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ABSTRACT.

Sphalerize oxidation by Fe(IlI}) 4n solution {n the sbsence of oxygen was §é w
studied using two sphalerite cuncentrates:
(1) Black Mountain sphalerite forms an jmpesvious product layer around -

the percicle leaching So 40% conversion after 3 hours at 80°C in an excess

of Fe(I1I). The passivation mechanism was shown by slectromicrograph

analysis nmot te be tha formpation of an insoluble lead sulphate layer. The 1
initial zate is contrdlled by diffusion vhrough the produet layer. %
(41} Daca obrained from the literature for the leaching of Gamsberg i
sphalerite is described by an electrochemical shrinking core model.

i
Oxidsrion of Fa(II) by oxygen was' studied under different conditions of Xi‘gk’é
Fe(IT) concenvration, temperatura, oxygen partial pressture and acid con-
centration, and a modal, comsistent with previsusly proposed models, was
fizted to the data.

The leaching of famsherg sphalerite by Fe(Ill) in the presence of oxygen
is well~described by che simulvaneous numerical solution of the two X
equations which describe the models for leaching on its own and ferrous
ion axideziom on its oun. Llesching of Black Mountain sphalerive by
Fa(III) in the presence of oxyger displayed the same puésivatinn behaviour
found withour oxygen.
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NOMENCLATURE.

Symbol

alX)
Ay

Deseription Units

Particle surface area, equ, 2.1 n?

Activity of specis X -

Total initial surface for all paritcles

equ 4.3 m?

Parawater indicating Fa(II) dependance on

o) -

Concenvraticns of dissolved specie 4 ¥

Call potantial with respect to

& reference coll, oqu. 2.21 v

Solution redox potential, equ, 2,24 v

Activation energy kJ/mel

particle size distribution, aqu, 2.30 -

Total mess particles 8

F distribution, equ, 5.1 -

Fazaday's constant J/Vmal

Henry's law constant, ogu. 2.34 atm/mol

Paztial curront density, equ. 2.2 amps /m?

Socond ordexr rate coastant .
Fe(Il) oxidation, equ, 5.1 1/Mmin n

Fa(II) oxidation rate constant, ogu, 2.33
Anodic or carhodic rete cons:ants
(1~B,)§/RT, section 5.2

Leach rate constant, equ. 2.1 mol/mimin

Selukility congtant, equ. 2.36 i

Inicial particle dimension L1

amount of leachgble matexizl in a paveiela,

aqu. 2.1 mol

Toval leachable matorial in all particles mol

No. of model paramoters, equ, 5.1 " N
No, of data measurcments, oqu 5.1 - P
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p(02) Partial pressure of oxygen atm

r Reaction rate, equ. 2.17 nol/m?min
R Ga: constant J/®Kmol
Rr Minimum sum of squared errors, equ. 5.1 -
s Solubiiity of oxygen in solution. 2]
8s 1-a confidence contour level, equ 5.1 -
', T Time min
e T Temperature °K
. X Conversion of zinc or iron -
B X3 Concentration of specie X M
ol 8 Symmetxy factor, equ. 2.2 -
Y a¢ Mineral surface potential v
Lo 46° Standsrd potential, activities are unity,
e equ. 2,29 v
' : ¥ Shape factor, equ.2.27 -
: v Solutions conditions facter, equ. 2.1 -
', \» P mass density g/m®
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1. INTRODUCTION.

Most modern commercial zinc plants employ a process consisting of a
pysometallurgicsl roasting step, followed by a hydremetallurgical leach
step to convert sphalerite, a zinc sulphide mineral, to zinc in selution
and salphur dioxide. The zinc in solution is subsequently electrowon.
The sulphur dioxide is either yeleased to the atmosphere, or converted
Van Niekerk and Allen (1977) deseribe

to sulphuric acid in an acid plant.
A substantial proportion of the plant

& typical roast-leach zinc process.
capital cost is attributed to the acid plant, and mich of the rumning

costs are due to the roasting suep.

Alvernative technologies, consisting enly of hydremetallurgicel steps
which produce slemental sulphur, have been developad by Sherritt-Gordon
Mines, Ltd,, and the Council for Mineral Technology (MINTER). These a2l-
ternatives have the advantage that they do not require an acid plant,
since they produce elemental sulphur which is more easily stored and
transported than sulphuric acid, and that lower ore grades can be treated

more easily.

Poyle, Masters, Webster and Veltman (1978) compared the roast-lsach with
an alternative hydrometallurgical process, and reyorted on the research
and development done on dirxect pressure leaching tachneology at
Sherritt-Gardon Mines, Ltd., Zinc sulphide concentrate is leached in
cell-house return acid with en over-pressure of oxygen asccording to:

o
ans +P230“ +1/2 D2 - ZnSO& + HZO + 8 1.1

o Y

i
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in a pressure leach vessel at temperatures above the melting point of
sulphur, 160°C. Burface active agents are added to ensure complete con-
version in a single ox two-stage sutoclave configuration.

Verbagn (1981) patented & process developed at MINTEK in which zinc
sulphide material is leached below the melting point of sulphur, 119°C,
in a two step process. The zinc is dissolved in a solution contsining 5
to 50 g/1 iron and a maximum of 20 g/l sulphuric acid from .ell-house
return acid. The main difference between this and the Sherritt-Gordon
process are the conditions under which leaching occurs, and that in the
MINTER process the iron is partially oxidised in a separate operation to
the dissolutic:{.

In both the Sherrirt-Gardon and the MINTEK processes the sphalerite
flotaricn concentrate iy leached under pressure in an acidic ferric
sulphate medium. The solwtion contains sulphuric acid, dissolved oxygen,
ferric ions, ferrous .'ons and zinc ioms. A fundamental understanding of
the process would aid in both the design and operation of plants employing
these, or similar technologies,

The remaining portion of chaptar 1 outlines the research that has been
done in the area of modelling the sphalexite dissolution mechanism, and
then defining the purpose and scope of this study. Ressarch on the
oxidation of ferxous ilon by dissolved oxygen is also reviewed. In chapter
2 a mathematical model describing the vate-limiting step of the sphalerite
dissolution as an electrochemical reaction is derived and 2 model de-
sexibing the ferrous ion oxidstion reaction based on the work of previous
h is also d, The 1 work 1s reported in
chapter 3. The experimental results for the leaching of sphalerite from
the Black Mountain and ore deposits are analysed in chapter 4. Data for
the leaching of Black Mountain sphalerite was measured in this study,




while thst for the Gamsberg sphalerite was pbtained from the literature
{Verbaan, 1980). The ferrous ion oxidation results are analysed in chapter
5, while the results for the combined system, that ip, the leaching of
sphalerite from Black Mountain and Gamsberg ore deposits in acidic ferric
sulphate media in the presence of oxygen, are analysed in chapter 6.
Again, the deta for Black leaching was d in this study
while that for the Camsberg was taken from the litarature. The conclusions

and recommendations are discussed in chapter 7.

1.1 Literature survey,

The pressure leaching of the sphalerite in acidic ferric sulphate solution
in the presence of dissolved oxygen is a three-phase system. It consists
of solid sphalerite, acidic ferzic sulphate in solution and oxygen in

geseous and dissolved forms in a stirre’ %. The sphalerite leach
reaction consumes ferric lon, and produ. v+ & don, zinc in solution,
and elumenval sulphur. The dissolved oxye dises the ferrous ion to

the ferric state. If it is assumed that thesé two reactions occur inde-
pendently of each other, then they can be trezted sepatrataly,

1.1.1 Kinetics of sphalerite dissolution.

Forward end Warren (1960) reviewed the available literaturs for the ex-
traction of metals from base metal sulphides by hydrometallurgical methw
ods and reported on the chemistry of the dissolution process. They

concluded thet the & of tha ion are lergely by the
ien the p. or absence of an oxidising agent,
3
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and the temperaturs in so far as it affects the formation of sulphates.
In the absence of an oxidising agent, the reaction is:

ns + HZSO4 “+ ZnSO“ * HZS 1.2
while in the presance of oxygen, the reaction is:

©
Zns +HZSDA + 1/2 02 - ZnSOa + H20 + 8 1.3

Oxidstion by oxygen can occur directly in solutioms of higher pH values,
as follows:

208 + 20, + 2050, 14

In tha presence of ferric jon as an oxidising agent, the overall disscl-
ution reaction occurs as follows:

nS + Fe,(80,), + ZnS0, + 2Feso, + §° 1.5
This reaction may occur with hydregen sulphide as an intermediate, or by
direct oxidation. Scott and Nicol (1978) distinguished between an
oxidative reaction, in which the sulphide snlphur iz oxidised dirsctly
in the dissolution step, and a non-oxidative reaction, in which the

sulphide sulphur is oxidised in & fon. This cen be il
lustrated as follows:

Oxidative dissolution.
ZnS + Fe,(S0,), + 2nS0, + 2Fes0, + 5° 1.6
Nonwoxidative dissolution.

Zn§ + H,80, + 2nS0, + H,8 1.7 &

o
HZS + Fez(SOI’)3 - HZSO‘ + ZE‘ﬂSO4 + 8 .7b




The dominant dissclution mechanism would depend on the relative concen~
tration of ferric ion and sulphuyic acid. In 2 solution of high ferric
ion concentration, oxidative dissolution would be expected to occur,

while in a solution of high acidity the non-oxidative process will domi=
nate.

. Forward and Werzen {1960) sepevated the factors that may comtrol the zate
of dissolution of sulphide minerals into three categovies: (i) Mass

N of or in the solution, (ii) Coating of in«
soluble products ¢n the surface of the mineral, or (4ii) Chemical reaction
) f on the surface of the mineral, or in the solution. They reported that when
oxidation occurs below 118°C, the £ilm of elemental sulphur that is formed
is perous, and does not inhibit oxidation. Between 118°C and 160°C, the
sulphur coats the mineral and prevents further oxidation, while above

" 160°C the sulphur oxi'ises completely to sulphate, and, therefore, dces

not inhibit the disselution. “f&:
“ N
R Woodcock (1961) reviewed the literature published prior to 1961, and re- L
T ported cases where each of the above-mentioned rate-controlling mech- o
1. °, anisms oceur. He also reported that the reaction ac the surface was |

electrochemicelly controlled, and suggested that more work be done in that

. - ares, i
% M Dutzizec and Hacdonald (1974) reviewed the literaturs for the lesching o

- of base metal sulphides by ferric ion and reported chat the leaching of L
. sphalerite is controlled by the diffusion of ferric ixon in solution, with L4

an activation energy of about 24 kJ/mol, which is consistent with dif-
fusion control. It was also alsoc reported that the rate is directly pro- 3 ;
e portional to the ferric ion concentzation, and is not impedsed by the N
formation of elemental sulphur.
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Rath, Paramgury and Jema (1981) reported an activetion emergy of about
90 kJ/mol for the leaching of a synthetic zinec sulphide in acidic ferric
chloride media, This value is too high for liquid film diffysion control.
They ob perabolic Kinetics, and that the rete is controlled
by ferric ion diffusion through the elemental sulphur layer.

Jan, Hepworth and Fox (1976) concluded thar the rate devermining step was
the reaction at the mineral surface, and not ferric fon diffusion, even
thongh he ob: d an ion emergy of 24 kJ/mol, and a
dependance on agitation, they atyributed the linear kinetvics that he
obtained to the shape of the sphalerite particles which appeared to have
2 disk-like shape when d under an el In the

absence of an oxidising agent other than oxygen, he proposed that the

reaction d: o 1.7, that is, non-oxidatively.
By leaching 2n$ in the praesence of sulphuric acid and iodide, he demon-
styaved that the reaction:

Zn8 + HZS()6 - ZnSOA + st 1.8

was instantaneous, and that oxidation of hydrogen sulphide by oxygen:
0

His + 1/202 b4 1'120 + § 1.9
is slew end rete determining. In the presence of ferric ion, he proposed
that the role of the oxygen is to re-oxidise the ferrous ion produced in
oxidising the hydrogen sulphide. This scheme can be represented by:

Zns + 1,80, = 2nS0,

4+ RS 1.10 a

2FeS0, + Hy80, + "/2 0, = Fe,(80,), + H,0 110 »




- ]
F\az(SCDL»)3 + HZS = 2!‘35()A + HZSOA + 8 1.10 ¢
and the ovarell reaction would then be:
o
n§ +H2506 +1/20, 4 ZnSDA + HZO + & 1.10d

with reaction 1.10¢ as the rate-determining step.

Verbaan (1977} leached & numbax of different types of sphalerites in the
presence and gbsence of ferric ion in acid sulphate media. He attempred
to explain the mechanism of dissolution in terms of Langmuir~Hinschelwood
adsorption isotherms, and was relativaly successful in the absence of
ferric ion. He showed that the st formed during reaction was dramatically
decreased by thae addition of fexric ion. He obtained conflicting evidence
as to whather or not the elemental tulphur resulted in product-layex
diffusion control.

Pawlek (2969) proposed an entirely different mechanism for the pressure

leaching of zinc blende in the presence of dissolved oxygen. He described
tha kinetics in terms of an elecwrochemical model, snalogous to the cor-
rosion of metals, This description involves anodic and cathedic partial

reactions oceurring on thae surface of the mineral, with & current flowing
between the localities where the separate partial resctions vake place.

The anodic partial reaction releases electrons by:

208 + 202" + 5% 4 20" 1
while the hody i the ol prod by:
267 4 2"+ 1/2 0, + B0 112

Although zinc blende is & semi~conductor with & very high resistivivy




(6 x 109 i .em), the electron exchange occurs over a limited locality
and the high .- w.stance of the mineral does not limit the electrochemical
reaction. In 4 study of the electrochemical bshaviour of various samples
of zalena (PbS), Springer (1970) concluded that the elsctronic conduction
propertiss of minergls §o not normally affect the oxidation and dissol-
ution reactions in which el h 1 are imp

Pawlek (1969) did not describe the overall kinetics in terms of an
electrochemical model alona, but used & theory of boundary chemisorption,
indicating that other rate controlling processes are involved., Me found
that initiel dissolution resulted in the formation of H,S which retards
the dissolution. Pawlek showed 1ly that removal of
HZS can incrsase the vate of dissolution by approximately & wimes.

Scott and Nicol (1978) reported inconsistencies between the experimental
observations ané the di based on the that the dis-

solution occurs by means cf 4 non-oxidative attack for varions differamnt
sphalerites and suggested that the mechanism of dissolutjon in acidic
faxzic sviphate medis might be direct oxidation. They concluded that the
mochauism of disselution is dependant on the type of sphalerite. Using
a sphalerites 6l de they indi that the process directly
responsible for the rate of dissolution vecurs on the surface of the
electrode, and that if direct oxidation does occur one would expect the
potential of the zinc sulphide surface to lie in the region of +0,4 V
with o the calomel} el -1 They 4 d dif-
fleulvy with this type of experiment due to the high resistivivy of
sphalorite. In addition, they suggested that the sulphur produced at the
surface may retard the non-oxidative dissoluticn.

Scott and Dyson (1968) noted the sctalytic activity of several metals on
the oxygen pressure leaching of & chemically prepsred zinc sulphide. This

PO - P . .
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activity increased in the order Fe < ¥o < Ru < Bi < Cu. The effect of the
catalysts was attributed to pemetration that influences the electronic
conductivity of the lattice, and thus allowing electrochemical dissol-
ution to oceur according to eguation 1.11 at the solid surface., The main
parameters affecting dissolutlon were catelyst concentration, temper=
ature, oxygen and acid

The sulpbate thar formed
was attxibuted to the oxidation of Hy8, that formed as an intermediate
product.

Wadsworth (1872) reviewed the ldterature for the leaching of base menal
sulphides. He pxesented a generalised rate expressivn for the dissolution
mechaniem containing diffusion, chemical reaction, and electrochemical
reaction terms. In order te evaluate the influence of the potential on
the kinetics, an electrode was made from chalcopyrite and the potential
was measured. He concluded from his results that cathodie reduction of
oxygen at the surface controlled the electrochemical kinetics. He stated
that the large activarion emergy and parabolic kinetics suggested dif-
fusion through the product layers controlled dissolution. He concluded
that the role of the electrochemicsl reaction is not clear from the ob-
sarved kinetics for chalcopyrite.

Verbaan (1980) concluded in a later examination thet the kinetics of the
laaching of sphslerite is electrochemical in nature in which the rate is
dependant on the ratic of the ferric ion concentration to the power 0,4
to the ferrous ion concentration to the power 0,25, and reported an em~
pirical correlation bagsed on this for the lasching rasults in acidic
ferric sulphate medis. No attempt wus made to use slectrochemical theory
in the formulation of this correlation.

Dry (1984) roviewed the literature for base metval sulphides. He leached
low grade matte in acidic ferric sulphate media, and proposed that the

E




mechanism of disselution is clectrochemically controlled. He presented
an el 1 model the prediction of the redox po~
tentizl as an spproximation for the mineral surface potential, (This
model will be discusse . greatar depth in chapter 2.) He incorporated
the kinetics proposed f¢. anodic dissolution of galena (PbS) by Paul,
Nicol, Diggle and Saunde's (1977), who propesed that galens dissolves
snodically in two single-clectron transfer steps via $” es an intermediate
to explain the results they obtained from & PbS electrode using cyclic

voltammetry.

It appears that the more recent studies for sphulerite, and other sulphide
minerals, favour the proposition that the leach dissolution reaction is
electrochemical in nature. Howevar, every general category of

rate~ 1ling h has been d. The type of
rete-controiling step appears to be dependant on the composition of the

particular sphalerite,

1.1.2 Kinetics of the ferrous lon oxidation reaction in sulphate media,

Huffman end Davidzen (1956) proposed that the overall reaction:
Y R X e 1.4

proceeds by simultaneous bimolecular and trimelecular reactien paths
deseyibed byt

~ d{Fa(In)] = kb[ru(II)}p(oz) + ku[Fa(II)]zp(Oz) 1.15

dt

where k, and k. are the reaction rate constants for the bimolecular and
trimolecular reactions. They obsoxved that the rave decreases with in-




i d: ion ation, but made no attempt to incorporate ; 4
this in their rate squation. Mention is also made of the catalytic effect

of the Cu?* fon. L

) o Using & gas 1ift percolator for thelr exparimental work, Mathews and
Robins (1972) proposed a rate equation of the form:

. - afFettin)) =k, (Pt P10, /(811072 exp(ers,9/RM) 1.6
de

where ko is the overall jon rate The of cu®* was
found to increase the rate of oxidation while the affect of Ni, Zn, Co,
N Hg, C1, Mo, NKZ, 4s, Cr, and Na ot n concentration of 0.001 ¥ 4n 0.2 M “
Fe(If) was found to be negligible. The concentration of Fe(Ill) was
moasured spectrophotemetrically snd the H+ concentration was estimated N
DI from pH at ambient They d 1. the oxygen
concentration from:

10,0 & 10, 4 = Kyfiey 1.17
where km and ko are the rate constants for the oxygen dissclution reaction
P &nd che forrous oxidation reaction respectively. The rate constant km

k was measured without any iron in solution at the correct pH and tempex-
avuro by measuring the dissolved oxygen concentration using an oXxygen Q,
. ¥ alectrods. No correction was made for the reduced solubility of the oxygen
as a resulr of the other selutes present. Substquent oxperiments were !
. made at a sufficiently high gas flowrate se that it would not affect the
value of k.

3 . Nicol (1975) confirmed the resulsr of Mathows and Rebins (1972) in terms
R of the dependance of tho xato on fexrous lon and onygen partisl prussure,
' but mode no attempt to guantify the role of tho hydrogen don. He zon=

1




sidered the effect of total concentration of dissolved electrolyte, and
operated his experiments at a gas flowrate sufficiently large to allow
the concentration of dissolved oxygen to approach the saturation concen-
tration at that temperavure and oxygen partial pressure. The saturation
concentration of dissolved oxygen experiences a 'salting out’ effect, in
which the sclubility of oxygen decremses exponentially with inerear ing
electrolyte concentration. Nicel found that the second oxder rate con-
stant, k, given by:

dlFeIID) = k(Fe(rn}? 1.18
at

was described by the empirical fit:

k = 0,0476 p(0,)exp(-0,0056C,) 1.9
where Ge is the total concentretvion of dissolved electrolyte (g 1-1)
He also did a number of experiments at & low gas flowrave where the

mass-~vransfer of oxygen to the solution is the controlling mechanism,
He d the mass- Ef1 and di d the effect of

and total of dissolved electrolyte on it.

Iwai, Majima, and Awakwa (1982) studied the oxidation of Fe(IIl) with
dissolved molecular oxygen in sulphuric acid solutions using a glass
autoclave. They, too, suggest that the reaction occurs in two paths ac-

cording to:
- 242
- a[Fetin)] = & [Fa™)? p(o,dexn(-51,6/RT)
dt
+ 4,180, 21 (7e**12500,) oxp(-244,0/8) 1.20
where Ao and A1 the ion rate constants of the two

paths, Thiy accounted for the following species in solution: Feso,.,

o >




FEHSOZ, HSO;. Their work seemed to indicate that the role of the hy-
drogen ion is contredictory and made no attempt in their formulatien of
the rate equation to guantify it. Instead, they attributed this behaviour
apparently due to the hydrogen lon, to the sulphate ion and included that
in their rate equation. They observed a deviation from second order
kinetics for Fe(II) in some runs and attributed this to the sulphate lon
as well.

Chmielewski and Charewicz (1984) presented second order kineties with
raspect to Fe(Il) concentration and first order kinetics with respect to
oxygen partial pressure with an sctivation energy of 56,9 kJ/mol°K, pro-
vided the ferrous ion concentration did not exceed 3-8 g/l. They obsexved
2 deviation from second order kinetics at higher conversions and proposed
that under these copditions the reaction kineties are first oxder with
respect to the farrous lon concentretion. Since only the higher ferrous
ion concentration region was of tachnolopicsl importance to them, they
did not quantify the low Fe(II) concentration kinetics.

‘*re kinetics of the ferrous ion oxidati shows some di

betwean the proposals of the various reseaxchers. However, the consensus
appears to be that the rate is second order in ferrous ion concentration,
at least in the initial stages of the reaction, and first oxder in oxygen
concentration. The rate is inversely proporticnal to a power of the hy-
drogen jon concentration.

1.2 Purpose and scope of this study,

The review of the literature indicates that the sphalerite dissclution
reaction may be controlled by many different mechanisms. However, the
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that the is el 1 in nature cannot be
tested directly by making & sphalexite electrode end measuring the

electrochenical current since the resistivity of sphalerite is so high
that very little curxent flows, ond the potential difference auxoss the
sphalexite elsctrode swamps the applied potential diffexence (Scott and
Nicol, 1978). A rate equation describing the leaching of sphalerite by
farric ion incorporsting electrochemicsl kinetics has, as yet, not been
proposed and tested. it :s the purpose »f this study to do so.

The aiwms of the present study are:

(1) to describe the kinetics of two natural sphalexites leaching
under conditions of oxidation by ferric ion in the absence of
oxygen by & fundamentel model based on an electzochemical
mechanism, and to test this model for experimental data
reported in the litersturxe, and obtained in this study;

(1) to describe the overall kinetics of the ferrous ion oxidation
reaction by dissolved oxygen as second order in Fe(II) and
first order in oxygen concentration and dependant on & power
of the hydrogen jon concentration, and to fit this model to
data obtained in this study;

(iii)to model the kinetics of sphalerite dissolution in the presence
of dissolved oxygen in acidic ferric sulphate media as the
simultaneous solution of the kinetic equations for (1) and (ii)
above, and to test this model for experimental datva reported
in the litersture, and obtained in this study.

The propositions of this study are that leaching occurring within the
scope of this work occurs primarily by an electrochemical oxidative at=
tack, and that the role of the oxygen reaction is to oxidise the ferrous
den in selution.




The present study ls restricted to the rsgion where:

(1) The leaching of sphalerite is d to acid
where little or no H,S is formed, that is, where leaching

2
occurs by direct oxidation, generaily below concentrations of

0,25 M HZSOA (refer to Nicol and Bcott, 1978
i and Verbaen, 1977},

o (i) Ferric don is steble in acidic sulphate solutions at pH values
p
b below 2. Since the study is concerned with leaching due to

* i ferric jon, the ac’'d concentrations must remain in this region.

to prevent precipitation of ferric ions. (Refer to MeAndrew,
Wang, and Brown, 1975).
' {iii) The ferrous ion oxidation reaction is confined to region where
ey the oxygen partial pressure is below 300 kPa gauge,
N i (iv) and the stirrer speed is such that the mass-tzansfer of oxygen
£rom the gaseous phase to the agueous phase is rapid, and not
rate-limiting.




2. THEORETICAL ANALYSIS AND MODELLING.

The work of Jan, Hepworth and Fox (1976) indicates that the role of oxygen
in the pressure leaching of sphelerite in ferric sulphate medis is to
oxidise the ferrous spacies in solution, and that oxygen does not con-
tribute to the dissolution reaction occurring at the mineral surfece.
Wadsworth {1972) reports that at the mineral surface, in the absence of
any iron species, the oxygan reacts to form intermediates, such as Hzoz
and Hoz, in a series of single electron charge transfer processes, re-
sulting in a relatively slow discharge of oxygen due to the strength of
the oxygen-oxygen double bond. Therefore, even though the presence of
oxygen may act as an oxidant in addition to the effect of ferric ion, the
partisl current due to this resction is likely to be swall since the rate
of this xeaction is slow, and can b2 neglected.

Assuming that the lesch reaction and the ferrous oxidation reaction occur
independently of one another, the oxidative leach in the presence of ox~
ygen can be modelled as the sie.ltanecus solution of the two rate
equations describing each separate resction.

2.1 Modalling of tha sphalarite lsaching kinetics,

The loaching of a single sphalerite particle occurs at the pariicle sur-
face, producing a porous sulphur layer as the reaction proceeds. This
‘shrinking core' process (refer to Levenspiel, 1871) is represented by:

dn
at

= ~Ray 2.1
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where m = amount of leachable metal remaining in the core (mol);

»

= particle surface ares available for leaching (m*);
¥ = factor depending on the conditions within the solution (-);
X = pate constant (mol/m*min).

The essential part of the formulation of the model describing the dis«
solution is contained in determining the way in which the area changes
during dissolution and the effects that constitute the solution condi-
tions factor, ¢. The solution conditions factor is determined by the
elecrrochemical modsl, and the effect of area changes is deseribed by the
shrinking core model.

2.1.1 Electrochemical modsl,

The dissolution of & particls by electrochemical attack is described in
a way that is analogous to the electrochemical 1 hani Twe

partial reactions occux at separate lotalities on the surface of the

particle: an enodic reaction supplies electrons by D + P e, and a
di £ alect: by A* 4 e = D. In corrosion and

lenching the anodic reaction would ba the dissolution reaction and tha

cathodic reaction would be a reaction in whick an oxidant in the solution
would consume the eletrons supplied by the dissolution. Since there
cannot be any net current flowing, as the particle is a ciosed surface,
the current produced and consumed by both partial reactions must be the
sama. The Butler-Volmer equation describes the electrochemical kinetics
in terms of the anodic current density, iy and the ~athodie euxrent den~
sity, ic, Refer to Bockris and Reddy {1970) for a thorough trestment of
electrochemical phenomena. For the anodic reaction the current density
is:

v
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i = Kk, [D) exp((1-B)A¢F/RT) 2.2
and for the cathodic reaction this is:
i = Fg[4%] exp(-Ba¢F/RT) 2.3

whexe B = symmetry factor (-);
&¢ = potential difference across the Helmholtz plane at the mineral
surface (V);
{D) = concentration oxr activity of species D (wel/l1);
§ = Faraday's constant (J/V mol);
k = rate constant;
T = temparatuze (°K);
R = gas constant (J/°R mol).

The subscripts A and C refer to the anodic and cathodic partial reactions
respectively. The potential, A4, i5 the difference between the electrical
potential of the sclution, ¢(S), and that of the mineral surface, $(M),
where S and ¥ repxas;nc the solurion and mineral respectively. To measure
this another cell has to be in series with this, and the measured potsn-
tie) difference with respect tc this reference cell is denoted E.

Paul, Nicel, Diggle and Ssunders (1977) studiud the electrochemical
behaviour of the dissolution of galena (PbS), and derived an
electrochemical model hased on this mechanism which successfully pre=
dicted their results:

Representing the metal sulphide as M8, this kinetic mode! can be repres=
ented as:

1 M=t 4" 248
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2) 87 +8%+46" 24 b

Applying the approximation that the zate of formation of the low concen~
tration intermediate, 'S"', is eguel to the rave of consumption, then:
0=ilA- 11C. iga 2.5
where & represents anodic and C cathodic, and 1 represents rzeaction 1,
and 2 reaction 2. Writing the Butler-Volmer equation for each of these

partial electrode reactions:

0 = K, [5]expCC1-6, 805 /RT) = by 821187 Joxp(-B,A0%/RT) -
Ky (871 exp((1-B2)0F/RT) 2.6

The subseripts of the symmetry factors vefer to reactions 1 and 2, that
is, equations 2.4 & and b.

The overall amodic current is i, = 2i,,, that is,

iy = 2Ky, F{87) exp((1-B130eF/RT) 2.7
El {87) from 2.6 and 2.7 gives:

iy = 2k k) exp((27B,-Ba) AOF/RTI/E & 2.8
where £ 4= % 17 )oxp(8,408/RT) * %, 0xp((1-Ba)A6F/RT)

Assuming that the perontial for reaction 1 is large relative to the
equilibrium potential, so that the first term of the denominator of :LA
4s small, the ancdic dissolution current reduces to:

i = 2¥k1Aexp((1-Bl)A¢5/RT) 2.9

13
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For the ferrous-ferric couple,
3y Fe¥t 4" = e
the current is given by:

Lpg= g [Fa2 ¥ lexp((1-By VAT/RT) Py (Fe™ Jasp (802008 /RT) 2,21

where By, represents the symmatry factor for the ancdic reaction of
equation 2.10, and By, the cathodic reaction.

Since no net current flows during leaching,

iy + ipy 2,12

Re~arranging and simplifying, the following expression is obtained:

0 = 2K, exp((1-5,J88/RT) + kg, [Fo®*] exp((1-85 )e09/RT)
- kg [Fe>") axp((-B,1)00%/RT) 2.13

Nicol, Needles end Finkelstein (1975) showed that the role of the iren
couple can be divided into 3 regions:
(1) The partiel anodic curren: due to the oxidation of
Fo?* is negligible.
(i1) The partial anodic currents due to the oxidation of
Fe2+ and ZnS ere significans.
(ii1)The partial encdic current due to the oxidatiun of
Zn8 is uaegligible compaxed with that due to the

oxddation of Fe2*,

20




The eguations describing these 3 cases are derived by solving equation
2.13 for exp(A$/RT) and substituting this in equation 2.9, They are as
follows:
gase (1)
LN
4= F (20" (ke Feo 1) 2.4
where @ = By2/(1-Bi+Bya) and § = (1-8,)/(1-B+Bs2)

Case {11)

3 23
1, = 20k, (hyglFe®™) /02Ky, + kyy (Fe?112)04% 2.15
case(di) assumes that the B values are equal.

Case (341)
3+ 2+, 8
1A = 2Fk1A (kSC[F° ]/ksA(Fe N 2,16

where § = (18,37 (1By +Baad

These three cases can be axpressed in the genevalised form:
. T
4, = 20y, Gy [Fe¥1/( 28y, + kg, (Fe?1)) 2.7
where & = a parameter depondant on the symmetry factors.
An equivalent statement to that of equation 2,12, that is, that the net

current density is zero, is that the reaction occurs at the mixed poten=
tial, Mm. that satisfies the thermodynamic equilibrium conditions which

21
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occur when the current density is gere. The overall diss:lution riastion
is:

m8 + 276 o 202" 4 5° 4 2me?* 2.18
and the mixed potential, Mm is:

Ay = 89° + RT/2¥% 1n (activity ratio) 2,19
activity ratio = [ a(Fe’™)? a(zns)/ | a(FetHtatzn?®) as™ 1)

where a(X) = activity of species X
4¢° = standard potential for reaction 2.18.

The standard potential is that when the activities are unity, Bince ZnS
and 5% are solids their activities are unity:

b6y = 4¢° + RI/2F In [ atFe®™)? / [ a(Fe?)2a(za®™) 1) 2.20

Case (i) conditions are described when a(Faz*} is clesa to wnity, and case
(idi) conditions occur when u(an*) is close to unity. Therefore, if the
activities of the various species could ba accurately predicted, then this
prediction of the mixed potsnciazl could be substituted directly inte
equation 2.8 (the mineral surface potential is the mixed potential), te
describe the leach kinetics. Since 44° cannot be determined on its own,
but only with respect to another cell, normally the standsrd hydrogen

el de, the potential that is into 2.9 ds:
B, = E° 4 B2 In { Pt /1 atRe?2atma®™) 1y 2.21
where E is the mixed potential with to the b

nlectrodo, E° i{s the standard potential for oquation 2,19 and can bo
caleulated from the standazd Gibbs froe enargy for the reaction. It has
a value of 0,5061 V, caleulated from the values given by Latimer (1852).
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Dry (1984) leached low-grade mettes in acidic ferric sulphate medis, and
cbserved that the redox potential measured with a platisum electrode
followed the extent of reaction, and when used as an approximation for
the surface potential ifference, A$, successfully predicted his leaching
results, Approximating A¢ in equation 2.9 by the redox potential, Eh,
given by:

Eh = EP + RE/F 1n [ a(Fe®t)/acFe®®) | 2.22

where a(Fe“) and a()‘as+) are the activities of the farrous and farric
ion species respectively, and X is the standard potential vs §.H.E. for
the fexrou ric half (the ¢ stave is that when the
activities are unity). The value of E® given by Yeager and Salkind (1972)
is 0,771 + 0,00119(T-298).

'This 1s essentially the same as case (iii) conditions, that is, assuming
that the partial snodic current due to leaching is negligible compared
to ther of the oxidstion of the ferrous iocn., The activities of the
forrous and farric species in solution are affected by the presence of
any ferrous or ferric sulphate complexes formed. Ferric ion is stable in
agueous sulphate solutions with pH values below approximately 2; in this
region the following eguilibria imvelving ferrous amd ferric ion ave
significent:

¥ 4 i* 4 2502 = Peliso g0, PRCLEN
r®* 4 it + 502" = Fonsolt 2.23 b
TR - -
re* 4 it 4 sof” = Fo(s0,); 2.23 ¢
Fe¥ 4 g0?” = Fos0] 2234
¥+ s = HSo; 2.23 ¢
Fe?* 4 502" = Fes0, 2.23 £
P&+ i+ 5087 = Faisd} 2,23 g
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The prasence of zinc in solution adds the equilibrium:

24 2- -
" + 80, = Zns0, 2.28

These complexes are be desci.bed by .he total concentrations of the fol-
lowing components Fs'%, Fe“, H+, 5012

", and 2% and the equilibrine
constants. Refer te Appendix A for the eguilibrium eenstants. 'The total

o ion of each must remain et equilibrium, and
y a mass balance is written for each of the . The
S of the complexes are expressed in texsms of the concentrations of the

components, the equililbrium constants and the activity coefficients. The
astivity coefficients are evaluated by the Debye-Buckel equation (Kortum,
1965), This results in five simultaneous non-linear equations in five

K varisbles, the concentrations of the f£ive components. These equations

5 are solved using a Rap! technd Tiug-Pa and

Narcollas (1972) discuss a quadratic search in the directiun given by the
Newton-Raphson solution at each i that speeds g/

I ‘The subprogram EQUIL has been written in FORTRAN 77 to perform this cal- <
[P culation, and is listed in Appendix K. Figure 2.1 represents the pre~

0 dicted and calculated redox potentizls plotted against the log of the
) ratdo of the ferric ion activity to the ferrous fon activity. The measured
. values dre the points on the graph and are from Dry (1984), and the line
represents the calculated values from the subprogram EQUIL. The liquid

"o

A 1 otential has been ¢ for by the Rendexsen squation
3 (Rortum, 1965) in tlie subprogram EQUIL. There is good agreement betwaen .
P . the measured and the caloulated values, and the valuas caleulated from

this subprogram are substituted for the redox potentisal with a high degree
of confidence,
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Figure 2.1 Calcnlation of redox potvential. Data peints measuz‘ed‘
by Dry (1984) and lines represent the caleulations of the
subprogram EQUIL to predict Eh. Activity ratis is the ratio
of gctiviries of ferric to ferrous iom,

This prediction of the the redox potential of the solution, Eh, is sub-
stituted for A¢ in equation 2.9, and since the rate of reaction is ex-
pressed in terms of Faraday's law, that is,

i
pe.lm s 2.2
adt 2f
then
18 o Rexp((a-p,)ERE/RT) 2.25
& dt

is used to simulave the loaching results. Note that X and klA are iden=
tical in this cese,
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2.1.2 Shrinking core bshaviour

The effect of the change in area of the particle is wedelled by the
shrinking core model (xefer to Loveday, 1975)., By defining the charac-
teristic particle size, 1, as: 17 = volume of the particle, the sirface
ares, 4, in terms of the . ape factor, ¥, as: 2z = ¥1?, and the molar
density as: mp/1,? = m/1® vhere m, and 1, are the values of m and 1
gt the beginning of the leach, that is, at t=0, and rearranging an ex~
pression for a, as shown in Appendix B, is obtained:

P 2/3

(1 /me) 2.26

The shrinking core wedel can be expressed as:

g ra?? (1,7 0 2y 2.27
dt

with the boundary condition that m = m, and ¢ =, at t = 0

Now, defining M, and F, as the te.al initial number of moles of leachable
zine in all the particles in the leach and the total initial mass of all
the particles respectively, and ¥ and ¥ as the corresponding values at
sny subsequent time t, it can be shown that:

. ?= R 7 Fo/ (Lo /)2 o 2,28
't

where p is the mass density. Refer to Appendix B for the derivarion of
this equation. If the particles are not 2ll of the same size but have a
size distribution of £(1,), then the total amount of leachable zinc re=
maining in the coxe is given by:




1max

Sk ) v oY L) v sy 4
1min

2.28

where 1, and 1 . &rs the minimum and maximum parvicle sizes. If the

ameunt of leachable material is dependant on the particle size distribe
ution, then:

Idﬂ(l,ﬂ = 4 ENg,)
at dat

where ““‘i) represents the amount of leachable msterial in size class

1‘,1. This represents i equations for i class fractions and are sclved
simultoneousiy,

2.1.3 Electrachemical shrinking core model

C.anbining oquation 2.25 and equation 2.29, and rearranging, the equation
describing the process is:

Imax
&
dt

=R F T 00 (el b £ dl,
inin

2.31 a8

The solution conditions factor, ¥, can be represented in terms of the
caleulated redox potential, Eh, as follows:

¥ = exp((1-B,) ERF/RT) 2.31 b




The solution redox potential depends on the tota'! concentrations of the
iron species and zinc species in solution s~y vuese are dependant on the
extent of reaction. This means that Eh is a .unction of M only, thac is,
Eh = Bh(M). The alectrochemical shrinking core model is & non-linear or-
dinary di al in one in” d, variable, t, the time

since leaching commenced, and can only be sclved by numsrical techniques.

It is assumed that the other sulphide species, notsbly FeS, react at the
same rate as the ZnS, but in proportion to the amount of non-zine
sulphidic material present (refer to Appendix B}, It is alsc assumed that
the 2n0 layer that may be present around the particle reacts almost in-
stantsneocusly with the acid in solution, and this is shown experimentally
in Appendix H to be true. The extent of the Zn0 layer may be detezmiraed
by leaching the sphalerite in dilute sulphuric acid (0,05M HZSOA)‘

A modified Gear method for stiff differential equations was used from the
1.4.5.5 Mbrary to solve these di al B! ( i 2.30,
which incorporates equation 2.31 for each particle size clsss), and no

preblems were experienced in the application of the package.

Equation 2.31 a and b represent the shrinking core behaviour of . set of
particles of ZaS with a size distribution £(1,) dissolving by & mechanism
of direct el 1 The mede in the deri-
vation of this model may be summarised as follows:
(1)  Shrinking core bshaviour;
(4i) Electrochemical dissolution by direct oxidacive attack
by ferric ion;
(1ii) Rinetics given by Paul of al (1977) (equation 2.4 );
(iv) HMineral surface potential is relstively large, or the
concentration of an* is small, so thet tha first
term of the denominstor of equation 2.8 is negligible;




(v} [57] intermediate is at steady state;

{vi) Electrochemical leaching occurs under conditions such
thet the sphelerite partial anodic current is negligible
compared to that of ferrous ion oxidation on the mineral
surface.

2.2 Oxidation of ferrous ion by dissolved oxygen.

The oxidation of ferrous jon involves two processes: (i) Mass-transfer
of the oxygen ges to the liquid phase from the gaseous phase, that is,
the dissolution of the oxygen, and {ii) the oxidation of the ferrous
species by the dissolved molecular oxygen to the ferric stete, Since the
focus of this study is not on the massetransfer characteristics, it is
preferable to design the or such that the

oxygen reaches its value very soon after the re-
sction begins, to ensure that gaseous-aguecus mass-transfer effects do
not have a significant effect, This is achieved by increasing the stirrer
speed sufficiently.

The results presented by Mathews and Robins (1972) snd Chmielewski and
Ch dez (1984} indd that the oxid of fervous ion by dissolved
oxygen has the form:

< AFUID] oy (Re(rn1?10,)/ 81 expt-ERD) 2.32

at

where k° is the overall reaction rate constant, Bn is the activation en+
argy and b is a constant. Most suthors agree that the reaction is socond
order in ferrous ion concentration and first order in oxygen concen-
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tration, but disparity exists with regard to the dependance on hydrogen

ion concentratiou,

The concentration of oxygen is dependant on the mass-transfer ceefficient
and the saturation concentration of oxygen im solution. The saturation
concentration of oxygen is dependant on the partial pressure of oxygen
gas, the vemperature, and the concentration of dissolved electrolyte in
the selution. As long as the concentration of dissolved gas is smell and
the temperature and pressure sre far removed from the critical values for
the gas, Henry's lew is obeyed and the concentration of the gas,
[02]“:, in equilibrium with the partial pressure, p(Oz), of the gas is
givsn by,

B(0,) = 10,] M 2.33
whexe H ie the Henry's law constent.

Since the oxygen reacts in solution, Henry's lsw does not apply to the
toal concentration of dissolved oxygen, but to the concentration of
unreacted oxygen. In electrolyte solutions, the solubility of the oxygen
is on the of electrolyte. Danckwerts (1970) de-
seribed this 'salting cut' effect in which the satuxation concemtration
of oxygen decreasus with increasing disselved elaectrolyte by:

log (8/8,) = & h,I, 2.34
where §¢ = solublility of nxygen in pure water
§ = solubility of oxygen in an electrolyte solution

hi = constant for a given lonic species i
I1 # jonic strength attributable to the lonic specias i
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Narita, Lewson and Ban (1983) presented a modification of this result for
oxygen which they found to be superior at higher elsctrolyte concen~
trard than that by es {1970):

log(s/8:) = - L K0, 2.35

where Ki = ‘solubility constamt' for all species i
Ci = molarity of specles i

Velues for Ri for different species i ara presented in Appendix C.
The solubility of oxygen di with an in for

temperatures below 130° and & positive oxygen partial pressure, and is
given by:

Sy = Sy4g exp(1336/T = 4,48) 2.36

whete Gy, » solubility at 298°K, that is, {0, 4, ot 298 °R.

Combining equationas 2.33, 2.35 and 2.36 to give the oxygen concentration:
10,1 = p(0,)/Hygy oxp (1336/T ~ 4,48 = L K,C)) 2.37

Application of this equation involves the calculation of the concene
trations of the various ioniec species in solutien, especially the con-
centxations of H*, sof‘ and Hso;. This calculation was performed by the
subpzogram EQUIL, the program that calculated the redox potentisl, as
discussed dn section 2.1.1. Thus the oxidation reactien is described by
squation 2.32 and 2,37,

The assumptions made in the prosentation of this model are:
(1) The overall kinetics of tho forrous ion oxidation reaction




are second order with respect to ferrous ion concentration,
first order with respect to oxygen concentration, and
to the hyd lon ion to some power.

{1i) The oxygen concentration is saturated at a level caleulared
by the correlation of Nerita, Lawson and Han (1983)
accounting for electrolyes in solution.

(441)The hydrogen ilon concentretion is caleulated by accousting
for the complexes in solutien (as discussed in section 2.1.1)

2.3 Leaching of sphalerite in the presence of oxygen.

A number of authors, including Jan, Hepworth and Fox (1976), Doyle, Mas-
ters, Webster, and Veltman (1978), and Forward and Warren (1960), sug-
gested that the role of the oxygen in & solution of acidic ferric sulphate
is to oxidise the ferrous species, rather than to contxribute to the direct
oxidation of the sphalerite. Mathews and Robins (1972) reported that zinc
in solution does not catalyse the ferrous ion oxidation reaction, Thus,
the leaching of the sphalerite mineral particles in the presence of dis-
solved oxygen and ferric ion can be modelled as the simultapeous solution
of the leaching and the d di al 1 p d in
seations 2.1 and 2.2, that is, equations 2.32 and 2.32. This assumes that
the presence of sphalerite particles in solution does mot catalyse or
influence the ferzous ion oxidation reaction.

Frem the mathematical analysis developed sbove it is possible to test the
propositions of this study. The proposition that the rate-limiting step
of the dissolution of sphalerite is an alectrochemical reaction can be
verifiad by fitting tho model derived in sootion 2.1 to the lasching data
for sphalerite in the absence of oxygen. The propositiosn that the role
of the oxygen in solution is primavily to oxidise ferrous iom in solution,
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and therefore does not contribute directly to the dissclution is verified

if the dissclution of sphalerite in the presence of oxygen is described
fon of the two di 1 31 deascribing

by the simultanecus sol
each individusl process.

These two rate equations, that is, equation 2,31 descxibing the lsaching
rate, end equation 2.32 describing the ferrous ion oxidetion rate, are
solved simnltansously using the modified Gear method fox stiff diffaren~
tial equations, ond this program is presented in Appendix K.
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3. EXPERIMENTAL PROCEDURE AND RESULTS.

3.1 Experimental reagents and analysis.

3.1.1 Description of reagents,

The sphalerite was a flotati from the Black Moun-
tain ore deposit in the Cape. This material was chosen becauss of the
possibility of it one day being commercially pressure leached in & process
similar to that developed at MINTEK (Verbaan, 1981). The sample obtained
was dried, and milled in & rod mil}l for five minutes per 500 grans to break
agglomerates of smallar particles that had formed, and then tumbloed for
en hour to mix the whole sample. The particle size distribution for the
milled sample was ubtained from MINTER by wet screening for size fractions
above 38 micron and from 4 Worman cyclosizer on fractions below 38 micron.
This distribution is presented in Table 3.1.

The chemical composition of each size fraction was obtained from MINTEXK
and is presented in Table 3.2, Mineralogically, the Black Mountain
sphalerite is composed mainly of sphalerite (Zn$), with small emounts of
galena (PbS), chalcopyrite (CuFeSy), pyrrhotite (F°1-xs) and anglesite
(PLS0L) .

Analytical grade sulphuzic acid, ferrous sulphate crystals and ferrie
sulphate crystals were used, Distilled water was used to prepare all re«
agents to their desized concentration,




Table 3.1 Particle size distribution of Black Mountain sphalerite.

Fraction $ize (microns) Mass %
retsined
0 212 0,00
' 150 0,7
2 106 4,26
3 2% 8,02
4 53 12,74
. 38 11,44
6 29,81 5,31
? 23,58 10,28
8 16,57 10,78
9 11,75 8,13
10 8,35 5,84
11 ~8,35 22,46 (by difference)

Table 3.2 Chemica. compusition of Black Mountain sphalerite.

Fraction Zn Fe Cu Pb Hn 81 8
1 48,5 9,15 0,54 2,57 1,73 1,98 28,1
2 49,4 5,62 0,66 0,97 2,00 1,32 20,9
3 49,5 10,3 0,63 0,80 2,31 1,26 31,4
4 43,5 10,6 0,52 0,70 2,12 1,30 32,0
5 ' 48,8 10,9 0,41 0,63 2,04 1,14 31,2
8 48,6 11,7 0,3 1,33 1,66 0,65 31,3
? 53,1 9,85 0,32 1,15 1,73 0,89 30,6
8 51,4 9,98 0,29 1,31 1,5 0,81 30,8
¢ 52,5 8,80 0,28 1,36 1,42 0,67 31,6
10 53,5 5,46 0,27 1,3 1,29 0,53 31,8
11 4%,9 9,09 0,63 9,37 1,20 1,25 27,9

Unscreened | 49,7 10,09 0,54 2,95 1,80 27,5
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3.1.2 Methods of chemical analysis.

The concentrations of zine and iron i solution were measured on 2 Varian
AA 1475 series atomic absorption spectrometer in the Department of Chem-

ical at this . The of ferric ion was
determined by tityation with sodium thiosulphste, and the concentxation
of sulphuric scid was d by with sodium

Refer to D far a on of these titration methsds.

3.2 Apparatus.

Two sets of apparstus were used: a small 2 litre beaker in & constant
wemperature dath, and an 38 litre pressure reactor. The
< ar bath was used when leaching in the absence

of auygen, while vhe pressure reactor was used for the oxidation of
fervous ion and leaching in the presence and absence of oxygen. The ob«
Ject »f using the con bath was o study the

initial rate of leaching moze thoroughly, Diagrams nf the equipment used
are presented as figures 3.1 and 3.2,

3.2,1 Larg~ pressura reactor,

The pressure reactor was a stainless steel, stirred vessel with a rounded
botcom and 4 £lat top. The top had three facility ports, a port for solids
inlet, v inlet for gas supply, and an amergency outlet controlled by e
bursting diuphragm. A pressure gauge and two vent taps were also attached
to the lid. 'The reactor was heated by means of twe electrical elements
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placed around the cutside of the vessel, and the temperature wes con~
trolled by a proportional, integral and derivative controller, The reac-
tor capacity was 18 litres. The gas supply, elther nitrogen or oxygen,
was contrclled by a pressura regulator valve on the gas cylinder, and fed
into the system by a stainless steel pipe and released through a single
orifice to a point immediately balow the impeller. The impeller was a
four~blade, flat stainless steel impeller, driven by a variable speed
motor. The speed was set using a stroboscope.

3.2.2 Constant-tempera.ure bath [

The bath i d of a 2,3 litre cylin-
dzical glass culture-vessel fitted with a flat teflon id to which two
batfles had been attached. The 1id had ports for a redox slectrode, and

for sampla analysis. The 1id was secured to the vessol with a flange.
The contents of the vessel were stirred by a stainless steel impeller
driven by & variable speed motor connected by a flexible cable drive, The
speed was set using & stroboscope. The vessel was placed in the
constznt-temperature bath, which was controlled by e proportional con-
troller. 4 Schoti-Gerade Pt 62 4 slectrede ( 3,5 N
XC1 5.G.E.) was dmmersed in the rescting solution and the redox potential
meagured on a Hetrohm pH/uV meter.
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3.3 Experimental procedures.

3.3.1 Procedure for leaching in the pressura peactor without oxygen
present

4 solution was made by dissclving ferrous sulphate and sulphuric acid in
distilled water, and stored in a plastic drum. Ten litres of solution
was tapped and reacted with hydrogen peronide to produce the required
amount of ferric ion, and poured into the reactor. The reactor was heated
up under a p! of at 1y one gauge to

prevent any The reguired amount of sphalerite was

weighed to three figure accuracy, and once the temperature hed stabilised,
the sphalarite was added *o the solution and the stop-watch started., The
sphalerite was leached under a p of . ly 15 ml

samples were taken, filvered in & 200 ml membrane filter, amd bottled.
Dead volume in the sempling :nbe.was removed immediately prior to taking
the sample. Samples were analysed for farric ion, total ixron and zinc fon
concentrations, After the run was completer, the solution wus drained from
the reactor, and the reactor was washed out with water or dilute sulphuric
acid.,

Duxing the reaction the contents of the resctor were oxanined by lowering
a torch bulb through one of the ports, and observing through another.
This was to check that the sphalerite solids wers thoroughly mixed, and
did not float on the surface of the fluid. A vortex was observed in which
the solids wure well-mixed, contacting the leaching solution all the time.
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3.2,2 Procedure for leaching in the 4 mperature bath reactor.

Sphalerite leaching without oxygen was also conducted In the
bath to examine the initial rate of

leaching more thoroughly. A lesching solution was mude up by dissolving
solid ferric sulphate and sulphuric acid in distilled water and stored
in a sealed glass containar. Selution was then drawn from this supply so
that a set of experiments would have tke same initial concentration of
ferric iom.

One livre of solution was taken from the make-up solution and poured into
the leaching vessel in the constani~temperature bath. The bath was set
at the required tempersture and controlled to with 0,2 °K. The stirrer
and the baffles were put in place, and the redox potrential electrode was
immersed to a sufficient depth in the solution. The xeguired amount of
ferrous sulphate, FeSOl.<7K20, was weighed to foux figure accuracy and
dissolved in the solution. The required amount of sphalerite was weighed
to four figure acsuracy. The temperature of the solution was allowed to
rise, and once it had stabilised, the sphalerite was added to the solution
and the stop-watch started,

Approximately 15 ml samples wexe extiacted using a plastic syringe, fitted
with scme plastic tubing at regular intervals, end filtered in & 200 ml
membrane f£iltér. At the end of the leach, the sclution was filtered and
the solid residua collected. All containers were then washed in both
acetone and distilled water for the next loach experiment.
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3.3,3 Procedure for Fe(ll) oxidation in the pressure reactor.

Ten litres of solution was made up by dissolving the required amount of
ferrous sulphate and sulphuric acid in distilled water, and poured in the
pressure reactoxr. The reactor was heated up under & pressure of nitrogen
at approximately one stmosphere (gauge) to prevent any premature
oxidation., Ismediately prior to the bsginning of the experiment, the
nitrogen was vented. At the start, oxygen was fed through the system to
remove snv any remaining nitregen, and then the pressure was allowed to
build wp to the required value. The stop-watch was started when the oxygen
was £irst let into the pressure reactor. Approximerely 15 ml samples were
taken and analysed for ferric fon and total ion concentrations. Dead
volume in the sampling tube was removed just prior to taking the s 8.
After the run was completed, the reactor was emptied and washed ou, th
water or dilute sulphuric acid.

3.3.4 Procedure for leaching In the pressure reactor with oxygan
presant.

Solution was made up by dissolving the required amount of ferrcus sulphate
and sulphuric acid in distilled watex, and then adding hydrogen peroxide
to oxidise the required amount of ferraus sulphate tc the ferric state.
This solution was then poured into the pressure reactor, and heated up
under a pressure of nitrogen, Just pricr to the start, nitrogen was
purged from the system. The sphalerine was poured into the reactor with
distilled water in the form of a slurry, end any remeining solids were
washed into the reactor with a small amount of distilled water. The
stop~watch was started when the slurry was poured into the leaching sol~
ution. The reactor was then sealed, and the oxygen was turned on, Some
oxygen was vented through the vent tap to remove any remaining nitregen.
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Approximately 15 ml samples were taken and filtered in a 200 ml membrane
filter and bottled. Dead volume in the sampling tube was extracted just
prior to taking the sample. Samples were analysed for ferric iom,
sulphurie azid and tote) lron concontrations. At the end of the leach,
the solution was filteted in a large £ive litre membrane filter, and the
solid residue collected. The reactor was then rinsed and washed in dis-
tilled wo*ur.

3.4 Exparimentsl results.

3.4.1 Rasults for s...ierite lesching without oxygen prasent.

The procodures outlined in section 3.3.1 were followed and the wesults
are prasonted in Appondix E. AL) these experiments were conducted using
Black Hountain sphalorite., Two g/! of unscreened sphalerite was leached
in the pressure reactor. Solution containing farrous ion only for theso
roaction oxperlmonts was tiken from the same bull. solution so that they
would fave tha seme total iren concentration, and then exidised to dif-
feront extents using hydrogen peroxide. The results for three oxperiments
at concentrations of 3,5 , 6,0 and 8,55 §/1 forvic ion are shown in £igure
3.8, All of these ferric ion concentrations are gre in excess of the
stoichiomotric requirement for semplete convarsion. All throa exper-
iments show a sharp initial rate of dissolution dependant on the forric
ion concentration, but cach rapidly siows off vo reach a final comvorsion
of zinc from tho solid phaso to the sguecus phose of about 40% aft«w five
hours at 80° €. This behaviour {s ixregular, since the convarsion for run
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39 at 3,5 g/) Fe(IlI) is higher than that for run 40 at 6,0 g/l Fe(IIX)
after about 30 mins..

Run 28 on figure 3.3 is for a 20g/] sphalerite sample in 19,1 g/] Fe(IID).
Despite the in solids on, the final conversion re~
mains at about the same level; that of 48%.

The zeproducibility of the leach results was tosted on a screened sample
#f sphalerite in the size range 474 ~105 um in the pressure reactor,
Figure 3.4 indicates that these results are reproducible. A distinct
decresye in the overall conversion between this and figurs 3.3 is alse
evident.

The effect of agitation wes tested on & sample in the size range +53 ~74
#m in the pressure reactor. Theso experiments were conducted at the same
initia) conditiens and are presented in figure 5.5, The rates of the first
three runs, 56, 57, and 61 incresse with stirrer speed; however, run 62
has the game initvial rate as run 61 but the rate drops dramatically after
that., .

Figure 3.6 provides a comparisen betwean five runs showing the offect of

B %, forric ion and stirrer speed. The ferxde jou
coneentiatiin of gun 58 js double that of 57, and are both at 50°C, while
Tun 59, st the sawe ferric ion concentystion of run 58, is at 90%¢. Com-
parison of runs 58 and 59 indicute that while there is & dramatic increase
in she dnitial rote, the raves after abuot 15 minutes ave compavable,

indicative of chemical ion contrel in the {nitial stages of reaction
followed by diffusion convrel through a solid product ‘ayer, or
prod layer ' isci of rung 62 and 63, at higher
.
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P Figure 3.3 Leaching of sphalerite in an excess of ferric ioms, indiceting
of the + 80°C; unscreened

. ZnS; 8,95 g/l votal iron; 450 RPM; 2g/1 2nS; 0,1M H,50,,

Run 39: 3,5 g/1; 40: 6,0 g/1; 42} 8,85 g/1 Fe(IID).

Run 28: 19,1g/} F~(III); 20g/1 Zn$; 90°C

e stirrer speeds then runs 57 to 59, confirm the result reported earlier
N that rate decreases dramatically st higher stirrer speeds.

The ineressa in temperature from 50°C to 90°C does increase the initial

rats

1y, again ind. chemical or p layer
. contrel at the baginning, followed by passivatien.

Exporiments in the const ‘nt-temperature bath equipment were undertaken .
to confirm that the leaching results presented sbove were net due to obe o
vious experimental error, to measure the radox porential aceurately, and
to explore the initial rate more thoroughly. Runs F1, F4 and F5 were

0 conducted at a constant ferric lon concentration varying the ferrous ion €
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Figure 3.4

concentration. These resuits are prasented in figure 3.7. A distiact

decrease in rate is noted with the increase in ferrous ion, confirming

the dependance of the initial rate on the concentration of the uncomplexed

ferric don in solution. Repeating these runs at a higher ferzie iom

concentration, F13, and a higher stirrer speed, F19, produced results that

fell almost directly on one another, independent of the ferrous isn con~
at lower » This confirms the xesults obtained

praviously,

Bata for the leaching of sphalerite from the Gamsberg ore deposit in
acidie ferric sulphute media in the absence of oxygen is presented in the
litorature (Verbaan, 1380), and the analysis of this date in texms of the
model derived in section 2.1.3, that is, equatden 2.31, is prasented in
chapter &,
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Conditions: 56°C; 3g/1 ZnS; +74 «105um; 0,124 H,50,.

3.4.2 Experimental results for the oxidation of Fe(ll} by oxygen.

Daza obtained by the proceaure outlined in section 3.3 2 are presented
in Appendix F, and are discussed and enalysed in chapter 5. Ferrous ion
idatd wexre L) d under different conditions of Pe(Il)

concentration, tempersture, oxpgen partial pressure and acid cencen-

txation. The rate increases for an increase in Fe(II) concentratvion,
temperature, and oxygen partial pressure, ard decreases for an increase
in the aedd concentration. These results wers found e be reproducible
and typizal results are presonted in figure 3.8,
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333 343°K; 4,5 bar p(0y); 1,3 g/1 Fe(IID); o
34: 333°K; 1,0 bar p(0;); 1,15 g/l Fe(IIl); I
85: 353°K; 3,0 bar p(0:); 1,10 g/l Fe(III}. N

3.4,3 Experimental results for leaching with oxygen prevent. e

The d for these is cutlined in section 3.3.3. The E
results from these experiments &rs presented in Figure 3.9 and 3.10,

showing that the same problem experienced in the absence of oxygen occurs
in the prasence of oxygen as well. Figure 3.9 does indicate a slight !
increase in the final conversjon for similar conditions as figure 3.3, {
Comparison of the results presented in figuve 3,10 suggest that tha ad- . ko
dition of oxygen to the system resvlts in significantly increased initial 78,
rates, followed by the same decrease in rate st the end of the leach, The
differsnce between runs 63 and 64 shows clearly thar the additvien of ox- .
ygen has a marked effect. -
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Run &2: no oxygen; 44: 0,5 bar p(0;).

Data for the leathing of a sphalerite from the Gamsberg ore daposit in
acidie ferri‘ sulphate media in the presence of oxygen is presented in
the literature (Verbasn, 1981), and analysis of this data in terms of the
model presented in chapter 2, that is, the simultaneous numerical solutien
of equations 2,31 and 2.32, is presented in chapter 6.

The leachiny “rults for Black Mountein sphalerite are discussed in sec-
tion 4.1, & ilu results for the leaching of Gamsberg sphalerive are

analysed in section 4.2. The theoretical analysis presented in section
2.2 is applied in chapter 5 to the experimental rssults for the ferrous
ion oxidation reaction presented in this chapter. Results for the leaching
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Figure 3,10 Leaching of sphalexite in the presence of oxygen.
Conditions: 90°C; 465 RPM; 0,0602g/1 Fe(II);
0,124 H,80,, +53 -74 ym;
60: 11,5g/1 Fe(1II); 9g/1 ZnS; 3 bar p(0,).
64: 5,35g/1 Fe(III); 16g/1 ZnS; 2 bar p(0,).
63: 5,6 g/1 Fe(III); 3 g/l ZnS; no oxygen.

of Black Mountain sphalerite end Gamsberg sphalerite in the presence of
oxygen are analysed in chapter 6.
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4. ANALYSIS OF EXPERIMENTAL LEACHING RUNS IN THE ABSENCE
OF OXYGEN.

4.1 Leaching of Blask Mountain sphalerite without oxygan.

4,1.1 Leaching results for conditions of an excess fereic lon.

The leaching of Black Mountain sphalerite in a sclution containing an
excess of ferric ion show a sharp initial rate of dissolution dependant
on the ferric ion concentration, but in each the rate dramatically drops
to a final conversion of about 40 - 50%, These results are reported in
section 3.4.1 and plotted as figure 3.1.

The low final conversion could be attributed to a number of causes:
{4) Experimental error. .

Sphalerite tends to adhere to solid surfaces, and the full sawple may not
contact the solution, or, bacause the materisl is finely divided, the
reactor may act as a flotation cell with all the material floating on the
surface of the selution. Examination of the conditions within the reactor
with & torch bulb indicated that since thers were no baffles in the re-
actor, the solution wes stixxed in a vortex in which the solids would
recirculate back into solution. Examination of the xeactor after the ex-
poriment indicated & significant amount of material did sot remain on the
walls or on the probes, and a mass balance for zime confirmed this.
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(4i) Nonwoxidative inkibition.

The production of H;S could inhibit the reaction as demonstrated by Pawlek
(1969), who completely stopped the reaction by applying a partial pressure
of 2 atm H,8. Hydrogen sulphide was smelled at the beginning of the re-
action; since this can be detected at concentrations of parvs per billion
and higher concentrations would have cansed irritarion, this could not
heve inhikited the reaction,

{44i) Passivation due to formatjon of an impervious product layer.

The production of lead sulphate, which is insoluble, could form a passive
layer around the particle, or the the sulphur may form an impervious layer
through which the passage of ferrdc ion is inhibived. Samples of these

residuas were sent to the Mineralogical Division of MINTEK for analysis

for a PbSO, layer or for layers of sulphur that may inhibit the reaction.
These mineralogical test results are discussed in seeticn 4.3.

4 200g sample of sphalerite was leached to a conversion of 0,33 (calcu~
leted £rom the zinc concentration in solution) and the final residue was
sent for analysis. These results are presented in table 4.1. The mass %
for these elements, based on the conceatration conversion For zine and
the residue results for Mn, Fe, are also presented. This represents a
component balance for zine and sulphur, There is & good comparison between
these results; confirming that the sulphur reports as elemantal sulphux,
forming an extensive product layer around the particle. This may result
in product-leyer diffusion contrel.

According to Levenspiel (1972), the shrinking core model with diffusion
through the product layer ss the controlling mechanism can be expressed
in terms of the convaersion, X, as:
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Table 4.1 Analysis of sphalerite leach residue.
Element Mass % Mass % Mass %
measyred’ | calculated? | unleached
an 42,4 41,4 48,7
s° 10,1 10,02 -
i 25,1 20,3 27,5
Hn 1,43 1,42 1,80
Fe 8,84 8,80 10,09
! In residue,

* Based on solution analyses.
? Data from table 3.2.

1oys- Q-0 =w 41

where X = 1 « M/M,
k = a rave constant;

for spherical particles. Figure 4.1, & plet of the left-hand side of
aquation 4.1 against time, illustrates that the controlling mechanism
might be diffusion through the product laysr in the first 30 minutes, but
this repidly deviates from the predicted straight-line behaviour. The
initial rate of leaching was studied more closely in the

bath and the results from this examination

are analysed in section 4.1.4,

4 mechanism other than product-layer diffusion, such as the formetion of
2 coar that completely protects the particle core from the oxidant is
dominant in this case,
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Figure 4,1 Diffusion through product layer plot for rums 39, 40, and 42.
Conditions: 80°C; unscreensA ZnS; 8,95 g/l total iron;
450 RPM; 2g/1 ZnS; 0,1M HaS80,,
Run 39: 3,5 g/1; 40: 6,0 g/1; 42: 8,85 g/} Fe(IlI).

4.1.2 Effect of agltation,

The effect of agitarion on the leaching rate of Black Mountezin sphalerite
was tested and the results are reported im section 3.4.1; and plotsed as
figure 3.3. These results show an increase in rate for an increass im
stirrer spsed for three runs ac 210, 290 and 400 RPM. For snother run at
615 RPM the initiel rave was the same as that at 400 RPM, but the rate
dropped drematically after that, clearly indiceting ther passivation is
eohanced by higher agitotion, Jan et & (1976) attributed the dependency
of the rate en agitation to the oxidation of Hp§ friwed 4T the surface
of the partic¢le by farric ion (refar wo equation !.iZ;. It is conesivable
that at Jower stirrer speeds a non-oxidetive dissolution occurs, while
at higher stirrer spesds a direct oxidation mechanism forms a different
type of sulphux, which passivates the material. This is & more difficult
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proposition to test using this experimental design since the overall
products of both reaction mechanisms are the same, Neither Scott and Nice:
(1978) nor Verbaan (1977, 1980) noted any dependance on agitation, and
this was as surprising a result as the Inhibition of the reaction itself.

4,1.3 Effact of tumperature.

The effect of temperature was tested, and the results are reported in
section 3.4,1, snd plotted as figure 3.4, Comparison of two sets, one at
a highex ferric lon concentration and lower stirrer speed (runs 38 and
59), and the othar at a lower ferric ion concantration and higher stirrer
speed (runs 62 and 63), indicate that while there is an increase in ini~
tial rate for sn incressa ln temperature, the retes after about 15 mins,
are comparable. This is indicative of chemical reaction or diffusien
through a product layer control in the initial stages of reaction. The
results at higher stirrer speeds confirm the result reported in section
4,1.2 that passivation is enhanced at higher stirrer speeds. It is dif-
ficult to meke any conclusions as to the nature of this passivation
mechanism £rom these results, *

4.1.4 Analysis of the Initial ratas of leaching.

Teachi

in the cons' P ‘bath were
undertaken in order to examine the initial rates and to monitor the redox
potential. Thase results arc presented in section 3.4.1. 4 plot fitting
the left hand side of eguation 4.1 against time for this data is presented
as figure 4.2, A straight line is obsarved, indicative of diffusion
through the preduct layer being the v“n*a controlling step in the ininial




stages of reaction., The slope is dependant on the ferrous ion concen-

tration for constant ferric ion concentrations, and therefore the initial
rate is dependant on the diffusion of uncomplexed ferric ions through the
sulphur layer. However, incressing the ferric ion concentration or the N
\‘ ?a stirrer speed results in lower conversions. This defies an explanation

in terms of sphalerite reactior kinetics proposed in this study or in the
litersture, and again points to the formation of an impervious product
layex on the surface of the particle. The observed dependance of the in~
3 it{al rate on diffusion through & product laver is probably due ©o the
formation of an ampervious product layer on the surface resulting in

: passivation, .
T e
N
! 4
) i LI R
. i »® <t
. '
: 1 GO0
3 2 »
g N o ’
i ~
3 «
. ' 2.0
. [X) ) 2.0 18.0 24.0 30.0
. N Time (min)
- Figure 4.2 Diffusion throug. j.oduct layer plot, indicswing the effect .
. of an increese in Fa(IlI), Fe(II), and agitation.
» Conditions: 50°C; 3g/1 2n8; +74 ~205 wm; 0,124 H,$0,. ‘v

. F1 0,207 Fe(llay, 0,000 Fe(II), 800 RPY; ‘
i k40,1034 Fe(I11), O,0U3 Fe(Il), 800 RPY;
F5 0,1024 Fe(11I), 0,010 Fa{Il), 800 RPY;
F13 0,323 Fe(Ill), 0,005¥ Fe(II), 800 RPM; vo
F19 0,125M Fe{Ill), ©,00034 Fe(I1l), 1354 RPN;




Honitoring the redox potential did mot illeminate the problem, since it
followed the extent of reaction very closely. The kinetics proposed foy
this rasccion in chapter 2 canpot be verified by menitoring the redox

porential during a batsh leach, since the redox potential represents both
the driving force for reaction, and the extent of reastion,

4.2 Analysis of leaching data for Gamsberg sphalerite,

A Vorbaan {1980) leached a naturel sphalerite fron the

'
a s deposit in the Cape and reported data that the model derived in chapter
2 can be fisted to,

The paramoters for the model presented in sectfon 2.1.3, that is, equation

) 2.31, incorporating vhe prodiction of the xedosx potontial by subprogram .
. EQUIL, are estimated by an oxdimary lesst squares critexion, in which the .
sum of squared differences botwesn the measured contentration data and

3 the moda) -vodiction ore minimised. Since this medel has only two param=
’ ks aters:
’ L)
* * X, the rate constant (mol/m®min}; -
o and
: . k' = (1+B,)F/RT, the symmetry ctwsant (V'l);

a dingram of the sum of souared diffss.nces surfaco can be drawn as &

contour plot to {llustrate the winiwi~. Pigure 4.3 illustrates this sux-
face for data measured by Verbaan i -&.: tor his dats sets four to nine.
The islands present along the minimui. & due to interpolatiecn oxror from
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the contour plotting routine, and should rzather be joined together as &
closed banans shape,

This disgram illustrates e valley of almost equal depth in the sum of
squares surface, and a choice of any set of parameters alonj the bottom
of the valley will yield a £it that is almost as good as any other.
Howevsr, thera is a shallow minimum which has been obwained by using &
golden section seaxrch on the parameter K ar various constant values of
X', These results are prosentad in Appendix I.

This banzna shape and the distinct minimum indicate g slight linear de-

of the itivivy ents, which are the partial gderiva-
tives of the model equation with respeat to the medel parameters (Beck
and Arnold, 1977). If the sensivivity coefficients were lincarly depen~
dant, the valley would be ogually deep, and there would be no unique
minimum. This indicates either the model is not very good at duscribing
ths experimental data, or the data has not been selected over a wida
encugh range, in much the same way as & poor estimate of the activatien
energy will be chtained from rate data Lf the tempereture rTange is too
small. The more likely event for this model is that the range of initial
redox potentials is not large emough, zlthough this is not necessarily
the case. The measured redox potenrial ranged batwoen 420 aV and 540 mV
Ag/hgCl., 1f this model is to bo tested thoroughly, the oxperiments muse
be conducted over a greater range of redox potentisls.

The confidence ragion is obtained from the likelihood ratie, given by Beck
en Arnold (1877) as:

(Ss - Red(n = p)/(Rep) = F,_ (pyn=p) 42

whexe p = number of parameters;
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Figure 4.3 Sum of squared differonces surface for Gamsberg leaching

results without oxygen indicating the valley in the
surface. The minimum occurs along the shaded ridge.
The first coptour is at o sum of sqiazas value of 1,15x107
and vhe lovels rise in step of 1,5;(10'5 above that.

6

A = number of data points;
Re = minimum sum of squares;

Ss =1
Foal

~a confidence contour lovel;
distziburien.

From this the ¥5% confidence convour level is calculated as tha

1.556::10'5 lavel. This corresponds closely to the second level on figure
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4.3, that is the 1,615x107> level. The 85% confidence region is shaded
in on figure 4 7, The veluss of the parameters at the best fit are:

K = 0,1956 x 107" wol/u*min;
k= 17,3 vk

The parameter f£it is displayed in figure 4.4. Tho polnts represent the
measured data and the lines calenlated by the model using the best-fit
paramuters. The conversiorn at time ¢=0 represents the amount of zinc
oxide layer leached before sphalerite leaching occurs. This diagram {1
lustrates that the model, despite the problems mentioned sbove, does fit
the experimental results well, Figure 4.5 represents a log-log plot of
the measured initial rate of reaction against the measured redox poten-
tial, indicating that this model is empirically sound. The slope of the
straight line has 8 1lue of 15,6 V') which corresponds well to the
best-£it value of k' of 17,3 V™1,

The value of B, in the parameter k' was assumed to be constant with tem-
perature, and thus the value of k' at temperatures other than 65°C was
calculated. Using values of k' calculated in this way, the parameter X
was £itted using a golden section seaxch for data sets 24, 25 and 26 of
Verbaan's work ac 25, 45 and 85°C respectively. These results are pre=
sented in Appendix I. Plotting the Arrhenius diagram for these rate con=
stents, an activation energy of 79,4 kJ/mol was obtainad
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Figure 4.4 Equation 2.31 fitted to Gamsberg leaching data for parameters
at the minimom sum of squares for increasing ferric ion
concentrations. Conditions are 65°C; 0,1M sulphuric acid;
0,0384 Fe(II). The initial conversion is due to the Zn0 layer.

Therefore the leaching of Gamsbarg sphalerite is well-described by the
following exprassion:

- 300, 3exp(79,4/RT) Ae (M/M,)2 Poxp(0,504FER/RT) 4.3

de

where 4, = | Fy ¥ £(1,)/(ple) dlo

A, was measured by Verbaan (1980) using a& BET surface area technique and
had a value of 7,335 m* for a 5g sphalerite sample leached.
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4.3 Results from the mineralogical study, and discussion,

The main difference between the sphalerite from Black Mountain and that
from Gamsberg, which leached to almost 10% conversion of zine, is the
amount of lead. The Gamsberg deposit assays 7,4% Zn and 0,5% Pb, while
the corresponding values for the Black Mountain deposit are 2,2% Zn and
3,0 - 4,5% Pb (Hammerbeck and Mehliss, 1976). Examination of the chemical
compositions of the concentrates, given in saction 3.1.° and by Verbaan
(1980), indicate that this is the case. The Gamsberg concentrate assays
0,47% Pb, while the Black Mountain concentrate assays 2,95% Pb.

This suggests that the mechanism for passivation could be the formation
of an insoluble coat of PbS0, on the surface of the particle which would
prevent any further reaction. Samples of leach residues from runs 39 and
42, together with an unleached sample, were submitted for mineralogical

10°
B
A

.

fate

X

Initial

105 {Rata) = ~8.(B20 ¢ 01883 En

415, 445, 475, 505. 35, 505,
Initiel redox potential (measuradl (my)

Figure 4.5 Initial rate of leaching against the measured redox potential
for Gamsberg sphalerite. Data taken from Verbaan (1980).
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ana.ysis. These results indicated that while PbSO, does form, it is con~
tained to the regions above the PbS deposits. Ihis is clearly illuscrated
in figare 4.6.

The formation of an impervious sulphur leyer could inhibit the reaction.
Nattrass (1985}, in & personal communication, described a similer problem
in which sbout 40% of the zinc from Black Mountain material remained
unieached. The residue was then treated in a Soxhlet aepparatus with
perchloroathylene to remove the sulphur layer, and subsequent leaching
was still inhibited. On mineralogical investigation, elemental sulphux
was still found on this material. He proposed that trace heavy metals
could contaminate the suiphur layer, lower the melting point, and thereby
act as a passivstion mechanism.

Figure 4.6 The formation of PbSO, above the galena deposit.
Back~scatter electron image showing the occurrence of
anglesite (1) related to a galenma intrusion (2) in
sphalerite.
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Kuzminkh and Yakoutova (1950) leached two minerslogically different na«
tural sphalerites. They reported that the sphalerites leached at similax
initiel rates under equivalent conditions., However, for similar condiv
tions, an excess of 80% conversion was achieved for the one, while only
33% was obtained for the other. They proposed that the fine intergrowth
of different minerals was such that the ZnS was combined in a solid sol-
ution as a complex ZnfeS, compound, which would be stable in aeidic ferrie
sulphete media.

Other metal sulphides are known to passivate, Wadworth (1972) reported
that covellite (CuS) reanted vapidly initially, but soon decreased. He
attributed this to the build-up of elemental sulphur. In the discussion
of the kinetics of chalcopyrite (CuFeS,) dissolution, he stated that the
parabolic kinetics suggested diffusion through the product layers as the
controlling h If the tion was al 1, this would
mean that the pores would have to be small. He also suggested that dehy-

dration of the diffusion icns, or flow of polymeric sulphur units might
be involved. Parker, Psul and Powsr (1981) observed that a surface film
forms on chalcopyrite, and slows the transport of iems. They proposed that
this film is & metal-deficient polysulphide, such as CuFeS,.

The X-ray analysis indicated that the distribution of Fe and 2Zn in the
sphalerite grains was normal, and that a substantial layer of sulphur
coated the particle. However, it is difficult to determine whethexr any
of the above-mentioned causes could be occurring. To continue any analysis
and work in this area is beyond the scope of this work.

The initial rates are increased by increase in ferric jon concentration
(figure 4.1), agitation (figure 4.3), temperavure (figure 4.4), and oxy-




gen concentration (figure 4.7). These results are all compatible with the
results obtained and the kinetics proposed by Jan et &l (1976). Kowever,
an in ferrie fon and agitation (figurs 4.4 and 4.5)
beyond a certain level resulted in enhenced passivation. The mechanism

of this passivation is not known, but is probably related to the formation

of & metal polysulphide, or contamination of the elemental sulphur layer
such that it forms 2 molten coat around the particle.

In conclusion, slthough the Black Mountain sphalerite lesching mechanism

may en el 1 step, it appears that the passivetion
mechanism congrols tha rate. On the other hand, under the cornditions
tested, the Gamsberg sphalerite leaching appesrs to be electrochemically

rate controlled.

In chapter 5 the vesults for the farrous ion oxddation reaction are ana-
lysed,




5. ANALYSIS QF EXPERIMENTAL Fa(ll) OXIDATION RESULTS.

5.1 Determination of the second order rate constant,

Based on the literature reviewed in section 1.1.2 and tha model presented
in section 2.2, the ferrous jon oxidation reaction was assumed to be
second order in ferrous ion concentration and £irst order in oxygen con-
centxation. This is expressed by the rate equation:

d(Fe(Il1)] = - k [Fa(H)]Z 5.1
dat

where k = &, 0,]/{H"1" exp(-E,/RT)

I of this for {0,], [H'] and temperature, w.r.t. tine,
t, gives:

1/{Fe(1D)) = &kt + 1/[Fel{ID)], 5.2

where {Fo(IL}], = Fe{II) concentration at time t = 0.

The sacond order rate curve, that is, a plot of 1/[Fe(II)] against time,
will be & straight line if this is a second order reaction, and will be
cuxved in the inirial stages of the resction if there are any
mass-transfer effmcts, The value of k is determined from the slope of
this line in the region in which the reaction iz proposed to ba second
oxder.
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Both Iwai et 4l (1982) and Chmielewski and Charewicz (1984) presanted
second order plots that deviated from the expected straight line in the
latter stages of the reaction (refer to section 1.1.2). Typical results
obtained are illustrated in figure 5.1, and from the initial straight line
curves it is concluded that mass-transfer is not important at a stirrer
speed of 450 rpm, and that similar deviations to those reported by Iwai
ot al (1982) and Chmialewski and Charewicz (1984) are also present. The
values of k were obtainad from the inicial slopes for all the oxidation
runs praseated in Appendix F and are prasented in Appendix J.
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Figure 5.1 Second order plot for ferrous ion concentration
for oxidatien runs 32, 33, 34 and 35.
Conditions: 21,75 g/1 voval iron; 0,25MH,S0,; 450 RPM;
32: 353°K; 4,5bar p(0;); 33: 343°K; &,5bar p(0;).
34: 333°K; 1,0bar p(0y); 35: 353°R; 3,0bar p(0,).
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5.2 DegunMance of Fe(ll) oxidation rate on hydrogen lon concentration.

The concentration of the hydrogen {on, for the determination of the
dependance of the rate on the hydrogen don, was also caleulated by the
subprogram EQUIL, and the congentvation of oxygen in solution was calcu=
lated from the semi-empirical equation presented by Narita, Lawson and
Han (1983). The use of this correlation is discussed in section 2.2. A
plet of the appavent rate constant, ®/{0,), for the oxidation rate data
presented in Appeadix J against the cslcl:lar.ed hydrogen ion concen-
tration, {S{“'] on log-log axes is a straight line with slope b. This plot
is presented as figure 5.2, from which it can been ssen that the rate is
inversely proportional to the hydrogen ion concentration to the powex
0,36, Kesnan (1969) xeported a similar value, that of 0,35, while Mathews
dnd Robins (1972) reported a value of 0,25, This deviation can be at-
tributed to the way in which the hyd ion is calculated
Mathews and Robins (1972) moasured the pH of their sample at ambient
temperature, and calculatad the hydrogen ion concentration from this.
Therefore, this rasult is in with previ , and a value
of 0,35 was used in subsequent calculations,

5.3 D d of Fa(il) rata on temper .

An Azzhenius plot, that of log(kt}i+]/[02]) against 1/temperatura has a
slape of E a/R and an inteccapt of lng(ko). The Arzhendus plot for the
ferrous ion exidati is 11l in figure 5.3,

From the slope of tha 4 diagram, the energy, Es. is
11

68,6 kJ/mol and the rate constant, ka, is 1,248 x 10 Table 5.1 com=
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pares the results obtained in this study with those reported in the lit-
eratura.

Therefore, the inl. .. rate of oxidation is described by:

d[Fe(In)] #:0,35

= 1.2t.sxzo“(re(m]2[oz}/[H] exp(-68,6/RT) 5.3

dt

If this reaction is to be more thoroughly understovd, a more detailed
analysis is required, probably studying the formation of iron complexes
in solution, ard the effect these complexes have on the oxidation re-
action.

Table 5.1 Comparison of ferrous isu oxidation kinetic expressions.

Authoxs Kinetic eguation for E 5
d{Fe(I1I1)}/dt kJ/mol
Huffman & Davidson (1856) ks[Fe(II)}p(DZ) 67,9

+ 1, [Fa(ID)]*B(0))

1.014‘“-0-1-0,35

Keonan (1569) kiFa?*12(0] 94,1
Mathews & Robins (1972) | k(Fe?¥)}18870,)0100 1y} ~0128 3,7
Chatelowski K[Fe(I1))3p(2s) 56,9

& Charewicz (1984)
Ivad, Majina k{Fe?*12[0,)

& Avakwa (1982) + 150271 (Pe?) %p(00) 51.6
This study K{FaCI)12(0,) (HF) %8 68,6
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6. AMALYSIS OF EXPERIMENTAL LEACHING RUNS IN THE PRESENCE
OF OXYGEN.

6.1 Analysis of leaching of Black sphalsrite with oxygen
present,

The results for the leaching of Black Mountain sphalerite in acidic ferric
sulphate media with oxygen present are presented in section 3.4.3, Theae
rasults indicate that the addition of oxygen to the sphalarite lsaching
system results in bigher initial ratves, followed by the same final rate
and pagsivation behaviour.

It is concluded that the behavi b: for Black

sphalavite in acidic ferric sulphate solutions in the absence of oxygen,
and discussed in chapter 4, also occurs when <xygen is added to the sys-
tem.

6.2 Pradiction of Gamsberg leaching data with oxygen present.

The d in i 4.2 end 5.3, that is, equatjans *.3
and 5.3, were usad dirsctly to predict the data presented by Verbasx
(1981) for sphalarite leached in the presence of oxygen and fergie lon.
These resalts are presonted in figures 6.1 and 6.2. This sphalerite was
the same Gamsbarg matexial roported in Verbaan's (1980) earliexr paper,
the laach parameters of which have been fitted in ssetien 4.2, TFigero
6.1 shows the curve for the eaxtraction of zinc as the reaction proceeds
with time, and figure 6.2 shows the way in which the ferrons and forric
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Figure 6,1 Prediction of the lsaching of Gamsberg sphalerite in the

presance of oxygen: zinc extraction. Conditions: $0°C
116 kPa p(0;), 35 g/1 Fe(IIl), 200 g/l Zns.
Points are measurad and lines are predicted,

resction., The points are the measured data, and the lines and the pre-
dicted curves. The extraction of zinc indicated a good fit over the entire
curve, while figure 5.4 show & deviation ar about 60 mins.. However, for
a predicted curve in which the ferric ion concentration changes dramat-
ically and hence the driving force, the redox potential, this is a sat-
isfactory result, confirming tha electrochemical propesition. Lack of
such data p: any 4 ¢o be made about the
observed deviation at 60 mins..

ful

The dissolution of Gamsberg sphalerite is well described by the
electrochemical shrinking core medel daveloped in chapter 2 and the
overall oxidation of ferrous ion by oxygen in the 0 - 11 g/l Fe(III)
cencentration range is well described by the propositions made in chapter
2, and conforms well with the results reperted praviously (table 5.1).
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The simultaneous solution of rate equations 4,3 and 5,3 describes the
leaching of Gamsberg sphalerite in the of oxygen sati ly
(figures 6.1 and 6.2). From this it is inferred that the dissolution of
Gamsberg sphalerite is controlled by an electrochemical reaction at the
particle surface.

tmol/1)

. 700

. 400

Iron corcertrotion

a.0 25.0 50,0 5.4 100, 125
Tima (min)
Figure 6.2 Prediction of the leaching of Gamsberg sphalerite in the
presence of oxygen: changes in the iron concentrations,
for the same run as figure 6.1,
Conditions: 90°C, 116 kPa p(0;), 35 g/1 Fe(III),
200 g/l 2nS. Points are measured and lines are predicted.
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7. CONCLUSIONS AND RECOMMENDATIONS.

A review of the literature suggested that the kinetics of the dissolution
of sphalerite 4re dependant on the type of sphalerite being leached. Every
general category of rate-controlling mechanism has been propesed. Even
though the reaction at the surface is thought to be alectrochemical in
nature, & modal apesrporating this proposition as the rats-controlling
step has not Loen proposed for the leaching of sphalerite, Much of the
resaarch reported has been of a gualitative nature, with perhaps two
oxidants, oxygen and ferric ion, present in solution. A review of the
literature for ferrous sulphate oxidation by dissolved oxygen indicated
that the reaction occurs in a complex fashion, with the consequence that
d. General is that
the reaction was second oxder in ferrous ion concentration, at least at

several kinetic ons have been

low conversions to ferric fon, and first order in oxygen concentration.
The role of the hydrogen ion is a disputed point. (Refer to chapter 1).

Experimental work was undertaken using a natural sphalerite from the Black
Mountain ore deposit to (i) test the elsctrochemical proposition for the
dissolution of sphalerite in the absence of oxygen, (i) obtain & reliables
expression for the ferrous ion oxidation reaction, and (iil) test the
proposition that leaching in the presence of oxygen is described by the
simulraneous solution of both kinetic expressions found in (i) and (i)
These propositions were also tested using dara from the literavura. (Refer
to chapters 2 and 3).

The Black Hountain sphalerite was leached under different conditions of
forric ion concentration, agitation, temperature, and oxygen partial

in all samples, resulting in an maximum
conversion of dbout 40% for zinc, This passivation is not caused by tha
formation of an insoluble PbSO, layer on the particls, but is probably
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related to the formation of a ZnFeS; complex, or & similar polysulphide,
such as ZnFeS,, which is stable in acidic ferric sulphate media, 4 more
thorough investigation of this phenomena is required. (Refer t¢ section
4.3). Bacause of the passivation behaviour exhibited by Black Mountain
sphalerite, no attempt was made to fit a model to the leaching data.

The leaching of sphalerite from the Gamsberg ore deposit in the absence
of oxygen is reported in the literature, and this data is well described
by the electrochemica. model developed in chapter 2. The kinetics of this
dissolution are controlled by an el cal o=
curring at the surface of the parcicle. (Refer to section 4.2).

The oxidation of fexrrous sulphate by dissolved oxygen was examined, and
is wall described in the initial stages of reaction, that is, in the 0 -
11 g/1 ferric ion concentration range, by second ovder kinetics with re=
spect to ferrous ion concentration, and first order kinetics with respect
to oxygen concentraticn. The dependance of the rate on the hydrogen ion
concentration is proportional to the power -0,36, and the activation en-
ergy is 68,6 kJ/mol. This is in good agreement with saveral authors (refer
to uable 5.1). A mors thorcugh investigation of this reaction is required
in the higher ferric ion concentration ragion whare the rate deviates from
second order kinetles with respect to farrous ion concentration.

Ths leaching of the same Gamsberg material in the presence of oxygen and
ferraus sulphate is well deseribed by the simultdneous seluticn of the
difg al the individual processes, indicating
that the ferric don is responsible for leaching, and the oxygen is re-
sponsible for the regeneration of the farric ion. (refsr to section 6.2).
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The differences between the leaching characteristics of the two differeat
sphalerites emphasises again how importan. the minerslogical factors,
such as grain size, lead content, and other trace metals and minerals,
are. An investigation of the effects of these types of factors is recom«
mended,
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APPENDIX A.

Equilibrium constants for the fexrric ferrous sulphate complexing re-

actions.

Equation Equilibrium constants (after Dry, 1984)
293 - 363 °X

2.23 8 il

2.23 b exp(33,334 - 7629,9/T)

2.23 ¢ Qo

2.23d exp(=900,421 + 39118,928/T + 136,626log(T))

2,23 £ 10%#(3,339 = 337,37/T)

2.23 8 axp(30,692 ~ 7290,4/T)

The stability conscant for equation 2,23 e (that is, for the HSO,: specia)
is caleulated from the correlation given by Pitzer at al (1877).

The stability constant for aguation 2.23 h is calculated frem the results
reported by Naumov, Ryzhenko, and Khadakovsky (1974) who gave a value of
2,38 for pX, and a valua of 0,63 +/« 0,02 kcal/mol for AH® at zere ionic
strength. From the Gibbs-Helmholtz equation:

dla(K)/dT = aH°/RT? A

s

K = 108380p(1,0672 - 318,18/T) A

for the stability constant of the specie 2080,
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APPENDIX B

cora modal ; the reduction of ferric ion by nen-zinc
sulphidic material, and the sffect of tha Zn0 layer on the particle sur~
£ace.

B.1 Shrinking core model derivation.
The generalised shrinking cora expression for & single particle
(Levenspial, 1972) is:

o= -Kad B.1
at

The nomeaclature used in this appendix is defined Ln the text and in the
list of nomenclatura on page xi., Defining the molar density, P, as:

P=mg/1 = /1 . B2

wkere 1 is defined by 1® = volume. Re-arrenging B.2:

2/3

12 = (mly"/me) 8.3
Defining the shape factor as:

¥ = /1% B.4
then

a = ¥(at,*/me) 2 B.S
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Substituting in B.1:

dn = - K ¥(uly*/me)2% v .6
dt

Now, 1f Fo is the total inivial mass of all sphalerite particles, and M,
is the total initial moles of zinc in all the sphalexite particles, than
the number of particles leached is:

n = Fo/ply? B.7
where ¢ is the mass density. Then

My = nmy B.8

The shrinking core model Ffor all the particles in a particular size class
is:

dom = - K n ¥(mle*/me)2 ¢ 3.9
gt

where the shape factor is an aversge shape factor for all the particles.

at= - K sty B.10
dt

Substituting B.7 into B.10:

D= - R AFLI Uy 1
dt

PN




If this includes a particle size distribution £(1,), thben:

lmax
r
-a =R | Fov a0 sl v £010) a1, .13
dt Dyt

If M, M, and F, are function of 1, and the extent of reaction for a par~
ticular size fraction is:

a(1a) = Me(1y) - HCL) .14
then
dely) = K ¥ Fy(y) (1 = ofled/Ma(1s00% B.05
dt ply

If §(1,) 4s the initial mass fraction of zine meterial in class lg, then:

My (la) = 6C1edM, B.16
Fy(le) = 8(14)F, B.17

Substitution of B.16 and B.17 into gives a rate aquation for all particlas
in class 1,.

Using the velation that rates are independent:

I ode(l,,y = iE elle,) 3.18
dt dt

for i size classes, enables the total extent to be caleculated. Note that
the solutions conditions factor, ¥, is a function of the total extent,
which means that this calculation must be perfrrmed iteratively. A
FORTRAN 77 program was written to calculate this using an I.M.8.L. library
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package for stiff differsntisl equations. (refer fo Appendix K for pro-
gram)

B.2 Reduction of ferric ion by non-zinc sulphidic material.

Assuming thet the non~zinc sulphidic material zeacts &t the seme rate as
the sphalexits and proportional the amount of material presemt, then:

d[Fe(11)]/de=- d[Fe(11I)]/dt=2x0,29 d{Za(II)]/dt B.19

whexe 0,29 is the molar ratic of non-zinc sulphides to zine sulphide
presant in the sphalerite. If the sulphidic {ron is assumed to be FeS,
thon this will increase the Fe{II) e:c.r ntration in solution during
leaching in the following mannex:

d[Fa(1I)]/dv = 0,24 d[Zn(I1))/dt 8,20

where 0,24 is the molar ravlo of FeS to 2n§ present in the sphalerite,
The major reduction of ferric ion is due to leaching of sphalerite. The
total reduction of ferric ion due to the leaching of zine, iron and
manganese sulphides is:

d[Fe(II)]/dt = 2,82 d{Za(II}]/dt B.21

d{Fe(III)}/dt = - 2,58 d(2n(I1)]/dt B.22
whera 2,82 is the total molar increase in ferrous jons in solutjon due
to the leaching of the Fe$ fraction and the reduction of Fe(III), while

2,58 is the total molar reduction of Fa(lIl) due to the leaching of zinc,
iron and manganese sulphides. Using B.21 and B.22 the change in the




solution conditions is calculated &t each iteration in the numericel
solution of equation B.18.

B.3 Effect of the ZnO reaction.

Sphalerite exposed to the alr forms an oxide layer around each particle.
It was experimentally demonstrated that tha oxide layers of zinc and iron
leached vary rapidly, even in low consentration of acid. This oxide layer
reacts within a few seconds on contact with the leaching solution as
follows:

Zn0 + Hp80, - Zn50, + Hy0 B.23

FeO + H,50, + FeSO, + Hy0 B.24
The amount of oxide present is determined by leaching the sphalerite with
dilute sulphuric acid {0,05 M). These reactions thus glter the sclution

conditions for the commencement of the sulphide leaching, and this is
ascountad for by adjusting the inivial conditions for the progrém.
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APPENDIX C.

Values for correlation given by N-.rits, Lewson snd Han (1983)

In section 2.2, the solubility of oxygen in agqueous electrolyte solution
is discussed, Narita, Lawson and Han (1983) presented a semi-empirical
correlation for the solubility of oxygen. The constants used for the
present system in eqution 2.38 are:

2 Cation K1 Anion Ki
A ' 0,00 S0, 0,16 .
' ] w® 0,2 soi 0,28 :
r 0,25 Lo
| re?* 0,25 ;
|

From an exemination of the values for other cations, a value of 0,25 was
decided on for the ferric and farrous icns, based on the clarge of chese 4

cations.
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APPENDIX D

Titration methods for Fe(IIY) and H 80, concentration determination,

D.1 Farric lon daterminatlon.

A standavd 0,179 sodium thiosulphate solution was prepared. Approxie
wmately three drops chloroform and 0,1 g/i NaCO, was added,
1,0ml 0,1794 Na,8,0, = 0,0ig Fe(III)
Method,
(i) Add an excess of KI crystals to the solution sampla;
(i) Titrate with the sodjum thiosulphate solution until the browm
colour turns orange;
{i1i) Near the end point the solution becomes pale yellew - additional
KI may be dissolved in the solution;
(iv) At the end-point the solution is colourless.

D.2 Sulphuric acid determination.

4 standaxd 0,204 M sodium carbonate solution was prepared and a mixed
indicator was used to the end-pc . This indi consisted
of 0,23 d'methyl yellow and 0,2g methyl blue dissolved in 200ml methanol.
Method,
€1) All feriic ion in sslution must be reduced to ferrous ienm, i.e.
titrate with Na,$,0, (section D.1) first.
(i1) 4dd 3 drops mixed indicator to the solution, and titrate
until the purple colour turns green, indicating the end-point.
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APPENDIX E

Raw data for Black Mountain sphalerite by ferric fon in thé sbsence of

oxygen.

E.1 Laaching in the pressure raactor.

E.1.1 Initial conditions.

Run | Temp | REM | Fa(IIT){ Fo(II) |W2804 | ZnS | Size

°¢ g/t 8/l 8/l 8/l m
28 90 | 450 [ 19,1 2,78 10,2 | 20 | umscreen
39 80 | 430 | 3,50 | 5,39 10,2 | 2 | unscreen
40 80 | 450 | 6,00 | 2,92 8,2 | 2 | unscreen
42 80 | 450 | 8,85 | 0,03 10,9 | 2 | unscreen
54 | 50 | 210 5,713 | 0,0603 | 11,88 | 3 | 474 «105
S5 | 50 | 210 5,675 | 0,0603 | 11,80 | 3 | 474 -108
56 50 | 210 | 5,560 | 0,0603 | 11,95 ) 5 | 453 74
&7 50 | 290 | 5,675 | 0,0603 | 11,80 | 3 | 453 =74
58 | S0 | 290 | 13,575 | 0,0603 | 11,85 | 3 | 453 «74
59 90 | 290 | 11,575 | 0,0603 | 12,10 | 3 | 453 -74
61 50 | 400 | 5,675 | 0,0603 | 11,70 | 3 | 453 -74
62 50 | 615 | 5,663 | 0,0603 | 11,50 | 3 | 453 -74
63 90 | 495 | 5,675 | 0,0603 | 11,60 | 3 | 453 74

Runs 28, 39, 40, and 42 were conducted in 101 of selution, while runy
54-59 and 61-63 were in 51 of sclution, The Eh values were measured with )

respect to the saturated calomel electrode.




E.1.2 Raw data for leaching in pressure ~eactor.

A1l values, except those for conversion, are measured results.

R :
-
1§ Run 28 R 54
¢ Time | Zine | Fertle | ¥ (eonv){ Hisod | foeal Fu Tiae | 20(11) | X eanv) | Fetun| kasow | En
| min [ 81 |81 |~ wal/l | ain | g/l | P a1 | aY .
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E.2 Leaching results from the constant-temperature bath equipment.

E.2.1 Initifal conditions. ‘

ALl axpariments in this section were conduuted at 50°C. Tha initial Zn
ions ars those d from the Zn0 reaction. The redox po=~ ‘
tentials, Eh, are measurad in mV vs 5.C.E.. The size fraction of parti-
cles was all the same : -105+74 microns.
Run | Ferric Forrons H2804 | Zinc 2n8 RPN -
s mol/l mol/1 mal/l | mol/l1 8/1
F1 0,3065 ©.000108 | 0.100 | 0.1542 E-03 | 3.00 |B80O
F2 p.1016 0.000540 | 0.100 | 0.1542 E-03 | 3,00 ]800
F3 0.1015 0,001079 | 0.100 | ©.1542 £-03 | 3,00 {800
L Fa 0.,1030 0.005395 | 0.100 | 0,1842 E-03 | 3.00 300 N
ot F5 0.1019 0.01079 0.100 | 0.1342 E~03 | 3.00 |&00
F§ 0.1063 0.02877 0,100 | 0.1542 E-03 | 3,00 |800
- F7 0.1077 0.05395 0,100 | 0.1%42 E-03 | 3,00 |800 t
F8 0.1016 0.10791 0.100 | 0.1542 E-03 | 3.00 |BOO : N
. Fl11 | 0.3250 0.000108 | 0.100 | 0.1542 E-03 | 3.00 }800 i
. Fl2 | 0.3244 0.00107% | 0.100 | O 1542 E-03 | 3.00 [800 :
I, H F13 | ©6.3229 0.005395 | 0.100 | 0.1542 E-03 | 3.00 |&00Q M
] f F14 | 0.3208 0.01079 0.100 | 0.15«2 E-03 | 3.00 |800
H F18 | 0.3103 0.02877 0,100 | 0.1542 E-03 | 3.00 [80O
‘ﬂ F16 | 0.3139 0.053938 0,200 | ©0.1542 £-03 | 3,00 (800
. F17 | 0.3208 0,107%0 0.100 | 0.1542 E-03 | 3.00 |800 :
1 F18 | 0.3236 0.21580 0,100 | 0,1342 E-C3 | 3.00 |800
F19 | 0.1234 0.000108 | 0,100 | 0.1542 E-03 | 3.00 |1350
F20 | 0.1248 0.02877 0.160 | 0.1542 E-03 | 3.00 |1350
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E.2.2 Raw data,

Run 75
X feondi Eh X ceonv)| £h
w o
0.0067% | 609 000679 | 436
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APPENDIX F i

Raw dets for the ferrous ion oxidation runs,

F.1 Initial conditions,

Run Temp | Ferric| Tot. Fe| Acid Press
R 8/l &/l mol/1 | bar

2 363, | 0.400 8,761 | 0.382 | 4.5
3 363. 0.600 | 11.116 | 0.100 { 5.0
7 363. 0.300 | 19.802 | 0.200 | 4.5
10 363, 1,200 | 18.654 | 0.200 | 4.5
11 263. | 0,100 | 18.636 | 0.500 | 4.5 }(f
13 363, } 0.400 ) 11,761 § 0.500 | 5.0 R
H 17 363, 0,300 | 19.752 | 0.500 | 4.5 £
ol 27 | 3¢3. | 0.400 | 20,840 | 0.500 | 4.5 :
. i 32 383. | 5.100 | 21.450 | 0.500 | 4.5
L 35 333. 1.200 | 21.991 [ 0.500 { 3.0
i 21 343. , 0.300 | 20.829 | 0.500 | 4.5
b 23 343. § 0.200 | 20.840 | 0.500 | &.5
. h 25 | 343. | 0.300 | 20,829 | 0.500 | 4.5 R
i 31 343, 0,700 | 21.238 | 0.500 | 4.5 W
1 33 343. 1.300 | 21.749 | 0.500 | 2.0 ;’
i 34 333, 1.150 | 21.858 | 0.500 | 1.0 i
‘i 51 321, | 0.300 | 19.730 { 0.510 } 3.0 {
< All runs were conducted &t a stirrer speed of 450 RPM. il
! N
: |
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F.2 Measured results for the ferrous lon uxidation runs.
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APPENDIX G
§
Leaching of Black Mountain sphalerits in acidic ferric sulphate media in b
the presence of oxygen.
i G.1 Initial conditions. |
T
Run | Temp | RPM | Fe(IIl) | Fe(II) | H2504 | ZnS | Size [p(0y)
°c 8/1 /1 /1 | g/t | wm bar
. bb 80 450 7,35 1,93 12,35 5 full 0,5
3 &0 | 90 465 | 11,465 | 0,060z ] 12,1 9 | #53-74 | 3
A 64 90 465 5,38 0,0602 { 11,8 16 | +53-74 | 2
H .
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. i
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APPENDIX H

Experimental results for the determination of the oxide layers on the
surface of the sphalerite particles.

The ¢mount of oxide present on the solid surface is obtained by leaching
the sphalerite in dilute sulphuric acid (0,054). Refer to section 2.1.3.

H.1 Initial conditions.

T
Run| Mass Zn| H2804 | Temp | % Zn as| % Fe as | Size range
3 mol/l T °C oxide oxide {microns)

thy 1,3677 0,01448 | 48 1,767 33,37 full
5 1,3809 0,01571 | 48 1,262 21,89 full

12383 0,03011 | 48 1,311 22,87 ful”
3,0000 0,10000 | 48 0,677 - ~10%

H.2 Concantration data

Time | Zn Bl n B2 Zn B3 n B4 A
win | g/1 8/1 8/3 8/ x) ‘
; [ 0,00105 | 0,00040] ,00025] 0,0000 ° 5
¥ 1 - . - 0,01008 : A
! 2,5 | 0,01300 | 0,00700] 0,0067 { 0,01015 i
{ 5 0,01005 | ©0,00750] 0,01835] 0,01040 3
. g 7,5 - - - 0,01055 j
H 10 | 0,01005 | 0,008051 0,00680| 0,01060 §
. 15 | v,01775 | ¢,00785i ©,00710| :
| 25 ] 0,01305 | 0,00825] 0,00825| ~ i
! ¢
)
! g
% ‘
H H
| .
i

K 102 ' ]




Thede results indicate that for the unsereoned sample only 1,2% of the
total Zn is in the oxide form, For the size fraction -105 +74 um the
. M comparable Figure is 0,6% Zn. This is a very low figurn compared to the
,'\ e p Gamsherg sphalerite for which 8,3% of the zine was in the oxide form.
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APPENDIX |

Analysis of Gamsberg sphalerite leaching data in the absence of oxygen.

t.1 Caleulation of the minlmum sum of squares error.

The leaching of Gamsbarg sphalerite was anzlysed in section 4.2 in texus
of ar electrochemical shrinking core model derived in section 2.1.3, This
model has the parameters k' and K. Rafer to section 4.2, Tabls I.1 re-
presents sum of squares caleulated at constant k' by golden section
gsearch. Refer to section 4.2. A siice through the sum of squares surface
is shown in figure I.1, indicating thet in the K-direction the minimum
is well-definad.

1.2 Calculation of the activation anargy for Gamsbarg sphalerite.

Teble I.2 represents the rate data at diffarent temperat ves, from which
the activation energy has been calculated, These vesul a .dve bean
plotted in the Arrenhius form as figure I,2. From this the activation
anergy has bean determined as 79,8 kJI/mol.
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Table I.1 Calculation of the minimum sum of squared errors 4
for values of parameter k' for Gamsherg leaching data. ¥

\; - e k' R Squared errors ﬂ

v | wol/n*nin -
16,4 | 0,3814 |0,9489
16,5 | 0,3542 |o0,9289 .
16,6 | 0,3288 |o0,9115
16,7 | 0,3054 {0,895
16,8 | 0,2835 |0,8841
16,9 | 0,2632 [0,8743
17,0 | 0,2444 |0,8668
te 17,1 | 08,2269 |o,8627 . b
17,2 | 06,2107 |o0,8590
17,3 | 0,1956 |0,8587
' 17,4 | 0,1816 |0,8608
17,5 | 0,1686 |0,8651
17,6 { 0,1565 |[0,8717
17,7 ] 0,1454 }0,8807
17,8 | 0,1348 |o,8919
17,9 | 0,1253 |0,9052
18,0 | 0,1163 |0,3208

25 | 19,62 | o0,4365x07t
0

Table 1.2 Calculation of the d of rate on
. Gamsberg leaching data.
J
i |Tomp | &' K
} °c y? mol/mimin
i
b

45 | 18,3 | o,38s8x10"t
85 | 16,35 | 0,1033x00"°




APPENDIX J

Estimation of the parameters for the Fa(II) oxidation reaction,

4.1 Second order rate constant.

The ferrous ion oxidation reaction is sssumed to ba sacond order in
ferrous ion concentration, and first oxder in oxygen. Plotting
1/[Fe(1I)] against time, k, the rate , can be

from the slops, and the effect of mi can be If the
slope of the second order rate plot is curved and not straight in the
initisl part of the reaction, then masstransfer plays a significant role.
Examination of thesae plots indicates thar mass-transfer is not a rate
controlling step. The slopes of these graphs are presented in Table J.1.
Figure J.1 indicates the reproducibility of these results.

4.2 Caiculation of oxygaen coneentration.

The solubility of oxygen in pure water can be determined from the Hency's
law constant, H, given Perry (1972}, Tha oxygen concentration in an

electrolyte solution ls calculated from the correlation given by Narita,
Lawson and Han (1983), 2.38, P was 3
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sble J.1 Calculation of k, {0] and [K')

Rur | Temp K 19,) W]
°¢ mol/1 mol/1

2 363  0,0603 0,269 2,644

4 363 0,1868 0,302 0,164

1 363 0,1337 0,259 0,252

11| 363 0,150 0,258 0,414
10 | 363 0,201 0,251 0,294
13 363 0,0860 0,205 0,963
17 363 0,0879 0,258 0,415
27 362 0,1052 0,256 0,379
33 | %3 0,0173 0,167 0,599
32 | 353 0,067 0,281 0,561
2 353 ©,0476 0,202 0,456
3% {333 0,0045 0,121 0,764
21 | .3 o0,0296 0,316 0,612
25 | 30,0335 0,316 0,610
25 | 33 0,0299 0,36 0,612

at &m average valus of 83,5 kPa. The concentration of the various ionic
speclas required by the Narita, Lawson and Han correlstiopn ate caleulated
by program EQUIL. The oxygen concentrations caleulated for each run are
presented in Table J.1.

1.3 Calculation of the hydrogen lon concentration.

The concentration of the hydrogen is not directly measured in that only
titrations for total sulphuric acid were made. The concentration of hy~
drogen ion is caleulated bv the program EQUIL from the solution
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N ]

equilibria. The calculated hydrogen ion i are p d in
Teble J.1

J.4 Dependence of the rata on the hydrogen concentration.

The veluas for k/{0,) are plotted against the calculated [H') vaines for
‘the runs at 363% on a log-log plot. These results are presented in Table
3.2,

RN URISELpR VI SR PR

6.5
~ s
p 3
~ M
8 -
u TS0 e :
H
A -
: I
= 450
o T
% for 21 i
e Run 28 i
1,50 . ]
i ry
o Ao 80,0 ne 80,0 i

Time (mind

Figure J.1 Reproducibility of ferrous ion oxidatien results.
Runs 21, 23, 25.
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J.5 Calculation of the

The values for k[

Tabla J.2 Dependénce of the Fa(II) oxidatien rate on

110,35

activation

energy.

/10;1 are plotted on an Arrenhius diagram in
section 5.3. These values are presented in Table J.3.

1)

Run | k Oxygen Hydro-

cone gen cnc 4

x 10% x 10
2 |0,0603 0,269 2,64 22,4
4 10,0187 0,302 0,164 61,9
7 lo,1337 0,259 0,252 51,6
11 {0,1150 0,258 0,414 40,7
10 [0,1201 0,261 0,295 46,1
13 [o0,0859 0,296 0,963 29,1
17 |0,0879 0,258 0,415 34,1
27 §0,1052 0,256 0,380 41,1

where 4 = k/[oz]
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Table J.3 Dependance of Fe(Il) oxidation on temneratvure. P

Run | Temp k 3 P : )
9% x 102 . 4

2 363 0,0603 0,435 13,9
4 363 0,087 1,33 14,1
7 laes o037 097 13,7
1 |33 0,150 0,812 14,2
& 10 |23 o,1200 0,927 13,0
13 {363 0,085 0,687 12,5
17 |33 o0,0879 0.811 10,8
27 |s63 0,082 0,832 12,7 :
o 33 |33 0,072 0460 3,76 i
32 |3s3 0,074 0,794 8,48 !
! 35 (353 0,0475 0,616 7,73 |
B 3 |333  o0,0446 0,305 1,46
21 343 20,0296 0,865 3,43
: 23 343 ©,0335 ©,866 3,87
B 25 343 0,029 0,865 3,46

' i
8 = [0,/04"1%%®
- ¢ = kit ¥10,)




APPENDIX K

FORTRAN 77 computer program for the calculation of the redox potential,
and the simulation of the leaching rate, as discussed in chapter 2.

K.1 Algorithm.

The main program initialises the program, and calls an optimisation rou-
tine from the I.M.S.L iibrary to minimise tha sum of squared errors. The
optimisation program ZXMIN minimises the sum of squared errors calculated
in the subroutine OBJECT for both parameters k' and K. When ZXGSN, &
golden sesrch optimisation technique is used, then the paxameter k' is
kept constant, and the optimal K Is found.

The subroutine OBJECT calculates the sum of squared difforences betwaen
the measured data and the simulated lsach vun for a particular combination
of parameters k' and K. The diffarontial equations describing the leaching
kinetics are solved using tha I.M.8.L. program DGEAR, for which the dif-
forential equations are dascribed in subroutine DIF. These equations are
prasented in section 2.1.3, and Appendix B.

The simulation of the leaching kinatics requires an estimation or pre-
diction of the radux potential. The redox potential, Eh, is calculated
in subroutine EQUIL, as discussed in section 2.1. The lay-out and opara=
tion of this progran is the same as that discussed by Ting-Po and
Nazrcollas (1972) and further inquiry should be directed to that reference
before examining EQUIL.
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K.2 PROGRAM MAIN

INPLICIT REAL¥S (a~H) ,REAL*S (0-Z)

REAL¥S K0,MU,K,C(100,3),¥{101),XTC(5) ,H(3) ,6(2) ,W(6) ,PARS(3)

) - EXTERNAL OBJECT

N EXTERNAL SOFSQS

oS CHARACTER¥15 RUNID

COMMON /DATA/ TIME(20,15),7DATA(20,15) FDATA(20,15) ,FDATA2(20, 15}
COMMON /DATA/ 2SIGNA,FSIGMA,YHAT(10,101),CHAT(10,200,3) ,THB (15)
COMMON /DATA/ NSWCH(15) ,NPOINT(1S)

COMMON /INITL/ 'rcmrrus 15 TC(5) ,AREA(15),028,AM0(15) ,NEXP
COMMON /EQUILB/ EQ(8)

CONMON /EQOXLC/ 2(10), AD(IO) |0 (10}

COMHON TEMP

GOMMON /END/ NEND ]
COMMON /PAR/ PAR(2) |
NEND=0

: Read in the initial conditions and the measured data

DO 10 11=1,10 !

10 READ(2,9Z(I1), Ao(n) OHM(I1)

READ(2,%)K0,025,
READ(3 ,*)NEXP

\ READ(3,%*)NPOINT (1)

. READ(3,%) (TIME(1, IB), 18=1,NPQINT(1))
DO 50 I=1,NEXP
NPOINT(I)=NPOINT(1)

" AMO(I)=5.D0%200,50%0,509D0/65 , 38D0% (1D0~0, 083DC)
AMO(I)=3,DO*0.4985D0/ 65, 38D0~10.08D~3
mp(1)=z7s.oo+so.no

i1 FORMAT(A15
DO 12 ID=1,NPOINT(I)

12 TIME(T, ID)=TINE(1, ID)

o READ(3,11)RONID
READ(3 %) (ZDATACT, TA) , 1A=1, NPOINT(T) )

M READ(3,%) (FDATA(T, IA) , A= 1,NPOINT(I})

N READ(3,%) (FDATA2(I,IA) , TA=1, NROINT(I))

READ(3,*) (TCINIT(I, IC),10=1,5)
NSKIF=l
IF (NSKIP.EQ.0) THEN

. WRITE (10, 1000)RUNID

1000 FORMAT('.bx off',/,'.sp2’ J7h ' b 4 35',7,5%, "Run ' ,ALS, -

4 7, bx 4 12 26 35°,-

7.8%, Tima ,loxi‘Zn (msﬂs) +4%,'% (conv) ',

/s sx, nin',5X, 'g/1x10°

0 1001 12Z=1,NPOINT(X)

CGONV=ZDATA(I, IZZ)*I D=3/0,02269D0/65.38

R 1001 WRITE{10,1002)TIME(1,122),2DATA(L,122),C0NV
5 END IF

4 50 NTINVE
; 1002 FORMAT(SX,F4.1,3%,F6.2,3%,F12.5)

; 13 [




"

WRITE(10,1003)

1003 FORMAT(' hx off W sp2ty /b 4

51

B0
"51 WRITE(IO looé)RUNID TCINIT(KAK, 1), TCINIT(KAK,2) , TOINIT(KAK, 3) , ~

TCINITY

XAK, 5)
"loob FORMAT(5X,415,2F12.6,F7.3,816.7)

:: Galculate spline to £it the extent vs potential data

IF (NSKIP.EQ. O) GO O 120

DO 300 Il=],NE:

TEMP=TMP(11)

XMO=AMO(EL)

CALL EQCNST (TEMP,EQ,A,B)
DO 101 Ji=1,§
TE(ILI=TCINIT(IL,T1)

101 XTC (JL1)=THINIT(I1,J1)

220 CHAT(IJ.,JB,

CALL SPLINE (XTC,TC,Y,C,XM0)
DO 220 J3=1,100

YMAT(I1, J3)=‘I(J3)

DO 220 J4=1

~2(J3, 74}
YMAT(IL, 101)=V(101)

300 CONTINUE

",

PROGRAM TO FIND PARAMETERS USING NEWTUN<RAPHSON METHOD

281GMA=2.D0
FSIGMA=2.D0
NPAR=2
NITER=0

Sot initinl gussses for parametoers
ORDER IS K, (kiA/klC), and gamma
READ(&,%) {PAR(JJ) ,JJ=1,NPAR)
CALL OBJECT (NPAR,PARS,SUMSQS)
CALL ZXMiN (OBJECT NPAR,7,1000,3,PARS,H,G, SUMSQS, W, IER)
READ(4,%)4,3

TOL=1.D3
CALL ZXGSN (SOFSQS,A,B,TOL,XMIN,IER)
NEND=1

END=SOFSQS (XHIN)
WRITE(12,%)XHIN
WRITE(13, %) XHIN
BAR(1)=0,1D12
DO 44 IT=l,40
PAR(2)®1.73
DO 3 10=1,40
F=SOFSQS (PAR(2))
PAR(2)=PAR(2) +0.0025

':Aa PAR(1)=PAR(1)+0.005012
"
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126 STOP
END

K.3 FUNCT ON SOFSQS(X)

IMPLICIT REALYS (A-H) JREALYS (0-2)
COMMON /PAR/ PAR(2)

DIMENSION PARS(2)

PARS (1)=X

PARS(2)=PAR(2)

NCAR=2

CALL OBJECT (NPAR,PARS,5UMSQS)
SUFSQS=SUMSQS

RETURN

END

:: SUBROUTINE %0 CALCULATE SUM OF SQUARES

K.4 SUBROUTINE OBJECT(MNPAR,PARS, SUMSQS)

IMPLICIT REAL"'S {4-H) ,REAL"S (0-2)

EXTERNAL DIFF,FJ

DIMENSION IWK(XZ).UK(NE) EXTENT(12) ,WKAREA(40) ,PARS(2)

COMMON /DATA/ TIME(20,15),2DATA(20,15),FDATA(20,15),FDATA2(20,15)
COMMON /DATA/ ZSIGMA,FSIGMA.YHAT(m,101)ACMAT(}O,lOO,S),THP(lS)
COMMON /DATA/ NSWCH{13) ,NPOINT(15)

COMMON /INTTL/ TCINIT(1S,5),TC(5),AREA(1S),028,AM0(15),NEXP
COMMUN /PARMS; DPAR(S),¥(101),G(100,3),N1,NEQUIL

COMMON /POT/ EX

COMMON /‘E‘ERR/ ATC(5)

COMMON

COMMON /EN‘D/ NEND

Initialize variables
DPAR(L)=PARS(1)%1.D-21
DPAR(2)=PARS(2)*1.D=2
IF (PARS(1).LT.0.0D0) THEN

SUMSQS=200
RETURN

END IF

" DPAR(3)=PARS(3)%1.D-1
VOL=1.D0
TOL=1.0D~10

HETH=2
MITER=Q
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8SEZ=0.D0
SSEF1=0.D0
$SEF2=0.D0
DO 238 N1=1,NEXP

DO 203 JA=1,100

Y(JA)=YMAT (N3, JA)

DO 203 JjBu=i,3
203 C(JA,JB)=CMAT (N1, J4,J8)

Y(101)=¥MAT(N1,101)

" Selva differential equations 4t time of experimental readings

H=1.0D-12
208 INDEX=1
" Sot {nitial conditions
00 220 JJ=1,12
210 BXTENT(33)=0.D0
TR=(EXTENT( 1) /VOL+TCINIT(NL, 5))
TF=ZDATANL, 1)/65 . 38D0%1.D-3
TELTCINIT(NA, 1)
TEE=FDATA(NS,1)/55.800
" TP2=FDATA2(N1,1)/55 800
BTINE=0.DO
NEQUIZ=1
IF (NEND.EQ.1) WRITE(12,219)BTIME,TF,TR,¥(1)
" IF (NEND.EQ.1) WRUTE(12,%)TEE,TE
" IF (NEND.EQ.1) WRITE(12,%)TF2,TCINIT(NL,2)
DO 220 M1, NPOINT(N1) =1
CALL DGEAR(},DIFF,FJ,DTIME,H,EXTENT, TIHE (N1, 1) TOL, METH, -
MITER, INDEX, IWK, WK, IER)

NEQUIL=2
IF (IER.EQ.132) THEN
TOL=1,00=14
Hal,0D-15
GO TO 208
END IF
TR=(EXTENT (L) /VOL+TOINIT(NL,5))
TP=ZDATA(NI, H#+1) /63, 38D0%1.D-3
TE=ATO(1)
TEESFDATA (N1,4+1)/55 800
" 'n‘z=rmmzm1 1413755800
SOV TIMB KL ML) T TR, BN
T8

219
220 SSEZ=SSEZ+(MBS(E)€!‘EW(1)/
TCINIT(NL. z)-ZDATA(Nl M)kl D-S/&S 38D0) yrerg
" SHEP1=SSEF1+(DABS (ATC( 1y ~AL 4TA(NL, MH1) /55  8DO) )
N SSEF2=8SEF2+(DABS (ATG(2) ~FDATAZ (N1, M+1) /55, BDO))*"'Z

238 CONTINUE
SUMSQS~ESEL+SSEF1+8SEF2

" TKJI=DLOG10(PARS(1})
TKI=PARS(1)#1.D-21
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WRITE(13,240)TKJ,PARS(2),5045QS

WRITE(12,240)TKT,PARS(2), 5UMSQ8

FORMAT(2X,E14.8,3%,E13 7,3K,E13.7)
RN

END

modal 1 i

K.5 SUBROUTINE DIFF (N,T,EXTENT,EPRIME)

IMPLICIT REAL¥S (A=H),REAL¥§ (0-%)

REAL*8 EPRIME(N) EXTENT(N) ,F0(10),4(11),B(11),10(11),AB(12)

REAL#8 K(10)

DATA A/0,0074,0.0426,0,802,0,1274,,1144, 1031, 1028, .1078, 0813,
0.U584,,1746/

DATA B/.485, 494,495, .495, 488, 486, 511, 514, ,525,.535, 4629/

DATA 10/178.3,126.9,89.16,63,05,44,88,33.66,26.51,19.77,~
13.95,9.905,4.087/

COMMON /INITL/ TCINIT(15,5),TC(5),AREA(15),025,AM0(35),NEXP

COMHON /PARMS/ PARS(S),Y(101),6¢100,3),N0,NEQUIL

COMMON /FERR/ ATG(S)

COMMON /POT/ E

COMHON TEMP

VOLw1.D0
Caleulate redox potentials from splina f£it
I=IDINT(EXTENT(1)/4MO(NO}/0,0100D0+1)
Xm(1-1)%AHU(NO)*Q . 010000
D=EXTENT(1)-X
For calculatien of loaching ond oxidation results
" ATC(1)=TCINIT(NO,1)=2 46DOFEXTENT(1)/VOL+ERTENT (2)
" ATC(2)=TOINIT(NO, 2 )+2 . 67DOREXTENT (1) /VOL~EXTENT (2)
" ATG(i)ﬂGINIT(NO 3)=EXTENT(2)
" ATC(S - "TLINIT(NO, 5)4EXTENT(1)/VO
" IF (4 .) LT.1.D+6) ATC(X)IDABS(I D-6)
" CALL  '"L{ATC,K,E,EDIFF,NEQUIL)
" 026=1, BD~3*116.D0/101-GZSDO*DEX?(XSSGITEHP%.4‘¢8D0)
n 025SD2SHDEXP (= (K(5YF0, 25D0+(ATC (1)+4TC(2) )0 26D0+K(4) %0, 2RDO
" +K(9)*0.15D0))
JRUN=2
E=((0(1, 3)*!)4'0(1 2))"'D+C(! 1))DEIL}
IF (TRUN.EQ.42) TI
EPRIME(1)=0. DD
DO 19 JI=2,12
AB(JI1)=20. DO*A(JI 13YB(II=1)/68 (@00
IF ((1.DO-EXTENT(uI)/AB\JT}) 14 4. Bw12) THEN
EXTENT(J1)=DABS{(1.D0~1.D~}: “:B(JI))
E

ELSI
EPRIME (J1)=PARS (1)%20 ,DO%A(.:
(DABS (1. DO-EXTENT(JI)/48: /75 1 *(2.D0/3,D0)%~
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DEXP (E*PARS (2))/(L0(JI~1)*1.D~63
END IF
EPRINE(1)=EPRIME (1}4+EPRINE(JI)
CONTINVE
ELSE
IF ((1.DO-EXTENT(1)/AMO(NO)).LT.1,D~6) THEN
EXTENT (1)=DABS ((1-1.D=6)¥AMO(NO) )
END IF
EPRIME(1)=PARS ( 1)*DEXP (PARS (2)*E ¥~
(1 .DO~EXTENT (1) /AMO(NO) J%#(2.D0/3.10)
1)

END JF

EPRINE (2)=1.248D+1 L% (ATC(2)¥*2)*028/ (K(3)%%0,35D0) -
YDEXP(-66600.D0/8.314D0/363 DO}

RETVRN

END

:: Dummy subreutine used by UGEAR

SUBROUTINE FJ (N,X,Y,Pi

IMPLICIT REAL¥S (A-H) RBAL*B (0-2)
DIMENSION ¥Y(N),PD(N,N)

RETURN

E

SUBROUTINE EQUNST (TEMP,EQ,A,B)

IMPLIGIT REAL®3 (A-H), REAL%S (0-Z)

DIMENSION EQ(8)

ATEMP=TENP-298.15D0

A=, 49190047 . 143D~ L*ATSHPH 113D~ EWATEM?**ZH 172D-E*ATE‘4PMS
Bw, 32490042, TEMP ENMPint3

CALCULATE EQUILIBRIUM CONSTANTS

EQ(1)=0.
EQ(Z)HDEXP(SS 334D0-7629 . 9DO/TEMP)

(3)%0,.
IF(TEMP I.‘! 325.15D0)EQ(4)=DEXP(19 . 804D0-3140.000/TEMP)
IF(TEYE.GT. 325, 15D0)EQ(4)=DEXP(34 . 182D0-7815 . 2DO/TENP)
EQ(4)=DEXP(~900.421D0+39110, 926D/ TEMP+136 . 626DODLOG(TEME) )
EQ(6)=10,D0% (3, 33900~337, 37D0/ TENP)
EQ(7)=DEXP(30,692D0-7290, 4D0/TENP)
EQ(8)410 D03, 38DODEXP (754 . BDO/TEMP+2 . 533D0)
RETURN

END

SUBROUTINE SPLINE (XTC,TC,Y,C,M0)
IMPLICIT REAL¥G (A-R), REALWE (0-i)
REAL#8 Y(101),C(100,3),EXTENT(101),REDOX(101),XTQ(5),1C(5)
REAL#B M0,WK(606),K(10)

COMMON TEMP

VOL=1.D0

EXTENT (1)=0.0D0

CALL EQUIL(XTG,K,%,EDIFF,1)
REDOX(1)=E

DO 200 J2=2,101

EXTENT (J2)=EXTENT (32~1)+0,0200D0%N0
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200

“201

TG(1)=XTC(1) 2. SYDO*EXTENT (J2)/VOL
TO{2)=XTC(2)+2. BIDO*EXTENT({J2) /VOL
TG{5)=XTC (5 )+EXTENT (J21/V05

IF (TC(1).LT.1.D=6) TC(l)"DABS(l D-6)
GALL EQUIL(TC,X,5,EDIFF,2)

REDOK(J2)=E

1JoB=2

CALL ICSSCV (MXTENT,REDOX,101,Y,0,100,1J08,WK, IER)
DO 201 J3=1,1vl

WRITE(L3,*)BXTENT(JS) ,REDOX(J3), ¥{I3)
RETURN

END

K.6 SUBROUTINE EQUIL(TC,C,E, EDIFF,N)

PROGRAM TC EVALUATE THE EQUILIBRIUM CONDITIONS OF A SOLULION
GIVEN THE TOTAL SPECIES CONCENTRATLON AND THE LQUILIBRIUM
CONSTANTS. THE PROGRAM #1SO ACCOUNTS FOR THE ACTVIY CORFFS
NOT BEING UNITY, AND THE DEBRYE-HUCKEL EQUATION IS USED TO
CALCULATE THEM.
P JGRAM EQUIL
IMPLICIT REAL*8 (A-H),REAL#8 (0-2)
DIMENSION DIAG(S) .AA(I.O) BB(10),~
EE(S),FF(5),Q(5,5),X(5),64(5),~
¥(10),6(5),CEQ(8),«
T3L5), G(J.D) WKAREA (20
COMMON T
COMMON /HION/
COMMON /EQUILB/ EQ( 3,4
COMMON /EQUXLC/ 2(10), AD(!.O) OKM(10)

ASSUMING TOTAL DISSQQTATION CALCULATE IONIC STENGTH
ANp SET INITJIAL CONCENTRATION GUESS AT TOTAL DISSGCIATION
CONCENTRATIONS

TC(4)=3,00/2, DORTG1)+TC{2)+, SDONTC(3)+TC(5)
XIONS=0.
DO 40 RO=1,5
IF(N.GT. 1)THEN
C{K0)=C(KQ)
ELSE

0(K0)=TT (KO)
£(9)=C(3)/2,D0
END IF
XLONS=KIONS+2(K0)*#2%C (RO)
XICNS=XIONS/2.DO0
TIR=Q
ITR=ITR+1

CALCULATE ACTIVITY COEFFS FROM DEBYE-HUCKEL EQUATION
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DG 45 KA=1,10

T (RA)Y=10, ODOWH ( { ~A%Z (KA Y2 #XTONS#* . 5D0) / -
(2+AD (KA) ¥BHXIONS#o*, 5D0) )
CDNT INUE

C CALCULATE THE EQUILIBRIUM CONSTANTS IN TERMS OF CONCENTRATION
¢

CEQ(1)=EQ1)*Y(1)*¥(3)*¥ (4)*2

GEQ(2)=EQ(2)*Y (1)*Y(3)*¥(4)/¥(6)
CEQ(3)=EQ(3)¥Y (L)%Y (4yinks/¥(7)
GEQ(4)=EQ(A)*Y(1I*Y (4)/¥(8)
CEQ(6)=EQ(6)*Y(2)¥Y(4)

(7IFT(2)%Y (3)*Y(4)/1(20)

Q8T (5)*Y(4)

CALL SULF (TEMP,XIONS,AEQ,C)

CEG(5)=AEQ

GENERATE MATRIX AND VECTOR FOR THE SOLUTION QF THE
NON-LINEAR EQUATIONS BY A NEWTON-RAPHSON TECHNIQUE
CALCULATE VECTOR &

CALL 66(C,TC,G,CEQ)
DO 50 KB=1,5
GA(KB)=G (KB)
GCRB)=~G(XR)

CALCULATE MATRIX Q

Q(1, 1)=14CEQ(1)*C(3)#C (4 )in2+CEQ(2)*C(3)*C (4)+CEQ(3) -
G (4 )i 2HCEQ(4 )40 (4)
Q(1,2)=0.D0
Q(1,3)=CEQ1)*C(1)*C(4)**24GEQ(2)*C (1)*C(4)
Q(1,4)=2%CEQ(1)¥C (1)*C(3)*C (4)+CEQ2IHC(1)*C(3)+2-
WCEQ(3)*C (1#C(4)+CEQL4)*C (1)
Q(1,5)=0.D0
Q(2,1)=0.D0
2,2 GEQ(S)*C(A)WEQ(7)*0(3)*0(4)
Q(2,3)=CEQ(7)*C(2)*C(
Q(2, A)=czq(5)*c(2)+cm(7)*c(z>*cc3)
q(2,5)=o.no
Q(3,1)=CEQ(L)*C(3)*T(4)**2+CEQ(2)*C(3)*C(4)
Q(3,2)=CEQ(7)*C(3)*0(4)
Q(3, 3)=14CEQ(L)*C{21)#G (4 )##24+CEQ(2)*T(1)*C (4)+~
CEQ(S)*C (4)+CEQ(TI*T(2)*C(4)
Q(3,4)=2%CEQ(RI¥C (1) ¥C(3)C(4)+CEQLEIHC(1)*C(3)+~
CEN{5)*C(3)HCEQ(7I*GF2)*G(3)
Q(3,5)=0.D0
Q(A,1)=2*cEQ(1)*c(3)*c(Awucnq(z)*c(a)*c(t‘)«
2HCEQ(3)*0 (4)##2+CEQ(4 ¥C (4)
Q(4,2)=CEQ(S Y*C (6 MHCEQT J*C(3)*C(4)
Qts, 3)-2*CEQ(1)-C(1)*«:(4)**2+0EQ<z)wc(1)«c(A)+«
CEQ(5)%*C(4)+CEQ(7)*C(2)*C(4)
Q4 4Y=1445CEQLY#C (1)*C (3 )0 (A)+CEQ(R YRy (1)HC (34~
WHCEQ(3)#C(L)C (4)+CEQA)#C (1)4CEQLS J#C (3)+=
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CEQ(6)%C(2)
Q4,4)=Q(4, 4)+CEQ(7)*C(2)*G(3)+CEQ(5)*G(S)
Q4 5)=czq(s)*c
Q(5,1)=
q(s, 2)*0 uo
Q(5,3)%0.00
Q(5,4)=CEQ(8)*C(5)
Q5,5)=1+CEQ(BI*C(4)

" RE-ARRANGING Q IN TERMS OF FRACTIONAL SHIFTS

Q(KCA KCB)=Q(KLA KCB)*C (KOB)

DIAG(R"A)-Q(KCA KCA)
IF(TC(KCA) .LE.0)DIAG(KCA)=1.0D0
CONTINUE

" MATRTX SCALING

TOTAL=0, ®o
DO 75 KA
G(KAC)-G(KAC)/(DZAG(KAC)** 500)
D0 70 KAD=1,
QURAS m)—qumc m)/((nms(nm*nms(mnm D)
TOTALSTOTALQ (KAC, RAD)

" CALCULATE THE INVERSE OF THE MATRIX AND CHECK FOR
" SINGULARITY USING THE DETERMINANT CRITERION

CALL LRQTIF(Q,1,5,5,6, 1,WRAREA, IER)
IF (IER.EQ. 128980 T0 170

" CALCULATE THE FRACTIONAL SHIFTS, VECTOR X

DO 80 KE=1
X(KR)=G(KE) /DIAG(KE )+, 5D0
IF(X(KE).GT. 1.000)X(XE)=0.95D0
IF(X(KE) LT, =1.0D0)X(KE )==0, 9500
86 CONTINVE

" CALCULATION OF ALPHA MAX

" ssnm‘mx(z)

" DO 90 KF=l

" mxcm) m‘ SSHIFT)SSHIFT=X (KF)
“90 CONTINUE

® ALPAMX=-,95/SSHIFT

THIO=0,
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=¥

IF(ALPAMX.GT. 1.0)ALFAMK=1,0
DO 150 KK=1,5
AA(KR)=C(RK)* (1. +ALFAMX*X (KK) )
BB (KR)=C (RR)*( 1.+, SHALFAMK¥X (RK) )
CONTINUE

GALL GG(AA,TC,FF,CEQ)
GALL GG(BB,TC,EE,CEQ)
DO 155 KI=1,5
THIO=THIO+DABS (GA(KL) )2
THI1=THI 1+DABS (FF (KL) *+2
THIOS=THIOS+DABS (EE (KL) y*+2
CONTINUE
ALFAMN=, SYALFAMK* (4, #THIOS -3, #THIO-THI1) / (2. #TKI05 ~THIO~THI1)

" NEXT ITR OF CONCENTRATION CALCULATION

DO 160 Ki=i,5

€ (RM)=0 (RM)* (1. DO+ALFAMNYX (KM )

IF(C(KM) .LT.0,0)C(RM)=1,D-5

IF(DABS (ALFAMN¥X (KX) ) .GT.0,000100) NERROR=NERROR+1
CONTINUE

» GALCULATION OF CONCENTRATIONS C(6) TO £(10)

C(6)=CEQ(2)¥C (1)*C(3)*C (4)
C(7)=CEQ(3)*C(LI*C (4 vz

G(8)=CEQ(4)*C(1)*C(4)

C(9)=CEQ(S)*C(3)*C(4)

C(10)=CEQ(7)*C(2)*C(3)*C(4)

XIONS=0.0B0

D0 165 KP=1,10
XTONS=KIONS+2Z (KP)**2%G (KP)

165 CONTINVE

XIONS=XIONS/2.D0

IF (NERROR. GT.0)GO TO 42

=771 ,0D0+1, 19D0# (TEMP-298, 15D0)+8. §138D- 5¥TENP*-
(DLOG(CCLY*Y (1) /6(2)/¥(2)))*1600.D0

" 0.5DOYDLOG(C(5)#Y(5)))¥1000D0
SL121=0.00
SLIMI=0.10
DO 167 X0=1,10

SLINI=SLIHI+OMM(KQ)*C(KQ)

167 SLIZI=8LIZI+0M(KQ)*C(KQ) /2 (XQ)
SLIZI=SLIZI~2.DO*(OKM(7)*C(7 ) +OMM(9)*C(9))
EDIFF=8,61550~2¥[ENP* (SLIZT+9. 975 )/ (SLINT 524 . 475 )%~

DLOG(SLIMI/524.475)

" E=506., 1D0+8 , 61585 5HTEMD /2%~

N DEOG((CL)MI(1) e/ (G(2)*Y (2) w2/ (C(5)¥Y(5)))¥*1000
PlisE
60 10 175

170 WRITE(12,171)
n FORMAT(SY, 'NATRIX SINGULAR')
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