseloctrschemical medel for
tho dissolution of sphalurite in forric chlevtdn solutions. Thay ob-
sorvod that ¢ho rate of roaction %s proportional £o [Fa{III)}¥ and
that at highor consontraticns of forric chlorido, the rato becomos
indopondont of tho forrle fon concancration. Tha ohange in Fo(EID)
dopondenno cccurrad at 0.8 M Fe(IIT) for particles of thres size
zarges. Those roaults arve iilustrated in Flgure 2.1, They attributed




this change to the onsct of complots covorago of the surface by ferric
ions, ‘The ferric fons aro ossumod to be addoybed at the inmnox
Helwholiz plane (IHP) at anionio lattiee sites, Thoy doescribad thase
results in temms of an adsoypiion isotherm in combimation with the
mixed-potential model. Tha rate of raaction was also dependent on tha
chlor{de ion concentration, tho veaction order alse being one-half,
Competitive adsorption of H* onto the samo sitos as Foo* was not
nentiened. In addition, it not clear how thay woule ucoount for tha
effoct of the addition of Fe{II) to the leaching solution in thoir
model.

Crundvell (1985) and Vorbaan and Crundwell (1986) dorived a medel in
which the mixed potential (or corrosion potenkial) can bs appro-
ximatod by the redsx potontial, V, for the Fe®*/Fo3* couple. Tha
xate of resction, r, is given by

r w kgexp(0.5 FV/RT) 112

where k, %8 4 rata constant, F is the Paraday constamt, R fs the gos
constant, T 48 tho temperatwro, 0.5 is the valua of the chargo-trans
for coofficlont, and tho vedox potontial ia given by

V = v & RI/F In ((Fedti/(Relt]) 1.1

where V° is tha standard rodox potontial. (Although it {s not standard
practice to use the synbel V for tho rodex potontial en tha hydrogon
seala, Lt will be wsad hore bocauge the symhol B will donote cnergy on
the vacwun acalo, It will bs shown that the valuos V* and Biggox
ave tho samo cxeopt that dLEf ront encrgy seales are usad.)

Bquation 1.1%2 gives the samo onuehalf ovder dopendomco on [Fo¥*] ap
constant (Po(TE)] that was found by Jin and Warron (1985). The
combination of this wodel vith tha shrinking-parsiclo goometry and tha
caleulation of the rodox petential, gavo an oxcollont ropradustion of
the rosults of batch leaching in which tho forreus Lon conesntration
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was gonptant, Careful oxamination of this model ndicatos thac the
zato should bo Invarsely preportional to [Fe2*), towaver, this is
not conafstent with the vosult obtained by Vorbuan (1980) that the

the rate Lo Leworsely proporthenal to {Fod*)0:25, - 7
Tho £ailuve of this madel is shown in Figure 1.2. At constant [Fa(I1}) .

ond varying [Fo(ITZ)], oquation 1,12 is satlsfied, aimme the maceuted e

slepe, 13,6 V'%, {5 closc to tho oxpostod slope of 17.2 V°1 (gvom of L

oquation %.12) but at comszant [Fo(III)} ond varylng [Fe(IZ)],
cquation 1,22 is mot satisfied, since tho moasured slope, 9.3 V-1,
is far from the oxpocted slope of 17.4 V1, The non-Nornstion
rosponge of tho vate of dissolutfon with ineraasing [Fo(II)) ax
conatant [Fa{IIT)] moars that tho medel ropcosantod by squatlons 1.12
and 113 o imcoroet,




In summary, recent studles of the oxidative disselution of sphalerite
in both ferric chloride and ferric sulphate solutlons have emphastsed
an electrochenical reactlon with s reaction order of 0.5 with raspect

to the ferrie fon The mixed ial model, developad
to describe the h of metallie 4 has gained

in research en leaching and flotaticn and has been applied with medi-
£ guch as h to the leaching of sphalevite

with varying success. This model assumes that electzon transfer is the
rate-controlling stap, and that the mechenism of dissclution is ana-
logous to the corroston of metals.

Effacts of solid:state properties on the gate of dlsselution

The application of tho mixed-potential model to the leaching kinetics
assumes that the potentiel acsess the solid side of the phase
boundary (the spaca-cherge rveglon) remains constant, so that the
applied potential appears across the Helmholtz laysr. Tals is
metal-like behaviour, and the dissolution resction is predicted to
have a charge-transfor cosffloient of 0.5 for the ideml single elec-
tron-transfer raaction. However, many sulphide minerals are semi-
conductors. The semiconductor model assumes that most of the applied
potencial drop occurs actoss the space-chargs Tagion with
chaxgs-transfer coefficlent of 1 for the ideal case,

a

Solid-stats proparties have often been comsidersd to influsnce tha
kinetics of dissolution and the flatation behaviouz of semiconducting
ore minerals, Simkovich end Wagner (1960) found that the dissolution
of thetically-grown  stoichiomatri h

and
heavily-dopad Ag-. or Bi.doped lond suiphide varied with tha con-
contration of point dofects in the solid, and Badingten and Prosser
(1969) reported a dependence of the oxidation rata on the degrea of
non-stoichiometry of the lead sulphide and, henca, on its elsctrentc
conduction type.




Richardson and O'Dell (1984) uved a combinatlon of electrochemical,

1-capactta and B tage in a

study of oxygen reductlon at, and xanthate adsorption onto, lead
lphide. They that axygen reduetion i3 not en the
surfase concentratfon of eloctrens, while xanthate adsorption is

dependent on the Fermi level of the lead sulphida st the surface.

Exnor et a2l (i969) and Pawlek (1969) proposed that tha cathodle
reduction of oxygen would vary with the numbex of charge carrisrs in
the sphalerite, in support of which they found that the Lxxadiation of
sphalerite with UV iight causad an appreciabis {ncreass in the rate
of This is 11 in Pigure 1,3, Photo-effects
such as this are typical of n-type semiconductors in which the rate of

charge transfer is limited by the supply of minority carriers
tholes),

The wate at whith iron-containing sphaleritos, (2n,Fe)S, are oxi-
datively dissolved is ¥mown to be higher than that of pure Zn§ (Exner
et al, 1969), and Plao svd Tozawa {1985) raported that the rate of
reaction {3 2 linear funstion of the concentration of iren in the zine
sulphide lattice, Some data of Plso and Tozawe (1985) are reproduced
in Figure 1.4, They studied the dissolution reaction st 150°C und
used oxygen as the oxidant, i.s,, conditions applicable to the
Sherritt-Gordon prosess.

The rvasults raported by Exnor et al (1969), Pawlek (1968) and Plao
and Tozawa (1985) {ndieats that the electrenic structure is important
in the dissolution of sphalerite, because of the influence of tha
iron content of the (Zn,Fa)§ solfd solutlon, and the influence of UV
irradlation. Neither of these two influances has been explained in
any satisfactory detail.
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123 of the kinekizs of the i
diggelution of sphalerita

Romankiw snd Defruyn (1365) and Locker and DeBruyn (1969) deseribad
the non-oxidative dissolution of Zu§, in the concentration range .25
M te 10 M HyS0, ond the tumporaturs xangs 0.6 to 65°C by the
rolation

Zns . N
SlEml L gty Ha804) - g iams0, )0 St B 114

whera A, is the total initial area, k; and k.j are rato constants,
and the brackets indloate oconcentration, Locker and DeBruyn (1969)
found that the kinotles of the uon-oxidative dissolution of other
group II-VI somiconductoxr compounds, sueh as ZnSe, Cd5 and
ng, gsCdg, 155, are deseribed by the same kinetic expression as
that for Zn§ (equation 1.14). The activation energles of the pute ZnS
were 43,4 and 28.0 kY mol"l for the forward and reverse resctions
respactively, Loeker and DoBruyn (1969) raported that the iron
cantent did wot affect the activation enexgy; howevax, tha rate of
dissolution of cthe matorial containing C.1 por cent Fe was 7 times
higher than the high purity f-Zus.

Lockar and DeBruyn (1969) excluded diffusion contrel, and proposed
that the initial rate was controlled by the adsorption of protons at
sulphur sites, The lonic transfer or adserption mechanism that was
proposed 15 as follows, The fnitial rate of dissolution, ¥y, is
sontrollad by the adsorptien of prutous onte the murface,

o = kpho (M) gaxp(-E,/RT) 1.15

where k, and E, are tho rato constant and the activation energy for
the forward reaotlon vespoctively, and [H']y is tha surface cone
centration of adsorbed protons, which is related to the conaontratlon
af the bulk solutien, {H'),, by




[1*]4 = (5" Ipexp(-g5/RT) 1.16

vhere g le tha potentisl of tho fon at the distance of closast
approach bofore adgorption onte the surface. This adsorpilon wadel
nvolves only the transport of the adeorbed specles aoross the
aloctrical-potential barrier at the solid-solution phase boundary, and
not across the oleatrochemcal-potential barrier. They commonted that
when hydrochloric acld was used as the slectwolyte, there was the
gassibility thet specific adsorption of chlorlde ion would oceur,
which would ohange the surface charge and the dlstribution of active
asites, Howevor, they did not oxtend their model to include the cffest
of tha chloride fon.

Varbaan (1977) investigated the i
sulphido samples. Ho raported that the {nitial rate vas proportional
o the scid concentration, and inverpretsd his rasults in terms of the
adsorption of HY and Zn?* onto nctive sfites at the surface. He did
not snalyse the £inal equilibriwn or the Yeverse resstlon, a¢ was dons
by Remanklw and DeBruyn (1965).

of four zine

Majima at al (1981) obsexved that not only was the rate of reaction
first order in proton concentration, but the additisn of NaGl to
acldle chlowide sclutions alse onhar-sd the zate of dissalution, They
proposed an adsorption model similar to that of Losker and DeBruyn
(1969) to account for their results, but failed to axplain the effect
of the chloride Lon.

Although an empiricnl axprossion for tha rats uf dissolution of
sphalorite hag boon established, the mochanism of dissolution has not
basn exculned im sy detadl. The adgorprlon of protans at sulphwr
sites 1s the only moohaniswm thet has basn proposed, and the kimsties
have boen {nterprotod in terms of adsorption ieitherms, Thess
ipotherna mako no provision for the offects of tha electrical
doublo-layor that oxists ot tho surface of a dissolving semlconductor.
The tranafor of a charged spoclos at the phase boundary nust ba
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oxprassed in ¢orms of the olectrorhemioal potantials of the adsorbed
ond solution apoaien; the elactrochemicsl pstentisl @iffers Erom the
chemical potantial by a factor the elactrical potential

WWM:MMM

From the discussion of the Llterature Lt is apparent that, in spite of
the nunbor of studies, tho kinstios of oxidativa Leaching ara still
partly shrouded in . ion for the
effoct of tha addition of forrous lons to the ferric sulphato leach-
ing solution (the rosults of Verbman, 1980) has not baen glvan, and
moro importancly, mo attempt has boon made te explain the effect of
the iron impurity in the (Zn,Fa)s solid solution en the xate of oxi-
dative dissolution,

In addltion, the mechanies of the mnom-owidative dlssolution of
sphalerite has not basn oxsminod in datall., Only the initial rata of
i has boor and an model hae heow
proposed o asseunt for tho first-ovder depondence of tha rata on the
bydrogon ion Those do not take
into account tha offects of the oloctrical doubla-layax that oxist at
the surface of a dissolving somiconduator, such as sphalorics.

The disselution procoss is clasaified or tho basis of the rata-dter-
mining stop, for cxamplo, mass tranafer, chomical vesctiom, ot charge
trangfor. Charge-transfoxr reactions ara thoso resctions in which
charge carriers (ions or oloctrens) ave sransforrod across the
cleetricol porontial barrier at 4 phago boundary (Vatter, 1967), Tho
alm of thiz thosls is te arguo that the rato-uontrolling step fn both
the «and. i3 a
harg £ox reaction. Aty such nust b able
to ascount for the offeots of the cloctromie atructura of buth tha
goltd (whother it im a semiconductor, or tha offects of impurities)
and the solution (whethox somo comploxes are elestroinactive), and the
offioote of o oloctrical doubls-layor at the solid-sclution phaso
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boundary on the transfor of charge during dissolution. The theory of
1 by Garischer (1960) and
others, will be used ex:nnslve).y in this analysis.

An eslactrochomical mochaniem, such ag tho mi.xad~pu!:unc!.n1 machand.am,

would usually be verified by 1
using a sphalaxite elestrode. Since sphnlutitn 4s unsuitable for use
as an alectrode in 1 bocause of

its high resistivity, mixtures of sphalerita and graphits have beon
vsaed as electrodas (Scott and Nicol, 1978; Gerlach and Kuzeel, 1984;
ond Guarrette and Ghald, 1983). Tha graphite gervee to lower the vee
slstivity of the eloctyode, so that tho appliod potential appears
across thoe Holmholtz layer. However, Secott and Nicol (1978) repexted
that the pressncs of graphite in contaet with the sphalorita altorod
the machanism of dissolution, a fourfold to fivefold incrmase baing
obtalnad for 2 sphalorita-grophita oloctrode over that of a
phalari B ol rods and  Ghall (2985) raported
similar xosults, viz, tho onodic beohaviouwr of compactod
sphalorite-graphite mixturss is difforent from thot of uncompacted
samplos. For these reasons, the batch leaching tost 1s tho only wothed
svailable to provide wesults for tho fovmulation and confirmation of
an electrochamical modal,

The intontion of this work is to rostrict tha investigation of tho
reaction kinetics to ferric sulphats or chloxide sclutions bolow the
molting polnt of sulphur, 119°C. Thoss conditions cemply with the
conditions of the MINTEK procoss discussed in sostion .3, s that tho
rasults would bo directly applicable Lo that procass.

e
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CHAPTER 2.
SOLID-STATE PROPERIIES OF (Zn.Fo)§
Zine sulphide exists as two P the typa )

and the eublc typa (sphalerite), which is the more abundant mineral.
sphalarite 1s widely distributed, and %s normally associated with
galenn in zinc-load ores or with chalcopyrite in zing-copper-iron
otes. I5 48 present in hydrothormal deposits of all kinds,

The cuble structure of sphalerite is s fundamental crystal structure-
type. The structure is a unit cube with zinc atoms at the corners and
at the face contres, The four sulphur atoms within each unit cell are
coordinated se that each sulphur atom lies at the centre of a regular
totrahedron of zinc atoms, and each zinc atom at the sentre of a reog-
ular sulphur totrahedron. This structura is shown is Figure 2.1,

Tron is the most common impurity fn matural sphalarite, and {ron atoms
substitute for zinc atoms in the cublc lattica, 1.s,, FoS is in solid
solution with 2nS as (2n,Fa)S. Tho size of the unit cell, measured in
Angatroms, incroases with an inoraase in the iron content according to
the aquation (Vaughan and Oraig, 1978):

& w 5,4083 + 0.0005637 (mole % FeS)  0.000004107 (molo % Fus)z
2.1

Both polytypes are of ta fonieity, with a
band gop - dotormined by aptleal measuramont and quantum caleulation -
in the zange 3.6 to 3.9 oV (Vaughan and Oralg, 1978). Chamical bonding
indicatos that the bottom of tho conduction band fs dorived from the
zine 4s-orbital, while the top of the valonco band Lo dexivod primarts
1y from the sulphu 3p-oxbial (Stuey, 1975}, Tho oimplificd moloowlas
orbieal diogram is shown in Figure 2,2, This chenieal-bending medol is




Tigura 2,1 Cubis struczure of the nlt cald of sphalecite,
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in qualitative agreoment with the lenie modal, which amgociatos the
valence band with the anion, sulphux, and the conduction bavd with the
cation, zins (Mott and Gurney, 1948),

Ztno sulphide is such o poor alostricsl conductor that Lt is often
classifted as an insulator, and rosistivities in tho range 107 - 109
@em have been roported, Tho of duction fn tho
zine pulphide may bo n- or p-typs, depending on the atoichiomotry.
Tolkos (1950) obtainsd high, positive thormopowers, indleating p-type
conduation for four samples of sphalertte. This, however, Ls probably
due to the prosonco of ivon as an impurity, giving ¥ise to eondustion
in a d-orbital band by positive holes.

‘the substitution of transition metal impurities for zine in zine sul-
phide has a pronounced offoct on tho olectrenia proporties. Meus-
uremonts of the alootrical condustivity of & natural sphalexite with
an iron content of 12.4 atom por cent showod that this sphalorite ox-
hibicod typleal somi , with an enorgy for
conduction of 0.49 oV, although ita olestrical yosistivity was high at
8 x 107 Grom (Roys ot al, 1968), Tho sbsonce of a measurable Hall
offoct and a positive thermoolectric power (Tolkes, 1950) suggost that
tho hopping of holes in a localized d-orbital band Ls tha conductien
mochanism (Vaughon and Oraig, 1978; Kays et al, 1968), This medol
roquives the holes to be gonorated as Fo®* ions, 4.0,, tho absemeo
of ene d-orbital 1s nocessary, although enly omo in 800 ixon atoms
nacds to bs in the Fe** form in ordor to account For tho
conduotivity (Keya ot al, 1968).

The quantum caleulation of tho ond of tho FaSyZnyy
oluater indicatos: that the 20 and 4ty orbital lovels dus to tho
d-orbitals of tho iren impurity in ZnS axo about 0,56 oV and 1.44 oV
abova the valenca band rospoctivoly (Mejowsld, 1981). Thoso aal-
oulations give evidonae fox bond formation involving the iven impurity
ond the host iigands. The 20 and bty orbitals can be roprosonted as &
lecalized band within tho zinc sulphide band gap, and ehe wou. val of




oloctrons from olther of thess orbitals will cxoate the holoe ra.
quired fox the d-orbital corduction mochanfsm., The offect ol tho iron
impurity is to croate sn Impurity baud within the bond gap of the zinc
sulphido. Tho twe othor olements that froquently substitute for zine
ave codmium and mangonesa, both of which have no offect on the
elootrical condustivity (Shuey, 1975)
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CHAPXER 3
THE THEORY. OF CHARGE TRANSFER. AT THE ToN
EHASE. SQUNDARY

Garrott and Brattain (1955) presentod tho £irst investigation of the
semicenductor-gelution phase boundary, which aestablished the

of ol stry. Three models have baen
proposed for the lution phase boundaxy: the idealized
medel (Garischer, 1970), the rocombinative modal (Frank and Bard,
1975; Potor at al, 1984) and the Formi-lovel planing medal (Bard et
al, 1980). Gevischer (1960a) and Grsen (1959) roviewed the pomi~
conductor litoraturs, and Morrisen (1980) and Momming (1980) prosented
the approach of semisonducter sloctrochomistry in dopth.

A description of the band structurs of semlconductors, ' the
somiconduator-golution phase boundary and chargoe-transfor reactions at
this phase beundary is given in this chapter. Only tho w.ore important
aspocts of tho idenlized model and the Formi-lovel pimning medol will
bo summazizod, Tho discussion of charge tronsfor at a somicondustor Lo
divided formally into charge tvamsfer in the prosonce of a redox
couplo in solution, i.0,, cloctron tramsfor, and charge cranafor in
tha absenco of a redox coupls in solution, i.o., ionic trangfer. This
division is also of assistanca in tha analysis of the dissolutdon
reactions, since oloctvon tyansfor oceurs in oxidacive dissolution,
while fonis transfor cocuxs in nou-oxidative dissolution,
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Two zeros of emergy are used in semlconductor elsetrochemistry. Th
zero of energy on the physical scals, often referred to as the vacuum
scale, 1s the energy of an electron at infinity, while the zero of
energy in elactrochemistry is the standard hydrogen electrods (SHE),
i.e., the energy of ar. electrochemical system is referred to the Fermi
level of the hydrogen reference electrods at standard conditions, (The
potential difference between two slectrodes of a cell is the differ-
ence in thair Fexrmi{ levels, and is measured in volts,) Tha conversicen
between these two scales is as follows.

wfpmmtm e ] o com o qy fapmined o the cloeso-)
where q is the electronlc charge, and the constant is 4.44 * 0,02 eV
(Trasatti, 1986). The conver n between these two energy scales is
shown in Figure 3,1,

3.3.2_The band theory of

In a 011 the cosloscence of electronic energy lavals associated with
individusl atoms vesults in & hioadening of the levels into energy
bands, which may or may nok overlap, In metals, these bands do Vo
overlap, resulting in a delocalization of the valence alectrons. In a *
sentcondustor, these bands are seperated by a forhidden band of width
Egapr the band gap. The band structure of a semiconductor is
characterized by the forbidden band gap between the filled valence .
and empty conduction bands.

Thers ave two types of charge carriers in a semiconductor: electrans
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in the conduction band, and holes ('missing! electrons, representing a
positive charge) in the valsnce band. The semlconductor s raferred to
a8 n-type &£ tha mech of cond is by electrons in the con-
ducelion band, and p-type Lf it Lo by holes in the valance band, The
probebility of any quantum state of the bands befng ocoupfed fs
governed by the Fermi-Difac distribution law, The Femmi level is
defined elthar as the emorgy level for which the probability of
elactron occupansy is oue-half, ox as the alectrochemical potential of
the electrons in the soltd,

The band model for 4 semienductor surface differs From that for a
matal prinarily bacause of tha oxcess charge density in the surface of
the solid, sallod the spaco-charge layer. A spaca-charge raglon in a
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solid exists only if the olectron density s small, as in the caso of
semiconductors mnd insulaters. In metals, the electrnn donsity is
large, so that only the potentisl drop aaross the Heimholtz layer
extsts at tho metal-solution phase boundary, In the case of a semi-
conductor, a potential drop alse ocours across the spacc-charge raglon
dus to the lov alectron density. The oxcess charge denaity at the sur-
face 48 & result of tho of the lattice forning
Tumm or Shocklsy states (iatrinsic stetes) at the surface, The excess
demstty in the space-cherge reglon rosults in a fbending of the bands’
at the interface, The bands in the bulk are lower than the bands at
the surface &£ the appliod potentlsl difforance is positive and vice
versa if the appliad potentisl difference is nogative, The
‘one-eloatron’ band model for an n-type sembcondustor (Dewald, 1960}
1s shown in Figure 3.2,




The concentzation of charge carriers at tha surface is an exponential
function of tha potential dlfforence batween the surface and the bulk
semiconductor. The consentration of surface holes, p,, ia given by

Pa * PRoxpl{dy-dgda/KT) = DyOXD(Adeea/KT) 3.1

Wisre pp, is tho hulk concentration of holes, Ay, is the potentisl
drop asross the space-chargs reglon, g is the electxonic charge, k is
the Boltzmann oonstent and ¢ and’ gy are the suxface and bulk
potentials, rospectivaly. Tha factor g/kT is the same as the factor
F/RT found {n the slectrochemical literaturs, The valus of the applied
potential difference whon the bands ave flat is called the f.atband
potantial,

The location of the bands of compound semiconducters at the flatband
potential can be calculated uging the method of Butler and Ginley
(1978), ‘The 1 X% of a d, defined as
the mean of the el s Of the consituent
stoms, was assumed vo ba the mid-gap emexgy, H(ESy + E3g).
Therefore, the slactron affinity of & solid such ae Za§ will ba glven

by
BA = (BG4 B3,) « MBgap 3.2
= x(zn5) « MRy 3.3
4
= LX) - HEgey 3.4

where E3, and [Ej, are the energles of the conductlon- and
valenca.band edges at tha surface at the flathand potential, N
rospactively, and Egg, is the enorgy of the band gop batvaen tho
valence and conduction bands, Butler and Ginley (1978) used the
Hulliken of the ty of an elemont, L

x() - Hlag + Ip) 3.5




whore Ag is the olectron affimity and Ij i the £ir. lonization
potential, For ZnS these values are

X(2n) = H(O + 9.394) = 4,697 oV 3.6
X(S) = B(200.4/96.436 + 10.36) = 6,218 &V 3.7 ‘
x(ZaS) = 5.404 of 3.8
EA = 3.574 aV = - Egy 3.9

The electron affinity of the solid is tha conduction band edge, as
shown in Pigure 3,3. This caleulated value agrees reasonably well with
the measurement of the electron affinity of zine sulphids in a vacuum
made by Swank (1967) of 3.9 eV, The calculated band edges for a nunier
of sulphides ave shown in Figurs 3.4 as o means of comparison.

Adsorption of lons, particularly H' and OH", at the fnner Helmholtz
plane (IHE), 1.e., contact adsorption, will altor the distribution of
chorge at the intorface (Boddy and Brattain, 1963). Therefore, tho
conduetion band edge is o function of pH,

By = Bl + o8y 3.10

whove Agy is the potonticl drp acvosa tho Helsholtz layer dus to
the specific adsorption of H' and OR” fons. The band edges shift to
lower enorgy levels by 0.059 V par pR unlt for a dosroasing solutfon
pR. Tho point of roxo zota potential of Zn$ occurs at a pH of sbout 4,
The oxperiments in this work ava done at a pH of 2, so this will mean
a amall correction of about 0.12 oV to the band edges caleuiated at
the £latband poteatial.

Host oocur ag , and this affects
the olectronis propertiss of the solid, A metal-excess compound, such




Figuta 3,3 Borgy dlagus of the awrfoa Of on netypa somloandustor,
B and By indlests the sonduntions eud ileocebond adpes, und
Ep tho Forut level,
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ag choleapyrive, will display netyps sumiconduction, while an
anlon-rlch compound will display p-type somicondustion,

3.2 The lution phage. boundary

& difforence in olestrical petontial usually forms at a boundaxy
botwoen two phasas possessing  suffielontly high  elecerfeal
sonductivitios, such as tho boundary batween o motal and solution or a
somiconductor and a solution, The foxmation of this potential differ.
anca erises because of the transfar of lorng ox elactrons en breaking
their bonds with tho substanes in one phase and reacting to form new
bonds with tho substanca in the other phase.

Ihe somicanductor-solution phass boundary consists of a doubleslayor
structure in which tho charge in the solid balances the charge in the
aolution, Threo douslo layers ave indicated in Figwro 3.2. They
inolude a spaco-charge layer, discussod in seation 3.1, a Helmholtz
doubla~layer botwacn the solid and the outer Holzholtz plane which is
at tho distance of closest approach of non-adsorbed ione, about 0.3
nt, ond the Gouy layex {n the solution near the solid, in which an
excens of ione of one sign oxisvd, Those charge contributions can be
troatod (to 4 good approximstion) as capacitora in soties,

A somiconductor and a solution ara in equilibuium when the aloce
trochomical potential of the alactron in the solid is cqual te the
elootrochemical patontisl of tho sloctren in tha solution, i.0., Ep =
Biogox: Thus, the fnmorsion of a solfd in a rodox zolution radis-
tributes amy g charge in the % toglon so that an
oxuass of chavpo- density fn the solution s balaneod by an aqual
donsity of charge in tho solld (tha spaco-charge layer) at equilibrium
(Gorischer 1960, 1970; Mol and Hale, 1966). This vediscribuslen of
the charge rosults in a correspending change in the f£latband potontial
compared with its valus In vacuo.




3.2 The kinecics of sleacxode

Semiconductor processes that occur : the absence of a redox couple,
such as snedle Oy and oxido 4 Lavelve
a strong betweon the md the selution, In
procasses that involve pure elaceéren transfer betwesn a redox couplo
and the semiconductor electrode, thers 1s only & weak intoraction
‘betweon the semiconductor and the solution (stretching of tha bonda in
the solvation sholl of the oxidant or reductant), The theory of charge
tronsfer at semiconductors is divided along theso Linea: thosa pro-
cosses that cesur in the presence and thoso that oceur in the absenca
of a redox coupla in soluti This di is for
laaching, since a1 requires an oxidant, while
non-oxidative dissolution occurs in tha absence of an oxidant. This
distinction is the reason fox the use of differemt aspects of the
ahargestransfor theory in the analysis of the rosults of oxidative
and dva 6L of sphalarit in Chaptax 5,

2.3.1 ¢h without g redex couple in solution

Tho conaspts of charga transfor wote daveloped to desoride the move-
mont of an ion from a position in tho notal surface to tha golution
across the Helwholtz docble-layer, The matal len baing tvamsforred ia
incorporated In the motal in en fonic stats, sincs the bending in
motal lattices can bo intexpratod af being malnly dua to thu aleotro-
static {ntoraction betweon tho motal iers and the fron oleotrons
(conduction oloctxone). Whon tho motal ion moves from tho surfaco
Into the aolutien, the motallle bonding is veducod and tho interastion
with tha polar salvomt or with a comploxing specles in the solvent
bocosos agtrongex with inorcasing dlstance from the surfaca, This
rosults in an activation barrior with o saddle point within the
Holwholtz loyor, Tho hoight of thia barricr is Influonced by the
olootrical £iold in the Holmholtz layor, and this vosults in on
agponential rolation botwoen tho wate of chargo transfor and the
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nppliad potontlal differonce.

In a samlconduator tho oloctrical £leld strength in the surface is
normally much smaller than, and cannot bo varisd (by a change in the
spplicd potential) ae much as, that at the matal-solution intoxface .
In addition, it canmot ba assumed that all the atots in the surface
aro Iike metallic fons in an oloctron gas, bacause of tha dirested
covalent honda in a semlconductor,

‘The aimplest charga-transfar rassction for an olemontal semiconductor,
A, can ba treatad ag a two-step procass!

bgp = Mgy + 07 3.1a
or

dygp W e Afgy 3.1

afpe + solvent e Af(golvent) 3.12

whoro roactions 3,11 a and b roprosent the probability that the somi»
conductor surfuco-atom will bo found in the lonic state, h™* 1s 2 hole
in the valemoo band at the surfecs, o ia an aloctren in tha eons
duotion band At the surface and Appe 48 an atom of the lattice at
the surface. Reaction 3.12 is the charge-transfer reaction in which
the fou is tranafarred across ths potential-cependent astivasion
barrior within the Holsholtz layer, and s deseribed by tha
Butlor-Yolmer oquation (Goriacher, 1960a), If choxge transfer is the
rata-gontrelling stop, thon tha not anodic ourrent dus to dissolution
19 givon by .

3 = oxp (azRagy/RD) + KP(AYToxp(-CL-a)aRady/RT) 3,13

whoro [Afyp! and (A™] vofor te the surfase and solutlon coms
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contgations of A, Afy 15 tho potential drop sorems tho Helmholtz
i plans, @ 1n tho transfor coofffeiont and k® and k° are the xato
constants for the anedle (removal) and cathodic (doposition) vasstions
of aquasion 3,12, rospectively,

Tho potontial drop betweon & gemicondustor and tho solution s the sum
of the potential drops across the spaco-charge rogion and tho
Holmholtz double-layer (section 3.2), f.0.4

84 = bdy + dge 3.4

whera A¢ 1s tho vholo potontisl drop and Adg, i8 tho potential drop
across che spaco chorgs rogion. 1f tho Formi lovel is pinnod, thon A¢
is equal to Ady. In addition, it can be seon that (Af,.] 1o equi-
valent to the surface concantration of holes, pg. aa lang a5 thoxa
is no surfase dogenoracy.

Thaxefore, oquation 3.13 can he writton ag
3 = Ko oxp(azildy/RT) - K (A" mxpl+(1-)eRtdy/RT) 3.5

Substituting oquation 3.1 into equation 3,15 gives

3 = k“pbnxp(M,,F/RT)uzP(azMHF/M) . k‘(A*!oxp(«(l-a)zM“F/RTl 3.6

‘The changos in tho potontlal occur primaxily aorcss ¢ho spase~charga
voglon for tho jdoal, i jution This moans ¢
that Ady 1o constant, and A, ia tho indopendomt vartablo, and
that oquation 3,16 can bo rowritten ag

3 = ke Coxplad, FRTY - w° 317
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which ¢mplies a charge-transfor cosfflelsnt of 1 and o Tafol slope of
0.058 V dacade*}, For a p-typs semicondustor, the anodie process
will not Yo limited by the supply of holes; howavor, for am n-type
somiconductor, the anodie Process will ba limited by the supply of
holes, sinee tho valus of py in oquacfon 3.16 s low, and the current
will zeach & Limit, 1 to the Limited
supply of lons to the in which tho of the
elactroactive lon is low.

Turner (1956), during the anodic dissolution of Go, obtained satura-
tfon effacts for n-Oe, but mono for p-Ga. Boddy (1964) obtained Tafal
slopos on n-Go and p-Ge that were very similer, except that abova 400
ub om*2, he obsorved o slipht tendency towards saturation for n-Ga,
Tha observed Tafel slope ranged botwaen 6,07 and 2,082 V dacade“l,
which {s sfgnificantly higher then tho expoctoed 0,059 V. This wam ate
tributod o an approaiable changs in potentizl of the Holsholtz double
loyer. Beddy (1964) confizmed this direotly uaing monsuroments of the
intorfacial capocitancs and the photoveltage responte, Therafora,

avan for pure elemental a geviation from ideal bohavi- -
our ig found,
3.2.2.Ch £ sith g .redox gouple lp solution

The bonding botweon neighbouring atoms in a oxystal 1s dua the inter.

actions in bonding orbitals of the neighbouring atomle nualed. The A R
bonding olectron-statos bolang to the valence band of the salid, and B
the prosence of a hole In thig band moans that ono of tha bonding o "

alactrons hae boan Yomoved, end thbe bond woakenod. Holos con bo sup- .
plied to the surface from the cloctrode intowior as a result of the
application of o potontisl or, as in tho oase of Leaching, thoy can bo
injected into tha valoneo band at the surface by an oxidizing agont, R

Tho onidotive dissolution of 4 compound semiconducter, MO*S5", can .
occur tn tha Following stope (Gortssher and iinde, 1968):
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[CAr ST R A 3.18a
[Car L R SR LTS L 3.180
ES SNC AR 3,180
8y ¥ a5 3.184
1S+ 8y + (S-5)g 3.18e
FII I 3,188

whero X and ¥ reprosent ionic specios in solution. It can be pradicted
that the alactropositive componemt, MS*, L.a., the olomont associat.
od with tho conduction band, will go inte solution while, in many
engon, the more oleotronogative componont will undorgo a Tasombination
roaction, which will result in the avdhle olemontal state for this
compor i, N '

In gemiconduotors with o bond gap greater than 1 oV, acedic dise
Avlution acours almont ontlrely ss n Yosult of the hole injection into
the valenas band (Govischor and Mindt, 1948). Tabloe 3.1 summarizes st
contribution of holan to the ancdic doovmposition roaction, Simee dia-
molution involvos tho comtribution of holes, ~o would oxpest that
petypo soemiconductors would leach ab a greator rate than n.type.
Eadington and Frossor (1960) shovod that p-typo gelona loashed at a
groatar rats than n-typo galona.

For oxidative di to ocour, nust from
the Dbonding orbitals of the semlconduetor (the walenee bond,
reprosonting tho occupled lovols) to tho oxldant in aolution (the
unocoupisd lovals) acress tho oloctnical potontial bavefor at the
phase boundory, The zato of elactron trangfar deponds on the nusber of




Table 3.1 Contribution of holes to the apodic dissolution of
semiconductors (After Gexrischar and Mimdn, 1968)

Gontribution of

E,
& products holes (1)

[ 0.66 calt 5° - 70

5L 1.09 ca 100

Gehs 1o ca 99.8

cdre ?

£cSe : ca 96

[ . 7

can ?

cal - ca 100

gds e 200

za ca 100

¥ Tevels avallable on oitunr side of the intexface, and on the
oveupancy of these levels, Sloce olectrons avo qusntum partislas,
thuse ocoupmucdes are axpressed in probabilitiss, The probability of
an snergy levsl im tha semicanductor belog ocovpled s glvem by the
Fexm! distribution, discussed ie suction 3.1. Tha probability of an
eneugy level in the saiution batng vocupled 4s desoribed by the
fluctuating energy-1ivel model,

The £ anevaysieval.medel of ang_in selutlon

The reprasentation of fom in solution ag electronic smergy levals is
more complicatsd than the rapresentation v. enetgy lavels feund n or
on selids, Ro dlstinction can be made vetwsen the enargy lovels of an
oerupled and ap uncecupied state in a dolid, but in the casa of an fon
in a polexiisble and polar soivent, thave is a Franck-Condon shift in
the lovels ¢ the sceupled and unoccupled otates because of the strong
interaction anorgios batwaen the fonm and tie solvent. This shift in
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gnergy, A, il in

levels is by the
Figura 3.4,

In sddition, the energy levels of an ion in solution arxe distributed
as a rasult of the thermsl fluctuations of the dipoles in the sel-
vation sheath surrounding che fon. Theories of electrastatic polat-
ization (Marcus, 1964; Levich, 1970, indicate that the distribution of
erexgy 1evels 18 g Gaussian distribution, Figure 3.4 illustrates
this model for the farricyemido and ferrosyanide loms.

The probebility of slectrom transfer between an electroda and an jon
in solution depends on the enorgy lsvel of the fon at the instant of
transfor, so these fluctuations orz importsnt (Mercus, 1964). Tha
energy noedsd for an lon o reach tie sctivaved state is the differ~
ence in enexgy betwsen the oxidizing agant, Egy, and EY, end the
probability, W, thet the energy level of a specles will %e at EY
i glven by

Wo () = (4eAkT) ™™ exp[-(Eqy + EM2/00KT] 3.1

where ) is the reorganization enargy, which inoludes the energy eon-
tributions from the stretching of bonds in the imner co-ordimation
sphere and the rotation of solvent wolecules in the outer sphere
(Gerischor, 1960; sae also Bockris and Khan, 1985), k La the Boltzaamn
constant, and T is the temperature, These fluctuations in energy are
ot emall, snd the standasd deviation, (AKT)¥, can be several tenths
of an electron volt (¥orvisew, 1978). Fruse (1981) has determined A
for a mu'or of oxidants and reductants.

Tbe looation of the snorgy levels of iens in solution can be obtained
£rom the standard vedustion potential of the rodox couple. This can
be shown as follows, An ‘effestiva redoyw snergy-level! in solution is
dofinad as

Badox = By + Byod) 2.0




uhiere Bpq and Eg, are the emorgy lavels of the occupled and uo-
occupied states, respoctively. Bjsasy €60 be interpreted as the
chemical potential of the slectron in the solution redox aystem.

Since the Fermi level of the electrode and Efggoy Fopresent the
chenfonl potential of the olsctron in tha solid and the solution re-
spectively, and the chemical potontials are equal at equilibrium, the
Fermt level in an elactrode at equilibrium a: standard conditlons fs
ayual €0 Efgdpy:

Bp ™ Brodox 3.21

The Fermi level of the solid is also related to the standard redox
potentials tabulated in handbooks since the measursd voltage is the
difforence in the Formi levals of an clectrodo in equilibrium with the
xodox couple and the loctrode In equilibriun with the
hydrogen couple as o referenca electrade. Therefors,

Egp = const » qv° 3.22

whore V¢ is the tabulated redox coupls, and the constant is a factor
to changs between the physical emergy sesle (vacum scale) and the
alectrechenical scale (normal hydrogen eluctrode) discussed eariier in
this chapter. Equations 3,21 and 3,22 can ba oquatad,

Bfegox ™ oonst - qv°® 3.23

Therefore, the enorgy levels of simple fons, where solvent racrgani-
zation ia the ouly vvensformation, can ba relatod directly to redus-
tion potantials on the electrochemical anergy scale,

The valus of the 'effectiva rodox svavgy-level! 18 et the ‘real!
electrondc snargy-level, and it should be rememborad that this is the
svarags snexgy level of tha cecupled and unocevpled states, Epog and




o Egxs Fopoctively. Llggox 6 & type of thermedyaamic omexgy-level,
sinece oquilibrium thormodynamics is used in its evaluation.

The lovels of the lons on the vacuun energy scale and the hydrogen
scale are shown in Flgure 3.4,

Electron transfer betwoeen g semiconducter and the solution

BEieetyon transfer can only occur betwson states of the same energy
leval (Gurnoy, 1931), i.e., without energy treusfar with the surround-
ings and withous rzdistion transfer. This mesns that, in terms of the
fluctuating energy-level model, slectren transfer can only oceur with
an ion whaosa snargy level has a sipndficant probability of fluctuat-
ing to the energy lovel of the samiconductor band with which electron
transfer occurs,

The rate of slectron transfor from the semlconducter to the solution
is proportionsl to the mumbar of occupied states in the semicanductor,
Dgo(E)F(E-Eg,), and the mumbar of unocoupied states in the tedow
solutiun, Doy(E), at the gama omoxgy E. Dyo(E) &s the demsity of
states in the semlvondustor, £(E~Ey) is the Fermi funetion that
daseribos how nmany of these states are occuplied (the Fermi-Dirac dls.
tribution), and D, (E) fs tha density of astates in the oxidizing
agent in the solution, The total curront £rom the semliconductor to the
solubion {s tho intogral of this probability over all p
levaln (Gexischey, 1960 a, 1970),

satble energy

19 = qz nr"“?)’)u<E>f‘ﬂ-%a)°ox(3> 48 3.2

whare v(E) is tho tronsmission coofficient, and Doy(E) =
wliora €,y 49 the concantration of oxldant in the solutlon.

GOXWOK r

For alectron tyansfor to oscur, the Bjgey Of the aleetrolyte wuse




be close to the oz val band adgos, and a
conparigon OF the enorgy levols, l.e., & comparison of E,y (the
valence-band edge), Egg (the conduction-bend cdge) and Bfgge, will
give a qualitativa pleture of whethax electyon transfer 1s possible
or not (Morxcison, 1978, 1980).

A rodox couple may be abla to oxchange chargs carriors with only one

of the bands since the redox couple may have a significant probability

of fluctuating to the emergy of only one of tho bands of the semt-

conductor. This has been daterminod for garmanium by tho transistor

technique, Redox potentials with an Efgqp, > 0.5 V (NHE) are

valence-band processes, while those with an Ejaqey < O V (VHE) are
band (Gorischer, 1960 b,

Bquation 3.24 has beem wo pgive the il
behaviour of tha ideal semicenductor-solution interfaca in the
presence of a radox couple (Gerischer, 1970; Morrison, L980). Tais
current-potantial behaviewr is the same as that in the sbssnce of a
redox couple (equation 3,17) einse the applied potontisl appears pres
dominantly noress the spaco-charge region, and St has often boen
desorived as a Schattiy barrier (Morrison, 1980), The choructeristic
feature of a Schotlly barrier is that, in the conduotion band, enly
the cathodic process is influanced by the appliad potential and in the
valonco band, only tha ouodie process depends on the applied

potential. 'The anodic process in n-type somicondustors will thus be ‘ o
Utmited by the diffusion of minority asvriors (holes) to the surfaco, -
and will dtsplay a saturation current (Mevrisom, 1980), Therofore, ™
anodic dissolution of notypa wiverals will be slewer tham that of =

p-typs minerals. s




3.3.3 Forml-level plnning model of. Lut
Jumeeiona

Tho ideal modsl of charge transfer at tha semiconductor-salution phase
boundary glves ise to the current-voltage bshaviour of equetion 3.17,
often compared with tho Schoveky barrior formed at the Send-
sonductor-netal intorphase., Tha potential barrier is taken co be that
dis to the bending of the bamds a% the interfaca, &nd the potential
drop within the semiconductor (the space-sharge region) varies with
the externally-applied potontial, and the potential drop within the
solution (Halsholtz layer) iz indogendent of the spplied potantial,

Qreen (1959) questionad the applicability of ideal-modsl comcepts ta
the semicondustox-solution phase boundary, Green pointed out that the
behaviour of tha interface as a Schottky barwier was dependent on the
absence of & limiting number of surfase states, If the surface states
excoeded sbout 3 per cent of the total surface oceupancy (l.e., about
1013 since there are 3.3 x 20 avatlable
molecular siza of 0.3 nm dn 1 ca? of the surfaca), the changes in
potential would be predominently in the Helmholtz vegion, and mot in
ths space-charge veglon, and the pura Schottky-batrier wmodel will
fall, In this cass, the Tafel slope will be closs te a slope of 0,118
V decade™d with a chargs-transfer cosfficient of 0,5 for the single
olectron-transfor resstion, f.e., a Tefol siope similazr to that
expected for a metal elacurade,

ow? sites for a

Bockris and Khan (198>) argued that ideal behaviour is exesptional,
becauss of the spacific adsorptlen of tha anlons and the solvent on
the surfice of tha semlconductor. A lazga degroa of spesiflc
adaorption on the- semiconductor ourface would indicate a high domsity
of surfoce states, and the of the 7=
approximation, A dagrae off 'motallization' would ocaur,

The concept of Formi-levol pinning was inltially formulatod to acsount
for tha ajtuation whu.o the band bending in a semiconductor cuntacting

B B AR Ju
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a metal ig indopondent of the metal, even for a large variation in the
work functian of tha motal. It has beon moted that o similar situation
sometimas results for a somiconductor contacting a solutlon con.
taining redox Lals of different ol 1 potontial (Bard
ot al, 1980), Forni-lovel pinning is brought about by semicondustor
surfaco-states, yomulting in tho situativn whore the potentlal drop
across tho samiconductor iu fixed, and the change in the potantial
appears acyoss the Holmholtz layer in solution, Therefors, if thare is
& high donsity of meno-eroxgotic surface states, tho Formi lavel will
be ‘pinned’ at the energy of ths surface states, and tha alestroda
bohaviour of the gomiconductor will be metal-1ika,

Iron-contalning sphalorites havs a relatively high density of
meno-enargetic statos dua to the ontxdbution of tha iron d-orbital
Yané -**in tho band gap of tha ZnS (ses Chapter 2). Tha d-band of
" ‘afore ‘plus’ tho Formi lovel at the energy level of the

The somiuuaductor will ales display wetal-like beboviour if the Fornd
lovel in tho semiconductor L% in omo of the cnergy bands. When this
happons, tho 18 The entize mey
bo dagonorate, in which case tho elustrods simply acts iike o metal,
ax dogeneracy may bo induced by the applied voltage, in which case the
bond bonding “forcos tho Fermi lovel into one of the bauds, and tho
surface 4s dogomerato. This applics ospacially to samiconductors with
varrow hand gaps. In somiconductors in which surface dogencracy
oenurs, a s {or P of tho appliad poton-
tlal appoars mevoss the Holmholtz lapur, and the transfor coofficient
of 1 foxr a non-dogonerats somiconduetox will move towards the 0.5
valuo, vhich 1o chdrasmeristic of a motal (Morrissn, 1980).

- [




48

3.3.4.The. ofifoot. of Illumination

Thoe concentration of minority cavriors can bo changod by owders of
mogalbnde from the oguilibrium wolue by the illumimation of tho elees
tzoda by light of the encgy of the band gap. The absorption of light
by tha somlconductor means tha eloctrons ere oxeitod from the valencs
band to tho band ( 1 , and the sta-
tistical of slact: ' by tho Faymi-Dirac
equation, is dlsturbed, A hole is created in the valenco band and on
elostron in tho conduction band, Those charga carriers have an

reofable Life-time since the of elootrons oud holoa
which would rostore tha equilibrium situation is slow (Gevischer,
1966).

Tho anodie curront of an n-type somicondustor is limited by tho supply
of winority carrlors (holes). This limfting current cen be increased
by the il of the ol da, T11 aroatas minarity
carriers, which would veact with tho solution (ux with the elactrodo
8t the surfaca), and majority carriers, which comploto the oxtermal
curront, The limiting curront is proportional to the light intonsity
{Willioms, 1960),

Williems (1960) intorproted tha offoct of light on the anodic dise
solution of n-typo CdS as follows, Since tho oxyatal bacomes noga-
tivoly chaorged during 41 o2+ fons { with vhe
conduction band), in equilibrium with che solution, loava an exeoas
of §%° fons (agaactated with the volenos band) ot the swrfned. (Thia
4s consistent with the aclid-state considoratfons of aulphide
minorals, in which tho mobility of tho matal fons is much greator than
that of tho larger eulphur fon, L.0., sulphur forms an immobila
lattice.) The abaorptlon of Light oxeltes ths axcass chavge assosiatod

with the 8% fons at the surfasa to tho condustion bond, the $%° .

forms olemontal sulphur, $, and the surface xeturns to ita oviginal “”;““

unchasgod posttion, . “
s




In tho case of Formi-level pinning by a doop surfacc-state within tha
band gap, ¥osponse to ight will still be cbtalned, but tho output
photovoltage will bo indopondent of the molution potential, If the

, or tho somi surfaca, ie degenorato, o
rosponse to illunination will be obtalnod,

2.4 Anodis of.

Bard and Wrighton (1977) and Gordscher (1977) have propossd & thermo-
dynamic model fox tho anodic dissolution of semiconductors. They dev
£ined o vodox potansiel for anodie dlssolutiom, yBggg, o the dis-
solution readtion and this is comparad with the lavel of the redex
couple in solution, or with tho Formi luvel of the solid, The partial

fox a mechaninm in which holes are the majer
participating chayge carrievs awe

M8 + vh¥ & solvent - MM(solvent) + § 3,25

ot (solvent) e n/2 Hp + nh* 3.26
The froo enorgy diffe 48, for the of theso

MS % ni(solvont) -+ MY(solvent) 4 n/2 Hy + § 3.27

ives the sorrospending vodox potential for docomposition

pEduc = BO/aF 3,28
whore T fa the Paradsy canstant. For sxample

Gds + CL » GGl + B 4 By 3.29

pFdas = AG/2F = 0.4 V (SHE) 3,30
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and
Zn3 & HyS0, - Zaf0, + 8 4+ My 3,31
46 » 68.7 kI wolt 332
sEdac = 0.336 3,33

Othor osleulated valuss of pBg.. axe shown in Pigure 3.4. The
conditions for atability are

pPdne > Bfodox OF By stable
pEdoe < Efadox oF Bp unstable

pPdec ©am bo rogarded as o thormodynomle emargy-lovel for dis-
soluclon, The ralatlvo posiblen of By to By and By, fer
vorious sulphide semiconductors ia shown in Figure 3.4, &4 minexal
sem{conductor will disscive if tho redox potentisl is greater than
pBdacr ©:8+¢ 205 will oxidetively dissslve 1f the wedox potentisl
of the yodox couple in solution is groato. than 0.356 V.

The goneral for dy 1s that tho anodic
and cathodls curremts ove ogual: J® = 3%, The oloctrical fleld at
the surface of o motal has an opposite influance on those two
processas, and it odjusts to Euwlfil the cuprent equality condition.

aan b by tho % of tho anodic and
aathodic partiol currents, In somlconductors, the oquality of these
currents moans that

FERE AR 2.9

whore tho gubsoripts ’'e! and ‘v’ vofer to tho conduction band and
valonco band, rospostively. Tho mot currents in oach band will have
opposita signs
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PR A 3.35

In tho corropion of metals, the potontial drop ot the surfase occurs
across the plane, The i3 uged te
obtain an oxprosaion for this potontial drop, which 1s thon
substituted into the equation for tho anodis dissolutien curwent, This
1s the i tiodel of 1

In order to underptand the dissclution process, 1t is necessary to
consider the oryatal structure, the semiconductlon type and the
stics of the seml lution phase boundary.
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AND_RESULYS

Mony of the wesults yuported on in Chapsoxr 1 wers obtained with
unsizod 3 ) amounta of impuritios
Dutrizaec oand Machonald (1578) stated that tha deduction of good
kinotic datz from such results is made difffeult by tho following
factors,

(1) 1he uso of crushed, unsized matorial makes it difficult to
deduce the shapa of the reaction curve,

(11) Tho tost conditions are f£requontly rot hold conatant, and
the asdd and ferric lon concontrations mey vary
considorally during tho course of a batch leaching
expoximont,

(1iL) OFten impuxe (poorly-iibarated) watoriasl Lu used, and tho

. impuzdtios consume roagents, making it difficult to
sopazate the effocts due to tha yeaction that ia undor
dtudy and othoer reactiens.

In studles of the diggolution of any concontrarod mineral there is
alvays the pessibility that galvanie 2 hatwoon

ninerals {n contact with ono another in the same particle may inercasa
or dsoroass the vate of roaotlen, Thorefors, woll.liborated matexial
munt bo choson.

Tho oxporimonts in thie rogoarsh woro dogignod to avoid the probloms
ciced obove. Sized, Woll-liborated materinl was choson, Taia matorial
was d by minoralegleal and ohemionl

The concontrationz of aeld and ferr{c lon in selution In the batah
leaching oxporlmonts worn menitorod using a glass ond o platinum
oleetredo, rospostively, and contrullod by the addition of acid and
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hydrogen peroxide. In this way only the kinecics of the discolution
yeaction was measwved,

4,1 Semple. Lon and

Semples of five sphalerites were used in the pressmt study. All
samples were wet-scroemed, and a sample in m parrow size range was
salected. This fraction was first washed with sodlun sulphide to
vemove flotation reagemts (Iin and Warren, 1985) and with dilute
sulphuric acid. The origin, chemical composition and mean particle
size of each sample s Eiven in Table 4,1. The Ward's swiple is a
natural pure sphalevite (museum grads), and is honsy colourec. The
other semples are impure flotation concentrates of South African and
Namibian erigin,

Pallshud sestivas of the samples were prepered, and ineralogleal
analyses wers carvied out, The mineralogical cowpositions of the
samples ave shown in Table 4.2, The degres of libaretion wes deter-
mined micrescopically by & point count of 500 particles of each
semple and the Yesults for each sample axe siwvn in Tabe 4.3,

The iron centent of each sphalerite was detstined by eleetron-micko-
probe analysis af about 100 particies. Tho arittmetic average iron
content for sach sanple is given in Teble 4.4, The distribuzion of
iron tn each sample {s shown in Appendix 4,

4.2 Tupenimental sypazatus

The reactor consisted of a one litre cylindrical glass vessel with a
£lat perspex impellor driven by a vaviabla-spesd motor. A single
Porspex baffle wes installed. The apparatus is illustrated in Figure
4.1. The temperetuve was maintainad to within 0,5°C of the sat-point
by g contact thorpometer copected through one of the ports fn the

€y 6. heating pla
14" & A0 % Fage comnectad @ calomel refarence alctrods to the

.
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Table 6.). Chenlcal. compositions of the sphalerite concentrates.
(ALl valuos in por cent)
Orlgin of the sphalerita
Ward's  Zincer Black Rosh  Gamsberg
Mountain  Pineh
In 66,5 56,7 49.8 56.7 - 51.0
5 32,2 32,6 286 30,1 28.8
Fe 0.3 7,25 9.72 435 9.08
cu 0,038  0.018 037 0.25 0,14
B 090 L3l 346 146 0.74
ot .48 02 0,138 012 0,087
Mo 0.005 001  1.26 0.29 2,34
Table 4.2, MY 1 compositions of the aphalerit
(ALL values tn 4)
Origin of the sphalexite
Ward’s  Zinsor Black Rosh Gamsbarg
Movntain  Pinab
sphalerits 100 5.9 97.4 92.2 9.8
Chaleopyrite
+ Covallita  twase traco trace 0.2 nd
Galena trace 0.5 0.4 trace  nd
Pyrite +
Pyrrhotite trace 7.5 1.4 7.4 1.2
silicata
Gangue minerals nd 3.1 0.8 0.2 ad

ad « pot datected

Tabla 4.3 Dogras of 1

of tha sphalarit

Liberated Lovked to Locked to
sulphides sangue

(&) O] L6
Wand's = 100 nd nd
Zincor 91.8 7.2 1.0
Blaak Mountain 90.2 9.6 0.2
Rosh Pinah 98,1 1.7 0.2
Gamsbexg 98.4 0.6 nd




Toble 4.4 Irvon

content in tha (Zn,Fe)8 mineral phase

Sphalaxite Fe Iu (Z0,Fo)§ , in per cent
WYard's 0,55
Zincor 2,56
Black Hountain 8,02
Rosh Pianh 179
Gansbarg 8.62

i (1] stooirical connections

1 Gloss vesset
2 Lid

3 Tmpeltec

4 Balfle

5 Condenser

6 Sampling (ube
7 Thermomater
8 Elecirod:

9 Luggin probe
10 Reference clectrode

Figuro 4,1 Diagron of th lenehiog sxpararus

&
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solurion, ond the redox potential was measured by usa of a platinum
oloctroda, ALL petentiale reported here rofer to the saturatod calomel.
slagtrods (S0E) unless otherwise stated, The radox potentisl of the
solution vas madntained to within 2aV of the set-pofat by the addition
of 3 por cent hydrogen peraxtds, the amount of the addition being
controliod by a Radiomotar PHMB4/YTT80 titrator aystem, The pH of the
solution, which was measurcd with a glass-Ag/AgGl electreda, was
mointained to with 0.1 units in the pH range 1 to 1.5 by the additlon
of 500 g L'} o oither sulphurle acid for ferric sulphote leaching,
or hydrochlorfc acid for ferric chloride leaching. 'The pH was
contzolled by a similar system to that used for control of the redox
potentisl, A Fhillips 125 ¥ UV lawp was usod to lrradiata the lisching
vousel,

4.3 Expeximental nyocedure

The standaxd uged in the on of the affect of tha
Lron fmpurity on the rate of loaching were as follows. The leaching
solution conslstod of an aquoous solution of 0,2 M PaGly, 0.3 ¥ HCL,
0,005 M FoCly, 2 M Nacl, Tho standard temporature was 65°C. A high
concantzation of ehloride was chosen to provent the formation of a
£4lm of fnsoluble lead sulphats on the surfasa of tha soncantrates
with o high galema content (Crundwell, 1985). The standard conditlons
in the {nvestigatfon of tho offact of the concentrations of ferrie and
forrous sulphata on the rate of disselution wera as follows, The
loaching solution consistod of on aquoous solution of 0.1 ¥ HgS0q,
and 0.5 M Fop(80,)3. The standard tewpevature was J8°C. Delenized
wator and cnalytical grade voagents were used in buth culphato and
chlorids solutions,

Onee the initisl conditions had stabilized, 1.5 g of aencentrate was
vapidly added to 9.75 dnd af solution in the exporiments in whish
chlovida solutions were uged, and 3 g of concentzats was addad to 1.1
6nd of loaching solution in tho oxporiments in which su*phats




seiutions were used. A low solid-to-liquid ratio was chosen so that
the addition of hydrogen poroxide and acid duriag the resction would
rot changs the total velume of the solution to a significant extent,

Samplos wers takon during the reactlon with a 15 ml syringe, and £11-
tored immodiately under pressure. The concentration of zinc in sol
utton was by atomd , and the
addition of hydrogon poroxide was monitored as o chack on the zine
concentration in solution, Dirsct oxidation of the sphalerive by
bydrogen poroxide vas assumed to ba minimal dus to tha low
solid-liquid zatlo, and the rapid oxidation resction with the Fe(II)
in solution,

bh and m lopieal investigation of ieached

spbalerite samples

Fresh and loached samples of sphalerite woro invostigated using sean-
ning el A (SEM) and el b

1 to 18 ate taken of tho aamples using the
scanning ol and 19 to 21 are photographs
taken of polishad sactions of the sawples using a back-scatter
alectron lmage tochnique.

Photographs 1 to 4 ave SEM photographs of tho Ward's sample. Tho fxosh
somple (Fhotograph 1) %s cloan and angular, Photograph 2 shows the
Ward's sumple after it has been leachod in the farric chlorida
solutton, Tho angussr and crystalline doposit on tho surface fa tho
sulphur that ia produced, ond which has boen physlonlly removed in
3 by 4 da an enl
of the uncloanod matorial of Photograph 2, indicating the angular
swlptur doposit, Tho formation of hillocks ou tho aurface of tho
aphalerits particle can be soen in Photographs 2 to 4; however, seme
of tha fases do mot display this hillock formation, suggosting that
preforontial disgolution takes place on somo of tho cxystallographic




Fhasegeagh 1, ard’s ephatorics -

hotosteph 2, Herd's sptalavits -

Sranh. Tha har dndleates the sorle

lanched tn Pevsta chlorlds solutton




Trakeguaph 3. Uasd’s ophalartta + lusched dn forels ablordda salsstan
and wireasonloally oloaned.

Photogeaph 6. Ysxd's aplinlertee +




fuces.

Photographe § to 8 oxe SEM photographs of the samp”« of Gamsborg
sphalarite, Photograph 5 18 a photograph of tho frosh sample showing
that there ave wumereus smaller particlos, which are about 2 pm ond
loss in oize, that adhavo to the swsface of the larger pareleles,
which axo about 40 to 50 am in size. The layor of sulphur on a
woli-loached partiele i shown ia Photogzaph 6. This layer of sulphur
is porous and tho loaching solution has access to the swifaco vhuough
numetous cvovises in the layor. Photegragh 7 shows tho loached and
closned Gamebery aphaloxite. The foxmation of hillecks is alse presont
on the partlally loached sphalerite pxeisles. Photograph 8 indicatos
that tho porous layer of sulghex thot fowms in forric chloride leach-
ing 45 similnr to that which forms in fexric sulphate leaching (Photo-
graph 6),

Fhotogrophe 9 sud 10 are SEN photographs of the samplas of Zinaot

Again, tha of the leached garple indicates
svidence for tho fommatlon of sulphuv product, ¢. the formatlon of
billocks on one faco, and of preferential dissolutton, im that ono
£aco has not been attacked.

Photographs 1L to 1§ are SEM photegraphs of the samplos of the Black
Hountain sphelorite. The frosh sample is covornd with small paréfalos
which adhera to the surfaco of the laxgor particlos, Photographs 12
ond 13 nompare tho products of farvic sulpnato and forrio chloride
loaching « the sample that wes icached in a forric sulphate solutien
has not loached wall, sives tho surfaso fe not covared by tho
chavactoristie layar of suiphur, whila the sample that was lsached in
a forric shlewtds sclution ls complotoly coverad by a layer of
aulphux. Photogsaph L& ia a photograph of a ssmple that has leached in
o fiorrie shloride solutlon ond the produst layer has beon boan ramoved
by wlerasonie vibration, This photograph shows tho familiar foxmation
of hillesks, and an adjacont suzfaco that has not beew ottacked.
Photograph 15 iz a close-up of o oleancd (by ultvasenie vibration)
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Photograph 3, Gamsherg aphaterita -

Elotogestih 6, Usasberg optalerita »

#olution

Eroch, Tho bar indicates tho seals

Leatliad §n favela sulptinte

SO
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Yhocogeaph 7, Qanaborg, aphalerice « laschud fn forria sulphata
eclutton and wltnaontontly ssanad,

Tetagroph 0, Gousberg sphalerite « toached n Cavxta chlorlda E 8
aslaston .




Photogeapls 10, Zinaor sphalexses « lasthed in tagriy ohlorido saluclon




Thategeaph 12, Black Hounratn sphwlerite « lesshad n farrle aulphote
aalucion




Photogzaph 13, Black Hountain sphalsrita « farrie chlov(de leashod

Fhotogeaph 16, Black Hountaln aphaleriza - forxia silorida lasabed
and ulerssantsally eloaned.




Biotograph 15, Black Hountaln sphal erite « ferrls suiphats leached

hotogzaph 16, Roah Pina sphalerlie
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samplo of the Black Mountain sphalerite that has been leached fn a
forric sulphate solution. The triangular hillocks are clearly visible,

Photographs 16 to 19 are SEM photographs of the Rosh Pinah sample, The
fresh, unleached sample is covered witl: smaller particles which adhore
to the surface of the larger particles. Photographs 17 and 18 compars
the products of lesching in ferric sulphats and fer:’c chloride
solutions, and as with the sampla from Black Mountaim, the sphalerite
thet has been subjected to a ferrla sulphate solution is essentially
unattacked, while that that has been subjocted to a ferrio chloride
solution has reacted well, sinee §t s coversd by a layer of sulphur,

A numbey of photographs clearly show the Zormation of hillocks on ona
of the faces, indicative of dissolution ou that face, and no hiliocks
on another face of the sams particls, The discolution of group II1-¥
Aemiconductors has bsen studied, and the differences in the reactiv-
itfes of the different crystallographic planes has been reported.
Gatos (1960) reported that the (100) and (110) planas of = semi-
conductor with the zine blende (sphalerite) structurs axe more
reactive than the (11l) face,

In the (L11) direccion, the plenes are alternately ocoupled by atoms
of group IIT or group V elements (for the I1I-V semiconductors), The
atoms of ome of the layers in the (111) direction are triply bonded to
the lattice, whila the atoms immediately beiow this axe singly bondsd
to the lattice, The (111) surface must necessarily terminate with the
atoms that are triply bonded to the surfoca. The ocutermost layer of
tha (100) surfaces are doubly bonded to the surface, and are thersfore
more easily dissolved than than the (111) surfaces, The (110) surfaces
aonsist of atoms of both types, and are doubly bonded to the interior,
singly bonded to another surface atom, and thera is one dangling bond.
For Gs, in which there is mo difference between the constituent atoms,
the reactivity Increasss in the order (11) < (110) < (100) (Gatos,
1960).




Fhotegeash 17, Rosh Pioab sphalocice « laached tn forrte sulphate

sotution

Piotopraph 19, Rogh Final oplalorita -

aoluzten

Zanchod o forrlo chioride




It s quite possible thak the (111) plane of sphalerite is much less
rasctive than the other surfacos ond that small hiliocks form on the
surfaces of the other planes. It iz more difffeult to explain tho
shaps of the hillocks, shown oclearly in Photograph 15, In this photo.
graph, ono of the surfacos is covered with triangular hillocks, which
are probobly tho yesults of the mergence of pits, whils the ethar
surface is clearly boing attackod in steps from the same direction as
the surfaco severad in hillocks. This is clear evidonce that ono of
the surfecos is less reastive than that of the others, and tids is
moat likely to be tha (111) surface.

4.3 Exparimental results

4.5.3 Effoot of the iren lmpurlty content; of the sphalexite on
Lhe rare of lseching

Provious study of the diuselution of tho sphalorite concentrate from
tho Black Meuntein showed that passivation ccourred in forric swlphate
solutions, and thet the concontrate would not dizsolve beyond a con-
vorsion of about 5C por cent (Srundwoll, 1985). Investigation of the
laachisy choractoristics of the asphalarits concentrates from BSlack
Hountain and Rosh Pinah in foxrie aulphate solutions showed that both
these matosials displayed rotvactory behaviour, while they disselved
complataly in forrie ochloxide solutions., The rasults of the inves-
tigation carricd out to dotormina tha cause of the passivation of
these samplas are roported in sostion 4.3.3 below. For this wveason the
affect of the dren content of the sphalerite on the rate of
disgolution was Lunveatigated in a atrong chlorida solutien,

PFigures 4.2, 4.3, and 4.4 {llustrate tho affoct of the iron content of
the aphalarite on tho rate of dfssolutien fox thras difisront
temperatures., As oxpoctod, tha Black Mountain and the Rosh Pinah
sphalerites dissolve well in the forris chloride solutions, Bxpards
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fu8u2-EEfoot of the solutlen en. the lonching.in

Lerpks, aulphate solutions

The xosults roported in Table 4.3 indicate that the concontrate from
Gamsborg 16 vory woll liberated, and is almost as minerslogically purc
as the musoun grada sphalorite from Ward's Selontiftc Establishmont.
It L6 alse availablo dn sufffefont quanticios, whercas the Ward's
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sampla was scaren, Tho high Lron contont of the Gamsborg samplo maans
that it vosets o lot quitker than the Ward's samplo, which
considarably roducos tho durstion of the exporiment, Thus, it was
daaided o ugs the Gamsborg sample in the investigation of the offsct
of tha goncontyations of oxidant ard voduotant on leaching of
sphalorite.

Figures 4,5 to 4.8 illustrato the offect of an {mereasps in tho
forzoua lon concontration, in the forrie lon concenmtration, in the
zine lon ond in tho on the leaching of
Qamabarg sphalerite in forrie sulphate zolutlons, Thoso rosults
irdicato that addition of forrous ilons to cha leaching solution
dogreases the rate of digsolution, whersns addition of forrie ions to
the loaching sclution Increases the rato of dissolution. Tho addition
of zinc has little affoet on the rate of roaetion, and the dependence
off the rato i that oxpocted for a change in the solution tomperature.
Theso reaults oro analyssd in Chapter 5.3, The raw data ave glven in
Appondix B,

£.5.3 The of thao loaching of Black
Heuutadn.and Boih Pinah, An forrle sulphate

Flgore 4.9 flluntrates the oxtent of roaction for a typleal run on
Rosh Pinah and Black Mountoin sphalorites in o forrie sulphate loache
ing solution. In contragt to the loaching charaeteristica of the
matorial f£rom Qamsborg shown In Pigures 4.5 ta 4.8, both thosa
sphaloritos display passivatfon in that noithoy will dissolve

dotaly.  Provious (Crundwoll, 1983) has ghown that
an unserooned flotation concentxato From Black Mountain will nat
disgsolve beyond 30 por cont convorsion, ond that the Pinal oxtent of
diseilution 46 proporcional te tho surfaco area, {ndicating that a
surfaco phanomonon la responsible for the passivation behaviowr,
Inoroasing the tamporature of reaction from 50°C to 90°C increascd tho
4nitial rato of yosction, but the f£inal oxtont of veastion only
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shovlng paealvation betivlour in sulphato soluctens, Conditfonst 0.3

| FalITN), 0,1 K Uiy, and 8%,
fncreased from 24 par cant to 28 per cent for particles in the slze
rango ~74 453 pm (Grundwell, 1985).

The main differcnce betwesn the matorial from Gameberg, which
dissolvad beyend a converslon of 90 per cent, and the material from
Black Mountzin is the increased lead content of the lottsr. Tha Gamse
berg concantrate has 0.47 per cant lead, while tho Black Meuntaln son-
contrace has 3.46 per cont lssd. The mochanism for passivation could
be duo to the formation of an jnsoluble coating of anglosits (PbSD,)
or lond jarosite [Bbg,g(Fo,Zn)3(30,)3(OH)g} on tha surface of
tha particle, The oubsaquont removal of the swlphu produce-layar and
roloaching did mot Yesult in futher dissolution (Grundwell, 1965),
implying that the passivating costing is not the sulphur formed during
che loach.

The eencentrate from Rosh Pinah, which oos mot have as high a Llead
contont s that from Blook Hountafn, also displays pasaivation,
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Waehing of tho laachod particles {n GS Co romovs tho sulphur layer
bofore they wore raturned te tho leaching solution did mot rosult in
furcher disselution for the Rosh Pinsh sphalorite,

The mineraloglcal analysis of tho three samples of sphalexite atudied
in forric sulphazo solutions {s prosentod in Tables 4.5 and 4.6, It
can be geon from thess roesults that the concontrata from Gamaborg,
which dinsolvad e bayond 2 conversion of 90 per coat, ls more
1iboratod than that from eithor Black Mountain or Rosh Pinah.

Kuzminkh and Yn\ﬂuma {1950) loachad twe natural sphalorites with

Sons ond roported that the sphalerites
leached at similar initial zatos under cquivalont conditions, Howaver,
for similar conditiong, an oxcess of 80 por cont conversion was
achievad for one while only 33 por cant was achiaved for the other,
They propesod that the in the mi laglaal ition waa
tha prinoiple reason for the difforonce in the £inal oxtonts of
reaction,

Both sphalorite contontratos studied by Ruzminkh and Yalautova (1950)
had high load contonts (sbout 6.8 par cent laad), Thoy roportsd that
the concent#ate that dissolved woll was woll-liboratod, while microe.
seople of tha that layad

rovealod that thors was a close intorgrowth of the sphalerite with
othor sulphide minorals, Thim supporta tho hypothosis that the doposs
ition of a lend sulphato coating is the xcagon for the passivation,

Ths offoot of & ehloride salution rather thun a sulphato solucison as
the leaching soluclon ia shown in Figuro 4.10 and 4,11 as a plot of
1-¢1-X)%3 ggatnst t. This shouls bo a straight ldno if tho surink.
ingepartiola model s shoyed (Lovonspiel, 1972). The deviation from
Llnear bohaviour for sulphats golucions 19 @ rosult of tho passivaiion
Lilustrated in Plgure 4.9, Flgeros 4,10 and 4,11 (and Figwes 4.2,
4.3, and 4.4) aloarly illumtvate that noithar the Black Mountain or
the Resh Pinah ophalorit in ohlorids




Table 4.5 Mineraloglcal snalysis of the Gamsberg sohalerite befors
and after leaching in ferric sulphate sclutioma,
(A1) valuss in per ceat).

sphalerite -

1fberated
Spahorite «

Locked to sulphides
Sphalarite -
locked to gangus
Ghalcopyrita
Galena

Fyrite and
pyrrhotite

Sphalerite and
sulphuz
Sulphur products

As Received
98.2

0.6

After Leachad

Tabla 4.6 logical

altions of th

from Black

Mountain and Ro
forric sulphate
(all values in

"
sh Pinah before and after leaching in

solutions.
pex cenc).

Black Mountain

Rash Pinsh

As Afger
Received Leached

As 0%
Receivad Leached

sphalerits - .6 8.2 90,4 88,8

1iberated

sphalerite - 2.2 9.4 1.6 2.2

locked to suiphides

Sphalerita .6 0.2 0.2 4

locked to gangue

Ghaleopyrite Traca 0.2 0.2 0.4

Galana 0.4 0 Trace 0.0

Pyrite and 1.4 1.2 7.6 8.4

pyrrohtite

Gangue 0.8 0.8 0.2 o
\
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Kexay diffraction showed minor pesks representing anglesite (PbSO,)
and javosite [K(Fe)3(50,)g(OH)g] for the leachad Black Hountain
and Rosh Pinah sphalerites, (These X-roy patterns are shovn in
Appendix Ay, Pb, Zn and trace mmounts of Ag can be incorporated in
the jaresits structure with the formila Pby 5(Fe,Zn)3(50,)p(0R)g
i Gu can be incorporated in a beaverits-plumbojarcsite solid solution.
7These peaks wers mot observed for the leached materisl that displayed
no Chomicall Jarosites are often
insuffieiently erystalline for relisble identification by X-xay
diffraction, and a dogres of uncertainty is present., Hewever, tha
formation of anglesite and jurosite would not oceur in chloride
solutions, and their prossmee i8 consistont with the passivation
obsexved,

Analysis of the particles uaing elactron microprobo &rd scanning
eleotron-microscope with enargy-dispersive (SEM-EDX) tochniquas did
net reveal a layer of material that covered the leached particles,
The surfzce of the Black Mountnin sphalerite was covered with numerous
small (< 2 pm) PhSO, pavticles, ond sulphur product, Photographs 19
to 20 are elactron back-scatter images of the particles of Black
Mountain sphalerfts, and show the oxtent of the formatifon of tha
PhS0, deposit. Fhotograph 19 shows that PbSO, perticies are found
arcund the entire circumfarence of the particle and wot in a limited
locality, 20 illustrates the of a Pb5O, daposit
at the surface of o golena inolusion, and Photograph 21 apain shovs
the extent of the PbSO, faxmation. Although these particles of PbSO,
wora abserved, a complote coating of FbSO, or any other lead salt was
not detocted, The layer of insoluble materisl that is necded to
pravent dissolution is that neaded to inhibit electren txansfor, and
is probably of the order of 1 nm (Diggle, 1973). A layer of this
dimension 19 too small to bo detoated on the scale reprosented hare.

The Rush Pinah matarial was very similar o chat of Black Mouatainm,
oxeept that 4t wid not display as many bSO, particles on the




Photogeaph 19, Dask-aeattar alsstron fungs of a Black Houncaln
sphaterita perttolo (daxk gray). Kovs the diaccibuclon of sngrosite
(Mhista gratn) ac the feagawoced el, Scals 10

Thatogeaph 20, Back-seatear slectron Jnegn of u Black Nountain
splatovite particls shoving the cosurenss of englenite (1) Talatod to
& galana tneluaton (2) In the wphelerizo.

Tiotogeaph 2, hoksachreor alaoczon 5082 of & Black Hosncatn :
ephalartzo pactlale shoulng tho surese of th lphnlurln ek gray) o
104 the diributtan of sogisaite, Soe 10 = -




surface, Rewoval of PbS0; by washing the leached material in
amoonium acatate before returning to the lasching solution did nog

rogult ia odditional disscl R that the formstion of
lund joresita is probably for the 3
Hawevax,  ewtomsive  imvestigation of the particles using

aloctron-miorogrobe ond SEM-EDX enalysis did not dotect such a
coating,
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In this chapter the oxporimontal results for tha oxidative and
non-oxidative wenctions are analyzed to detormine the kinotie
paromoters, and a wmodal for thoss two dissolution veactions is
davelopod from the chiarge-transfor theory dissussed in Chapter 3,

The oxporimental rosules for the ox.dative reaction which wors
prosontod in Chapter & arc analyzed in terms of the shrinkingpartfcla
model, from which a wato comatant, k,, e obtaimed. This rate
congtant is usod to detormina tho aotivatien enorgy, the order of
roaction with respest to tho concontration of iron in tho zine
sulphids lattice, and the ordax of rxcaction with respout to the
consentrations of reaotants and produats. A model baged on the thaory
progeuted in soction 3.3,2 Lo devived, and i shown to bo consistent
with the kinotfcs of oxidative dissolutien of spholevite.

Tho vaw data of Verbaan (1977) is analyzod mere thoroughly to dotor-
mine the iinatie of tho rooetion. A
char'go-transfor modal, basod on the thavry prescnted in seetion 3.3.1,
is derived, and is shown te bo congistont with the kinoties of
non-oxidative dissclution of aphalowito and othar II-VI aomi-
vonduatioxs .,

The sguccoss of somiconduetor  oloctrochomistry thooxy in the
foymulution of a quantitative modol to oxplain tho offcct of the
concuntrarion of ivon in the zine sulphide lattice on the rate of
disgolution of sphalorite, suggeats thot the litoraturo of othox metal
sulphidos bo axanlned dn torms of this thoory. Thiz is done in the
final ocetlon of this chaptor, whove it iz otwessod that the
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et 1 of mineral sulphides plays an role fn
CRRNY their dissolution behaviour.
sl :
ey
b, 51 model for the snalysis of
’ zesulte

The dissolution of sphalerita occurs by a surface-zelated phonomenon,
i.0., an unreacted-oore modal applies. The dlssolution of a particle
for which this mudel appliss, occurs in the ollowing steps:

(1)  diffusien of resctants and products through a liquid £ilm
surrounding the particle - called film-layer diffusion;

(14) diffusion of reactants and products through the product
layers, such as the sulphur layer on the particla surface -
called product-layer diffusion;

(141) reactlon at tha surface,

Thero is genoral agraament {u the iliterature that the reaction at the
surface controls the rate of dissolution in the initlal stages of
leaching. In this cass, tha rate of dissolution of sphalerite
particlos of the same size fraction 48 givam by

dtgng
dae

= kARG 5.1

whexe mgns is the oamount of leachabls matoriel remaining In the
unreacted core, ¥, lo the rato constant, A is tho ourfaco avea, and
£(Cgy} 1is o functlon of tho roactont conmeentration, Cp..
Assuming that tha shope of tha paxticlos oan bo approxtmated by :
sphorical goemotry, then >

dnzag

2 2 kg brr? £(0gy) 5.2 :
- g bt —  m - el 240, . l
o 2ng m S 0%




whare pzng 48 the melar donsity of the sphalerite. Integration givea

2
208 (- 1) 5.3
Tegf4Coy)

vhore r, fo the nitial partiels size. Sinco the comversiem, X,
1s given by

3
X o= 1- «“—] 5.4
&

the hrinking-particle model s given by

et = 1 (L. DA 5.5
whera
Tep = Teg £(Oqy)/pns¥s 5.8

The golution of the shvinking-particle model for ouble an'
shortecylinder geomotrlos gives the samo aquation as oquation 5.5. The
particles loached in this ostudy are a yandom distribution of shupos
vhoso size can be charaeterized by tho goomotrio mean of tha upper and
lower sereon sizes, Tt is reansonoble te assume that the loaching
rogction is by the particls modol I£ chomlcal
roaction in tho xate-contzelling stop.

The ghrinking-perticlo modol has bean shown to apply to tha
diasolutien of ephalorite by sevornl authoxs (Verbaan and Crundwall,
1986} Jin and Wayxen, 1985; Dutrizac and MacDonald, 1978), who
dumonstraved that the plot of Ls(1-X}1/3 agatnet ¢ wes lincar for
tholy data. Figwro 1.% phows tho valuca of %, from these plots for

oxddont and particle sizea. If
tho valuos of Jkury had boon plotted xathor than ky, the thres
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ourves would fall on the same lina.

dlsgelupion

Typical zogults collestad in this study and presented i Figures 5.2,
5.2, and 5.3 ag plots of L-(3-X)1/3 apatnst ¢, Lllustrate tho offcct
of tho iren content of tho differont sphalerito coneantzates en tho
rate of dissolution, The dingrams show that the roaction follows
linear kineties in the Initlal stage of roastiom, whila diffusion
through the preduct layox in Important in the lattor stage. Tho value
of ky 1s obtained from tho clope of tha linoar seotion of thesc
diagromg, In ordox to oliminate the effoct of tho differcnco in tha
aize of the particlas, valucs of Rer, ars compared. Thesc valuog
are given o Table 5.1,

Tho offoat of tomporaturc on tho rato of dissolution of the f£iva
sphalorite concentratos ia Jhown in Plgure 3.4 as an Avrhonius plat.
‘The activatien onerglos avaluated from this disgram are given in Tablo
5.2, No dopondonco of tho accivation emargy on tho iron contont is
appatent:,

Figure 5.5 illustzatas tho offect of the iven contont of thu
sphalerite concentrates on tho rate of dissolution at thzeo difforont
tomporatures. These rosults confirm tho linoar increasc of the rato
of dissolution with the incroasa in the iron content reported by Piae
and Tozawa {1985), van though thoy used oxygon as tho oxidant at
150G, Tho uga of a difforent oxidanmt does mot affcat the dapondenco
of the rato on tha fron contont of the ephalarito,

e
£
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Tabla 5.1 Values of the constanta k, £rom the shrinking.partisie
analysis of the leaching rosults,

Samgla T, Temp *e [N
pm e minl wominl
Wards 48,8 43 4.06 x 1074 1,98 x 108
65 1,28 x 10" .25 x 1078
30 3,09 x 103 L9 x 1077
2Ziner 88,7 48 1.06 x 10°3 7,20 x 10°8
65 338 x 1073 2,32 x 1077
80 7.4 % 10°3 5,08 x 10°7
Blaak 4.8 45 s.atx 1073 238 x 1077
Mouneatn 6 8.95x 1073 4.0t x 20°7
80 1,80 x 1072 8,06 x 1077
Rosh Pinsh 44.8 45 223 x 104 568 % 10°8
65 4,90 % 1072 2,20 x 1077
80 1,03 x 102 4,60 % 1077
Gamaberg 44,8 45 7.88 x 203 3,53 x 1077
63 1.76 % 2002 7,88 x 207
30 4,10 % 1002 1,84 x 1078
Y
Fdblo 5.2 Aawivatlon anorgios for tho leaching of sphaierites #

in forrie chlorido solutions,

E,
SR
Ward's 50.5 .
Ziasor 51,6 s '
Blagi Hountain 3.7 N
Rosh Pinah 44,1

Gampherg 43,3
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The dissolutfon of the sphalerite from Black Mawntain {s consistently
lowst than that expectad frem the stratght lime variation in iron con-
tent, ond this, together with its significantly lower activation
enorgy, suggosts that other sulphides pressnt as inclusions in the
sphalerite galvanioslly protect the sphalerits, or that a protestive
coating develops on the particle surfuce, This {s most noticesble at
higher temperatires.

The of agents s illustrated fn
Figure 5.6 and che effect of UV irradiation ls shown in Figures 5,7
and 5.8, The ensrgy barrier betwean the d-band of the iron lmpurity
or the valencs band is smaller for ceric Los than for farric ien (ses
Figura 3.4), and the rata of reaction is dramatically increased by the
use of ceric ion as the oxidant. An oxidant with a V* lower than the
iron couple may not ba able to produce flustuatiens in energy that
have significant ovarlap with the valence band or the impurity band,
and electron trensfer will ba slow, or will not take place at all.
This s the sase when stannic chloride Ls used as the oxidant, and
virtually mo dissalutlon ocouts.

The radiation of & sample undergoing anodic disselution results in
enhanced rates of leaching, slthough this is ot as pronounced as was
zepurted by Bxner ot al (1969), shown fn Pigure 1.3, Theso results
confirm the importance of semiconductor and other solid-state come

in the &l of L sphalerites
5.2.2 Application of bhe enerpgy-leval medel ro the
dissolution of sphalerfte

In semicondustors with vide band gaps (Bgey > 1 o¥), owidacien
acoura as a result of the finfection of holes Into the valence band at
the surface (Horrison, 1978); oxidation by surface holes will oecur
with 100 por cent correslon efficloncy, Hovever, Figwre 3.4 shows that
the fnjestion of holes dnto the narvow d-ovbital band is
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enorgetically mors favourabla than inte the valomce bund of zine
sulphide. Large muabers of chese holes can exist at the surface,
resulting in a narrew space-chorge regon. 1E the space-charge roglon
is sufficlently narrow (= 2 nm), quantum tunnelling san occur betwsen
the supface d-orbitml and the valence band. The captura of two holos
by the valence band at the surface will result in the oxidatlon of
$2° assoclated with the valance band to § and the concomitant
velaase of zine mssociated with the conduction band inte solutfon as
zat(aq) (Willtams, 1960; Koch, 1975), Tha clectronis processes

during the of sphalerite are
s + oht o+ z?t 4 g 5.7
ox + ved + Wt 5.8

where ¥ represents a hole in the valence band, ox an oxidant in dol-
utdon, and red a vedused species in solutlon.

The presence of en iron d-orbital within the band gap has two con-
sequences for alectrop transfer batween the solid and the electrolyte:
it presents a narrow localized band with which the tremafer of
aleotrons 1s energocically mors favouzable than it is with the valenca
band, and it 'pins’ the Forml lavel at a leval within the d-orbital
band (Jellinok, 1972; Baxd et al, 1980) '

The rate of electron transfer from the semiconductor to the solution
s given by equation 3.24:

1%~ qz mr”@“.-;ﬁ“5(E'Bne>"ox(5) L 3,24

The £irst consequonce of tho iron Impuricy is that elactron trensfer
oceurs batwoen a narrow d-orbital band within the somicondustor band
5op and tho sclutlon, Thiz moans that the density of staves for the
caxriors in the s0lid, Dgo(B)E(EEsy), rosemblos a Dixacedoltw
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function of density centred on tho energy of the band with a magnitude
of Ny (Mehl and Hale, 1966), Tho tramsmission coofficiont v(E) alse
has the form of a Dirac-dalta function, Dy is the density of states
of the oxidant and $5 dofined as Dgy(E) = Coufey(B), whewe
Weg(B) s tho prebability that the enargy loval of the axidant in
solutlon will bo at E, as given by the fluatuating enargy-Lovel model
(sce soction 3,3.2) and Gy iz the concoutration of the oxidant in
solution, Therefora, equation 3,24 bocowes

e _[-m-z*mds(n.s*m“w“(s) a 5.0
- q2Colly -J‘"ux(s) a 5.10

where E¥ 1s tho enorgy level of the d-band,

This integral can be 'ovalusted 4f the approximation is made that
Woy(E) 1s conctant over the snoxgy reglon of tramafer (tho assump-
vlon of Gerfschor, 1960 a). It is normally argued that aelectron
transfor will only occur with one of tha bands, and, in most casos,
ovorlapping of tho states is liuited to a rathor small enorgy range,
4.0., charge transfor Wil occur within 1 KT of the odge of tha
conduction band oxr velence band. If this is the case, it is
reazonable to replace the inmtegral by aubati:u:xnu AE = 1 kT and E =
Eu or Eyy for a band o val if
E* domotes the enorgy at which charge transfor ocaurs at the (Zn,Fe)§
surace, Lia., the onorgy of the d-orbital band, them

50~ g2l Naon (ENKE 5.1

Wox(E¥) 8 given by eguation 3,19, and substitucion into equation
5.11 givas

© = gAY Coullyoxp( - (Roy«E™) 2/43KT] 5,12




a An oquation of similar form has buon dorived by Mehl and Hale (1966)
IS for the of an insul 1 which has a narrow
valenoe band, with an sleatrolyto, Tho Mohl and Hale (1966) formula-
tion of the preblom is s follows, $inco the velence band of an
insulavor L narrew, the trengmission coofficlent und the densities of
atatos can bo treated as Dirac-delta functions; thorefors,

trod

3%« quv Ng Gop¥ 5.13

“horo Ny 18 the carrier demsity of tho valence band at the insulavor
surfuco vhem tha current donsity is J° A om?, Cou% is the con-
contvation of the accoptor molosules in the transition stato, ond v is

a sonstant the i (takon az unity),
tho Foraday constant, and tha of of tho
complox. Assuning that Go* fa given by o Boltzmann-type oxpres-
sion,
Goy* w Oy 0Xp(-26™/KT) 5,14
ey whers Gy s tho accoptor (oxidant) concontration in its oquiltbrium
%

solvation configuzation, and AG* is the onorgy of activation of the
The enorgy AGY is,

thoortas of non-cquilibrium ol 1

(Marous, 1964), o pavabolic function of the

(Horrison, 1980, p36), and la given by

aceording to
of diolagtrl

oxeitation anorgy

A% w (Byy-E%2/02

E 5.18
o 4
whore Egy la the enorgy level of tha accoptor (oxidant) state, and A
x‘ is the onorgy. 5,14 and 5.15
B into 5,13 glvas
19 = qullyOyy oxpl- (Boy B 2/4NT] 5.6
.
PN
s
2 N W




which has the sama form as equation 5.12,

Tho sucond consoquonca of tha iron impurfty is that the Formi onoxgy
level, Ep, is pinned at the level of tho duoxbital hand. This means
that the applied potantial dood mot appear prodominantly aeross the
space-charge reglon as would be axpacted, but appoars across tha Helm-
holez luyor (son seetion 3,3.3), This is differont from tho caso dis-
oussod by Mohl and Hale (1966) simco the Fermi lovel of cholr
insulator olostrodes was not pimnad, and the applied potential
appeared across tha space-charga rogion of tho insulator. Tho snergy
av which elaetron tramsfar osours is tho onergy of tha Formi-level
which is pinned at the lovel of the d-band, f.e., E¥ = Ep, and Dp =
Brogex At oquilibrium aince tho clostrochomloal potentials of tha
olactron fn tha soltd ond the solutfon ava oqual. Egy = Egqqox
varfes dircctly vith the applicd potential, which appoars cross tho
Holmhaltz layer as in th caso of eloatron transfer at a metal
olastroda, 4.6.,

= o
Eox = B = Eox » By = Egx » Biodox + m9 5.7

vhoxe ny is tho overpotential (whlch appoaxs aewess the Holuholez
layer because the Fovmi lavel is pimnod). Tha overpotential is tho
difforonce botweon tho moasured potontial and the equilibrium
potential, i.0., 7 = 44 -« &g, Substitution of oquation 5,17 inte
oquation 5.12, gives tho cathodic xoduction of Fo¥* as

1% = 2 (RE/AmA) 00 Ngexpl- (Boy-Bhaaox 1) 2743KT]
8ince

oy * Brod ™ 24

Efodox ™ M{Box+BrodHRIIN(Cyng/Cox)




{gevischex, 1970) thon

Fox - Blodox ™ A - KT 10(Cpaa/Coy) 5.19

and

38w QECKT/ARAY M 400 OXP [« (A-IETIN(Cy g 3/ Coned +rggt) 2/6XT)
5.20

Tho assumprions of Marcus (1964) and Levich (1970), L., X >> gy
and A >> KTIn(0poq/Coy)) ore applicd, and tha cress terme in qoy
and  WTLn(Cyeq/Coy) can be meglected, The rosulting equation
dasortbos the redustion of Foo* at tho sphalerite surfacs, L.o.,

3° = KOG, Naoxp(-nya/2kT) 5,21
whore K% is ‘a rate comstant. The anodlc current is also dependont on
the mumber of point dofests (Simkovich and Wagner, 1960). This is a
result of the linemt inorsaso in the walt asll dimension vith an in-
crease in the iron contont for the impurity ranges considazed hers
(800 oquation 2,1), Lockax and Debruyn (L969) reportad an onhanced
rato of nonwosidative dissolution with an imcrease in the iron
contont, conflrming that tho anedle curront 1o alse dependont an the
iron content. for an £
of aquation 3.18 b,

reaction of tho form

1% = 1PN y0xp (nya/26T) s.22

Since thore is no. mot curront, equation 3,34 applies, f.&., j% = 43,
oquatfons $.2L ond oquations 5,22 can be oquatod, and an o¥prossion

For ny can bo obtatnad, Then molving for 3* gives

2= (kn/ku)hudcax’x
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Thie ia firat opder in Ny, tho number of occuplnd statas dn the
d-band, 1.0., tha ooncontvation of tha iren in aubstitutional lattice
siton, and holf ordor fn tho concontration of the oxidant, This equa-
tion 18 capable of doseribing all the oxperimontal rosults reportad
In tho litevaturs (Plao ond Tozawa, 2985; Jin and Warrenm, 1985) and
thoso rosults are conflvmed by the results presested in Figurs 5.5,
For o particuler sphalerito, the dependonco of tha rate on the oxidant
concontration from oquation 5.23 s the same as that doseribed by tho

wixod-potential wodel, Indoed, tha faok that the Fermt leval is
ninnod justiffen the use of tho mixed-porontinl, model for n semjcon:

From cho enorgy-leval medsl of seniconductor slactrodo-procosses
(Horrison, 1978), it fs oxpaoted thau the dissolution rate would be
onhanced by the introduction of a strongor exidlzing agent, i.a., a
highaxr Eee, or by ultraviolat radistion (radsation of band-gap
onorgy), which would eroata £rou olectzens in tho sonduction band and
holes in the valenca band, That this doas oceur 'is shown in Figuves
5.6, 5.7 and 5.8,

Exner of al (1969) imvestigatod tho offoot of WV vadiation on tha
ddssolution rata of both natwral and eynthotic zine sulphida orystals
(Figugo 1.3), and found that tho ate of dissolution for synthatic
dopod crystels was 1y that metype
doptng prodominatod, A smaller offoct was reported for puro natural
orystala. Thess vosults confivm tho importanca of tha clogtronic
atructura of tho solid.

The rosults of Jin and Warren (1988) show that thore is a chango in
cho reaction erday, from half order te garo orvdar nt high oxidaat con~
contration. Jin and Warron (1985) amd Van Sandwijlé and Koopmane
(1986) proposed medals for which thoy assumed that tho oxidant is ad-
sorbed onto tho eurface at anlonie gurface-sites {sulphur eites), and
dosoribod this in torms of the Longmuir fsotherm. Thosa authers
attributed the change in reaction oxder shown in Fgure 1.1 to the
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onset of complete covarage of the surface by tho adsorbed oxidant.

The modal prosented in this thesis iz in contrast to the adsoxption
modols praviously proposad, Matal lons in aquoous solution gre Soi-
vated, the signifieance of which ia that such lone avo soldom adsorbed
st the inner Holmholtz plame (IHP). Solvated foms, such as Fa¥(aq),
are oloctrostatically adsorbed at tho outor Holmholtz planc (and an
outar-sphora eloctron-transfor ranction oceurs), This is not idontical
to adsorption at a spesiflc site, which is a requiromant for the
application of tho Langauir isothoxm.

The change in wesetfon ordor that tho above authors attompted to dege
eriba suggests that tha anodic dissolution current (oquation 5,22)
reaches a limiting valua bocouse of a migration-limited supply of
solad-phase charge carriers to the surface, The limiting ourrent ig
comstant for any clings in tho applied potentiel or in the oxidant
concentration, Such limiting curgonts s¥o & fundamental aspact of the
anotic of n-type and this proposal is cone
sistont with the of 1

the modal. reprasonted by the aquations 4.21, 5.22 and 5.23,

stry and

2.3 Sumpary

It has been shewn in this zaction that the polid-stavs properties of
tho sphalorite diveetly influcnce tho w¥ato of dissolution, The vate
rasction has boon shown to ba a linear function uf the concontration
of iron in the zino sulphide lattice, The xato of reaction s alac
incrassed by Lrradiating the leaching solution with UV light, and the
rate is influencod by the use of difforent oxidants, The somiconductor
modal desoribed in Chaptox 3 has boon applicd te tho situatfen in
which the clactron transfor sccurs with a narrow band within the band
gop of che sphalorite, and it has boen shown that this model ia

1 with tho d% kinotics in this socctlon,
and with thoso prosontod fn the litexaturo.
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This wodel justifies the use of the wixad-povonti.’ model that has
proviously been used to explain the kinatics of dissuiution (Jin and

Warren, 1985; Verbaan and Crundvell, 1986). Tv the noxt section o the °

chapter, this modal 4is oxtended to account for the ancdic oxidation ff
Fo(Il) whish could bs in competition with the anodic dizsslutfen
reaction for the consunption of holes.

£.3. Meshonien of of_sphnlersts {n ixen(TIL).
.30 the offeot of the solution cempesitlon ou the xnte of
leaching of the Gamsberg spholerits

Microsaopic oxamination revealed that tha Gamaborg material was sur.
rounded by a rim of fractured material, This material diasolved
rapidly, resulting in the initial converoion shown in Figures 5.9 and
5.10,

The value of k, in equation 5.5 was doternined by livear regrassion
on the roints up tv 30 minutes, The doviation from roaction control
1s opparont at higher convorsions, as a xewult of tho sulphur that
forms on the pavticla surfaco. As this layor inoveases in thickness,
tho gupply of veactants aud the removal of products through tho layer
bacomes Limlting, and shrinking-core kinetics ave applicable in thase
roglons, Unfortunatoly, attempts to model tho ontixe xoaction curve
uatng mixod-vaaction kinaties and fitting the reactlon and diffusion

wara The of & p i
mechendsm, which ia analogows to catalyst doactivation (Lovemsplol,
1972), d4d not improvo the model.

Figures 5.9 and 5,10 4llustrate the offoct of an inorease in tho
foxrous and forvis concantrations, rospestivaly.

If tho medol roprosented by oquatfon 1,12 o sorract, thom all dis-
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solution &t the same redox potential and temperature will havs the
same vate of reaction. Figurs 5.11 {llustrates thres rsactions at 575
WY and at different concentrations of Fe(II) ané Pe{I11), and shows
clearly that this model does mot adequately deseribe the mechacism of
veaction. Figures 5.9 te 5,11 fllustrata that, at high conversions,
diffusion through the produst layers becomes the rate-controlling
step.

Plgure 5,17 {llustrates that there is po change in the initial rate of
disgolution when zine sulphats &s zdded to the 1 .obing solutiom.

Tigure 5,13 illustrates the effect of temperats f+ rate of .
tion, An Arrhenius plot of the reaction «aackEng, L e
presented in Figure 5.14. An activation er T T me o

obtained, which agreca favourably with thui ubial s
researchars (Iin and Warren, 1985; Verbaan, 1980},

The effect of the addition of zinc sulphate to the laatii.y wion
was investigated. The rate constant, ky, wes unaftsctsd by zo+: sena-
entations of 0.05 and 0.01 M. This result is sonsfsvent with previows:
1y published results (Butrizac and MacDovald, 1974; Wedrweuth, 1972),

5.3.2 of
LroniXL) sulphate solutlons

£ Gamsbery gohalenise an

The presence of dissolved ixon in solusion contrfbutes to the kinetics
by the redox couple

Pet v Fo2t 4 bF 5,26

which exchangos holes with the iron-impurity band within the band gap
(soo sootion 5.2.2), That smalysis was not concexned with tha effect
of the capture of holes from the d-orbltal band, f.a., Fel® + wh -+
Fo*, which would be in cempotition with the snodic afssolution
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rosction for the ocnswmption of holes. Tho equations dex{ved fn that
section from £irst poinciplos gave & fixed value of 0.5 for the
chazge-tremsfer cosfficlent, In this chupter this analysis will be
further extonded to allow for n competitiva reaction, and for a
tranafer coafficient that deviates from the expectad value of 0.5,

The znalysis of section 5.2.2 has clesrly shown that, since tha Permi
laval {s pinned, any changes of the potential at the surface would
occur across the Helaholtz layer. Reactlons that are limited by olec-
teen transfer acrods the

loyer are qua
by oquations of the same form as the Butler-Volmer equatien, i.e.,
equation 3,13, which relates the curvent density, j, to the potentilal
acroas the Helmholtz layer, Ady, In the anodio potential regionm, the
anodie dissolution current given by equation 5,22

3% = kNgexpinga/26T) 5.22
which can be exprossed in the move familiar Butler-Volmer form aa

35 = Pexp(abgyf/RT) 5.25
whore & is the charge-tramsfor coefficlent which is expected to be
closa to the 0.5 value given by equation 5.22, F is Faraday's
aonstant, and k% e now the yate constant for o paptlewlax

sphalerite, R is the universal gae constant, and T i3 the temperature,
The factor F/R i8 oqual to the factor q/k in oguation 5.22.

The net anodic current density
couplo 4s given by the Butler-Volmor axpression

by tho £ forsd

Ips = KBalFe™)oxplap agiRTY - 5.26
Ko {Fo*)oxp{ - {L-apy) AdyE/RT}

Tho concentration of oxidant and yeductant in equation 5.26, and
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therefore in the Following aquations 5.28 to 5.30 ean represent any,
o all of the ionlc spacles prosont in solution. Since no not currant
Flows during the dissolution of a particle, equation 3.34 appliow
(4% = 3%, and the Following oxprassion ia obtained:
0=1% + ig, 5.27
0 = kPaxp(abdyF/RT) + kB, [Fo?*Joxp(ap ddyf/RT)

- kfo (Fe*Joxp{ - (L-apq ) AdyF/RT} 5.28

The xole of the iron couple can bo divided into three regions (Nicol
et al, 1975), as follows.

Case (1}: The partial anodic eurrent due to the oxidation of
Fe(11) is negligibie,

18 (DA, e 5.28

@ = (1-apy)/(l-opgta) and § = a/(l-aggta)
(Obvicualy ease (1) is the same as squation 5.23 LF
@ = apy = 0.5 since In section 5.2.2 1t was assuned
that the partial anodic curront dus ta tha oxidation of

Po(z0) 1s nogligihle.)

Case (i1): The parcial anodic cuiwents due to the
oxidation of Fe(II) and Zn$ ave significant.

18 - WO, [P/ [Ty

Caso {11} assumes that tho a values aro equal

Cage {111): Tha partial anodic current dus to tho oxidation of Zn$
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13 negligible comparad te that due the oxidation of
Fo(lL).

38 = KB(KE, [FoP+] 7k, [Fo2*])® 5.31

Case (141) roprosents the roversible Fe2*/Fe3* couple used in the
provious modsl, oquation .12 (Verbasn and Crundwoll, 1986). Figures
1.2 and 5.11 show that this model is inedaquate os a doseription of
the leaching choracteristies in forric eulphats solutfons since the
sates ars mot the same whom the Fedt/Fel* zstic is the seme (ses
Figure 5.11), Howaver, the concentration of tha oxidant in sol.tisn Ls
dopondont on the lomic oquilibria, and the concontrations of the
various spacles in selutlon were caloulated te investigate whether
offocts of cho solutfon equilibria are the cauwss of this
‘non-Nornatdan’ behaviour,

Selutlon equilibris. in fervie sulohate solutiong

Tha rodex potential, glvon by cquation 1.13, is « measura of tha act-
ivity ratfo of tho Fe¥*(aq) and Fol*(ag) lons (or any otter redox
couple formod by farric and forrous sulphate complexos) in a mixed
alectrolyts. Dry (1985) was able to oaleulate the Fo?¥/Fa®* radox
potoncial in the ionic strongth ranga O to 4 and in the tomperature
range 22 to 90°G, by for the followin 1 n sol~
ution: FeSOf, FeHso}*, Feso,, FeHSOf, and HSOj. '
Dry usad the Debye-Huskel oyuation, in which the real rathar tham the
formal lonke strength was +ubstitutod, te estimato the individusl acte
ivity cosfficionts of thi fons in solution, and used Pitzor's corra-
lation: (Pitzer ot al, 1977) to ostimato the dissoctation of WSO

'at" the solution fendt styength Ho selocted values of the stability

constants ot zore fonia stronpth from wiibin the rangs of valuas ro.
ported in the literature so ns to minimize the difforence botwean tha
measured apd caleulatad wedox potentials. The values of those
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constants are given in Table £.3, The use of the Debyo-Huckel oquation
is juatiffed in this caleulation for ionfe strengths up to 0.5 M
(Pitzox, 1972).

The numeriaal procaduxe descibad by I and Noncollas (1972) was used in
tha prosent study in conjunation with Dry’s stability constant data
for the Leulats of tho of the iron sulphato
spocies, The computor progrom ussd is given in Appendix G, Figuve
5,15 43 plat of tho monsurod and ogleulated redox potontials using
this numrical prosedure. The moasurad potentinls ave taken from Dry
{19835) and hava been corzected by him for the junctlon potentisl. This
figure fndicatas that this 43 an acourate caleulation of the rodex
potential,

Tha vezk mean squaxa deviation
SV/L/1YT (V1 Virep) Vo))

of the monsured and caleulated rodox potentials ia less whe

cont for the initial conditions fox all the oxperiments in this s _

‘These values aro shown in Tablo 5,4, It is concluded that aines tha

rodon potontlal i. secwratoly caleulatod, this prosonta @ roliablo
for tho saleulaticn of the sctivittes and of

the aomplexes in solution.

FoSO} 4s tho dominant specles in malution (upproximately 858) at the
loaching conditions, followod by Foltsof* (10 to 15 por comt). Tho
concentration of the foxxds aque-ion ia vory low, "ae distribution of
the forrie spesios {n soluuion is ghown in Figwre 3,16,
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Table 5.3 Iron stebility constants at zsro leonic strength,
Hquation Stability cunstant Reforance
rate so§'+ B e mso,f" oxp(33.334-7629.9/T) Dry (1985)
Fo¥* 4 5027 rwFoSO)  axp(-900+39110,9/T4136.610(T)) Dry(198S)
B 4s0d  mresy,  10$3:329-237.37/D) Dry(1983)
Folty so§‘+ HF om FoHSO)  oxp(30,69-7200.4/T) Dry(1985)

2 4 502

* 2- -
H' 4 80,7 eSO,

4 2080,

102 3Beap(1.,067-318,2/T) Naunov(1980)

exp(-14,0321+2833,2/1) Piezor (1977)

i o e ma?

re* 4 201w yocL}

re®

* e 30 Fecl,
s = e’

2

P

R e 2007w Rl

10149991106, 85.2020.7/T)  Ashurst and
055 Handcook(1978)

0% Fexp(16.8-6366.3/1) .

107067 Y

1032 '

109:35 '

Table 5.4 Valuss of the crnatant k, from the shriuking.particls
anolysts of the Gamsberg leaching results at 78°C.

Fun ke Inaas Yoale
min s 568 W va SCE
3 0.00296 14 23
4 000738 547 558
5 0,00743 494 500
s 0.60607 472 475
7 0.00467 431 448
8 0.00753 395 506
° 0,00651 527 550
10 0.00842 72 480
1 0,60251 w7 12
37 0,00658 27 547
28 0.00599 527 5%
38 0.00753 575 562
36 ©,00703 575 577
a7 0,00979 575 576
38 €,00810 566 568
39 6,017 so1 590
0 000655 548 555
45 0.00750 588 584
46 2,00745 390 384

S(V) = 0,0209 = 2,00 %
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Application of selutfon emtilibein to !
kinetlon of Gamsherg sphnjeriva

4n sxamination of Pigure 1.2 suggests that the additfen of forvews
sulphata deos not diroctly affoct the rate of leaching, i.c., tho
iron souple is not reversible at tuo sphalerite suvfaca, and cazs (L)
conditions apply. If cthls la g0, then tho vescton order with
vospect (' the ologtrocactive speciss ghould be of(leapgta), oF
olose to 0.5 4f & = agy = 0.5, f.0o., o plet of Jog k. agaluet log
Coy» Whore Goy 1s tho of the al specias,
should havo o slope that is cleso te 0.5. Correlation of the rate with
the Fosof complex did not yiold savisfactory reaults for this medel,

Howovor, Flgare 5,17 shows “ho close cosralation of Tata of
diosclution of ephalorite with the sun of the concontratlens of
Fo¥*(aq) ond FolSOF* for tha data of Vorbasm (1980) from Figura
1.2, Digure 5,17 is & plot of the case (4) modol assuming that the
Fos0} cemplox is inactive at tho sphalorite surface. Tho euccoss of
this nsewption indleats that the Fo¥*(ag) and FeuSOF* complexes
aro tho clastroactive spoclos at the sphalarits surfase. The siops of
tho bost £it through thosa pointa is 0.45, This gives a Tafol slopo of
0,122 V.daeade'?, sigedficontly oloso to tha oxpactod valua of 0,136
V.docadet,

Plgura 5,18 15 a2 einilox dlagean fox all the cxporimontal res.lts obe
talnod for tho Gamsborg sphalorito ot 78°C. Table 5.5 givas tho
leulatod for tho for tho intrial conditions
of the oxperiments. The slopo of Figurs 5.18 La 0.534, whish gives »
Tafel alopo of 0,15 V.docado™, fThis is again close to tha oxpoctod
Tofol alape of 0.14 W.doone The lose corrolation of those
zooulta vith the case (1) modol domenstratos that the offoet af the
agdtvion of Fo(I1) fo tho solution i indireet, in that Fo(II)
sulphato changas the of the o) apootes in
cho solution, and honeo affosts the rata of dissolution. Tho
polt/Red*  oouple 49 thoreforo  ivrovorsible Ak tho Gamshorg
sphalorite ourfage. Parkor o al (1981) argued & otmlley easo fax
che of 4 chaloopyrits ol do in Lron sulphato solutions.
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The dependence of the Tate on the formation of particulsr complexes in
solution fs explicable in terms of tha factoxs controlling the
solutfon complexes, FaSo} is described by Ashurst and Hancock (1977)
as an inner-sphore complex, whereas FeSOj, FeHSO', and FeHSO,
are cuter-sphere complexes (lon pairs). Chavge tramefer to FeSOf
would roquire the bresking of the Fe’* and S02° bond in the iner
ceordination spheve to form the FeSO, outer-sphere complex.
Tharefors, charge transfer te FeSOf is retarded dus to tae different
bonding in the FeSO} snd FeSO; complexss, and the outer-sphexe
couples FeHSOR*/FeHSO0] and PeH(aq)/Felt(aq) are
slectroactive species.

—en_the lesching of
phaleite in fagrle chloride

Dutrizsc and MacDonald (1978) reported that the addition of ferric fon
to the fsrric chlorids leaching selution has a dirset effect on the
vate of dissolution of sphalerite. If this is the case, then tha
re2tpa>* couple can be regarded as boing xeversibla at the
sphalerite surface in chloride solutions, and the petsutial Jifferance %
across the Helmholtz layer is dominated by this couple, A pist of the Q
xats constant agalust the FeGly concentratien on a legarithmic scale o
for their data Indicates that two dlstinot vogloms exist,
carresponding to vase (1) conditlons {rats independant of [FaCly]) at
low Fellp concentrations (< 0.4 M) end case (ill) econditions at
higher FeGly cowsentretlons (> 0.4 M), ‘Tais aspect of the
dissolution reaction is not examined ir further detall in this work, 3

Dutrizac and MacDonald (1978) cbsarved that the rats was proportionsl
to [Fe(111)]%36.  The eonoentrations of the fexric and Eevrous
species in solution were celculated from stability constants given by
Ashurst and Hancock (1977) and Butler (1264) usfng the same pumerical -
proceduve as that for sulphats solutions, The stability constants




used are glven In Table 5.4, and the numerical procedure used 1s
glven in Appendix G. The rate was preportional to [Fecl2¥)0.42
and Fe61§)%3%, which gives an overall reaction order of 0.36. Jin
and Warrem (1985) reported that the reaction raee is proportional to
(Fe(1113]9-5.  The reacefon order of the calculated concentrations
of both the FeCl?® and YeCl} complexes was 0.5, Therefors, the
charge transfex in chloride is not by a ticul
ionic specles as it is in sulphate solutions.

The affact of the chloride ion is twofold: inovessing the concen-
tration of the chloride don decresses the potentisl of the
Fo2*/Fa3* redox potential, and ocontect adsorption at the Lmme:
Helwholtz plane e often observed for chloride ions, A depsndence ru
a1 for dissolution of sphaleritc has been observed,
and this is explained in section 5.4 in terms of the formation of
complexes of ZnZt and 1 The removal of zinc latttca ioms,
2aff, across the Helmholtz doubla layer may be coupled with
the comploxing of chloride fons, according to

2fh, 4001 4z 5.32

for which equation 5,25 may be rewritten as
3% = K3{C1TIV exp(asdgF/RT) 5.33

I£ n s assured to be one, and equstien 5.33 is coubined with the iren
couple reactions, then a one-half oxder dependonse ia obtaimed for
cage (i) and a flrst-sxder dependence for cass (1ii), Case (i) is
givan by

18 = KBL0L7] (kCpq [Fa¥1/ (KAOL [#lehpg  Fa2¥))) 9
5.3
which at comstant and lov consentations of Fe(II), results in a
one-half ordar (G1°] depandencs, Sisee GL° is specifically adsorbed
at the INP, tha change in resctlon ozder with C* .t was obssrved
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by Jin and Warren (1985) 1s due to the onser of complate coveraga,
Hence €1 may be replaced by the term [CL]/(1+K[C17]), where K is
the aquilibrium constant for CL° contaet sdsorption.

S.2.4.4ddfclon of Cu(II) to tha esching solutlon

Gupper in the cupric form is 4 well-known activator in the floration
of sphalerite, Gopper is oxchenged with zine lattice ions at the soltd
surface, and the flotatlon behaviews is that of OuS, Dutrizac and
MacDonald (.978) roportsd that the addivion of Cufly to the Fe(IIl)
chleride l<aching solution inereased the rate of reactien, and they
aceounted for this by proposing that elther the CuS £ilm resulted in
enhanced galvanic corrosion, or that Cu(ll) fons oxidize the
sphalerite and the Fe(ITI) lons oxidize the resulting Cu(I) fens. The
oxidatton of cheleopyrite by OuOl, has slso busn propesed, whereas
CuS0y, 1s mot an oxidant for chaleopyrite (Parker ot al, 1981).

The dissolution of the sphalerit used in this study in
the prosence of Fog(S04)3 and CuS0, resulted in diminished rates
of reaction, This is 1llustrated in Figure 5.19. The dissolution
kinotics are by the shrinking-p model, and tha
reastion rate constant, ky, decreased by a factor of 3.3 on the add-
ition of 0.01 M cupric fon to the 0,5 ¥ Fe(II1) leaching solution.

in chloride sclutions, Gu{II) can act 85 an oxidant, @.§., in the cuse
of chalcopyrite leaching, since the Ou(I) spectss s solubla in high
chlortde solutions; however, {n sulphata solutions the Gu(II) does not
act as an oxidant because the Cu(l) species is insclubls. The decraease
fn the rate of dissolution on the sdditien of Cu(II) sulphate €o the
ferric sulphata leaching solution msy ba duo to the formation of a
surfaca state when Cu(Il} is oxchanged with zine jJattice lens at the
surface inhibiting the rats of slactren transfer bstwean the d-orbital
band and the oxidant {n solution,
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#Laurs 5,15 The ffect of cappor adéltlon to the forets sulpbite A
Lesehing solution in 6,5 U Fo(1II) and 06,0068 Fa(ll) ax 78% .
5..3 The effect of complex foxmstion. on the mixed potentisl an
o & chaloopyrite slegtveds :

The lsaching of chaleopyrita in sulphute and chloride solutions using
dissolved iron(III) has been cxtensively examined, and the elactro-
o chemistry of chalcapyrite has been well documented. Many resaasoliors
have propesed chat the oxidatien products that form oxound the core Yoo
sre vesistiva, Sulphur, p- and n-type semiconductors, such a8 the
p-typs Guf, and metal-deffclent polysulphides have been proposed as
hindering the transfer of lons or electrons at the interface,

Parker e al (1981) conduoted extensiw: tests to charactorizo the
1 try of ta, fhey tholr tests (n the ]
tomparatura and patential ranges sppliesble to leoching. They irves.
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tigated the offect of using different redox couples, and raported
anodle saturation currents, which are typleal for n-type samicon
ductors, for the oxidatien of Fe?* in solutlon, They alse raported
that the cheleepyrit displaysd behaviour in
forrie sulphata solutfons.

Jouos and Peters (1976) imvestigatad the steady-state vespenss of the
chalcopyrite elestrods to the Fe?*/Fe3* radox couple in both sul-
phate and chloxide seluzions, They xapsyted thet the measured mined
potential showod & Normstian response to the inorcase in Fe(XII) con-
in sulphate sol the alopo being 62 nV.decade™l,
which i3 olose to the expectod 72 mV.decsda™l axpocted from the
Nornat equation at 90°C. Their results are shown in Figure 3,20,
However, thoy raported a mon-Narnstfion vespowss of tho slactrode ta
in the Fe(l1) in sulphate This is

shown o Figura 5.21.

If equation 5.28 is solved for the mixed potential, Afy, assuming Dj\{
aase (1) apply, the follawl s oo Z
Oy ~ SRE/P i LRt 5.35
whore 5
§m 1/(L - oy + ) :

and « §5 tho transfor coofficient for the anodie dissolution of
chaleopyrite, Tho slope of the plot of the mixed potantisl against
log{Fa?*] far case (1) oconditious sbould ba 2.3WY/F  or
72n¥.docade"d,  Flgure 5.22 shows tho closa corralation botweon the
nixed potentfal sod €ho sum of the concanzrations of the Foo*(aq)
and FeHSOZ comploxas for the data of Jones and Pators (176), The
noasured olope of B2 mV.dasade"d {g closo to the oxpooted slope of
72 mV.decada", and thoss rosults confirm and add cmphesis to the
loaching rasults for Gamsborg sphalorite,




i
S "8
8 o7,
@
m p
4
=
3 625,
o
I
o
o Slope 62 ¥ docade™
Z &75.
I
o /
a
e .
=
* 825,
=
[B] T T v T R
10 107 10° 5
Fe (IT1I] cancentration
Plgera 5,20 The offeat of forrie sulghute additions ta the 0.2 N ’
250, aolutlan an the nixed yasentist of a chalevpyrito sdoaczods et .
0% (afear Jonen pnd Ferurs, 1976), i E
4 se0.
n - .
e o
g .
7. . °
" B
X H
" N
o
= 680,
= »
s “
o s
o s
@ e
» b K
% B30,
=
] T8 ] ™ L] . ‘
107 107t 10 i
Fe [II} cancentration
Figira 5,20 Tha affect of fortous sulphate additions co the 0.3 8
11340y solurlan n tha mixed gatonttal of & shalsopyrits sleateoda .
ab 90%0 (aftor Jones and Secore, 1976).
R e
Yy " " w




w
]
@
0
>

MIXED POTENTIAL {=V)

e

675,
625,
. Slope 81,5 n¥ dacade™
. -t
5.4 Expocted slopa: 72 mv dacade
N
528, I

T I W T T T
07 10 40
Fo™{aq) + FeHS0M cancentration
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prasasiad In Flgurse 5,20 and 3,25 ausuming thae oSt 4

Aneative, The crlnglas ave the data fcom Figure %20 and che squtess
the data frem Plgure 328

The vasponss of the mixed potentlal of tha chaleopyrito eloctrods to
changas in tho condentzations of Fe(II1) and Fa(ll) in chloridy
solutions is shown in Figuros .23 and $.24, and confitms that case
(1) conditions apply. Figuro 5,23 fllustratos that far an inczease in
the concontvation of Fe(III), the measursd slope of 75 mV.dosade'l
1s olose to the oxpostod slops of 72 uV.dosrdol, while for an
inctoago in the concontration of Fo(Il), thare L& vory littla chunge
in the mixed potontiol. Flguro 5.24 alda confixms that acmploxing of
the iron spoolos in chlovids solucions doos not affost tho mixed

tonttal o, , sinco boka auch as that shown in Figura
5,21 is ot oborved,
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A6 sumpary

It has been ehown in this mcotion that ons of the jonle spocies in
forric sulphabo solutions 1a inostive while loaching sphalerite, Tho
olestronotive oomploxes in forrie sulphats solutfons are Fed¥(eq)
and FoMSOZ¥, whilo PoSO} Is insomive. Tho rosamion vara wis
shown ta ba one-half order with respect to the sum of ihe

of tho ol 1 No 1 wore
found to bo inactive during tho lonching of asphalorita in forric
ehlorido solutions for the data reportod in tho literature, Tho same
forric sulphato complex was Found to bo inactive at the chalcopyrite
clostrods, o rosult that tonds to confirm the results cbtained with
sphalondto, The oloctrochemical model derivod in saction 5.2 has boon
oxtonded in this soction to give the move familfar mixed~potential
modal, and thiz has boen combined with tho selution aquilibria to give
a more complete view of the oxidative disselution procass.

5.4 Appldcation of the gh theexy of tho
nf Lonie aotdds to the of
54,1 Empirienl oL tha zatie of
dissplution of snhalerlte

Toe owporimontal yosults usod in this analyals wore obtained by
Vorbaan (1977), As wos montloned in seation 1,2.3, Vexbaan {1977)
roported oxtonaly: dota an the of spholorit
in gulphuric acfs selutions, MHowover, ho only avalysed the inftial
#nto of roastion, ot did not analyme the kinsties of the rovewse
voastion or tha oavidutgbment of equilidrium, This will bo dona hefo
in ordor to show that the kinotic paromotors aro the samo a8 thaae
roported by Romankiv u.d DoBruyn (1965) and Leoker and DeBruyn (1969).
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The thasry prosontod in Chaptor 3 will bo used to deriva an oguation
based on the oclostrochemiexl medol that fs consistont vith the
Xinoties of dissolution.

S Tho oxpertmontal oquipment and procodure was described by Verbaan
. (1977) and susmartzod movo recontly by Crundwoll and Vorbasn (1987).
v vVerbaan (1977) leachod four samplos of sphalozlbos: a natural pure
ganple, obtalned from Ward'p Afic Estoblishment, a
' product (B.D.H,) and two natural impuro sphalerlte ccacontvates of
. South Afrfean origin, vhich are dosignatod ZCR (Zinsor) and PR
(Prioska) ¥oopootivuly. (The dosignations aro those of Vorbaan's; =
thoy are used in thia study to facilltate reforonce with that work.)
oL siza voduotion wag affocted by ball or vibratory willing, and tho
i natural ephaloritos wero protrested dn a diluts sulphurie acid e
N nolution to romove any possible oxide layars or flotation roagents,

The initial rete of roactlon at a stirror spesd of 400 rov.min'd was
0.047 mmol w-?min'd (208 K, 1 M Ho80,) for the B.D.H. sphalorits 5
and thoe initisl rate at atirrer specds of 700 and 1000 rov.miat vas
0,062 miol m*2min‘l, The Initial rates for the matural samplas
had a similar dopondonce on tho stirrer spood. On tho basis of this ©
obsorvation Vorbaan used a stilrror speed of 1000 vev.mial in all .
substquont oxporimonts so as %o avold the region in which film-layer -

diffusion is the sencrelling meshanism.

Typleal xosults oollosted by Vorbaan (1977) ara prosentad in Figuxe
. 5.25, which illustratos thut am Increase in tomporature has a large
CLor affoct on the vata of di All figures il tha n-
(RS orsase of prossure with roestion timo veprogont the contimuous chare
i rocorder output, and the polata on thess Eiguras repressnt hlmes ot
which solution samples ware takom,

o o If it s agsumod that cthe digselutien fa controllod by a surface
e rogotion in which the scid fu the vaastank, then, followtng Romaskiw

. .

N ] ang DoBruyn (1965), ha zuto of dissolution, ¥, is givan ompirically
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Analyela.of tha dnktlal xnte of resgtien

The numher of molos of solid dissolved wam caloulated £rom the
mensured Ky$ parsial prossuro £rom

R - p(lS) VIHL/Kp + Vg/RTVY] 5,37

whore Ky = Bllp)/[Ngflyq, Vg o the gas volumo and Vy is tho
1iquid volume and T is tho tomporaturo. The dexdivation of equation
3.37, prosontod olsowhoro (Romankiw and ueBruyn, 1965) assumes that
the mlslnq is in oquilibrium with tho p(HeS) (Hamey’'s law) ard
that HyS behaves like an idsal gas (low pressura, 2908:343 K). Tha
{nitlal rats vas detorminod by

1 [:‘:] h [dpmzs)] 1/kp + Vg/RTY 5.3
x ok || = || (1R # Vg RIVY) .
a3 i el I DA

The derivative toxm (dp(lly§)/dt), wan dotornined graphloolly from i .
the chart-recordor tyaces of the HyS prossure and by a mon-linear X i
roprossion tochalquo using munorous pointe from the HpS pressurs 4,
data by Vorbasn (1977}, Tho non-Mnoar rograssion tochnique wvas
sinilar to that uaod by Remaskiv ond DoBruyn (1968). The initial ¥ate
waa thon caloulated using oquation 5,38, Tho digmelution of Fo ond
Cu compononts in tho PR and 2CR samplos would load to evelution of
Hy8 not attributable to nS, and thorefoxs a minor doviation fram
agquation 5,38,

The offast of the aoid cencontration was dstormined from n plet of the
inttlal rate of veaction as & funstion of the 1480, soncontwation, 3
This gregh for th Ward’s and B.D.H. sphaloritos ig shown in Piguve
5.26, fxem which it io concluded that the rato is first owdor wich
zospoct to tha HpSU; concontration. This was also found to be truo
for the ZCR aud PR sphaleritoea.
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Flgure 5.2 The atfeot’of tha H30; concentrezion on the daselution
Of Rard’a an B0t praplas,

The activatlon energy for the forward reaction was determined by plot-
ting the logarithn of the initial rats, log %, against 1/T, as shown
in Figure 5.27. The values of r,, taken from Varbsan (1977), are
giver {n Teble 5.6, From Figure 5.27 it is concluded that the level of
impurity does not aignificantly affect the activation energy.

Analysis of the xate of the reverss xeaction

Figures 5.28 and 5.29 show the effest of p(HzS), and (2n?*], on
the rate of éissolution, whers Ap(HyS) is the incresse in the Hy§
pressure above D(HyS),. At equilibrium, the vate of the removal
reaction is equsl to the rate of the daposition reaction; therefore,
since the order of dapendence an {H'] is unity, § = 1 and

-
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whore the subscript e denotas the velua at oquilibriwm, and ky is
daterminod from the slops of plots like Figure 5.26, The coefficisnts
8 and + axe determined from the logarithn of equation 5.39 and the use
of a multilinesr regrassion technique. The equilibrium velues taken
from Verbasu (1977) and used for this caleulativn ave given in Table
5.7, ond the values fur the calculation of the activation energy fat
the reverse reaction are glven in Table 5.8,

For ths Vard's, B.D.H., ZCR and PR sphalerites, valuas close to 0.5,
vhich are comsistent with previous results (Locker and Debruyn,1969)
were datexmined for both these coefficients. The activation energles
for the removal and deposition resctioms are presented in Table 5.9,
This table slso gives the calculated veluss of the § and +
coefficlents,

Tha offect of small addirions of Fe(III) to the leaching solution on
the rate of tha two pure sphulerites is shown in Figure 5.30 and 5.31
This decrease in initfal rate was also cbserved for varicus acid con
contrations in the rangs 0.5 to 2 M. This effect was not observed
undor similar conditions for the ZCR end PR sphalerites. The inivial
rates of reaction for ZOR and PR pphalerites increased with fa.
creasing Fe(I1I) concentration.

5.4.2 Application of the ch
dissplution of sphalerite

noded to the ddutf

For a diasolving such as sphelerite, a significant
portion of the potential Grop may ocour over the the space-charze
region within the solid. Locker and DeBrvyn (1969) proposad chat the
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Tablo 5.8 Detoxnination of the activation energy for the revorss

reaction of the of sphalarit
Sample %, Teup. In(r,//1202 | p(HyS))
wnoln-ntn'l K
Ward's 0,209 18 -8.1079
6,074 29¢ -£.80%
0.618 338 +7.2786
BOH 0.1667 318 -8.4888
0.0475 208 -9,4111
0.303 338 -8.1029
0.1378 318 -8.5046
0.0604 298 -9.0795
223 a.251 318 -7.7857
0,233 318 -7.7827
9.0851 290 -8.7058
9.681 338 -7.2867
23 0.166 318 -8.2084
0.0466 298 -8,9033
0,282 38 -7.8981

Table 5.9 Activation enarglos for th ramoval and depoaition
reactions (Equation 5.36) and tha cosfficlents 4 and y

Sampie Ac:lvnt!.on Enorgy (kJ mel-1)

Removi Doposition 8 7
Vard's 3.9 3.6 [ 0.60
B.DH. 37,9 25.4 0.46 0.48
R 7.4 2.1 0,48 .67
2R B3 30.4 0.40
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rato of non-oxidative dissolution of Zn§ is aontrolled by the
udsotption of hydrogen 4ons onto the surface rathor than by oharge
carriozs in the seltd, Thelr propesal that changes im the potontial
appoar across the Helmholtz layer is confirmed by the theoretical werk
of section 5.2.2, in which it iy ghown that the Formi level of the
sphalexite is pimned by tho fron impurity of the sphalerite.

The avtivation onorgies fox the removal and depesition reactions,
givon in Teblo 5.9, are botwaen 30 and 50 kF mol-l, and are higher
than those oxposted for diffusion-controlled grocesses (12 - 24 kJ
mol'Y), It is thovofore mora Llikely that the chemleal renctisn is
the tato-controlling atop.

Vormilyca (1966} and Engell (1956) derfved a chavge-tranafor model for
the dissolution of fonjs &elids. They proposed that the tvansfer of
iontc spooies coxoss tha oloctrochomical potential barrler at the
so0lidesolution phase boundaty contrels the rate of dissolution. The
main foaturos of that thoory axe as follows: (i) The rates of transfor
of anions and sations oro oxponontislly daperdant on tha potontiel
datfforance botwoon the mineral surfase and the vutor Helmholtz plane,
(14) tha transfor of catitns and anlons can bo treated ds indepandent
proonoer, (431) - ates’r atato, the ratoa of tranafer of oations aud
and snfong are oqual, aud {iv) the rate aquation for adct process at
tha 'freely-dissolving’ potontial can ba combined in a way that La
L to tho mixed. 12l model for 4

Digplo (1973) disoussed the application of this medal ta the tsteokie
dotive dissolution of motal oxidas, and Nicol (1983) applied it to the
leaching of motal sulphides, chiofly PoS. Scott ac al (1977) intere
protod the rosults of tho kinotics of dissolution of uranium triexide
n torme of this thoory.

Adcording to Votter (1967), Engoll (1956) and Vevuilyoa (1966), tho
tho dizoolution veaetlon may bo govornod by the mavament of zinc
lattice fons auress the Holmholes plana,
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* 2+
e

- 20 (ag) 5.40
and tho not rate of ramoval is given by the Butler-Volmar expression
(Vottox, 1967; Engoll, 1956; Vermilyea, 1986). The romoval of catians
15 glvon by oquation 3.13 aud tha met wate of ¥omeval can be vewritten
as

. . £, = K202 oxple 2, Fady /D) - W12 lemnte s de ed/RTy 500

B whore Afy ie the potontiol drop across tho Heloholtz plana, o, is

L the catlon transfer confflclent, % xeprosents a rate constant, and the
. 7 othor symbols bhave their usual sgignificanco. The subseripts '+
and laver ‘-! rofer to tho cation and the anien, This ls the same
squation as oquation 3.13, and the theory of Vermilyea (1966)
offootivoly assumes that the Formi lovel of tho dolid fa plmned, so
chat the applicd potontial only appoars across the Helsholtz
doublo-layor, For purpeses of this analysis, it is sssumed that tho
tranafor of lons acxoss the Holmholtz layer is the vato dataxmining
stap (1.0, squation 3,12) and then oquatdon 3.13 is applivabla,

The zemoval of sulphut lattion foms may bo followed by the omploxine
of pratons, accordtng to

. & 2ba-t

sioed (o~ un’ e a2 5.2
«24Eet o+ na2

s“s-': + CH e SHG 5.43

Eor which tha Butlor Volmor oxprasion (Vettor, 1966) ia

Oreke ) 14°1° Compta 2 Fady/RT) ~ KO (5H2°2) (17 "Bip( - (1w Y Eay/RT)
. 5.4

m‘ v‘“\

¥ i
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whote & and t ato The £rooly dlesolvi
orystal has & doubla-layor potontial, 8dg, at which the nat rate of
vemoval of the cation, ¥4, 49 oqual Ee tho nob raks ef removal of the
apton, t.. Tho initfal rata e obtained by ignoring the doposition
zoantions, and oquatiug the ratas, This ylolda

Byg2- et X
(534, (H7)
arg 2t (K 55ar
T~ Rlmpd et | 545
i lat:
Where % w mzufles, - 829, The linear depandence of the

initlal xate en the acid concentration ia obtained by sssuming that
ocuch sulphide lattice on reacts with two protons to form HpS, L.o.,
8 w2, tw0, and % = 0.5, which yinlde uy = a, = 0.5,

Tha xato of tho reverse roactiom, L.0., tho deposition reactiom, io
proportional to [2a2*]%% and to p(y9)0:% (oquation 5.36 and
Table 5.12). The revorse roaction has a charactoristic double-layet
poteneiel, 44z, ot vhich the rote of the doposition of the oation is
aqual to the ¥ate of doposition of tha anten. The clectrochemical
oxprossion for the deposition xesation is ebtalned by lgnoring the
dlssolution torme in aquations 5.41 and 5,44, and oguating the ratos
for the setion and anion deposition. This yiclds

L) ) X
24, 8

Taoy = KoLER ][ - 5.46
aop ™ K¢ T ]

whore x = (lemy)uy/{{l-a)zy-(l-a)el), which glves the corvest
half order dopandence on [2n*] and p(HyS) if @y = @, = 0.5, and
2 =2 and & = 0, vhish ave the sawe voquivenenss for the forward
xoaction,

The situatfon at equilibrium iz dosovibed as that whon the raco of
womoval la oqual te the rots of depostélon for bhoth the catlon erd




132

. the anion, By setting ¥, and r. equal to zero in equatlon 5.41 and
5.44, the followlng exprossion ia obtalnod:

’ - sty Wlandt sar
oz P /RN gt o .
PR ¥zt
The oquilibriun constant, K, is given by
W (582" (2t
o e 5.48

GRS = 1]
¥ K2 1)

From a comparison of equation 5.48 with the eoquilibrium constant for .
the overall reaction {equation 1,4) and from the arguments for the %
initia] xate dependense on [H¥], it is conclwded that & = 2, The -
values of the parametars roquired to prodict tha corrsot teastion ' »
orders are the same for the foxrward and revoxse reaction and Hor the °

i
aquilibrium constant. The charge-transfer thooxy presonted above 18 ‘cAn
therefore a consistont model for the ron-owldative dissolution of K
sphalorite,

Therofore, aguations 5.41 and 5.44 aro the componont oquations for the
rate equation 1.14 and oquation 5.36, Equattons 5.4L and 3.44 describo :
the initial rata and the ostablishaont of equilibrium, that s, they e
axe the dofinitive oquatlons for the dissolutlon curves obtaimad in
S this study,

The addition of zine fons to tho solution in large oncontrations hos
the offoct of docroasing tho imitial rato, bocause oquilfbrium Lo Lo
astoblished batwoen tho ions in solution and thome at tho surface
(Figure 5.29), This ia vorified by the caleulstion of the equilthrium
constant, 1.0., Rgy = 0,0001 < (208%](Hp8] at 1 M Hp80, ao
cateulatod £rom tho values givan by Sillon (1963).
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snoll additdons of forvlo fons have the offect of fmcroastng tha
doubla-layer potontinl in an anodie directlon, which docreasss the
rate, A eimilar offect, in which dditions of Fe(TII) to the solutien
dooroased tha rate, was rogorted by Scott nnd Nicol (1978). Runleda
ot al (1973) obsorvod thnt the rato of non-ixidative dissolution of
aynthotie oS was docroased in the prosenco of dissolvad cxygen.
Nicol (1983) desoribod rosults in which the dissolution of Fes, MiS,
and TbS rotating-dise clactrodos dlsplayad a maximum in the curva of
rato vorsus appliel alostrods potontial. Figuros 5.30 and 5.31
indisato that the Fo(IIT) alse oxidizas & Hy8 produst (also
obsorvad in the curvas of p(HyS) varsus time), allewing the reaction
to procacd boyond the nonsoxidativo oquilibrium level, It was Sound
thav the pramenco of activated charcosl fnoreased the lovel of
aisgolution for a Aimilar reasen,

I was aesumed fo the derivatien of squation 5,43 Shat % supporeing
anton did not partioipate in tho roastion, Howovor, Majima ot al
(1961) hava obsorved o flrst-ordor depondonce of tha rato on chlorids
ion at highor consontrations, and 4 rats that {s indepondent of tho
chloride at low Equavion 5,41 de thore-
foxo oboyed at lowor aoncontratfens and at highor concontrafions equa-
tlon 5,41 qan be rowritten tn o form onslogous to equation 5.4b to
tnolude tho offock of tho comploxing of tho catlon by the anion.
Selving for tho indtfol rate ylalds:

2n 1 phySet (X
153: 10 ]

PR AL —.
4 " lat +lz“§:t1 a ln )

3

To obtain £irat-ordor dopendonce on O1° and K¥, ono assumss that twe
ehloride ions roact With a zine lon ta form tha ZnCly complax (nem =
2, s~t = 2, and x = 0,3).,
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2.4.3 Symnary

This section has shown that the non-oxidative dissolution of

sphalerite 1s mors adequately by, the charg £
mechanism than by the previously proposed adsorption models. This
wechanism is By a Butler-Vol for the removal

of cations and snions from the solid lattice,
describes the order of dependence of ths initial rate on the proton

and  successfully

concentration and the supporting anton, and the order of dependence of
the final rate on the zinc lon concentration and the partial pressure
of hydrogen sulphide, This model is dexived from the model of charge
transfer at a semiconductor-solution phase bowndary in the absence of
a redox coupls,given by equation 3.13,

Locker and DeBruyn (1969) found the same kinstica for Zns, &S, ZnSe
and Zng g50dg 158 4s those found in this study, indfeating that
this modsl is applicable to the non-oxidativa dissalution of other
group II-VI semicondusting compounds.

In the mext section, the modsl of alectrwn transfer at the
semiconduotor-solution phase boundary will bs epplied to the
! and & try of pyrite and chal 4
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5.5 The application of the £ enerey-lavel medel to othex
systemg - the of the el 4 of solide on
gnedic al of sulphide minevals

Attompts havo boem made to corralate the rates of éissolution with the
solid-state propertiss of minerals, FPaulelk (1969) presented a table
that 1isted the electrical resistivity, the atomic structurs end the

; rate of dissolution of a sexies of minerals. He admitted that mo cor-

i relation could be found, and added that little was known of the atomic

: bonding structure of the mimerals, Dalger and Garlach (1982) propased

that, since tha oxidation of tho sulphide cocurs as a result of the

consumption of two holes, fast dissolution rates cam be expactsd vhen
the concentration of holea is high, viz, in p-type semicondusting min-
erals, Copper sulphides, as well as NiS, FeS and CuFeySy belong to’
this group, whereas sphalerite aud shalcopyzite, which dissolva slow-
1y, are n-type (Daigex aud Gerlach, 1982).

Springar (1970) studied the anodic and cathodic polarization curves of
n- and p-type pyrite, n-type galens, and n-type chaleopyrite, amd
found no ‘evidenca to suggest a rate-determining fnvolvement of
eloctronto charge carviers. He concluded that the conduction prop-
sttios of minevals do not normally play a significant role in the dis-
selutlon  reactions.

Despite the lack of unanimity in the literaturs, o desper unmder-
standing of snodic-dfssclution reactions can be gained from a con- .
sideration of the structwre of the solid und the theory of semi- G

< , 1970).

This section of the thesis applies the energy-level model of semizon- L
ductor electrochemistry sumarized in Chapter 3 to the dissolutian
kinetics of ore minerals. A more detalled discussien of the
dismalurion »f thaes nnd other sulphides and the application of the 3
Eluctuating onsrgy-level model s given fn Appendix D. The aim of N
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this section i¢ only to demonstrate that a model which aceounts for the
alectronic structure of the solid gives a mova thorough understanding
of the machanism of #lssolution.

Wummmw
on_tg dissolutlon kinetice

Pyrite is generally vegarded ss displaying noble alectrochamistry. It
has @ high opem-cireult potontial and is gelvanizally protected Liom
corrosfon when in contact with other mluntuls. Parker at al (1951)
prosented current-voltage ourvae that ware vary similar to those of
placinum,

Peters (1984) propused that the differences in behaviour botween
suiphides can be accounted for by changes in tha molar velume of the
solids when the metal dlssolves and solid sulphur forms, For exampla,
pytrhotite dissolves raptdly, while pyrite has a slov rate of dls-
golution. Feters proposed that, sinca the molar volume of pyrite is
12 cu? mol'l of concained sulphur and the molar volume of sulphur is
16 on® mol™l, there will ba en increase in volume when the pyrite is
oxidized, and the sulphur layor will protect the pyrite from further
dissolution, Petors did not coneider the differances in the structure
and bonding of the minarals in tho formulation of his proposal.

An important difference batweon transitlon metal disulphides, such as
pyrite and molybdenite, and other palar semisonductors, such as Ods,
Zn0, and GaP, {s that the valonce band is narrow and of pen-honding
charactsz. Tho 'one-cleotron’ euergy band dlagrem s shown in Figure
5.32, Elestron transfer with this band (hole injection) will there-
fora have no affect on the structure or bonding of the solid, and
corraston WLLL not oceus, This featura was oxploitod by Tribueseh and
qo-workers (Tribucsch, 1977) Tributsch and Bemmat, 1977; Jaegermann
apd Tributsch, 1983; Ennaoul et al, 1986) in thair search for a

TR
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e

Fet
stare aiomlo
orbials osbltals
Prte, FeSy Melybientie, MaSs

Figura 3.32 The band dlagten for pyeite and molybdenita, The pycite
dtaguan whava a ainplifiad molocular orbital dlsgran mmm; o
orlgtn of tho non-bonding veloncu band, the oy bard.

eryotal-£iold epliteing uf che Ho 44 arbieale {n Hes, e
The 4d,2 band of Kosg ta 4 nonbonding valenca bavd,

sultable material for the conversion of solar anergy.

Thers seems littla doubt that the non-bonding character of the valence

band is the reason for the slow dissolution behavicur and the

1bl Ltag: b of pyrite {(and, for that matter,
which also has b g valenae band),

The formation of a hypathetleal sulphur layer that is cmpable of pre-
venting further oxldation 5 not consistent with the observed Tafel
alops of 0,095 V.dacade™l (Blogler and Swift,,1979) and Paters’ (1984)
propasal thet dense sulphur laysrs ave the veason for the slow rates
of oxidation of pyrits must ba rejectod in favour of an explanativn
basod on the hand strueturs of pyrite,
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5.5.2 Applioation of che emexgy:level medel te the covrosion of
sholseozrite

Parker ez al (L981) conducted extensive studies of the elactrochem-
istry of chnloopyrite in chloride solutions in the temperatuye vanga
70 to 50 °C and the potential range 0.2 te 0.6 V (SCE), which is
sppropriste for chalecpyrite leaching, They reported that the rates
of reduction of oxidants wera in the ordar

Bry, Gucly, I3 > Fe(OM)F" > FeGly > Fop(50,)3, Ol

Tho location of the bands at the £latband potential and the redox pot-
entlaly of these oxidants is shown in Figure 5.33, TIn order for
olactron capture or hole injeotion ta oocur, the snergy level of the
oxidant must overlap the couduction-band odge or the valence-band
edge, respectively. Xt Ls apparent from tha diagram that tha rate of
rou sotion of CuSly and 13 9 high bocause the enewgy lavels of thase
lons ovarlap tho conduction-band edge, and the rate of radustlon of
Bry is high bacause the bromine enargy level overlaps the valence-band
edge. In contrast, the iron chlorfds and fron sulphate onergy lavels
ars well within the-band gap, and the zate of reduction is low.
Fo(CN)3" Ls reportad by Parker et al (1981) as having a lower rate of
veduotion than 13, which has a highor E2uqny, but this is because they
compared theso raves at &iffovent The rate of

of Fa(ON)3® was datermined at 259G, while the others vere all doter-
mined at 8090, The level of Cl, is wall below the valence-band sdge.

Parkar ot al (1981) also reported anodic saturation currents, which
ara typical fox n-iype semiconductors whore tlo supply of holes fa

wigranton-linited, for the oxidation of Fa®* tn solutton. Similarly,”
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Bockotead ot al {1976) presentod results showing that tha rate of dise
solutfon Ynorensad with Fo¥* and then reached a stoady value, indic-
ative of saturation curzonts, Saturatlon currents wara mot found for
1" or Guelj by Packor ot al (1981), howaver, sinca the energy levels
of thasa ions overlap the conduction band edgs, From these axguments,

. 1t may be concludad that the intoraction of
RO 1/,

oo 0uCly/Cuclj and

o Fa(c)3"/Fo(c4” ave condusticn band processes,
. while Fod*/Fo2¥ and

-4 Bry/Br” avo valancs band procossas.

o .
- vy
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Table 5,10 Compari of the currents of chal g
(after Parker et al, 1981)

ox Red v, 3 Sourcs

orr corr

Vv SOE) (mh em'2)
Folt polt 0,39 5500 Vard’s
I’sz:/cuz+ Felt 0,48 11000 Ward'e
au oy 0.28 250 Vard’s

of of &

An intoresting chservation of Parker et al (1981) and othors (Jonas
and Peters, 1976) i that the addition of CuCl, te a FeCly solution
results in evhanood current demsitlea at a chalcopyrite olactroda.

Table 5,10 pressats a solesthon of data frem Parker ot al (1981),
which indicates that the anodic dissolatfon of chaloopyrits occuts
with o contribution of holos in tho valonco band and electrens in the
conduction band, This is tho caso for many semiconductors, such as
6o, vith a band gap of less than 1 oV (Gerischer and Hinde, 1966).
Sinco the dissolution ourrent for the contribution of holes frem
oxidant Fo* g groatox than for tho contribution of olastrons te Cu?t
in selution, it s assumoed that the iniltial stop in thoe dlssolution of
chalespyrite im tha censusption of a hole. Chaleopyritle Fe™* is

dntad with the band and shal ede 6t with the
valenco band; the cloctropositiva Fo¥* will thorofore ba raloased into
solurlon, and the Ou* will remain aftor tho inteial step, The initlal
hole transfor ie Followod by olactron transfor, sccerding to

GuFeSy + 36* - Fo* 4 +Cusy 5.50




M
folloved by hole transfer
“usy + 2b% 4 cult 4 28 5.5
or electron transfer
‘cuSy + Cul¥ 4 25 + 207 5.52

The fixet step fllustrates the bresking of the Fo-5 bond and the
second the breaking of the Ou-S bond, -GuSy L an unstable radical
intexmediate, This mechaniem implies that copper remains in the
lattice bocouse it is assoclated with the valence band, which is
coneistont with the obsarvation that the Fa/Cu ratie in solution is
groater than 1 in the tnitlal stages of leaching.

The radical intermediate, ‘CuSp, may dacompose to form & stable Cus
intormadiate according to

‘Gusy + OuS 4§ 5.58

Blogler and Swift (1979 b) presonted eyclie voltammogramms for pure
natural cueleopyrite, A iarge anodic response ocours at potentiale
groator tham 1,0 V. Prior te thia rospomse, a smaller ‘prevave’
zosponso oseurs at 0,4 V, which they interpreted as the formation of a
coppor sulphide £tln,

The moohaniswm prosousod here accounta for the increased leaching rates
obtained when Cully iz added to the Fegly leaching solution. Howaver,
mora therough investigation of this proposal § roquired.
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£.5.3 Sumary

In the caso of pyrite, crystal £ield splitting resulus in a valence
band that le of non-bonding charactor, and holes in this band can not
rosult in boud braaking, Thus, pyrite resists dissolution, This pro-
possl is in contrast to the work of Pators (1984) who proposed that &
denso sulphur layer s tha cause the slow dissolutien. The proposs’

must be rojocted in favowr of an explanation bused on the el 1

stvucture of pyrite.

Tho kinetics of tho dissolution of chaleopyrite is complicated by tho
formatfon of & surfaca film, probably copper sulphide. It is arguod
in this section that tha Cu*/out,

Fo(Gi)"/Fa(0M¥ and 13/1° couplos ave conduction

band procossas, while the Fa’*/Fe?* and Bry/Br" couples are valenco
band prosasses. Binco the additfen of GuCl, to a FeCly loaching
sslucton enhances tho rato of dissoluton, it lu preposed that tha dis-
aolution mochanlam involves both olastrons and holes. This mochandiam
is similar to that proposad for the dissolution of Ge.
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SHARTER. G
CONCILUSZONS
A roview of the that the proposed
hantsms of tho 4 roaction did not tnclude the
offoats of the ol dos of aphalorit eioularly the

offoct of the ivon impurity in sphalorite. In nddition, a satisfacs
tory h of the
givon,

veaction had mot boon

In order to undorstand the dissolution proooss i Ls nocomsary to
consider the electronic styucture of tho solid and the transfer of
chango at tha solid-solution phaso boundary. Sphalorite iz a sewizons
duator with a band gap of 3.65 eV, Tho major impurity in sphalaritc is
ivon, which displaces zins in tho lst-tae %o form a (Zn,Fa)s
solid-solution. Tho d-orbitels of the iron contribute to a narrow band
within the band gap of the sphalordit A 1 of
the mechanism of the disaclut’en of sphalorite based on the transfer
of chargs at the sphalerite-solution phase boundary has boen given,
This charpe-transfor thoory acceunts for the oxldative and
non-oxidative voactions.

§.1.108 of avhalexh

Bxporimontal rosults obtained for the lesching of Lron-containing
sphalorites in Fo(III) chloride solutlons# axe prosonted that confirm
the rosuite of o provious oxporimental investigation (PLao and Tozawa,
1986). An squation has boon,dorived that dossrihes vhe known features
of tho di of sphuloxito, 4,8, £i o on tha
cencontration of iren in tho zine sulphido lattice and half-order
dopondenco on the voncentration of oxidant in solution. This oquation
assumes that tho transfox of olectrons takes placo botwoon the
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fron-{mpurfty bund in the band gap of tho sphalorite and the oxidant
in golution, snd that the Formi level ol the sphalerite s pinned by
the iron {mpurity. Since sphalerite is a somlconductor, the emhanced
rates of rxeaction obtained by irradiustion of tha loaching szelution
with UV light is simply the result of photocorrosion. Such phota-
offocts are still expacted despite the fact that the Ferm{ laevel fs
pinnod, Tha dissolution of sphalerite has therefore bean doseribad by
o fundamental model that combinos the considorations of the elactwonic
gtructure of (Zn,Fo)§ and of tho twansfor of chargo at the phase
boundary.

It was also found that soms lonic comploxes axe inactive during tho
loaching of Gomsbarg sphelerito in foxric sulphata sclutions, The
olootroactive spoctos in Fa(IIT) mulphate solutions ars Po¥*(aq) and
Fohsof*, while FesOf is insstive, Rosults roportod for tha mixed

tontial of 4 hal ito ol indfoata that the
FoSOf ocomplex s alse {anotive during chavga tranafor at tha
chalcopyrits surfaco, This was attributed o the fact that FoSof is
an imner sphore complex, while FoS0, is an outor sphera complex, and
charge tranafor to FeOf would roquive the brwaking of the Foi¥ -
502" bond in tho innor ceordination sphero to form the outar ophore
complax.

Thorofors, tha outor sphiora Fohsof* and the Fo*(ag) aquo-ion
spaoles are moro oasily roduced than the FeS0) complox. The fast
that the Fermi levol lovel is pinned means thav the mixed-potantial
modol aan bo applicd to the dissolutton of sphalorito, The
wixod-potential model hao boon combinod in this study with a knowledge
of the solutfon oquilibria to glve a more complote view of tho
dissolution  proccse  in  Fo(INT) sulphate  selutions, This
oloctrochemical machanism waz applied to the rosults reported in the
litorature for tho leaching of zins sulphido concentvatos n Fo(LIT}
ohlorids solutivns, and succossfully yields the ordax of dopendamce of
the rate on tho somcontrations of Fo(TII), Fo(II) and CL°. No
somploxes ware found te bo inactive in Fe{III) chlorido salutiens,
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The formation of an inseluble surfaca £ilw passivates the loaching of
tws high load content (about 2 % Pb) sphalerite concentrates in ferric
sulphate solutions. Sush passivation is not obaorvad in forric
chioride solutions. This surfaco coating may conskat of PbSOy or
lond jorosita, both of which aya insoluble in sulphata solutions. This
finding moans that tho Mintok process (Vsrbasn, 1981), in which the
ephalorita concom.wate is loached in a ferrle sulphato solution, is
net suitable for tho troatment of these concentrates,

$.2.The, idots of sphadaxite

This thesis has shown that the non-oxidative disselution of sphalerite
1s more adequately das.tibad by a charge:vensfor mochanism than by
the propesed models, This 18

by a Butlor-Volmer oxprossion for the vemoval of catlons and anicng
from tho solid lattice, and describos tho order of dependenca of the
Proton concentration and tho supporting anien, The revexso reactlon in
which tho cation and the anion ara deposited on the surface is aluwe
doserdibed by the transfor of charge at the phase boundary,

Locker and DoBruyn (1969) found the same kinotics for 2nS, Ce§,
7ny 450d9 158 ond ZnSo as those found in this study, indlcating
that this model is to tha of
othor group II-VI somiconductor compounds,

Sad, of tho Slustnating enagay-lovel modol to tho
angdie of motal

The bonding strveture of the solld is partieularly importaut with
transttion motal mulphides, In sphalerite, tho substitutional ivon
aontent pravides @ eubstantial d-bund within the band gap with vhich
1t 15 proforable to tvansfor charge; in purits, cryatal-fisld
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splitting results in a valence band that has non-bonding character,
and is therefore less easily oxidized,

The kimatics of chalcopyrl is licated by the
formation of a surfasa £1lm, probably a £ilm of copper sulphide. The
influence of redox couples is In accordance with the semiconductor
nodel, and a di nechantsm both electrons and hole

18 proposed.

Ore sulphides contain larger concentrations of impuritics than syn-
thetfe sulphides, and this mekes the direct application of semi-
conductor prineiples to the leaching and flotation mors difffcult,
However, any fundamental or mechanistic study of the electrochemistry
of leaching and flotation must take into account the influence of the
electronie structure of the mineral,

8.4 fox Funthex woxk

The wmodel . proposed hers includes the effects of the electrontie
structure both of the solid a* f the selution, This has not been the
approach of previous studles; emphasis was placad either on the
eleotrontc structure of the solid, e.g. the work of Springer (1970),
or on the gelution, e.g., the work of Warren ot al (1386).

This approach wust be extended to the modelling of the kinatics of

of othex An of the kineties of
dissolution of a mmbsr of sulphides reported in the iteraturs has
been given In Appendix D, but *ii; interpretation must bo verified,
and the wodel must be extended,

The leaching of sphalerite in Fe(IIT) sulphate solutions suggests that
one of the complexes in solution is electroimactive; it should be
astablishod to what extent this affocts the rate of dissolution of
other ticularly chal
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ANALYSTS OF SAMPLES

4.1 Dlatzibugion of izen in the (7n.Fe)8 minersl vhase

Figures A.} to A.5 give the distribution of the iren in the (Zn,¥e)S
minczal phase for each af the sphaler(ts samples. Tha arithmetic mear
for anch of the these distrioutfens is given fn Tablo 4.4,

Pigura Al inficates that the Ward’s material i very pure, shile the
other figurer indlcate the the material is much lags pure since the
distribution L apread over n wider Tangs.

5.2 Zexay dlffvnovion disgrans $ov the eamples of gphelerits afrex
leaghicy in fexric suizhate selutions

Tiguros A.6 to A,10 are the X-ray diagrams for the Black Mountain,
Rosh Pinah and Gamsberg sphalexites after leaching in ferxic sulphate
solutions.

Tha peaks in aach of the dlagrams have been idemtiffed with the
products, vamely sphalerite and culphur, and with the impurities,
namaly anglesite (PuSO;) and jarosite |KFey(20),(0R)g)l. These
moasurad pesks ave given in Tables A,l to A.3. The peaks for pute
sphalerita, jorasite, anglesite and plushofaresite are glvan {n Table
A,

From thosa values, it s possible that the jaxosite iz & plumbo-
Javosite phuse, and in addltion te tho snglesite present in the Black
Mountain sphalerite, there may also be plunbojarosits. lowever, thase
phases are more diffiouls ta idontify From these peaks,
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Figuze A.6 XRD dimgram Eor Dlack Mountain sphalezite




Tigure A,) KRD disgrow for Roah Pinah sphalorite

9




Figure A.8 XRD diogena for Gamshorg sphalovita




Table Al X-ray diffraction peaks for Black Mountain sphalerite
after leaching in forric sulphate solucions

Sphalerite Sulphur Jerosite Anglesite
1.353 2,11 - 1.495
1.56 2.5 1.7
1.63 2,85 1.79
1.91 3,22 2,03
2.70 3.33 2.07
3,46 2,15
3,85 2.28
4,04 2.41
2.62
2.76
3.01
3.22
3.33
3.46
3.60
4.2

Table A.2 R-ray diffraction peaks for Rosh Pinah sphalerire
sfter leaching in ferric sulphate solutions

Sphalerite  Sulphur  Jarcsite  Amplesite
1.353 2,11 1,504 1.70
1.56 2,43 1.540 1.79
1.63 2.62 1.8% 2.97
1,91 2.8 1.98 45.29
2,71 3,24 2.27
3.13 3.36 2.54
3.45 2,97
3.86 3,69
3,10
5,74
5.98

o




Table 4.3 X-ray diffraction peaks for Gamsberg sphalerite
after leaching in ferric sulphate solutions

Sphalerite  Sulphur  Jarasits  Amglesits

1.35 1.79
1,65 2,125
1.63 2,30
1.923 2,39
2.70 2.44
3.13 2.51
2,58
2,63
2,70
2.86
3,24
3.36
3,46
3,60
3.8
3,95
4,08
5.84
5.82
7.8%

Table A.4 X-vay diffraction peaks for sphalerice, anglesita, jevosite
snd pumbojarosite

Sphalerits  Anghesite Jarosite Plumbojarosites
3123 5,38 1,905 5.93 1,480 1,3 1.95%
2,705 4.26  1.879 5.72  1.462 §.252 1,829
1,918 3.813 1,793 5,09 1.432 5,933 1,807
1.633 3,622 1.741 3.65  1.428 5.063
1.361 3.478 1.716 3.55  1.423 4.619
1.35% 3.333 1,656 311 142 3,83
1,240 3.220 1,668 3,08 1,399 3,657
1.103 3.001 1.621 3.02 1379 3,479
1.04 2,773 1.611 2.965 1,338 3.114
0,9857 2,699 1.57L 2,861 3.066
0.9138 2,518 1,542 2 542 2,964
0.8548 2,406 1.525 2.368 2.868
0.8244 2,355 1,493 2,302 2.812

2,276 1.467 2,287 2,520

2,235 1481 1,977 2,531

2,183 1.429 1.937 2.389

2.164 1.909 2.370

2,133 1.825 2,303

2,067 1.776 2,452

2,031 1.738 2,145

2.028 1747 2.976




APPENDIX B
EXRERIMENTAL DATA
Al £9. ing the effeat of tha golid-ecats

on the xate of diseol

The laaching soiution for all these oxpariaents was &s follows,
2 ¥ NaGl
0.3 o Kol
0.2 # FoCly
0.005 H Fedly

Table B.1i Effect of the iron impurity of the sphalerite on the rate

Run [ 921 (7] 524 825
Temp G 65 65 §5 65 65
Sample ard'y Zinoor Black M Bosh B . Gamsbar|
v oy 577 571 578 577 577
o 82 1.5 15 1,5 1.5 1.5
g g/l 0.77 0.58 ¢.266 8,404 0,254
Tine Gonsencration of zino in selucion, g/l

o 0,003 0,003 ¢.002 a.002 0.007
5 0,061 0.130 0,255 0.185 0.300
10 0,081 0.190 0,350 9.280 0.490
15 0,084 2,270 0,450 0.345 0.665
0 0.120 0.320 0.530 0.400 0.770
30 0.170 0,430 0,455 0.500 0.870
45 0,280 0.420 0,825 0.500 0.970
60 9.360 9.600 2,510 0,690 0,990
90 0,399 0,380 9,970 0.830 1.010
120 0,525 0.910 ¢.960 0,920 1.070

o




Table B.2 Effect of the iron impurity of the sphalerite on the rate

Run 827 828 830 231 832
Temp °C a0 80 80 B0 80
Sample Waxd‘s Zingor Black ¥ Rosh P Bamsborg
v o=V 591 592 590 592 592
o 8/ L3 1.8 15 15 1.3
‘Time Concentration of zine in solutioen, g/l

o 0.016 0.003 0.002 0,004 0,002
5 0,10 0,17 0,33 .30 0.43
10 0,128 0.28 0.50 0,49 0,66
15 0,23 0.38 0.65 0.51 0.82
20 0,30 .47 0.75 .71 0.91
30 Q.40 0.65 .91 0.82 1.03
45 0,55 0.80 1.08 0,97 1.09
£0 0,66 0,93 1.05 1.070 1.05
9% 0,85 0.97 L1 115 1,10
120 $.04 0.96 1.23 1

Table B,3 Effect of the iren impurity of the sphalaxite en tha rate

oy 33 B3k 836 7 38
Tomp *C 45 48 5 45 s
Sanple Wardra Zinsor Black i Rosh 2 Gansborg
v o 564 557 59 356 555
vy &1 1.3 15 15 1.3 1.5
Time Gonoantration of aine in seluction, g/l

4 0,008 0,003 0.002 0.00 0.002
5 0.017 0,062 0.12 0,18 0.28
0 0,023 0,085 0.17 0.17 0.32
13 0.033 0.100 0.25 .21 0.42
20 0,039 0.100 0.33 0.24 0,50
30 0,082 0.120 0,41 0,28 9.62
45 9.068 0,250 0,48 0,37 0.76
60 0.085 0.200 0.58 0,44 0.78
90 0,135 9,300 0.7 0,52 1.06
120 0,140 0,360 0.97 0,60 1.00
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Table 8.4 The affect of OV vadiation on the rate of Leaching
Rn [ 540 [ i3
Tewp *¢ 65 5 65 &5
Samplo Ward'a  zineor  Blask K  Rosh P
v om 577 578 576 77
W gL 13 1.5 15 1.5
me g/l 0.7 0.58 0.266 0,604
Time Concentration of zine in selation, g/1
0 0.003 0,003 0.602 o.002
5 0,060 0.173 0,150 0.205
10 0.120 0.220 0.280 0.270
15 0,145 0.260 0.380 b.405
20 0.170 0.320 0.480 0,440
30 2,230 0.385 0.620 0.550
45 0.290 0.530 0.780 0.655
60 0.465 0,650 0920 0,765
30 0.570 0.793 1,000 0.930
120 0,835 1,050 0,995
Tablo 5.5 Tho affect os dLfforent oRidants on tha Fate of Leaching ‘ .
of tha Ward's sphalerits, Oxidant concentraton: 0.2 K : S
3 g/1 Ward’s snple . =
Oxidant [ Gop(804)5  Snily e
Tiwa Concontration of zine in selution, g/l N u
o [] g g0z 0,003 0.002 y
LR 5 0,041 0.470 0,011 S
P 10 9.060 0.840 0.006 :
o 15 0.085 113 0,00k '
. L 20 0,103 2.42 0.065 i
[N 30 0.090 2.61 0.063 | .
o k 45 0,098 3,57 0.965 )
A 60 0.099 “n 0,071 ¢
. v i
X oy 3
c oo !
,,‘ . .
e [t E
. . N
DT «
' : ;
. ¥
. /i
' 1 . -




k) -
4
e e o~ PR
174
B2 £0, 4 ine the sffock of the vaxt,Cien.of the
farrdc and fexrous sulphae on the xate

Table 8.6 Bffeot of the forric and forrous sulphate coucentzations on
the zate of loashing of the Gamsborg sphalerite

Run 3 4 H 6 7
Yomn °C 78 78 7% k£ 7%
Fo(11D) M 0,511 0,511 0.511 0,51 0,511
Po(I) B 0,001 .01 0,08 .13 0.24
L 0.2 0.2 0.2 0.2 0.2
Vo 524 547 494 474 433
5y 8/% 2 2 2 2 2
Tine Goncentration of zine in solution, g/1

° 0,005 0.003 0,002 0,002 0.008
5 0,230 0 £40 0.230 0,190 0.170
10 0,345 0.300 0.320 a,270 0.240
18 0,455 0.373 0,380 0,340 0.250
20 0,533 0.470 0,460 0.430 0,350
30 0.675 0,585 0,590 0,520 0,440
s 0,780 0,750 0.730 0,650 8,540
60 0,858 0,820 0.820 2,750
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Toble B.7 Effact of tho ferxle and forveus sulphate consentrations on
the rate of lenching of the Gomsberg sphalorite

: o W 7 B i %7 ; . )

AT Tomp_*C 7% i) 78 78 78 .
' Fe(IID M 0.126 0,126 0,126 9,126 0,511 o 5
ok Fo(I'H 0,001 0,006 .05 0,25 0,015 T 3
R ATy 0.22 2,22 0.22 0,22 0,22 LR
o v oy 585 527 472 407 527 .
- R 8/1 2 2 2 2 2 .
ca Time Gonsantxation of zine in solution, g/l °
. [ 0,005 0,003 0,005 0,008 0,005 - -y
3 0.22 0.2 0,17 032 i
R 10 0,32 0.28 0,24 0.16 .
PR 18 0.40 0,36 .29 0,22 [XF] o £
20 |
- 30 0.59 a.54 0.462 0,30 0.55 S
45 0,71
60 0.79 0.73 0,55 ¢.42 0.9 P
7% 0,85 I -
9 0.86 a 7
120 0.89 g S0
N N < i
' #
A o Table B.§ ERfost of tho fexris and forrous sulphato concsntrations on K S,
\\ tho rahe of Leashing of the Gamsborg sphalarits . .
: o Rt 28 33 % 37 36 ¥
[ : Torp *C 78 7 78 78 7 . o
L Fa{IID) M 0.268 9,54 0,274 0.798 0.282
eyl ¥o(ID) M 0,014 0,0048 0,0036 0.0076 0.0048
- atu 0.22 0.2 0.2 0.2 .
g v oy 527 78 575 573 864
B ny 8/3 2 H 2 2 b ;
A ek : S
Iy Time Conedntration of zinc in aslutlon, g/l H
L o 0,005 0,005 0,005 0,013 0,005
. 5 0,19 0.23 0,235 0,20
10 0.29 .29 9,34 2.30 v .
R 18 0.3% 0,385 2.97 0.445 0.35 A o
L : 20 0,475 0,45 0.535 0,43 ; ’
20 0.51 0,60 0.57 0,718 0.59 S
k 48 0.67 0,758 0,718 a.79 0,825 :
. 50 0.76 0,815 2,905 0.90 0,845 :
o ¢ 75 2,85 :
90 .88 0,868 0,860 0,95 a2

120 .94 0,888 <.865 0,965 0.94
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Table B.9 Effest of the forris and ferrrus sulphate concontrations ot

the rato of leaching of the Gamsborg sphaler’te

Run 39 40 43 46 47
Temp °C 78 78 78 78 %
Fo(lIT) ¥ 0,80 0,123 9.613 0,613 0,682
Fo(Il) M 0,016 0.0048 0.0036 0,0076 0,0048
oy 0,22 0.2 0,2 0.2 0.2
Zn(LI) M 0.081 0,011
Cu(IX) 0.00519

v 527 578 575 575 56
2y 8/1 2 2 2 2
Tima Goncontration of zine in solution, g/l
¢ 0,003 0,005 0.005 0.013 0,005
5 0,19 0.23 0.235 0,20
10 0.2 0.29 0.34 .30
35 0.35 0.385 0.37 0,445 0.35
20 0,478 .48 0.335 0.43
30 0.51 0.60 0,57 0.718 0,59
44 0.67 0.755 0,715 0,75 0,625
60 0.76 ¢.815 0,605 .90 0,845
5 .83
9N 0.88 0.865 0.860 0.95 0,91
120 0.94 0.88% 0,885 0.968 0,94
Table B,1C Effoct of m the rato of di of

Gamsberg sphalordce i.n (nrt!.n sulphata golution

Run 86 87
Towp *G 70 54
Fo(1IX) H 0.28 0.28
Fo(I) K 0.0048 0.0048

L3 3 2
vom 567 548

o 8/1 2 2

Timo Conoancration of zine in aolution, g/l
° 9,008 0.005
3 0,36 0,16
10 0.25 026
15 0,32 0,19
30 0.69 .30
60 0.79 V.47
90 0.81 0.64
120 0.7%
130 0.90
150 ©.88 0,80
180 0.91 0.84

s
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Bl Table B.11 Effect of tho ferric amd forrous sulphato concsntrations on
: e the zate of loaching of the Black Heuntaln aphalorito ’
[ SRR -
. Run I 25 26 . W
. . Tonp *0 78 78 76 4
Fo(IT1) K 0,136 0,136 0,136 . .
R Fa(In) K 0.00L 0.01 0,65 S ,
<L R M 0.2 0.2 0.2
> v o 595 527 w72 3 .
T my 81 2 2 2 o, :
N 9 8 1.95 1.95 1.99 o
. P .
e, Tino Concentyation of zine in solution, g/
L 0 0.005 0.005 0,005 . g
a 5 , 0,138 4.110 0.1 )
et 10 0.19 0,148 9.156 e
LG 15 0,169 0.182 : .
ot : 0 0.260 9,200 0.229
. 50 0.337 0,262 0.262
T

PR Table 8,12 Effect of the forric and forrous sulphate conacutrations on . B
; 8 zate of logching of the Rosh Pingh sphalorite

Ee)
ey 29 30 3L . .
Tomp *C 78 78 7% - {
Fo(LEI) #  0.511 0,209 0,289 \
FolIl) ¥ 0.015 0.04 0,01 §
L] 0.2 0.2 e.2 " g
v o 527 527 526 s
ny 8% 2 |1
ng & 1.96 2,06
Tino Gongontzation of zina in solution, g/ iz
[ 0,008 9,005 0.20 : °
H 0.10 9.29 |
10 . 012 0.20 ' W
5 0.18 0,13 0.20 : i
30 0.22 0,16 0.20 T P
45 .26 i i
. 3 60 0.28 0,20 0.21 j
v 7% 0,29
9¢ 0,29 i
C 120 0.29 | .
v RS Run 31 {5 tha rooiduo of vun 30 which haa boon thoughly waghod in G5y !
,‘ and hao thon baon raturnad to tho solution of vun 30, Ao oan boon goon b
N ' thoxs is wo further dleselubion, suggvsting that thoe layer of sulphux . e

10 not the voasen for tho passivatlan of the roaction. B S
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Table B.13 Bffect of washing the loached rosidue from Black Mountoin

in awmunium dcotate,

Run A%
Tomp *C 78
Fo(II1) ¥ 0.134
Fe(fI) H  0.015
ey 0.2
v o 540
Tiaa Ooncentration of zins in solution, /1
0 0,005
3 0.027
10

15 0,088
30 0,028
60 0.046

Run 41 iz the residue of yun 26 that hos boon washed {n smmsniun
acotate and leachod in tho above solution.

Table 8,14 Effect of ammonium acotote addition on the
rate of Loashing of tho Blaek Mowntain sphalerive,

Run 42
Tomp *G
Po{IID) M 0,167
Po(II) M 0.0015 )
Y 0.3
ClCo0MHy 5 38
vy 586
ny B/ 2
Time Concontration of zinc in  Jtion, g/L
[ 0.005
3 0.13.
0 0,18 A
13 0,20
20 0,21
30 0.24
45 0.28
60 2.30

Afvor 30 mina a procipitato foxmed in the solution and all eho
poroxlde was addad to the selution as the control gystem tyied fo

maintain the potontial.
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IR APEENDIX D
Y PR
ot The of the f1 rgy-iavel model to othey
i syatems - the Infiuence of the of solida on
Jton ancdie o of stilphide minerals

Attempts have been made tu correlate the rates of dlssolution with the
solid-state properties of minerals. Pawlek (1963) presented a table
that iisted the iotivity, the atomic and the

rate of dissolution of a series of minerals. Ho admitted that no aor-
relation could be found, and added that little was known of the atomic
bonding structure of the minerals, Daiger and Gerlach (1962) proposed
that, since the oxidation of the sulphide occurs as a result of the
cansunptien of twa holes, fast dissolution rates can be expacted when
the concentration of holes is high, viz, in p-typs semiconducting mine
erals, GCopper sulphides, as well as NiS, Fe§ and GuFeyS belong to
this group, whareas sphalerire and chalcopyrite, which dissolve slow-
1y, ave u-type (Daiger and Gerlach, 1982).

Peters (1984) differs from Pawlek (1969) and Daiger and Gerlach
{1984), proposing instead that the differences in behaviour between
sulphides can be accounted fox by changes in the molar volume of the
solids when the matal dissolves and solid sulphur forms, For exempls,
pyrrhotite dissolves rapidly, while pyrite has a slow rate of dis-
solution., Peters proposed that, since the molar velume of pyrite is
12 en® mot~l of contained sulphur and the molar voluwe of sulphur is
16 ou3 mol™l, there will be an increase in volume when the pyrite is
oxidized, and the sulphur layex will protect tha pyrite from further
aissolution. Peters did mot cunsider the differences in the structure
and bonding of the minerals In the formulation of his proposal,

Springar (1970) studied the anodic and cathodic polarization curves of
n- and p-type pyrite, n-type gelena, and n-type chalcopyrita, and
found mo evidenco to suggest & rate-determining involvememt of




electronic charge carriers. He concluded that the conduction prap.
arties of minerals do not normally play a significant rols in the dis.
solution reactions.

Despite the lack of unanimity in the litey ture, a dacper under-
atanding of anodic-dissolution resctions can be gained from a con-
sideration of the structure of tha solid and the theoxy of semi-

conductor electrochemistry (Gerischer, 1970). Most veseaxch in semi.

has been with high grade syn-
thetie crystals. Natural ores are often polycrystalline with a high
density of impurity levels. On the other hand, it is well known that
ores of differing origin may exhibit significant differences in leach-
ing and flotation behaviour, as & result of the differences {n the
solid-state properties of the minerals, It is therefore of technolog-
ical importance and academic interest to establish the extent to which
leaching and flotation behaviour is governed by the principles of
semiconductor electrochemistry.

Metal sulphides display a wide rangs of structural aw olactronic pra-
perties, shown in Table D,I. Shuey (1975) revieved the elactrenic
properties ‘of ore minerals, and Vsughan and Cralg (1978) prasentsd s
volume on tha mineral chemlstry of sulphides.

This Appendix of the thesis applies the enaxgy-level model of semicon.
ductor electrochemistry summarized in Chaptex 3 to the dissolution
kinetics of ore minexals, The model takes inte account the structure
and bonding of the solid as well as its electronic conduction pro-
parties, It is used to the anodic el try of the
aimple sulphides. It will be shown that dissolution oceurs matnly by
2 hole machantsm i the band gap Ls greater than L oV. Iu the case of
chaleopyrite, which has & band gap of 0.6 oV, it Ls proposed thet both
Wolas and electwons to it is

Pproposed that pyrite resists dissolution bacauso its valence band is




L

- L
gt

i

4

Table D,1. Propertles of salected base matal sulphides
{after Kiskey and Wadsworth, 1981)

Hinazal Formula Opor-elrouit:

Reslstivity Senfconduction ‘potential

(a m) e 853
Byrite FoSy 0.1 - 3102 n,p 0.63
GChaleopyrite CuFeS, 0.2 - 9x1073 n 0.53
Chaleocite  GupS 1072 . 103 v 0.44
Covellite cus 1074 . 1076 metallic p  0.42
Galena b8 105 n,p 0.28
Sphalerite 208 105 . 107 - -0.24

of non-bonding charactar, and holeu tharefore do not cantribute to

bond braaking.

Rl £ of padmium sulphids

The electrochemistty of CdS has bean oxtensively studied with a view
to fts application fn ligquid junction solar oells, but has received
wery little attention frow hydromatallutgists.

€45 15 an n-type semlconductor with a band gep of 2.4 V. The valence
band is associated with the sulphur enions and the conductien band
with the ecadwlun cavlons. Single orystals of Gd§ display classic
rectifying propertins in which the cathedie current is exponentially
dopendont on the cathodic potemtial, while the amodfe current is
Ltmited by the supply of minorlty carriers. The aodic current is
direstly proportional to the intemsity of {lunfnation (Serischer,
1966).

Tysgal and Rolbesov (1971) and Vanden Borgha ot al (1974) have
vevortad tho offects of surface states onm CdS and CdSe, An londe
susface state associated with the zera velent sulphur remalns on the




surface, available to be rodused. Tyagei and Kolbasov dbserved that
tho electron transfer to ferric or ferricyanide fons in solution is
not Linear in Gy, as sxpacted from equation 3,23, but is given by

3=k %7 60 expl(l-odur/mr) 2.1

whore l-a = 0.7, This was interpreted ay the result of a surfaco
state, the charge of which changed with applied potential and the con-
centration of vedusing agent iIn solutien., This represents a
tronsition between {dea" semiconductor bohaviour and metal-like
behaviour. Vanden Berghe et al (1%77) examined tunnelling through the
surface barrler, and concluded that a surface state energy level was
present 0.12 oV below the covduction band (Merrisen, 1977),

Gortschor and Moyer (1971) studied tho cotxosion of CdS crystala by
triiodide dons. The reduotien of & has a Tafel slopa of 0.6 ~ 0.8 V
decade"l, which fo consistent with the surface sata vesults, The
corrosion of CdS osours at a slow rate in neutral sclutions, and the
addition of I3 incroases the rate of dlasolution, although the 13 dues
not overlap with the valenss band, This is fuxther evidence of the
sutface-stiate mechanisn.

.2.Tha and. of galena

Galena &5 the prineipal ove mineral of load, and its dissolution snd

! 1 beh: have been atudiod, Brodia
(1968) studfed tho amodfe bohaviouwr of galona electrodes, and
Eadington and Prosser (1969) roported on the dissolution kinsties of
natural and synthetdo galona in acidic and alkaline soluciona, The
influenca of point defsots ou the rate of dissolution has eften been
roported, and extenaive researeh has shown that thore is a close
eorrolasdon botwosn the ocarrler osmcontration and the flotation
behaviour of galeua (Richurdson ana O'vell, 1984; Plaskin and Shafoov,
1963; and Holborg und Sehwoldor, 1975).
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Galona is a good conductor, displaying both n- and p-type semison-
duction, It has the halite structura, the internuclear distance being
smalist than the sum of the lonlc ¥adii, suggesting some covalency.
The band structure associates the bottom of the conduction hand with
Pb 6p character, sad the top of the valenca band with § 3p and Pb 6s
chasacter (Shuey, 1975). The band gap betwsen tha full valence band
and the ompty conduction band s about 0,37 eV (Shuey, 1975}, Pure
lead sulphido sbows ne or p-type semicondustien, depending on whother
ln}phm: 1s deficlent (n+type) or is in oxcess (p-type) compared o tho

PbS. Gommon in galena are Ag, Bi, Sb, and
Cu, Ap is an acceptor (p-type), whils B and Sb ave donors, Gu man
act as a substitutional accoptor or an interstitial domsx.

Ancdic elostrochemical experiments (Brodie, 1968) confirm that lead
ions go 4nto solutfon, while tho sulphide lons form predeminantly
elemontal sulphur in acidic solutions, sulphate in neutral solutions,
and in alkaline sol and Prosser, 1969).

Eadington and Prosser (1969), whe investigated the influenca of

on the dissolution kinatdes of aynthotie lead
sulphida, roported that the rate of disselutien after an initial
nhibition pariod is much higher for petype samples than for n-type
sanplos (Figure D.1), indi of
holes. Thay proposed that, during v:he industion perfod chamisorption
of oxygen, nssociatod with a chamge fn surface proportics, takes
place, and the induction ported «nds with tho nueloatlon of tha First
olomental sulphur, The dissolutfon mechanism proposed is the anodic
owidation of FbS and tho oathodic roduction of oxygen in &
xod tlal model. In vork, (1973) obaerved
that no Inhibiton pariod cxisted for the dissolution of natural oad
synthotic samplos in nitvic acid, Illunimation had o greater
influonce on the dissolution rate of the n-typo samplo than on the
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Figucs D1 Effea of sonsstolehlosossy an tho tnduncion povted and
o ferady SHtn oF owldaston (afear Sadington and Traser, 1969)

p-typs somplo. The influonco of palnt dofeots was studied by
Simkovich and Wagnor (1960), ond thoir results support tha work of
Badington and Prossor (1969),

Brodio (1968) fnvestigotud the anodie cloecrochenistry of musoun grads
natural galona, The anodie Taful slops fn acid porshlorate solution
was 0,057 V docado™} - which ta closa to the 0,059 V dosade™d expected
for u somloonductor oleatrods - for eno of hia samples, and 0,076 V
dooads** - which is coneistent with the presonce of suvfaco states «
fox the other. Brodls ‘wportod that ag 0 pH the prosuetion of sulphur
ocouts up to a potomtial of 0,9 V, abova which the productlon of
sulphate iz dotoctad. The formation of a PbSO, £ilm passivates tha
slectroda at thosy potantinls.

Richaxdaon and O'Dell (1084) studlod the samlconducting chavastors
lotien of pura matural galonn ond synthotie load sulphide, velng
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alectrochemical, interfacial. and ¥2
{SEV) to the ol d Variation in cap-
zoitance and $PY occurs over a potantiel range greator tham tha band
gap, indiosting that changes in tho Helmholtz potontial camnot bo neg-
locted. The amodie Tafel alopes xangod from 0,06 to 0,08 Vv decads™®,
which 15 comgistont with the surfaca.gtate semiconduator model,
Furthor changes in tho elootrode patomtial in the ancdic direction
prosunably occur across the Helmholtz layex, and mecal-like Tafsl
behaviour 15 axpected,

Paul ot al (1978), using cyolic voltammetry, eanined the anodic
‘behaviour of noturgl orystala.und reporzed that the oloctrods panse
ivates at potential groatex thon 0.6 V va SCB as o rosult of the form
ation of a basie lcad sulphate on the galema surface. The Tafal
slopos, which wore dopendont on the the potentfal and tho cancon-
tration of load {n selutien, rango botwaon 0.045 ond 0,12 V decada"l,
Paul ot al (1978) concluded that chesa results were met conalstoat
with a twesolnctron transfar moshenism, and proposed that dissolution
oscurs in two single-olectron tranefer stops in which an '8 imtor.
modiate was formed. On the basis of this wechanism, Mg €m
oquations to doacribe their rogults,

Although this mechaniem 1 not fncompatible with thoir rosults (Poul
at al, 1978), tt is incompatible with the the mochantsm of Richardson
and O/Doll (1984}, who proposod that tha change in Tafol slopa at high
potentiala 15 a result of Formi-lovel ptoning, ond that 4 metal-like
Yafol slopo (0.12 V dooade™) s oxpostod. A slopo of 0.084 ¥
docado’l 1s tha result of a significant potentfal drop over tho
Holsholtz layer increasing tho Tafel slops Erom tho oxpocted 0,089 V
docado™d, of potoncial speclos on tho surfacs
would zesult tn a lincar dependonce of dVp/dlog(Pb?") with a slops of
0,03 V doonde*, which Lo ohsorved from Paul's data at low cuvrent
domeity. Stwdios of tho strustura of the dosblo layor of galona ay a
function of load ounasntration using the motheds of Boddy (1964), for
oxamplo, might olarify this aspoat, Tha aduorption of coppor iong

.
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o which s dmportant in flotatiom, should ai.> ba Lnvostigated using
A semfcandustor tachniquos. . -

Paul et al (1978) reperted that illumination did ineroase the rate of B
anadic dissolution by a factor of 3 to 7 if the sleatrods was held at
a petentinl of betwaen 0.2 and 0.35 V vs SCE, which corresponds to a

| amall poak bofore tho main anodle pozk for tha bulk oxidavion of tho
ol elostrodo, Simse no large photo-offect was obsexrved on the mafn .-
’ anodia peak, they luded that perties Wore not an

R important Zactor in dissolutien kineties. Thelr vesults, intorproted o

e in termas of the somiconductor model, suggest that, at potentials maxe
anodte then the small poak at 0.3 ¥ vs SCE, the Forni lavel is pimnad o
) at the valonoe-band odge, and 4f this 15 the csse the SV would bo A
[ soturatd, and mo photo-offost would ba obdorvad (Richardson and 8 i
R 0/Dall, 1984). :

n the presongs of oxygon, the anodie Tafol slopes range between 0.18 -
and 0,22 V decada’l (Richardson and 0'Dell, 1984). Richardson and "
0'Doli autributed this to the Formation of a Pb0 £ilm on the surface, 5
such that the applieu potontinl wes distyibutod betwoon the spacas-
charge layor, the PbO £ilm, and tho Heluholtz layer. T

.3 The sl A anit of .pxelta

Hiskey and Schiitt (1981) resontly raviewed tho agueous oxidatlon of
pyrite. Warren (1956) voportod the fivet dotailed kinotie study, and |
cbsoxved an sctivation enorgy of 83,7 kI mol*} fox the oxygen pressure ’ i
lesching of pyrivo botwoen 130 and 210%., The xata of rosation was .
proportional to the square voot of tha cxygon partial presswro, which
12 comsistent with tho mixed patontiol modsh, Tho activatlen enorgy
vos reported to xangs botwron 58,6 and S1,1 kI mol'k for prossure '
Leashing balow 13090, .-

anidle dissolution of pyrite at 1,05 V ia thought to proccod necording
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o tho following stoichionotry (Hajima, 1969):
Follp + B0 + Fe¥* 4+ 2508 + 1Y +1Se” 0.2

with sulphate as the pxincipal suiphur produst, Dutrizac and
MooDonald (1974) repoxtad that sulphur and sulphate were praduced conw
currontly by scparate but rolated procosses, Nevortholess, the
oxfdation of sulphut to sulphate, although thermodynamically possibla,
must bo exromely slow, Sulphur ir o steble product in the oxldativa
dissolution mechanism (Dutrizac and MacDonald, 19743,

An mportant finding of Bailey and Reters (1976) was that tho sulphate
formed from pyritic sulphur containe oxygen noquired from wator
instasd of frem oxygen gas. Dvidence in support of this hypotheais
was obtained from 180 tracer ewporfments. In addition, detalled
stolchfomotrie dotorminations showed that tho sulphate ylold varled
botween §0 and 90%, and ineronsed with increasing oxidation potenciel,

Boglor and Swift (1979) proposed o mochanism invelving the aloctio-
dhonteal transfor of the oxygon in tho water wolacule to the sulphur
atoms fn the pyrite lattico, The machanism thoy proposed is

FeSy + HpO w Foly(Olt)agq + HY + a” D2
PaSp(OH) yqq + FaSp(0)ggg + HY 4 07 D4

whoto the gocond step 1s razo-limiving, Thay used tho Tomltin
inothorm, ond dorived am Aquation thet prodicted a Tafol slope of
0,059 ¥ ducado"! and a dopendonca of +0,03 V por pH usit for transfor
cooffiotents of 0.5 for both rosotions, Bfeglox snd Swift (1979)
moasured @ Tafel slope of 0.095 V and Heyer (1979) reportod a
Gopondonca of -0,03 V por pH unie,

Byrito Ls gonotally zegaidod «w dlspleylug noble clostrochomistry. It
bas a high opan-ciroult potontial and ia galvanieally protestod from
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coryosion when in contact with other araly, Parker er ul (1989}
presonted ourrent-veltage curves that
platinum.

+ very simtlar to those of

Seruceura of Fas,

Pyrite may hava both n- and p-type condustivity, and p-type having the
higher tesistivity (v 1x10°% G'm for n-typs and m 3x10°% aem for
petype) (Shuey, 1975). Pyrite has a cubie structurs, represented as
Fo2¥*(5)2* by the lonie modsl. The lowsr part of the conduction band
1s derived from the anti-bonding of doublet of 3d orbitals on Fo,
vhile the upper paxt Js derived from tha 4a orbital. The valenca band
1s derived from the cia tripiet of 34 orbitals on Fe, and, wost
fuportantly, romains nen-bondimg (Shuey, 1975 Vaughan and Craly,
1978; and Goodemough, 1972). The onergy saparation betwesn the
non-bonding tyg and tha anti-bonding e{“ orbitala 1s, therefors, tha
band gap. Bither ot al (1968) measured the optical reflaotivity of
pyrite, ond inforred a band gep of 0.9 #0.1 oV. Since the sulphux
atoms ate in ostshodval co-ordination about the ivom, tha overlap
botwaon orbitala is slight, and the valemce bond 18 narrow, about 1
a7, The band derived frem the sulphur 3p levols 48 about 7 oV wide,
ond &n just below the tpy valonse bamd, Tho ono-olectron’ enaxgy
band dlagram for pyrito is shown in Figure .2,

The influence of the structure of pyrite on the dissolution
kinotlcs

o dttference betwaon #otal dos, such as
pyrito and molybdonite, and athor polar semlacndustors, such as GdS,
200, and GaP, ia that the valonca band fa norvow and of monsbonding
choracter, Elestron transfor with this band (hole {njaatten) will
thorafora hava mo offtet on tho strudture or bonding of tho selid, and
corrosion will met cocur. This Fonturs was oxploited by Trtbutseh and




aomic atomle
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Pyrite, FeSy Molybdenlie, MoSs

PLguro B.2 The band diagvan fox pyrice and molybdonits, Tho pyrive
diogtan shwva & atwdiflod solosular orbleal dlogran indieacing cha
oE1gin of the nonkonding valonso hund, th thg band,
sryatal-flald upiitting of tha o 4 subitala [n Hos, fa alao sham,
The 458 band of Kol b4 & can-danitng vadenc band.

& 1977; and Damnat, 1977; Jaegarmann
and Tributoch, 1983; Ennccul ot al, 1986) in thair search for a suit-
ablo material for tho comvorsion of solar emevgy, Holes fn tha tpy
band of pyrite an’ tho dy2 band of molybdonkte ovo copable of
oxidizing wator, dnd subsoquently of producing oxygon as & fuol
(aplitting of watoxj, Tributsch (1977) woportod that the production

wilphato vas tho prodominant lowg torm photo-amodic product of oSy,
ascording to

MoSy + 8,0 + 18n* MM yocvr) + 2808" + Lot 25
Whoro hw rofors to the onosgy of tha incldamt photon, Ha alae
proposod a mochanian for tho oxygon-libexatien raastion, and o schoma
ot the chofes of suftablo transiclon movel disulghides for
photosanodia dovieos (Tributsch, 1977). Thero soems Littlo doubt that
the non-bunding ehazactax of tho valenco band ls the resson for the
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slow dissolvilon behaviour and the revarsible current-voltage
behaviour of both pyrite and molybdenite.

The formation of & hypothstical sulphux layer that s capable of

further oxk 1s not consistent with the observed Tafel
slopes, and Pucers’ (1983) proposal that dense sulphur layers are the
reason for the slow rates of oxidation of pyrite must be rejected in
favour of an explanation based on the band structure of pyrite,

Recently and 4 3 and Tributsch, 1983)

exanined the photo-sl try of natural and synthetic pyrites,
The elactrocheaical behavieur of the natural samples was quasi-metol-
14, and a Schottky barrier was not cbserved, indicating the high
level of doping of the natursl crystal, Anodic photo-effects were
observed for all samples, however Jaegermann and Tributsch (1983) con-
cluded that surface states within the band gap caused the applied pot-
ential to appeer mainly across the Helwholtz layer (Fermi-level pin-
atng), and their on RuSy, which
also has & similar band structure to Dyrite, but produces photo-anodic
oxygen, in contradistinction te pyrite corrodes to sulphate and
Fe(III).

A possible mechanisn for the cxidatien of FeSy is shown in Figure D.3.
Haleg are Indtielly Injected ints the tzg valence band by the oxidiz-
ing agent. These holas do not result in corrosion but are eble to
split vater sccording to the Teaction

Hy0 + b« HE 4 c0n .6

whers ‘OH 18 an Intsrmediats hydvoxids yadical. The onargy level of
the *OH/OH™ couple has been estimated to be 2,7 V vs SCE by Nemming
{1969) and ig shown in Plgwve D.2. The ‘ON radical is & stromg
oxtdlzing agent end reacts dirsccly with the § valence band to form
sulphate, Oxygen from the water molacule becomss incorpovated dirsct-
1y in the sulphate ion, The ‘OR radteal cau oxldize the 8 valawce
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H0/0m
Cel* /Gt b By
W HO4R" ~H" 40N

“OH/OH "~ S3p

»*
St OH-0H" 41

Figare 1,3 A sispliftod schony fox the disaoluzion of pyrito by an

oxtdent, nagleting the affsats of surf

eatos,

Table D.2 Leaching of MoS, in vorious leaching systems (aftar

Krishnasway and Fuerstenau

, 1982)

Redex couple Veadox Dissolution rate
(v ve 508)

Fad* .77 o reaction

Mny 0.8 t0 1.0 slov reastion

HNOy 0,95 o 1,0 slow xeaction

Hnoy, 1.2 moderata reaction

Anid chlorate 1.2 moderats reaction

Hypochlorite 1.4 fast reaction
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band directly to produce sulphur, Zhe iron enters the solution as
Fa* and therefors sonsumes an extra hole.

Tribucsch (1977) presented a sintlar schems in which OH* is chemi-
sorbad by the oxfdized metal atom. The rate-detsrmining steps in this
model are the same as those considered by Biegler and Swift (1978).
The measured Tagel slope is 0.095 V decada™® and the predicted slepe
is 0,059 V desade™l for & variation in the Holmholtz potential,
{ndicating that the applied patential appsars across the space-charge
layor and the Helsholez layer. A Tafel slope of 0,095 V decade™ fs
typleal of the transltion betwesn a semlconductor Tafel slope of 0.059
¥ docade”l and a metai-like Tafel slopa of 0,118 V decade"l. similar
bohaviour for gormentum was shawnm by Boddy (1963) to be a risult of
the significant change {n the potential drop across the Hulmhultz
layex fn addition to the potentlal drop across the space chargs layer.
Specific adsorption at the inner Melmholtz plane by chleride fous, or
an incraase in dislocatlon defects, would increase the Tafel slopa to
0.118 V.

hieglor and Swift (1979 a) suggested that the sulphur and sulphatae
pathways have very similar setivation energies or the same rato-limit-
ing step. This is not in¢onsistent with the abova machanism if the
rate-Linicing step is ofther the Injovtion of holss imte the tp,
valence band or the splitting of water, Blegler (1975) reported that
chere was no detoctable correlatlon bstween the electrochemical
redustion of oxygen at o pyrite eloctrode &nd the semloonducting
properties of various pyrita gampies. This suggosts that the split-
ting of water is a fopsible rate-detormining step,

Although the opereairouit potential of pyrite s 0,62 V, significant
sortosfon does ot oueux wntll the Tedox potential is sbout 1.0 V.
Appavently, energy levels batow 1,0 V (Figure D.2) do mot overlap
sufficfontly with the ty, bend to inject holes. Thus, the greatar the
elestrods potencisl, the greater the rate of electrow transfer, and
the greater the rate of dlsgclution.




The dimsolution rate of molybdenite is slow with omidizing agents
having ooy Values less than 1.0 V (Krishnasvay or al, 1962). Table
D.2 sumarizes the lesching rate in varfous leaching systens,
Kelshnasway et al (1962) studled the electrochemistry of this mineral
and interpreted the results in terms of n-type conductivity,

The dissolution rate of arsenopyrite is also expected to be slow since
1t too has the pyrite structura, Indeed, arsenopyrirs does fall into
the catogoxy of minerals that are 'difficult to dissolve’,

Dot The el and of chal. 1t

The anodfe dissolution of chaleopyrite is thought to oscur according
to (Bleglar and Swift, 1979 b):

CuFeS, + Cu* + Fe™* 4 28 + 5o~ .7
and
CuFeSy + BHp0 + Gu?* + Fe3* + 25037 + 168" + 176"
. .8

Sfegler and Suift (1979 b) Found thag B6% of the sulphide sulphur
repoxts as elsmental sulphux, and 14% as sulphate, FPerric chloxide
leaching, which follows linear kinstics, is 4 to 5 tinos more ropid at
B0 - 90°C than ferric sulphats leaching, which f.llows parsbolic
inetfcs. Chlorids selutions yield sulphur almost exclusively, vhere-
as sulphata solutions produce between 14 and 254 sulphats,

Dutrizac (1981) showed that, in chloride solucions, digslution
follaved Iinesr kineclcs, and that the ra was proportiomal to
tPe?*10:3%  The wave in sulphate solutions was proportiousl to
(Fe3*10.32 and followad pavabelic kinmetiss, Jones ang Potane (1976)
showed that, in sulphate solutfons, oorrosive attack was highly
selective, in as much as it only securred in figsures or at grain
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uoundaries; whereas, in chlozide solutions, attack oseured over the
entire surface. The addition of Porrous chloride had me offect on the
zate of leaching, yot the addition of eupric chloride inoreased the
rate, This was attributed to Oul* being the primary oxidant,

Many researchors have propused that ths oxidation products ave resist-
ive. Sulphur (Munoz et al, 1978), p- or m-type somiconductors such as
p-typo GuS, and metal-doficlenc polysulphides (Blegler and Swift, 1979
by Lings, 1976; Parker et 21, 1980) have all been proposed as hincer-
ing the transfer of alectrons or ions at tha solution interface.

Structure of CuPeSy

Chaleopyrite is o good conductor with a reststivity of about 10°3 'n
{Shuey, 1973), It is an n-type semicondudator, dua to metal excess,
with a band gap of about 0.6 oV, The lonic bonding mod 1 of chalco-
pyrite is represonted as CutFe’*(s2°),. Apparently, thove is not
axtensive covalence among the anfons, but thera is sxtensiva cevalence
batwsen the cations and anions (Shuey, 1975). Unfortunatoly, prectise
computation of the onorgy bands fn chulcopyrits {s difficult becsuse
of its antiferromagnotis However, studiea of other I-III-VI com-
pounds, in partioular Ne-dopad OudaSy, suggest that the lowar part of
tho band of chalcopyrite s Fe 3d in while the
uppor part of the valence band s Ou 3d and § Jp {n character (Shay
and Tell, 1974; Jaffo and Zungor, 1983), The wolevant ‘ono-slactren’
band dlagran is shown &n Figure D.4.

Application of the ensrgy-ieval tiodsl to the correslon of CuFeSy

Parkor at al (1983) condusted extonsive studies of the cleatrochems
istry of ohaleopyrito in chloride solutions in the tomperaturs range
70 to 90 ° and the potential range 0.2 to 0.6 V {SCE), whieh ia
ppropriata for chaleopyrita leaching. They reported that the rates
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of roduction of oxidants ware fn tho order
Bry, Gubly, 13 > Fa(ANF" > Felly > Fop(s0,)5, Ol,

The location of the hands at the flatband potentisl and tho radox pot-
ontinls of those oxidents 1z shewn ¥n Figure D4, In oxdsr for
eloctron capture or hole injection to occur, the enorgy level of the
oxidant must ovarlap the condustion-band edge or the valence-band
odgo, respoccively, It ia apparont from the diagrom that the rate of
roduatlen of Cull, and Ij is high bocauso the ancrgy lovels of thoss
ions overlap the conduction-band edge, ond the raca of redustion of
B2y is high boosuso tho bromina enorgy lovel overlapa the valanco-band
odge. In contxast, the lron chlovide and iren sulphate energy lovals
o¥e wall wiehin the hand gap, and tho rate of voduotlon iz lew.
Fo(CN)E" is ropoxtod by Parkax ot al (1981) as having s lowor rave of

-y




reduction than 13, vhich has a higher Blygey, Bt this is because they
compared thesa rates at different The rate of

of Fe(GN)]” was determined at 25°C, while the others wers sll detex-
mined at 80°C. The leval of Cly is well below the valence-band edge.

Parker et &l (19B1) also reported ancdic saturation ecurrents, vhich
are typical for n-typs semiconductors whore tha supply of holes is
migration-linited, for the oxidation of Fe* in solution, Similarly,
Borkatead st 2l (1976) presented rasults showing that the rate of dis-
solution increased with Fa®* and then reached a steady velus, fndis-
ativa of saturation currents. Saturation currents were not found for
1" or GuClj by Parker et al (1981), however, since tha energy levels
of thesa lone overlap tho conduction band odge. From these arguments,
1t way be cencluded that the interactien of

13/1°, Cully/CuCkj and Fo(CM)E"/Fe(a)y" are

conductfon band processss, while Fa®'/Pol* and Brp/Br” are

valence band processes,

Zeygells snd Oooke (1975) presented results suggesting an anodic
Mnteing. dus to of holes (minoritics) in the n-type
chaleopyrito, Thoy illuminated tho rear of tho sample and obmorved
thut the current denelty &s propertiomal to the light intenatty,
Subssquontly, they have boon severely critizised for illumnating the
rear of thelr sample, and for the fact that the photo-offect ccourrod
only at high (>3 V) snodic poteatials (Blogler, 1975},

of of chal 1t

An interesting obsetvatlon of Parkor et a1 {1981) and others (Jonos
and Pakors, 1976) is that the addition of CuCly to o Fally solution
rasults in erhanced surront densitios at a shalospyrite clactrode.

Table D.3 prosents & sclootion of data from Parker ot al (1981), which
indicatas that the omodia disselution of chalcopyrite eceurs with a
contribution of holes in the wadonco band and olootrond in the con-

™




Tablo D.3 Comparison of the corrosdon surcents of chaloopyrite.
(aftor Parkor ot al, 1981)

ox Red Veorr 1 Source
Fa som) WL en-2)

vadt Folt 0.39 5500 Ward's

ve;*‘/cu“ Fat 0.48 11000 Vard's

cud¥ [ 0.28 250 Wardrs

duction band, This 8 the case for many semiconductovs, such as Ge,
with o band gep of less than 1 6V (Gerischer and Mindt, 1966). Stuce
tho dissolution cuxrent for the contribution of holes from oxidant
Fo¥* (s greater than for the contribution of slectroms to Su?¥ in
golution, it {a asswned that the initial step in the disselution of
15 the of o hele, Chal P’ s
iaked with tho band and chal cut wich the
valanao band; the alootropositive Foo* will therefore bs releassd imto
solution, and the Out will vemodn aftor the initial step. The inltial
hola transfor s followed by elostron trarsfor, according co

GuFesy + 31* =+ Fo* 4 +Cusy 0.9
£olloved by hole transfor

rougy + 2hF « outt v 28 .30
ox eleatron c:nmu’!.‘m:

tougy -+ Cut v 28 & 207 DL

The fimet step Lllustratos the broaking of the Fo-§5 bond and the

o




socond the brosking of the Cu-8 bond, ‘CuSy l¢ an unsteble radical
intermediate, This mochaniom {mpliez that coppor remains in the
lattice boosuse it is assosiated with the valanmce band, which is
gonaistent with the obfexvation that the Fe/fu ratic in solution is
greater than % in the inteial stages of loaching.

The vadical intetmodiata, ‘CuSy, may docompose to form a atable Gus
intormediate secording to

‘Cusy -+ CuS + 8 D12

Blagler and Swift (1979 b) presented cyolle voltamsogramms for pure
natural chaleopyrite, A lorge snodle rosponss ocoura at patentials
greater than 1.0 ¥, Prior to thia vosponsa, a smaller 'provave’
rosponse cocurs at 0.8 V, which thoy intorpratod as tho formation of &
copper sulphide £iln.

The formation of surface films on GuFeS,

The application of & positive potential pulss te tho chalcopyrite
slactroda producns an anodie vurrent responss duo to oxidation of the
olsctrode, 'his curront subsequently decays with time to a stoady
state value, Reactivation oscurs if tho oloctrode %s kept on apen
sivoult ond, vhon tho potemtlal is re-opplied, lavge curronts flow
that again decoy with time., Barkor of al (1981) intorprated this as
the of o motal: £41m that glows the
transport of Gu ond Fe?* ions to tho solution. This Eilm Ly supposcd
o braak down thozmally (rasctivation of the aloctrade) o produce
sulphur,

Munoz ot al (1979) concluded that tho Linotics in sulphato solutioms
waro coutroilad by diffusion through a sulphuy product-layer, Thus,
they attributed the high sctivotion tmowgy to tho ratosdotermining
transpoxt of olestrons through the sulphur produst laysr, and used
Wagnor's theory to daseribo the lkinoties, Howover, the sulphur layor
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iz porous and is expocted to have a high concentration of fmpurities.

Parker et al (1980) xemoved the sulphur with €Sy and failed to obsorve
any effect on the vote, Thorofore &t Ls not closr that tha sulphur
foyms & pretective layer.

Moli{1lan et al (1982) reported anoulc currents that decayed with tima.
A serfas of potontial pulses in tha zango 0.2 -0.6 V va 6CE revenled &
blue product layer, suggesting a coppar-rich sulphide phase, MeMillan
at al (1962) intarpreted thelr rosults aa showing the formetion of a
protestive layor in which the diffusion of dions was rate-limiting.
Helfilian ot al (1982) usod natural crystals, and compared the electro-
chonistry of n- and p-type samplos. They then sbserved that semicons
duotfon typa had no {nfluence on the olectrode behaviewr. Howver,
their p-typs spocimon had significant pyrits inclusions, rendoxing
thotr conclusions doubtful bocauso of the possibility of galvanic
interastions,

Tho growth of a £ilm should lead to Tafel alopes groater than 0,218 ¥
docade~l (vigh, 1973), HcMillan oc al (1982) reported slopes of 0.2 V
por docade duc to tha formation of a £ilm of CuS or intormedlate
copper sulphide; fndoed, a blue surface film has baon frequently
obsorvad (Parker ot al, 1981; Jonas and Foters, 19761 Mcillan o al,
1982), suggasting covollite, If such a flim formed on tho surface of
tho olostrods, the curront would decraaso until a stablo ceppor
sulphide formed. Moroover, roaotivation would aceur on open ciroult
a8 the original chaleccite-covellite intermedtate formed, since both
the soldd-selld and the wolid-solution boundary aro rovozsiblo (Kook
and MacIntyra, 1976),

Biagler and Horno. (1984) analysed the anodic 'provave’ and prosented
evidenca for the formation of a (uS £ilm ebout 3 nm thick, Tho ratio
of iren to copper during leaching, tho dissolstion of coppor during
the prewava, and an analysis of the charge passed in rodusing the pres
wove product: suggost thak chaleopyrite fnitially preduccs a Cu$ £ilm,
sulphur, Gu?* and Fol*,




Tho coppor sulphide film,
iohtbit tha xate of leaching un chloxide solutions after the layor
thichness has reached a steady state, since linear kineties aud a
strong dependence on ferrie chlorida concontration axe observed (tha
one-half dependence on Ped* suggasta metal-like corrosion cantvel dua

whatever layor s formed, does nok

to Fermi-lovel pinoing). In sulphate selutions, hovaver, a Luyer
apparontly doas irhibit leashing since ‘perabolie’ klnacics are
observed. This difference in bohaviour might bo duc to tho ability of
chloride lome to be specifinally adsorbod at the surfaco, whoreas
sulphate fons ore nok, This would result in surface states within the
£41n band gap that would aid the passags of ourrent, and hence would
catalysa the cloctrochemical dissolution of the £ilm.

The production of sulphate as the final chalecepyritic sulphuz product
is as by the samn mechanism as that discussed For
pyrits. Holos that have boan injooted imto the Cu 3i part of tha
valence band are capabla of oxidizing wator, and prosumshly the -OH
cadieals directly oxidiza tho valonoo-band sulphur to sulphate. The
oxidation of clemontal sulphur is very slow, and Ls not considored to
contyibute to the producticn of sulphato.

D.5 The disselution gnd of copper

Chalcooite

Sullivan (1923) studied the of chalooalte ores
5 to 10 & Fo at tompewatures in the rango 23 te 95°C. Cuy§ dissolves
according to the resstion

Cup§ + 2Fa¥F 4 Cuft 4 2R 4 us .13

us + 283t o+ out 4 2Pt 4 s D14




whora the CuS intermediate is not the mameral covellite, Sullivan
moted thei the xate is independent of pH.

Mazeantonio (1976) sdentifled two scages in the forric sulphats loach-
ing of matural chaleoeite in which the produst sequanca Ous§ = Suj g8
+ Uy g8 + OuS occurved, The Pirat stage included tha rapid formation
of Cuy g§ and the slowor formatien of blus-remaining covellita,
Cup 2S. The second stage is the dissolution of Cuj 58 to form Cu?t in
solution and olamentul sulphue, The kinetics of tha Eiret stago was
fizat oxdor in Fe$* concentration and the activatien enorgy was lew
(11.5 1f mol-l); the leaching results were modelled as solucion dif-
fuston contrel in with spherical coxe geometry,
The stcond-stage raactlon was slower than the fira:r stage, and the
kinaties were half order in Fod* with a high activation emexgy (75,5
1 n01°1); the leaching results For this lattor stage wers modelled as
an ragction with particle geometry.

Coppor sulphide minerals hove a solid sslutdon rangs GupS - CuS, the
thevmodynamics of which are not clearly understosd (Potter, 19779,
Shaloocite s connlstontly p-type, and has a band gap of about 1.8 oV,
An indirect adsorption adga at 1.1 oV for light porpendicular to the
c-atls and at 1.4 oV for lipht parallel to the c-axis, hava bean
o interband transitl The band is derived
from tha Cu 4a orbical, and the top of the valence band £rom the § 3p
lovel (Tossol and Vasghan, 1981y, an empirieal cnoxgy level diagrem
constructed £rom sulphur X-ray ms-m apoatra of GupS 15 in
agteomont with the quantum Natfens of tho triangul
soprdinated Gusj" cluster. An fonio model for chalcocite would be
(0u*)98%" and, for a copper-deficient choleosita, Gup.yS, Lt would be
w20 (0u21) 83", In tho band model, a hele introduced for each
ntasing Cu* (scosptor defoct) is delocalized, with a mobility of 2 -
10 en? V1 5°1, chaleoeite exhibits high Lonic mobility in the rangs
5 - 10 eal v°L "L, duo to tho high mebility of Gu¥ lons,

Kosh and Maolntyze (1976) proparod thin film elestrodos of synthetia
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CupS by vacuun eveporation, and measured the changes i the reflect-
ance and of the elactrode with anodic di (reuoval

of copper lons), They chserved that, vhen the anoulc current was
interrupted, the original spectrum returned. In addition, CuS
produced by anmodic treatment could be converted to the original
moterial by reversal of the current, svidence of the reversibility of
both the solid-state and solid-solution ractions. Figure D.5 plots
the op tentials of the Ge s a function of copper
removal. The plateaus corzespend to two-phase roglong, end the sherp
rises to compositional changes. The phases identiffed are:

CupS; Guy 958 to Cuy g)8; Oup;ggS to Oup g8 Guy g to
Cup,g5S; Quy 48 to Cup gg8; Cus

The wavelength of the msximum absorbanca decrsased from 2300 to 1200
mm for the Cup gg.1 g8 to 60 nm for OuS. Wevelengths less than 1250

R gl ¥ v S

FLRera .5 Base povantlals of a thin fla sholssolta shostxada s o
Funetian of tha coppox soncant in tho Fangd GuzS  CuS (aftar Koels
and Nalnzyra, 1978)
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wn wsre interprated as band to band tramsitions. The shift to lover
wavelengths zeflected the progressively lover Fernl leval in the
valence band as the aopper content decreased. The extraction of
copper ions Erom Cu,S was accompanied by the removal of electrons from
the top of the valence band. As & result, the adsorption baud shifted
to higher energles since the difference in energy between the highest
£illed levels of the valence band and the conduction band increased
(Huller, 1972,

Hillrichs and co-workers (Hilirichs and Bextram, 1983; Hillrichs et
4.,1982) fnvestigated the slectrochemistry of synthstic GupS using
eyolic voltammetry, Thay reported a sharp amodic peek at 0.4 V vs 3,5
M calemel electrods (GE) in which the diffusion of copper im the solid
was claimed to be rate-detormining. This pesk reached n maximum dus
to the foxmation of Gus which apparvently Limited furcher the diffusion
of copper lons. Results at potentisls greater than 1 V va 3.5 ¥ GE
ate interprated in terms of Cu formation and dissolution, Figure
D.6 illustrates their interprecation of the cyclic voltammogram of
CuyS and Gus.

Blegler and Swift (1977) used nitural and synthetic chaleocite and
synthetic digenite smodes. 1In their palvanostatic experiments the
potentlal rose steaply aftor a cextain period, which lad the authors
to concur with Bttienne and Paters (1972) that the diffusion of copver

was impeded by the precipitation of a copper salt in the poves of the.

solid, Price (1981) later re-analysed the published data and proposed
& model that combined solid-state diffusion and electrochemical
reac “fon in the first stage of ramction (product Cus).




« @

T T, T
Potentia) ¥ vs 3,50 CE) Potential (V vs 3.5 M CE}

FLaues 9.6 Tyolds voltamserzan of (a) Gugs and (b) Gub In 18
g8, {afesr MtAletcha ot al, 1902}

Covellite

Thomas- nd Ingrehem (1967) loached rotating dises of synthetic QuS In
0.1 H 580, and 0.25 ¥ Fep(504)3. The rate of reaction was determined
from the concantzation of the coppex ions in solution. They repert a
transition frem interfactal contzel at 25°C to solutlon Jifffusion
control at 80°C, Dutrizac and MacDonald (1974 b) veportad thet the
rates of dissolution of natural and synthetic Cu$ weva slew, but
increased during the inLtlal stages of dissolution owlng to pic form-
atfen, 'The veactlon

Gus + 2Fed* o cult 4 gre?* 4 5 .15
was obsexvad to bo diractly dependent on Fal? aancentravion below

0.005 M, but indopendent of Fe* concentration above 0.005 M. Tha
yata-controlling step wes found to bo a resction st the surfaca. The
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sulphur product did mot form a protactive layer.

"he orystal structure of covellite s more complex than that of sphal-
erita galena, pyrite ox chaleopyrite (Shuey, 1975). The copper
ooctixs in bath triangular and 1

and twe thirds of the sulphur atoms are S§° anloms Vaughan and
Tossel, 1980). The proposed lonic medel for covallite s

Guft; (Culy)p8275%" In which Cud* s tna

triangular site, and Cu* 1s in a tetrshadral aits. The calculated
olectronic atructure for Ous {ndicates that the top of rhe partislly--
Fillad valence band s predominantly Cu 3d in charactex, and the con-
duction band i Ou 49 in character. Guf is a prtype metallic conduct-
or bacause the valence band is partially filled, The energy
difference between the Fermi energy and the bottom of the conduction
band 1s about 2 eV,

The passivation behaviour of covellite was investigated by Hillrichs
and Bextram (1983) using cyclic voltemmetry, They repexted a
dopendence of 0.4 V per pH wnl?, and showed that the open-cleuit
potentials were compatible with the forz'tion of a layer of coppor
oxids or copper hydrowide. Disselution occcurred only a: relativoly
high potentials (>1.3 ¥V vs 3.5 M CE) owing o the formation and
dissslution of the Cud film. This may also have baen dus to the fact
that the upper valence band s mainly a czystal £isld band, similar to
the valence band of gyrite, Poters (1963, 1977) and Chall ot af
(1982) proposed .hat tha sulphur product-layer hindexs the rate of
renction.




209

D6 Synmery

The sloctrochemistry of galema, pyrita, chalsapyrite, cholcscite ood
covellito has been veviewed in this section. It has baen ostablished
that the elastronic strusturo of these minerals sulphldes plays an
inportant zele in nach mineral's eleetrochenical behaviour. Possible

shani. that ave sistent with the 1l results and the
theory presonted in Chopter 3 sxe piven.

In the case of pyrits, orystal field splitting vesules in a valence
hand that 44 of non-bonding character, and holes in this band can not
rasult in bond breaking, Thus, pyxite resists dissolution. This pro-
posal & Ln conbrast to the work of Peters (1984) who proposed that a
donse sulphur layer ic tho cause the slov dissolution. The propesal
Bust be rejoctod in favour of an based on the electront
structure of pyrita,

The kinetics of tha diesolution of chalcopyrite is complicated by the
formation of a surface f4im, probably copper sulphide. It fs argued
in this seatlon that the Cult/guf,

Po(eN)3/Fo(CME" and I3/1" couplos are conduction

band processes, while tha ¥a3*/Fo2* and Brg/Br® couples ara valenca
band processes. Since the additien of Ouily to a FeGly leaching
solutton onhances the rate of dissoluton, Lt is proposed that the dis-
solutien nochanisn involves bath electrons and holes. This machanism
1s sinflar to that proposed for the dissolution of Ge.
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