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Four sphalerites (synthetic, high grade
natural, moderately impure flotation concentrate
and highly impure flotation concentrate) were leached
in acid sulphate media without and with ferric ions

present under the following conditions :-

. . 3% .,
Case (i) [Fe % . [H2804k> = 0,0
. . L ;
Case (ii) [Fe "], = [H2S04% = 1,8
Case (iii) [Fe” ™, [H,80,], = 0,1

Extensive data for leaching under these conditions
are tabulated. Kinetic mechanisms based on Langmuir-
Hinschelwood adsorption theories were proposed, and
leaching models were developed for different assumed
rate limiting steps. The initial rate and overall
forms of the models were tested using experimental

data.

Leaching under case (i) conditions

Non-oxidative dissolution took place with Zn2+

and H,S the predominant reaction products. The
HyS partial pressure was monitored continuously and
sclution samples were taken for analysis at discrete

time intervals,

Vibratory (i.e. attrition) milling eliminated
very large differences observed in the leaching

characteristics of course size fractions of the



natural sphalerites.

The initial rate form of a model based on a
dual site reaction mechanism and on either H*
adsorption or reaction product desorption rate cortrol
was found to fit the data for the synthetic and
vibratory milled forms of sphalerite. The most
impure vibratory milled sphalerite adsorbed Znet
and H2S very strongly, and this resulted inproduct
desorption rate control. Vibratory milled forms of
the high grade natural sphalerite and the moderately
impure flotation concentrate, exhibited virtually
identical initial rate dissolution kinetics, despite

large differences in their chemical compositions.

Leaching under case (ii) conditions

Oxidative dissolution took place with Zn2¥

and
elemental sulphur the predominant reaction products.
Scanning electron microscope photographs of leached
and unleached particles showed the sulphur present
on the particle surface. These photographs, and
optical microscope photographs of etched polished
sections, showed that dissolution took place in a

complex way.

A model based on ferric ion adsorption as the
rate limiting step was proposed and confirmed
experimentally. The model demonstrated a propor-
tional dependency of the rate on the area and ferric
ion concentration, and an inverse dependency on the
hydrogen ion concentration. For a -90,0 + 63,0 um
size fraction, the three natural sphalerites exhibited

virtually identical dissolution rates per unit area.
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The effect of ball milling or vibratory milling
the sphalerites fine, was to increase the rate per
unit area for the most impure natural sphalerite
but decrease the rate per unit area for the high

grade natural sphalerite.

It was shown that for course size fractions of
sphalerite, the most impure sphalerite which leached
slowest under case (i) conditions (i.e. adsorbed HY
poorly) leached fastest under case (ii) conditions
(i.e. adsorbed Fe ot strongly). The reverse was true

for the high grade natural sphalerite.

Except in the case of synthetic sphalerite
leaching under case (i) conditions, no correlation
was shown to exist between the way the B.E.T. measured
area changed, and the way the calculated active area

changed during leaching.

Leaching under case (iii) conditions

Oxidative and non-oxidative dissolution, as well
as H5S oxidation by Fe3+ occured simultaneously. The
extents to which oxidative or non-oxidative dissolu-
tion occured could be explained in terms of the
hydrogen ion and ferric ion adsorption characteristics

of the sphalerites.

The ferric ion oxidation of H-S was studied in
the absence and presence of solids, and the presence
of sphalerite or activated charcoal catalysed this
reactione. No advantage was gained by leaching in the
presence of activated charcoal with or without Fe3+
present, unless conditions were such that HpS was

formed as a product of reaction.
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NOMENCLATTURE

Symbols

initial specific surface area, as determined
using a Np adsorption technique.

specific surface area of a sphalerite during
leaching.

area coefficient def{ined by equation F. 8.

pre-exponential factor appearing in Arrhenius
type equations (e.g. equation 3. 35),

surface area calculated theoretically for a
solid sphere.

constant appearing in equation F. 7.
a constant used in equation F. 3.
molar concentration of specie i

mean diameter of particle, representing the
arithmetic mean of the upper and lower size
fraction limits.

activation energy with units (mJ /kg-mol) .
equilibrium constant, generally subscripted

proportionality constant defined by equation
2.7.

rate constant, generally subscripted.

forward and reverse rate constants appearing
in equation 1.7.

mass of solid in reactor.
molar volume of specie 1
molecular weight of specie 1 .

HyoS partial pressure .

universal gas constant (when used in
Arrhenius type equation with E, expressed
in mJ /kg-mol units, B-= B305:6 )



viii

T rate of reaction, 'usua%ly subscripted
(e.g. tg - @ dizn®Y I,
Ao 7 dt

r*  or rate of reaction per unit area,

r® usually subscripted.
T temperature.
t time .
X extent of reaction.

Greek Symbols

€ voidage, as defined by equation 2. 6.

nxi specific surface area change function,
defined by equation F. 4.

© leaching slectivity factor, defined by
equation 6. 2.

AD) specific initial rate constant ratio, as
defined by equation 3. 45.

poor pm micron (10’6 m).

v, activity coefficient of specie 1
Pi density of specie 1.
¢ active site concentration, defined by

equation 2.1
¢[x) active site concentration change function .

¢KX) active site ratio function, defined by
equations 4.1 to 4.4 for i =1 to 4.

Q(X) rate constant ratio defined by equation

L{-I 10.
W rate constant ratio defined by equation 5.5 .
w* HoS oxidation rate ratio, defined by

equation 6.5

oo infinity -



ix

Subscripts

refers to adsorbed specie, (e.g. [Fe3+]a ).

a

E as 1in Ag,

exp refers to values measured directly from
experimental data.

eq refers to the equilibrium state
(eege Keq)'

fit refers to values of a variable or parameter
which are obtained by a regression fitting
technique.

g refers to the gas phase.

£ refers to the liquid phase.

mod refers to the modified rate constant defined
by equation 5. %4.

M A as in Kp ., (equation 2. 37)3; refers to the
mass action equilibrium constant.

¢ refers to initial value of a parameter
(eege  [HpSO,l, or M, etc.

ref refers to reference lines fitted through
90,0 + 75,0 um and -75,0 + 63,0 pm
data points on Arrhenius type plots of case
(ii) data (figures 3. 18 -~ 3.20) and
defined by equation 3. 45.

TOT total, as in [F¢ s the total iron

. ToT

dissolved.

v refers to vacant sites,

Superscripts

© refers to the elemental state of a specie
such as elemental sulphur . S°

* . # .
as in ro, referring to rate per unit
area

®

. ) .
as 1in b referring to rate per unit area
squared ,

representing_the mean value of a parameter,
such as D



Special Operators

] indicates that the concentration of the specie
enclosed is referred to (e.g. [H2804] ).

ol differential, as in -
& 1gn"™"]
d't
2 cummulative summation operator.
. represents an active site on the sphalerite
surface .

A difference, as in equation 3. 29.
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CHAPTER 1

REVIEW OF PREVIOUS WORK

Introduction

Current pyrometallurgical technology for the
production of zinc from sphaleritic flotation concen-
trate is often associated with atmospheric discharge of
sulphur dioxide rich gases or sulphuric acid by-product
disposal problems. Such problems may be overcome by
hydrometallurgical zinc recovery processes. This thesis
reports results relating to a study of one such hydro-
metallurgical route, namely the dissolution of sphalerite
in aqueous acidic ferric sulphate. 'In this process the
sphaleritic zinc reports as zinc ions in solution, and
the sulphidic sulphur reports predominantly as elemental

sulphur.

Although the results of semi-quantitative research
on this process have been reported, very few complete
kinetic studies for the whole system are available - in
particular where natural rather than synthetic sphalerite
was used. The presence of elemental oxygen and condi-
tions of elevated temperature and pressure frequently
made it virtually impossible to isolate and study the
effects and role of hydrogen ions and ferric ions in
the dissolution mechanism. The most popular theory
postulates that the hydrogen ions react with zinc sulphide
to produce zinc ions and dissolved hydrogen sulphide gas,
followed by the homogeneous phase oxidation of HES by

ferric ions.



A review of the current literature revealed
that several workers have studied the kinetics of
st production by leaching synthetic sphalerite in
aqueous sulphuric acid without elemental oxygen or
ferric ions present. Other workers have studied the

homogeneous oxidation of dissolved H.S gas by ferric

2
ions with no sphaleritic solids present in the reactor.

However, the evidence produced to date is
inconclusive relating to the sequential st
production and oxidation mocdel. The effects of
adsorption of ionic species, sulphur blinding and

other topochemical phenomena have often been neglected.

The present study and in particular the following
literature review consequently includes within its

scope of investigation:

(i) the kinetics of leaching natural and
synthetic sphalerite-in aqueous sulphuric
acid as well as in aqueous acidic ferric
sulphate media;j

(i1) the kinetics of oxidising H,.S by ferric

2
ions in aqueous sulphuric acid in the
absence as well as in the presence of

sphalerite particles;

(iii) the sphalerite surface area characteristics
before and after leaching, the effects of
sulphur blinding of the surface and other
aspects relating to the topography of

sphalerite particles.



1.1 LEACHING 1IN AQUEOUS SULPHURIC ACID

Romankiw (1962, 1965) prcduced a model for the
dissolution of synthetic sphalerite in aqueous
sulphuric acid by fitting the paramenters of a |
proposed rate expression to experimental data,
with the following result.

L2+ | d [st]

d‘[zdt == Mo by T(X) (% [ET]- kr[H2S]O’5[Zn2+]O’5)

.......... 1.1

The equilibrium constant which fitted the

experimental equilibrium results was established as:

K _ [Zn?ﬂas[ﬁg»ﬂ?s

eq 0 ] N

and the overall stoichiometry of the reaction was

proposed as :

ZnS +HpS0, == 2ZnS0, + H,S . I

Romankiw proposed that the dissolution

mechanism for ZnS could be represented by the reactions:

2+ 2+
gy ™= Iy

No fundamentally sound attempt was made to include

the possible effects of adsorption of reactants onto,



or desorption of products from the sphalerite
surface, or to propose the mechanism for the
conversion of the 82— ions to Has.

Verhulst (1974) leached synthetic sphalerite
and tested the fit of equation 1.1 to his data.
Apart from establishing an apparant square root
dependency of the leaching rate on the solid area
exposed, the equation did fit. No attempt was

made to propose a mechanism.

Pohl (1954) demonstrated that the initial rate
of dissolution of ZnS in aqueous sulphuric acid
possessed a first order dependency on the hydrogen
ion concentration. However, he presented evidence
which suggested that HS™ was the most likely initial
product of reaction of ZnS with ' to form Has .
Pohl implied that the dissolution mechanism

proceeded via an intermediate activated complex,

thus s

Zns + HT + H,0 == {ZnSH, (x-1) H,00" + HO
{activated complex)2 2

24!
(zn, H0)" + HS
[solvated zinc ion)

e e cesceese 1. 5

However, no attempt was made to relate the kinetics

to surface phenomena or area.

Locker and de Bruyn (1969) demonstrated the
proportional dependence of the initial rate on the
area, and the first order dependency of the initial
rate on [H+] when dissolving group II-IV semi-

conductor compounds (including ZnS) in various



nonoxidising acids (including agueous sulphuric
acid). Results were presented which suggested
that the activation energy of the foreward
reaction was independent of the impurity content
or crystal structure of the ZnS, but was very
dependent on the nature of the solution - which
affected the properties of the solid-liquid
interface. The overall dissolution rate was
found to be very dependent on the impurity content
or crystal structure of the material, owing to the
effect these parameters had on the number of

reactive surface sites available for reaction.

The following dissolution mechanism was

proposed :

(i) The initial adsorption of HY, preferen-
tially on sulphur sites, was the rate

determining step.

(ii) The surface reaction product which
dissociated to HS™ reacted with H' to
form HES’ which was transported away

from the solid.

An initial rate equation was proposed which
included terms for the potential of the HY ion at
the distance of closest approach before adsorption
onto the surface; the potential gradient between the
solid surface and the bulk fluid; and a dissolution
activation energy which was dependent on the surface
bonding characteristics and on the interaction
between the charged solid surface and the ions in

solution.



No attempt was made to assign numerical
values to these various terms, or fit the proposed
rate equation to experimental data. Neither was any
attempt made to include the effects of the reverse
reaction in their proposed mechanisms or rate expres-

sions.

The author is unaware of any fundamental research
in which the kinetics or mechanisms of dissolving
natural sphaleritic material in aqueous sulphuric acid

have been studied.

1.2 OXIDATION OF H,§ BY Feot

Veltman (1968), Exner (1969) and Verhulst (1974)
have proposed that the mechanism for the dissolution
of sphalerite in acidic ferric sulphate media consists
of the initial production of Has according to
equation 1.3, followed by the irreversible homo-
geneous phase oxidation of the H,8 by Fed* to
elemental sulphur as follows:
2+

HS + 2 Fet o 594+ 2V 4+ 2Fe

L A I I I I 1-6

Verhulst (1974) tentatively suggested that the
presence of sphalerite solids catalysed this reaction,
but produced no evidence to conclusively prove this
theory. The author is unaware of any attempts to
demonstrate whether sphalerite does in fact catalyse
reaction 1.6 or not. Verhulst studied the
homogeneous phase oxidation of HZS by Fe3+ and

produced the following rate expression:



d 58] 2d[Fe3") " ~67.72
- — 0,947)( 10 exp ( RT
dt dt

)

[HZSﬂAﬁFe3+ﬂ58

X

2,49
[stoq]

cesaceeneas 1.7

Moldenhauer (1926) established a similar rate
equation but with a 2nd order dependency of the
rate on the [Fe3+], and an approximately 2nd order
inverse dependency of the rate on the [HasoqL
However, the activation energy appeared to vary as
a function of the acid concentration, and the
dependence of the rate on acid concentration
appeared to vary as a function of temperature.

The author did not attempt to resclve this anomaly,
and these results have been disregarded for the

purpose of this thesis.

Verhulst proposed several mechanisms in an
attemp to explain the dependence of the reaction
rate on the H. S, Fe3+

2
as shown in equation 1.7. None were entirely

and H2SO4 concentrations

satisfactory because his experiments were designed
primarily to produce kinetic rate expressions of
practical importance rather than to provide a basis

for establishing the most probable mechanism.

1.3 LEACHING IN ACIDIC FERRIC SULPHATE

Dutrizac (1974) published an extensive review
on the use of ferric ion as a leaching medium. He
comumented that most of the works available for

review were intended merely to demonstrate that



sphalerite could be readily dissolved under

certain conditions, and consequently the kinetics

were not extensively studied. In particular,

studies in which only ferric ions were present as

the oxidant were rare. Many studies included the
presence of elemental oxygen and this made it difficult

to determine the kinetics or mechanisms.

Elemental oxygen present in the system could
react electrochemically with the sphalerite as proposed
by Exner (1969) or Habashi (1970) :

Anodic oxidation : ZnsS —= Zn2+ + 8° + 2e 1.8

Cathodic reduction: O, + 2H  + 2 - H,0

or be consumed by re-oxidising ferrous ions to their

ferric state as follows:
2Fe 80y + Hp S804 + Op == Fep (804)3+ Hp0  seeees 1.9

Only the results of studies in which ferric ions

were the sole oxidant are referred to in this thesis.

Kuzminkh (1950) leached two different natural
sphalerites in acidic ferric sulphate media under the

following conditions :

20,0g/£ = Pulp demnsity = 152,0g/%
2,5 g/t = [Hasoql = 20,0 g/#
20,0 g/ = [Fe3t) = 80,0 g/#
80,0 °C = Temperature =  100,0°C

0 = [Zn2F], = 80,0 g/¢

where [Zn®F), is the initial zinc ion concentration

in solution.



The following results were observed:

(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

An activation energy was observed such

that diffusion rate control was suspected.

The dissolution rate was directly pro-
portional to the initial mass of

sphalerite present.

The dissolution rate was approximately

proportional to the ferric ion concentration.

The dissolution rate was inversely pro-

portional to the sulphuric acid concentration.

Increasing the initial zinc ion concentration
in the solution for a given set of conditions,

only slightly reduced the rate of dissolution.

FElemental sulphur was produced stoichio-
metrically in accordance with the overall

reaction:

ZnS + Fe, (804) 5 —= ZnSOy + 2FeSO4 + S°
> o 060 60000 1.10

The two sphalerites which were mineralogic-
ally very different, leached initially at
similar rates under equivalent conditions.
However, under similar conditions the
maximum zinc which could be dissolved was
in excess of 80,0% for one of the
sphalerites and only about 33,0% for the
other. It was suspected that in the
latter case the fine intergrowth of
different minerals was such that the ZnS

was combined with FeS in solid solution as a
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complex ZnFe S, compound. Other
compounds similar to this one (for
example, chalcopyrite - CuFe S,) were
claimed to be very stable in acidic ferric

sulphate sclutions.

(viii) The presence of Has was not reported.

No attempt was made to explain the mechanism of

the dissolution reactions.

Verhulst (1974) leached synthetic sphalerite
in aqueous sulphuric acid in the presence of small
ferric ion concentrations so that Has was detected.
However, the resultant rates of production of H2S
were significantly different to rates predicted by
solving the two differential rate equations 1.1
and 1.7 simultaneously. Verhulst did not consider

z
the possibility of Fe”  attacking the sphalerite
directly.

He did, however, suggest that the sphalerite
present 1in the system may have catalysed the oxidation
reaction, but his data was inadequate to prove this.
No attempt was made to propose a mechanism for the

reactions.

T4 SURFACE PHENOMENA ASSOCIATED WITH
SPHALERITE LEACHING

In order to develop mathematical expressions
which meaningfully model and permit comparisons to

be made between the dissolution kinetics of different
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sphalerites, some measure of the accessible active
site concentration needs to be incorporated in the
models. Furthermore, the way in which the active
site concentration varies during the course of

dissolution should be known.

The surface area, as measured by B.E.T. Ny or
Krypton gas adsorption techniques, is often assumed
to be proportional to the active site concentration
of a given mineral. Clearly such measurements
would include the surface area of gangue and other
non-sphaleritic material associated with sphalerite,
and the surface area of pores and cracks within the
sphalerite particles which are not necessarily

accessible to leaching.

Lovell (1975) presented evidence which demon-
strated that the pretreatment of a given mineral
significantly affected the B.E.T. gas adsorption
surface area determination. For example, ground
samples of galena which had been screened and
elutriated in the same way gave surface areas
ranging between 158,0 and 220,0 m®kg=1. Galena
samples containing surface xanthate generally gave
lower areas than those with surfaces of either pure

Pb S or containing oxidation products such as Pb S0y .

Factors such as preheating and time of exposure
to air also appeared to exert some effect. Thus
one could reasonably expect to experience difficulty
in obtaining comparative surface area measurements
for different sphalerites, especially in the case of
flotation concentrates obtained from different mines
which had been exposed to different, unknown milling

histories and flotation reagents.
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The author is unaware of any attempts to
experimentally establish how the surface area of
a synthetic or natural sphalerite changes during
the course of leaching. The shrinking core
model which assumes each particle to be represented
as a solid sphere with a diameter continuously shrinking
during the course of leaching, is often used as a
basis for describing the manner in which the area

changes during leaching.

Levenspiel (1964) and Smith (1970) use this
model extensively to develcp models for heterogeneous
reactions in which a solid reactant is consumed. In
the event of a reaction product ash layer or shell
being continuously formed around an unreacted core,
the diffusion of reactants to or products from the
solid surface could become rate controlling and the
dependence of the overall rate on the residual

particle core surface area is reduced.

In the event of a stagnant fluid shell existing
around a particle as a result of inadequate agitation,
diffusion of species to and from the particle surface
could become rate limiting, and the dependence of the
leaching rate on the particle surface area becomes

less.

1.5 TECHNIQUES FOR MONITORING THE REACTION
KINETICS OF SPHALERITE LEACHING IN AQUEOQUS
SULPHURIC ACID

Romankiw (1962) and Verhulst (1974) measured the

reaction kinetics of synthetic sphalerite leaching in
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aqueous sulphuric acid manometrically by monitoring
the increase in reactor pressure resulting from the
production of Has. Difficulties were experienced
trying to monitor the initial rates of presgure

increase, and solution samples were generally taken

for analysis only when equilibrium had been reached.

Consequently the effects of gas cap heating up
(after introducing the solids) on the initial rate
of increase in pressure and on the final pressure

were difficult to establish.

Locker and de Bruyn (1969) adopted a technique
in which the change in volume was monitored during
the dissolution reaction. A pressure sensing device
was linked to a driven piston arrangement, in order
to maintain a constant pressure and measure the

change in volume.

No attempt appears to have been reported to
measure a solution related variable (such as zinc
ion concentration). This possibly results from the
fact that between the time of sampling and filtering
the solids, dissolution continues. Such dissolution
would tend to be accelerated in the event of Has
desorbing from the sample to the atmosphere prior
and during filtration. Since the initial rate of
dissolution may be very rapid, errors resulting from
continued dissolution prior to filtration would be
large for samples taken shortly after commencement

of the reaction. Thus it would be extremely difficult

to measure initial rate kinetics in such a manner.
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The author was unaware of the approach adopted by
Locker and de Bruyn until only towards the completion
of his project. In view of the problems associated
with measuring a solution related variable as
discussed above, the approach adopted in this

thesis has therefore been to monitor the H5S

partial pressure.

It will be seen, in this thesis, that techniques
were developed which eliminated many of the sources
of error which appeared to be present in the research

of Romankiw and Verhulst.

1.6 ELECTROKINETIC AND THERMODYNAMIC
CONSIDERATIONS
1e6.1 Electrokinetic considerations

When a solid such as sphalerite is placed
in an electrolyte such as aqueous H, S0,

or acidic ferric sulphate, electrokinetic
phenomena generally occur as a result of

the ionic diffusion, adsorption, reaction
and desorption processes taking place at the

active solid surface.

Potential differences are formed in the
contact zone as a result of differences in
mobilities of the ions. The charge transport
between diffusing positive and negative ions
do not cancel and an electric field is

established in the absence of an external
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current flowing. The potential gradient
thus set up superimposes itself on any
existing concentration gradient. The
Nernst-Planck equation expresses the
relationship between these phenomena -

(Helfferick, 1962).

In addition to the electrokinetic phenomena
just mentioned, an electrical double layer
or potential could be set up on the solid
side of the sphalerite-solution interface
as a result of the establishment of
equilibria for exchangeable potential
determining ions such as Zn?* or §°-

(Vermilyea, 1966).

When the concentration of charge carriers

in a semi-conductor such as ZnS is large,
this double layer becomes negligeable -
(Woods, 1972). However, as the parameters
associated with the electrokinetic and the
double layer potential are difficult, if

not impossible to measure, they are

ignored for the purpose of this thesis. It

is therefore implicitely assumed in this study
that whilst these phenomena may occur, that

the rate limiting steps are not dependent

on them.

1.6.2 Thermodynamic considerations

The effects of concentration changes on the
activities of various ionic species in

solution are generally ignored in this thesis.
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Thus the activity coefficlents are

assumed to be equal to unity so that the
mass action and the equilibrium constants
are equal. Under certain circumstances
this assumption may not be valid, especially
for solutions of higher ionic strengths.
However, under initial rate conditions

this assumption is probably justified.

T 7 EFFECT OF THE MODE OF MILLING ON THE
SPHALERITE DISSOLUTION RATE

Gerlach (1971 , 1973) subjected several
different base metal sulphides (including sphalerite)
to a vibratory (sometimes called attrition) mode of

milling. He claimed that:.-

a) crystal lattice straining occured which
resulted in an activation of the mineral
which could not be attained by ball or rod
milling;

b) the extent of activation was related to
measureable x -ray diffraction pattern
peak broadening, which disappeared on

heat - annealing the mineral in an inert

environment;

c) Very large dissolution rates of the activa-

ted minerals were observed.

Beckstead, Wadsworth et al (1976) compared
the leaching kinetics of attrition milled and ball
milled chalcopyrite in acidic ferric sulphate media

and showed inter - alia that:.-
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a) Attrition milling of chalcopyrite concen-
trate increased the specific surface area
4,73 times (after 1,0 hour milling) ;
5,27 times (after 2,0 hour milling) ; and
8,0 times (after 3,0 hour milling) .
However, ball milling of the same concen-
trate for 3,0 — 24,0 hours produced
only a 2,47 ~ 2,93 times maximum

increase in specific surface area.

b) The increase in the initial rate of
dissolution of chalcopyrite was directly
proportional to the initial specific
surface area and independent of the mode

of milling.

c) Although attrition milling did result in
x -ray diffraction pattern peak broadening
(which could be eliminated by heat treatment),
the attrition milled chalcopyrite leached
identically after the heat treatment as

before.

The author is unaware of any attempt by Gerlach
or anyone else to compare the leaching rate per
unit area of vibratory milled and ball milled
sphalerite, and this aspect is dealt with briefly

in this thesis.
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CHAPTER Z

PROPOSED SPHALERITE LEACHING MECHANISMS

AND DERIVED MATHEMATICAL MODELS

2. 1 Introduction

In this chapter two mechanisms are proposed for

the leaching of sphalerite:

Mechanism 1 - based on single site reaction kinetics

Mechanism 2 - based on dual site reaction kinetics

Mathematical models are derived for each mechanism
using Langmuir - Hinschelwood kinetic theories, in which
either surface adsorption or surface desorption
phenomena constitute the rate limiting step. Leaching
models for the following three [F63+%: [Hasoqh) ratios

are considered:

Yy . oAty . -
Case (i) : [Fe I, ¢ [H;80,] = ;l
(no Fe” present)
Case (ii) : [Fe3+% :[H2804% is large
(approximately =1,8)
Case (iii): [Fe3+] : [H,80,]  is small
o 2 o}

(approximately =0,1)

Table 2.1 summarises the main features and

designations of case (i), (ii) & (iii) models for

mechanisms 1 and 2 .
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2+ Mechanism 1“ Mechanism 2
C F : [H i
ase |[Fe” ] { 2804% Model Model Main feature of model
(i) =0, 0 A F Leaching models based on H* adsorption
rate controle.

B G Leaching models based on product desorp-
tion rate control

(ii) =1,8 C H Leaching models+based on competitive
adsorption of H and Fe *t withnegligible
dissoclution contributed by the H .

(iidi) =0,1 D I Models for the homogeneous phase oxida-
tion of HpS by Fe-*.

E J Leaching models based on competitive
adsorption of H* and Fe”’' with signifi-
cant dissolution contributed by the gt
and Fel*, and homogeneous oxidation of
H>S by FeJ* occuring simultanecusly .

# Mechanism based on single site reaction kinetics
® Mechanism based on dual site reaction kinetics

T ABLE

b

SUMMARY OF NOMENCLATURE USED TO DEFINE THE MODELS CORRESPONDING

TO CASES

S

(41)

AND

(iii) OF PROPOSED MECHANISMS 1 &

2

6L
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In chapter 3 the initial rate forms of the case
(i) and case (ii) leaching models are quantitatively
tested using experimental initial rate results.
This is done in order to discriminate between the two
mechanisms, and to identify which of the models best

fit the sphalerite leaching kinetics.

In chapter 4 the overall forms of the case (i)
and case (ii) models selected in chapter 3 are tested
by fitting to overall experimental rate data.

In chapter 5 the case (iii) models are tested

qualitatively.

2. 2 GENERAL ASSUMPTIONS

In order to simplify the task of proposing
mechanisms and deriving models, the following
assumptions are made. Several of these assumptions
relate to kinetic, electrokinetic and thermodynamic

considerations discussed in section 1.6 .

(i) The concepts of adsorption and kinetics
rest on Langmuir - Hinschelwood theories.
Smith (1970 ) described these theories,
presented source references and gave
examples in which these theories were
used to formulate models for heterogeneous
catalytic reaction mechanisms. A similar

approach has been adopted here.

(1ii) Electrokinetic phenomena which may exist

at solution - solid interfaces and within



(iii)

(iv)

(v)
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the s0lid are constant for a given
system; do not influence leaching
kinetics and can be ignored when proposing

mechanisms and developing models.

Charge balance must be maintained
between ionic species approaching and

leaving the solid surface.

Diffusion of reactant or product species

at solid - liguid and liquid - gas interfaces
are not rate limiting (Romankiw ( 1962 )
and Verhulst (1974 ) tested for and found
these phenomena to be negligible when
leaching synthetic sphalerite in aqueous
HZSOL+ under conditions similar to those

used in this thesis) .

The total initial active site concentration

¢o is defined as -

= Kg M A caccsnsans 2
¢b ¢ oo 1
where MO = mass of sphalerite;
Ao = specific surface area deter-

mined using a B.E.T. N2

adsorption technique;

n

proporticnality constant

relating ¢o to AO.

“¢

In this study K¢ is implicitely incor-

porated into the leaching rate constants.
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During leaching the total active site
concentration ¢o consists of vacant
sites @, and adsorbed sites, (i.e.

sites occupied by adsorbed species) .

Thus -
¢O = ¢V + Z[Cik. cececas 240 2

where [Ci]Ei = concentration of active
sites occupied by adsorbed
species Ci .

Dividing equation 2. 2 throughout by ¢v

and rearranging gives -

o, = / (150 + z[flfg) ceee 2.3
P,

(vii) [H+] is equal to [H2804] over the full

(viii)

(ix)

temperature and [H2804] range investigated.

Activity coefficients for various species in
solution are implicitely included in the
reaction rate constants, and are hence
assumed to be independent of changes in
ionic strength over tlie concentration ranges

investigated.

Elemental sulphur formed in - situ in the
solid reaction zone is sufficiently
permeable that diffusion of ionic or other
species through such a s® layer does not

become rate limiting.

(Note that the molar volumes for sphalerite

and elemental sulphur are -
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MW
MV - __Z‘_Iﬁ = M = ZL{-,BL{- m3
Zns L,0
MW .o 25
MV So = S = -”—:-J-% = 16,0 m?3
Ps© = 2. 5

wyﬂzbﬂvirepresents the molar volume of specie 1

MW, represents the molecular weight of specie 1}

Pi represents the density of specie 1.

Assuming the 8° shell occupies the same
volume as the original sphalerite from
which it was formed, the voidage € of the
S© shell should be -

M VSO

€ - ’]’O —_— ————— 0,33 PP 2- 6
MV ons

This implies that the S° shell is
relatively porouse. This fact, and the
fact that S° may be removed by attrition
during the course of leaching in a well
agitated reactor, 1is presented as justi-

fication for making this assumption. )

2. 3 MECHANISM 1 BASED ON SINGLE SITE
REACTION KINETICS

The following sequence of reaction steps are
proposed. The equilibrium constants corresponding
to each reaction step are defined here for use 1in

section 2.4 .
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Adsorption

e+t = - ® feeeceeanee 2.7
(where * represents an active ZnS site)
+
[H ]a ceegEaaBEes 2. O
K = T
1 d')v[h]
(where subscript ‘a’ refers to the adsorbed
specie)
2z
c + FeoT = *Fet  eveiiiiea.. 2.9
[Fe-3+]a
K2 = ———T cssssscesss 2. 10
¢V[Fe1+l
Dissociation of adsorbed species
« gt = <yt e 2. 11
(HS*]
K = —_— ceesencaase 2. 12
3 [H'],
- 7ot = - Fes”?t . 2. 1%
[Fes~ )
K = = cesreesaase 2. T4
“ [Fe ™)

Rcaction of single dissociated specie

with homogeneous

phase reactants

-ust + B = 720"+ H,S
Ceteennnees 2.5
1Zn“T1_ 1,8
K = e ceeeees 2. 16
5 mst 1w



*FeS +

This reaction is considered to be irreversible,
and elemental sulphur is considered to have been

formed in - situ. Hence = -

K6 2~ (D swerss asm e 2. 18

Desorption of reaction products from the surface

'Zn2+ —_ . Zn2+ . DR . - 2. 19
24
K = ¢V{Zn ] 2. 20
= et . .
7 [Zn=*],

=4

Diffusion of HES from liquid to gas phase

HS == WS
2% 2 g feereeeees 2. 21

[H,S]

K = L—‘ s seeacsass 2-
8 [H,8] ,

S
M

If the ideal gas law is assumed to apply, then -

PHES
(H, 81 = — . 23
2" g RT 2. 25
and for a given reactor volume, temperature

and [H,80,] -
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K9 represents the distribution coefficient KD
which relates the partial pressure of the st in the
gas cap to the liquid phase HES concentration. An
empirical equation expressing KD in terms of H2.SOL+
and temperature is determined and presented in Appendix

E (equation E.27)

B4

Homogeneous phase oxidation of H_.S by Fe
{ i

A detailed study of this reaction is beyond the
scope of this work, and comnsequently no attempt is
made to propose a mechanism for this reaction.
Equation 1.7 by Verhulst is accepted in section 2.4 .31
as representing a model which describes the kinetics

of this reaction.

. A : + 3+
Mechanism 1 dimplies that only H , Fe5 and
-

= S " .
an ions are adsorbed, hence from equations 2.8
de 10 and 2. 2 -

+

“{]a +
= K1[H ] cesseacsse 2o 25

5 & Ko Fe ] vviveneas 2. 26
¢,
Z2n° ) Fel ]
and a = esanesssss 2o 27
o, K,
If Kg = ’I.O/K7 SR eEses 2. 28
o+
then [Zn ]a = KS [Zn2+] cosinsnsse 2o 29
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y C4 .
Hence substituting for the 1a terms in

equation 2.3 gives the vacant gctive Site concen-
tration in terms of known values of total active
site concentration; the homogeneous phase concen-
trations of the adsorbed species; and unknown
values of the adsorption and desorption equilibrium
constants. Thus ' -

0,= &/11.0 « K, [H] + K, [Fe” ™1 + Kg {202t |

coesasasss 2o 50

2. 4 DERIVATION OF MODELS BASED ON
MECHANISM 1

4

2. b 1 Case (i) [Fe” "1, 3 [H2§94k> = 0,0

2.hs 1.1 Model A (based on the asumption that H
adsorption represented by

equation 2.7 1is rate limiting)

In section 1. 1 it was reported that Locker and
de Bruyn (1969 ) demonstrated that the activation
energies of the initial dissolution reaction for
different sphalerites were equa?fgndependent of the
impurity content or crystal structure of each
sphalerite. They proposed that the initial adsorp-

tion of H' was the rate limiting step.
The rate equation representing equation 2. 7 is
rA = k,] ¢V [H -—_kz [H ] ® @08 000 0 so0 2. 31

Subsequent steps represented by equalkions 2. 11, 2.15,
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2.19 and 2.21 may be considered to be at
equilibrium. Equation 2. 31 may be expressed in

terms of homogeneous phase concentrations as follows:

+ + _
From equation 2. 12 Ulla= [HS]%///K3,
24
et Z (H.S]
from equation 2. 16 Hs™], = Zn="], 1H,
K *]
5 [H2
2 d, (zn="]
and from equation 2. 20 A=) = amitOl_J
‘ a Ko

Consecutive gubstitution into eguation 2. 31

gives -
o 2F
k., ¢, (2077 [H 8]
r = k ¢ [H+l— 4 - 2 L
A 1 v K5 K7 3 [H+l
eem e v 2e 32
k?
Let k = - s e eaeesanse 2.. 33
K, K K
R L

Then substituting equation 2. 33 into 2. %2 and

rearranging gives -

2+ »
+ z H,S |
=@y Ckq ] = kg 1207 TTHpS)
[H*]
- - 2.34
Substitution for @, by equation 2 .30 gives :~

s

2+
[(Zn™"] [H,S]
o= PR TRl T A A S 2% )
A (1.0 + K, (H']+ Kg [Zn TR 3 TR
..... cesss 2. 35

The initial rate form of equation 2. 35 is: -

s
k1¢5[ﬂ ]o
rAO = T N 2+ e s e ® 2- 36
(1.0 + K, H'] + Kg [Zn77] )
As equilibrium is approached and TA-—a-O the

mass action comnstant may be expressed as:-

Aua
2+]

K k1 [Zn [H S],@
A C s = __‘F_ZL evrennsncnse 2
MA kz [H™] 7
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\O

(In section 2. 2 (assumption (viii) ) it was
assumed that the activity coefficients for the
various species are incorporated in the reaction

rate constants.) The thermodynamic equilibrium

constant KAEQ is thus -
V. 24 V
K K Zn H.S
= * = “eveeas - 8
ArQ fua > e 2
V .+
H
where Vi represents activity coefficient of specie 1.

2

2.4. 1.2 Model B (based on th: assumption that Zn "
desorption represented by equation
2.19 is rate limiting)

In view of Locker and de Bruyn's observation
discussed in section 2. 4. 1.1, the only other active
site related step in Mechanism1 which is likely to be
independent of the impurity content or crystal struc-
ture of the sphalerite is the desorption of

ilons from active sites.

Steps preceeding and subsequent to the reaction
expressed by equation 2. 19 are assumed to be at

equilibrium.

Bquation 2. 39 may be expressed in terms of

homogeneous phase concentrations as follows:
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2 +
From equation 2.16: 12n°" = x_ @ms*) ")
a 5 a
H,S
51,
From equation 2.12: [HS'] = K, L
From equation 2.8 : [H‘i-l,1 & K’I (I)V [H+]

Consecutive substitution into equation 2. 39 gives -

Ur 2+
ry = k4 ¢ ([H S] - k5 y [Zn ]]
.......... 2. 4o
Let k6 = k4 Kﬁ KB K5 voelein e e 2. 41

Substitute for ¢, and k), K4 K5 K5 in equation 2. 40
by equations 2. 30 and 2. 41 respectively and

rearrange :

®q oy 52 el
BT 1 +K, H'] + KS[Zn““n Ko m.8 bk, TR
2%
....... eee 2042

The initial rate form of equation 2. 42 1is :

+ 7
(1,0 + K [H] + Kg [Z ])[H S]

...... ceee 2. 43

and the mass action and equilibrium constants for

equation 2. 42 are :

2
ke Zn=*] [H,S81,
KB = e = T asssnsnnas 2. L
MA 7] (H ]
K _ K VZn2+ VHZS
BEQ - I\BMA x v2 s scsasnmes 2- 45

H-I-
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2. k. 2 Case (ii) Feot) Hp S04l = 1,8

0]

2.4.2.1 Model C (based on the assumption that
FeJ+ and HY adsorb competitively
and that for large [Fe3+k):[H2804%
the HT contributes negligibly to
the dissolution reaction)

In section 1. 3 it was reported that Kuzminkh
(1950 ) established that two mineralogically very
different sphalerites initially leached at similar
rates under equivalent conditions. Furthermore the
initial dissolution rate was found to be approximately
proportional to the [Fe3+]. Equation 2.9 ,is the
only active site related step in Mechanism 1 which
involves Fe3+ species which can take place
independently of the mineralogical properties, and

3+

at rates proportion to the initial Fe .

Kuzminkh also reported reaction rates to be
inversely proportional to [stoq]. In order to
explain this it is assumed here that the Fe '
ions adsorb and react at much faster rates than do
the H' ionms. Consequently the proportion of active
sites occupied by relatively slow adsorbing and reac-
ting H* 1ions increases with increasing HZSO4 . This
in turn proportionally decreases the concentration of
Fe3+

vacant sites available for adsorption and

4

reaction. At high [Fe”'l, : [H,80,], ratios the
contribution of the H* reaction to the overall
dissolution rate is assumed to be negligibly small in
comparison to the contribution by the parallel Fe3+

reactions.

Thus the dissolution rate equation describing
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equation 2. 9 is -

+ 54
r, = k7 ¢v [Fe3 ] — k8 e . ewwdma. 2. L6

Since the reaction described by equation 2. 1 is

irreversible, the reverse component of equation 2. 46

reduces to zero. Thus equation 2. 46 may be expressed
as - ‘

_ -+
rg =k ¢, Fe7T1 el 2. 47

According to Mechanism1 the only species adsorbed on

B+ 2+

the surface are H* , Fe and Zn .

Substituting far¢v in equation 2. 47 by equation 2.3

gives -~
k7 ¢b [Fe3+]
rC = [C.] ® ® & & a8 6 0 2. L+8
ila
(1,0 + ¥ _____}
by

Substituting

+
equation 2.8 : Hla o X, i
¢v
B+
equation 2. 10 : Fem b Ky [Fe3+]

¢v
2+

and equation 2. 29 : Zn " 1o = K8 [Zn2+]
q>v

into equation 2. 48 gives -

3+
. . lc7 o, [Fe” " ]
¢ =

(1,0 + K, H )+ K, [Fe'* )+ Kg [Zn2+])
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+ .
If it is assumed that the H ions are much

L B+ 2+
more strongly adsorbed than the Fe3 or Zn
ions-k(i.e; KH+>>' KF63+ or KZn2+) and that
K, [H']> 1,0, equation 2. 49 reduces to -
3+
-
IR, ¢ (Fe ]
C - - To)
Kq (7]
k
Let Ke B gl e eeeeaees 2. 51
8 Ky
+
then r, kg d, [Fe?_] ceceannees 2. 52
tish

Equation 2.52 also represents the initial rate
)
o ¢ [H2SO4]O

ratio leach media, and is basically in agreement with

of dissolution of sphalerite in high [Fe

the observations reported by Kuzminkh (i.e. propor-

P o

tional dependency of rate on initial area and [Fe

and inverse dependency of the rate on [H,S0, ], I

2. 4. 3 Case (iii) (Feo*

ln & [H2§9MJO £ 0.1

2.4. 2.1 Model D (Homogeneous oxidation of HoS
by Fe ot )

It is proposed that the empirical model developed
by Verhulst (1974 ) and represented by equation 1.7
describes the kinetics of the homogenecus oxidation of

HoS by Fe3+. Model D may be represented as -

d 5] b ~67.72
rp = = — 0,947 x 10 exp ( = 13
[HZS]1,42 [F63+]1,69
X
2,49
[H,50,, ]

cenes 2. 53
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2.4%. 3.2 Model E (based on the assumption that ot
and Fe’* adsorb competitively ;
that for low [Fe’¥l, : [H2804], ratio
both the H and Fe2* contribute
significantly to the dissoclution
and that HpS formed by the HY is
homogeneously oxidised by Fedt)

In section le. 3 it was reported that Verhulst
leached synthetic sphalerite in aqueous sulphuric acid
with low TFe’' initially present. The H,8 partial
pressure was monitored and observed to reach a peak
and then decrease. He proposed that equation 1.1
described the HZS formation kinetics and that the
HES was oxidised homogeneously by the Fe3+ ions
(at a rate described by equation 1.7 ) . Comparison
of the experimental rate data with computed solutions
of the two simultaneous differential rate equations
1.1 and 1.7 demonstrated that the experimental
H>S pressure reached a peak and decreased signifi-
cantly faster than the computed HES pressure. He
proposed the possibility that the st oxidation by
Fe ot may have been catalysed by the sphalerite solids

present in the reactor.

In this study it is proposed that for low

[Fe3+L); [stouk), F63+ and HT adsorption are both

slow steps occuring simultaneously and at comparable
rates (reaction in parallel) . The 0,8 formed

3+

during dissolution is homogeneously oxidised by Fe

(reactions in series) .
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Assume that -

a) equation 2. 35 has an additional term 1in

the denominator for the adsorption of

Fe3+ thus
2+
¢ [Zn"") [H,S]
0 (1 [H+] " . £ )

r = Lol T
A it o + o + 1 ) [H. ]

]ﬂ}+‘K1[H ]+K2 [T ] Kg 4 )

..... ceees 2. 5h
b) equalions 2. 5% and .49 represent rate

expressions for the di.solution reactions

occuring in parallel, and
c) equation 2. 5% (reprc enting the homogeneous
. . + . .
oxidation of HoS by Fe ) occurs in series

with the dissolution reaction described by

equation 2. 5h4.

The overall dissolution will then be obtained by
simultaneously solving the following two differential

equations :

_ d@ne*] .
rE’l = —d't— = I‘A + IB cecsecsssse 2. 55
rE 2 = Eiféfﬂ = 7 - 2 6
= =T £ A ST EEEERRE « 5

where Ty oo rB and r, are described by equations

2. 54, 2. 49 and 2. 53 vres; cctively.
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2. 5 MECHANISM 2 BASED ON DUAL SITE
REACTION KINETICS

The following sequence of reaction steps are
proposed. The equilibrium constants corresponding
to each step are defined for use in section 2.6 .
Several steps which are identical to steps proposed
for mechanism 1, are repeated here to simplify the

presentation.

Adsorption

.+ H = H L 2. 57
[E*],
K,H = W isnsanesss 2. 58
.+ Tt = gt vesveesses 2% 59
+
e B
R Y O
Dissociation
g* = gt seesnE same  Ba 61
K g = % snsmasas . 2. 62
[57]a
‘Feot = .pest ceeeeeena. 2. 63

[Fes®*],

" cssssscces 2. bOb
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Dual site reaction of adjacent dissociated species

st o+ mst = an®t s H,8,
& e STt ce. 2. 65
2+
(Zn~ lg [HpS], ,
K,]5 = T P " 8 s e 8 ee8an 2- 66
[HS %"

5% > gn®t & .50 4 275

ssseesensne Ce 67

FeS?T + FeS

The elemental sulphur is assumed to form
in - situ. This reaction is dirreversible,
hence for this reaction,

Kig =@

Desorption

S ivssueEE-- 2. 68
24+

Qv[Zn ] ;

K N NAAIESIIES———. s ame e e L 2h

17 [Zn2+ ?
Ja

-HZS - " H2S coeme s en 20 70

K'IS = —[W sesessscea 2. 71

Diffusion of H2S from liguid to gas phase
HoS p = HESg ..... casne 2. 72
_ [HES]g
K = —— ssessnsses 2o 73

19 [E25],
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Homogeneous oxidation of HES by Fe)+

A study of the mechanism of this reaction is
beyond the scope of this work, and equation 1.7 by
Verhulst is accepted in section 2. 6.3.1 as
describing the oxidation kinetics.

Mechanism 2 implies that H' , Fe?', Zn°' and
H2S speclies are adsorbed, hence by adopting a similar

approach as in section 2. 3 it may be shown that .-

= 2+ [H2S]
O, = 0/ (1,0 K, W K, e BT, —
17 18
SR 2. 74
. 1
letting K = —_— sssnsssssse 2« 75
20 K)o
and K, = K—1 ...... vevs Ui 9B
18

and substituting these into equation 2. 74 " -

Oy = Bo/ (1,0 + Ky B K, (Fe” I K (2071 + K, H,8))
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= 0

2. 6 DERIVATION OF MODELS BASED ON
MECHANISM 2
2. 6.1 Case (i) [Fe3+% :[H2§9

ylo=©

2.6. 7.1 Model F
- gt

equation 2.57

The justification

the same as that given

The rate equation

by equation 2.57 is ' -

In a manner similar to

equation 2. 78

(based on the

assumption that
represented by
is rate limiting)

adsorption

for making this assumption is

in section 2.4.1.1.

for the reaction represented

that adopted in section 2. 4. 1.1

can be expressed in terms of homogenecous

phase concentrations as follows:

From

equation 2. 66 :

equation 2. 69 :

and

equation 2.62

equation 2. 71 :

1] = K- ms™)
[HS =
a K,IB 015
7n2+1095 _ (Zn°t1999
a - K,],7 075
0,5 0,5
. 31015 _ ‘Dv’ [Hgsl
S Kqg ©1”

Consecutive substitution into equation 2. 78 gives -

k12

K13 ¢v

rF = k/] ¢V [H+] —

45717 Kip 02 g B

2+ 79



40

. %12 K45
bet 13 5 L 05, 05 ¢ 05
15 17 18
ceecacaane 2. 80
: : 05 0,5 05 .
Substitute for¢w and k5 qu//K15 K17 ? Kig in

cquation 2.79 by equations 2.77 and 2.80 and
rearrange -

+ 24,35 0,5
By (g 1H 1= ey (20717 L8177

H + Ky (zn”7) + K, [HpS])

(’I,O+K,I,I

The initial rate form of equation 2.81 is -

ot
. S I L
Fo = =
N+ Ko, 12077+ Koo (HS] )
(150 + K [ + K5 o T Roq Rl
.......... 2. 82
and at equilibrium the mass action constant is -
ol =
K 1zt 120 11,8107
KF 11 27k 5. 83
= -F— p=— ewwoees [
MA 13 [H+]

Note that in the event of H', Zn°", and

H2S each being only very weakly adsorbed so that
Kq K20 and K., are very small, equation 2. 81

reduces to -

Y-k, 1227090 1Y)

rp = ol [ 13

ceececaves 2. 8h

Also note that equations 2.84 and 2.83 are
identical in form to equations 1.1 and 1.2
(which were obtained by Romankiw by regressing on

synthetic sphalerite leaching data) .
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2.6.1.2 Model G (based on the assumption that
reaction product desorption is
rate limiting)

This assumption is justified by reasoning
similar to that discussed in section 2. 4.1.2 .
2+

If the Zn and H,S species are both

P

strongly adsorbed and desorption of both the Zn2+

and H2S is necessary in order for the reaction to
proceed, then the reaction describing this rate
limiting situation is -

2+ 2+

-Z 4 <_L. .?“ e s 0o a0 -
n +H28 + Zn +H28 2. 85

The rate equation describing this reaction is -

_ 2+ . 2 o 2%
re = qu[Zn %_[HZSE_ k15 ¢\/[Zn I [H,8]

ceeecsaess 2. 86

Equation 2.86 may be expressed in terms of

homogeneous phase concentrations as follows :

From equation 2. 66 : [Zn2+] [H,8] = K [HS+]2
a 2 a 15 a
) ] +, +
equation 2. 62 : [HS L ™ K13 H{]a
) . + +
and equation 2.58 : [H I, = Kyq ¢v (H]

Substituting consecutively into equation 2. 86 gives -

_ .2 2 2 +.2 2 2+
ro = kqy K15 K,I3 K_M q;v [H'] —k15 cpv [Zn 1[HS]

cesesesass 2. 87

2 2
Let k =
e 6 k,m K,I5 K13 K11 crecscees 2. 88
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2 2 .
Substituting for ¢, and o Kis o Kos K.~ in

eauation 2.87 by equations 2.77 and 2.83 and
rearrangling gives -~

2 o oF
o (kg BT17 = ko (20771 (H,81)

G~ >+ 2

: + - |
(1,0 + qu[H 1+ KEO [Zn™ 1+ K21 HIESL

At equilibrium, the mass action constant in this case is -

2+
[Zn" ] [H£S%

MA [}1+]2

The initial rate form of equation 2.89 is -

2 +, 2
r ¢O k/|6 [H ]O
Go = + 2+ 2
(1,0 + K [H'] + K, [Zn77] + K, [H,5] )
....... ces 2.9
. Sy 33+ . X
2.6.2 Case (4i) : [(Fe” ] : [H,80,] = 1,8

2.6, 2.1 Model H (based on the assumption that
Fed™ and HY adsorb competitively
and that for large [Fe3+g: [HESO4%
the HT contributes negligibly to

the dissclution reaction)

The justification for this assumption is similar

to that discussed in section 2.4.2.1 .

Thus if the Fe3+ adsorption reaction described

by equation 2. 59 is rate limiting, then -

ryo= ke 0, FeoT) — ko [Fe3* 1, veeveen 2. 92
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Since the dual site reaction expressed by equation

2. 67 1is irreversible, equation 2. 92 reduces to -

- 34
Ty = 1{16 ¢V[Fe g .......... 2. 93

It is seen that the rate equations based on both
single site and dual site case (ii) mechanisms are

identical.

Substitute for~®v in equation 2.93 by equation
2. 77 -

+
ke O, [Fe)
T
B + 24+ 2+
(’I,O +K,|,I[H ]+K,|2[Fe ]+K20[Zn ]+K2][H2S])
....... cee 2. 94
Assuming that K11>;> K12, K2O or K21 \ that
qu >~ 1,0; and that kq7= k16 ” resdts (n eqn. 2.94 reducing to
3+
i . 1{17 ¢o [Fe” ]
H gty e eee 2. 95
ciay . o Ot _
2.6.3% Case (iii): V[Fe ]O. [H2§94% = 0,1

2.6. 3.1 Model I (Homoggneous oxidation of H2S
by Fe2t)

It is proposed that the empirical model developed
by Verhulst (1974) and represented by equation 1.7

describes the kinetics of this reaction. Thus -
iy ) Mo (pedt) 169
r.= — = —0947x1014e>’ ( 87.72 £
I at ' PITRT 2,49
[Hasoql !
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2.6.3%.2 Model J (based on the assumption that
HY and Fedt adsorb competitively;
that for low [Fe’™l,: [H,80y], ratio
poth the H* and Fe?* contribute
significantly to the dissolution;
and that H>S formed by the Ht is
homogeneously oxidised by Felt)

The justification offered in the preamble of

section 2. 4.3%. 2 applies here.

Assume that -

a) equation 2. 81 has an additional term in the

denominator for the adsorption of Feot , thus -~

+ 2+.0,5 0,5
L Q)D(kﬂ[ﬂ ] — k13[Zn 177 HoS81,7 )
P + 34 o 2+
(10 + K g [HT ]+ K o [Fe” 71+ K, o [Zn7 1+ K, [H,5])
.......... 2. 97
b)  equations 2.97 and 2.94% represent the

H and Fe” dissolution reactions occuring

in parallel;

c) equations 2.97 and 2.96 represent the
H28 formation and oxidation reactions

occuring in series.

The overall rate of dissolution for this case is
obtained by simultaneously solving the following two

differential rate equations :

_ dgn=t] X
rrg4 = Tt = :LF+I-H A~ B ~ :
dHp5] p
r i 25 o ! i e ® s a0 8aen 2- 99
J2 Xt F I
where Tp 2 Ty and rp are described by equations



2.97 , 2.94 and 2.96 respectively.

2. 7 SUMMARY OF MODELS DERIVED FOR
MECHANISMS 1  AND 2

Table 2.2 summarises the case (i) models.
The initial rate forms fo each of the equations are
obtained by setting the negative terms in the

numerators equal to zero.

Table 2.3% summarises the case (ii) models.

Table 2.4 summarises the case (iii) models.



Mech- | Model Rate Control Rate Equation Mass Action Constant
anism
b 20w kq [Zn2*) [H,5]
1 A HY adsorption Ty = _C:_ (k1 - k3 s ][h2D],€ ) % o™ " > £
(1,0 + K [H']+ Kg [Zn" 1) H* 5 (H]
" e " &8 " " @ 09 2-35 - g 8 ® e 8 888 2.3?
2+] (18]
ot . o) +, 2 k [Zn
1 B Zn desorption rg = +O == (k6 ([L—?Sll k_ [Zna+]) KBMA k—6- = - 22 £
(1,0 + K, [H ]+ Kg [Zn"7]) 270 5 E)
..... vaviei P s aEem e | Ew B
24.0,5 1 0,5 P Y TR
b (k.. B 1=k, 2012 E817 ) k., [2n2**2m,81)
2 F : adsorption e = =1 - > 2l 5 KFILA ;| = et
(1,0 + KqqH W K glZn™ 1+ K_, [st!} 13 &: B 4
.......... 2. 81 oh beaBive P23 B5
2 2+
&2 (k.. (51" = k,_(Z0°F 1H,S1,) K [Zn2+)H, 5]
2 G | 2n®"; B8 desorption | Tg = — L . L % - = Eﬁ & E £
- - g+
(1,0 + Ky 1+ K, [Zn" "]+ K, [H,8 l, ) 15 (H *]
.......... 2. 89 casescscss 2490
TABLE 2. 2 SUMMARY OF CASE (i) (&3+1. [£.50,] = O) MODELS FOR PROPOSED

MECHANISMS ol AND 2

9%



Mechanism

Model

Rate Equation

S+
(e~ |

k8 ¢)o T ........ ee 2.52
S+

k17 ¢o [Fe+] ....... ee. 2.95
(H "]

TABLZE

2

) . 3+ >
SUMMARY OF CASE (dii) ((Fe”™] 2 [H,80,1 _= 1,8)

MODELS FOR PROPOSED MECHANISMS 1 AND 2

Lh



Mechanism Model Rate ZEqguation

[Zn2tH,S]
3+ + 2°%
(Po(k7 Fe k (,k,l[H | kz'w_]— )
1 E rE 1 = = > 2. 55
(1,0 + K, H W K, [Fe” Tl Kg (z0°7]) et .
+ [Zn2* 1Hp8 1,
b, (K [H] — K T T
} o 3 [H]
E =
: (1,0 + K, [H' ]+ KB[Fe3+]+ K8Mn2+”
1 ,6
L 67.72 51y re3t 1O
— 0,947 x ']OII exp ( : G 515 'c’;
RT 1,50, 17
.......... 2. 56
_ 2_,_0,5 0,5
. O g 7™+ (1, (71T s BeTTTHERSLT)
2 J 79 =
+ 3+ 2+
(1,0 + Kq[E T+ X S [Fe? 1+ Ko lZn™ 1+ K [H,S]))
.......... 2. 98
@, (i, HT] = k13[2n2ﬁ0’5[H23%0’5)]
r -
J2 ~ + 3+ 2+
(1,0 + K HT+K, [Fe” T+K [Zn" 1+ K, 1H,81,)
_ s pe 3+ 109
= 0,947 x ok op | 67,72 2" g -
RT (HpS0u1 7). 0, ... 2 agq

L 34 =
TABLE 2. b SUMMARY QF CASE (iii) [[Fe” ], [H2§9do =0,1] MODELS FOR PROPOSED MECHANISMS 1 & 2
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CHAPTER v

EXPERIMENTAL TESTING OF THE

INITIAL RATE FORM OF CASE (i) AND (4ii)

MODELS PROPOSED IN CHAPTER 2

Introduction

In this chapter the case (i) and case (ii)
models developed for mechanisms 1 and 2 are tested
guantitatively under initial rate conditions.
Attempts are made to ascribe values to the rate and
adsorption equilibrium constants for those models

which do fit the data.

In chapter 4 the overall forms of the case (i)
and (ii) models selected in this chapter are tested

using overall leaching rate data.

In chapter 5 equation 1.7 for the homogeneous
oxidation of H,S by Fe-" is tested and modified
before qualitatively testing the case (iii) models

using overall leaching data.

In chapter 6 (section 6:1) Scanning elactron microscope photographs

of unleached ard leached sphalerite particles, and optical microscope

photographs of etched and unetched sprelerite particles are presented

In section 3.1 the four sphalerites, the
various forms in which they were used and their
identifying abbreviations used in this thesis, are

described.
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In Appendix A the experimental apparatus is

described.

In Appendix B experimental and sphalerite pre-

treatment procedures are described.

In Appendix C the chemicals used in the leaching

experiments are described.

In Appendix D methods of chemical analysis are

given.

In Appendix E empirical expressions relating the
e,
liquid phase 20t and H,S concentrations to the

gas phase H.S partial pressure are determined by

2

regressing on experimental results.

In Appendix F aspscts relating to the topography
of the different sphalerites are presented. In
particular the B.E.T. surface areas for the different
sphalerites (before and after leaching) are reported,
and mathematical functionz describing the change in

area during leaching are derived.

In Appendix G data analysis procedures, (including
that for determining the an+ leaching rate from

monitored HES partial pressure data) are discussed.

In Appendix H raw case (i) data ([Fe3+k)= 0,0)
is presented graphically by plotting the PHES versus

time rate curves.

In Appendix I all case (i) experimental leaching

results are fully reported in tabular form.
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In Appendix J all case (ii) experimental leaching
results ( [F63+k): (H,80,, ], = 1,8 ) are tabulated.

In Appendixes K and L all case (iii) experimental
results (i.e. Fe”  oxidations of H,S; and leaching

) - 3+ o _ _
with [Fe” ] : [Hasou]o_ 0,1) are tabulated.

3. 1 SPHALERITES USED IN THIS STUDY

3. 1.1 GENERAL DESCRIPTION

One synthetic and three natural sphalerites were
used 1n this investigation. The abbreviations used
throughout this thesis to designate these sphalerites
are shown below in capital letters between brackets,

and are summarised in Table 3. 1 .

The chemical composition of each of the sphalerites

are summarised in Table 3%. 2 .

The following different sphalerites were used:

(i) Synthetic high grade sphalerite

A precipitated synthetic laboratory reagent
grade sphalerite manufactured by the
British Drug House Company =

(Abbreviation: BDH. )

(ii) High grade natural sphalerite

A comparatively pure natural sphalerite from
Oklohoma, U.S.A. and acquired in lump form
from Wards Natural Science Establishment, Inc.,
New York, U.S.A. . Primary size reduction

of the lumps was effected in two ways :



SPHALERITE

DESCRIPTION
ABBREVIATION
BDH Synthetic sphalerite marketed by the
British Drug House Company .
WBM Ward's ball milled high grade natural sphalerite.
wvm *® Ward's yibratory milled high grade natural sphalerite.
VMWBM * Vibratory milled WBM sphalerite .
ZCR Moderately impure flotation concentrate acquired from
ZINCOR.
VMZCR Vibratory milled ZCR sphalerite.
PR Very impure flotation concentrate acquired from Prieska.
VMPR Vibratory milled PR sphalerite

E 3

size fraction)

TABLE 3. 1

The WVM sphalerite-was

whilst

used in a relatively course granular form (eg. -75,0 + 63,0
the VMWVM sphalerite was used in a very fine form.

SUMMARY OF ABBREVIATIONS AND DESCRIPTIONS OF SPHALERITES
USED IN THIS THESIS

25



Zn

Sphalerite Sulphide R c
Hewation % &JJper% % Cu Pb Cd —_— Mg a pom
ZCRH 6 = =T s e Log ., C 0 T:fy 0 67 o/, SED )
VMZCR ¥ 1,5 | 31,5 7,25 | 155, Oppm 1,51% | 0,12% 09,0 ,36% |0,63% | 237,
PR ® )
vMPR ¥ 55,08 52,71 10,74 3,53%% 850, Oppm | 0 ,73% 498 ,0 0,17% 0,1% 160,0
WBM * 66 L 8 0 L 8% 395,0 70, 0ppm 0,0opm | 229,0
VMWBM * 5| 32,2 | 0,45 | 382, Oppm | 900, Oppm | 0,%8% | 395,0 | 230,0ppm |350,Copm '
BDH * 65,4 31,0 0,12 | 129, Oppm | 557, Oppm | 83,0ppm | 408,0 | 400,0ppm| 266, Cppm | 23% 0
These abbreviations described in the text and summarised in Table 3.1
TABLE . 2 AVERAGE CHEMICAL ANALYSES OF SPHALERITES USED IN THIS STUDY
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a) Wet ball milling in a laboratory
mill. The milled material was
periodically wet screened through
a 125,0p screen, the plus fraction
being returned for further milling.

(Abbreviation: WBM)

b) Dry vibratory milling in a Siebtechnik
laboratory attrition mill. The milled
material was periodically dry screened
through a 125,0p screen, the plus
fraction being returned for further

milling. (Abbreviation: WVM)

(iii) Moderately impure sphalerite flotation

concentrate

A moderately impure milled flotation con-
centrate acquired from Zincor of South
Africa. The geographical origin of this
material is unknown to the author.

(Abbreviation : ZCR)

(iv) Highly impure sphalerite flotation cacentrate

An impure milled flotation concentrate was
acquired from the Prieska mine in the Cape

Province of South Africa. (Abbreviation: PR )

In addition to leaching the natural sphalerites
in their granular form, fully pretreated acid washed
granular samples of each were extensively vibratory
milled. (Abbreviations : VMWBM , VMZCR and VMPR )
The surface area of these sphalerites were increased

as a result of the vibratory milling from typically
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100,0 ma/kg to say, 3000,0 ma/kg.

It was further found that topographically
induced differences in the leaching characteristics
of the granular sphalerites, were largely eliminated
by the extensive vibratofy milling. The large
increase in dissolution rates resulting from the large
specific surface area exposed, permitted comparative
experiments using each of the sphalerites to be
conducted much more rapidly, with less sphaleritic

material being required per run.

3.1. 2 MINERALOGICAL PROPERTIES OF THE WBM,
ZCR AND PR SPHALERITES

Mounted, polished sphalerite particles were

inspected using a reflecting optical microscope.

The WBM particles were observed to consist of
essentially pure sphalerite. No obvious distinctive
crystallographic or mineralogical features were
observed. Upon etching with concentrated sulphuric
acid for different time periods, dissolution
appeared to mostly take place evenly over the entire
surface. Some evidence of leaching in preferential

directions was however observed.

The ZCR sphalerite particles were observed to
contain what appeared to be magnetite intergrowths,
and pyrite appeared also to be present as separate
particles. Etching with concentrated sulphuric
acid revealed zonal structuring with fine sub-grain

polycrystalline material at different orientations.
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Etching appeared to occur preferentially along

twinning zones and grain boundaries.

Figure 6.18 shows a photograph of an etched
ZCR particle.

The PR sphalerite was mineralogically far
more complex and interesting than the WBM and ZCR
sphalerites. Anhaeusser and Lenthall (1970)
reported a detailed petrographic and mineragraphic
study of PR sphalerite obtained from the same source
as that used by the author. Only the more obvious

features observed by the author are reported here.

Three generations of sphalerite were observed.
The copper impurity existed predominantly as
exsolved chalcopyrite, whilst the iron impurity was
present in the sphalerite lattice, as well as in the

chalcopyrite.

Iron free sphalerite was observed to exist
immediately adjacént to the chalcopyrite, the iron
concentration increasing with distance away from the
chalcopyrite. Upon etching, dissolufion appeared to
take place, preferentially in the zones adjacent to

the chalcopyrite.

Figure 6.19 shows this phenomena, the bright
yellow grains being the chalcopyrite. Fine sub-
grain boundaries, twinning and other crystallographic
zones of weakness were observed along which etching

appeared to take place preferentially.
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3. 2 EXPERIMENTAL TESTING OF CASE (i) MODELS

In this section experimental initial rate data is
used to discriminate between models derived for
mechanisms 1 and 2 umder case (i) conditions -

(i.e. [F63+] = 0,0) .
o

Tables 3.3 to 3.6 summarise the conditions of
the experiments performed to determine the effects of
stirrer speed, initial SPhalerite'area, H2804 con-
centration, temperature, dinitial zinc concentration,
and initial HZS£ concentration. Also shown on
tables 3.3 to 3.6 are the experimental and fitted
initial rates, along with initial rates calculated

using the final expressions developed in this section.

3. 2e 1 EFFECT OF AGITATION

Figures Hla to Hlc plot PHES vs t rate curves
for leaching VMWBM, VMPR and BDH sphalerites
with stirrer speeds ranging from 400,0 rpm to 150,0rpm .
No significant effect of agitation is observed. Since
all other experiments were conducted at stirrer speeds
greater than 800,0 rpm assumption (iv) made in
section 2. 21is justified. This is assumed to be true

also in the case of the VMZCR sphalerite.

3.2, 2 EFFECT OF INITIAL AREA ,

An examination of the models summarised on
table 2.2 reveals that models A, B and F predict
1st order dependency, and model G a 2nd order

dependency of the initial rate on area. Figures



ok | B | e | | e | e | gl | e | R 0T
(-) (k) | (k) | (rpmy | CEnged/ | (kesmel/ | (kmgmol/ | (keopod/ | (ke-molff (lg-mol/
I 1 5,0 318,0 1 000,0 1,0 0 0 5,57 5,73 4,154
I 2 10,0 318,0 | 1000,0 1,0 0 0 7,46 8,33 8,31
I 3 20,0 318,0 800,0 1,0 0 0 13,70 18,1 16,62
I 4 20,0 298,0 800,0 1,0 0 0 4,86 6,68 6,10
IS5 20,0 338,0 800,0 1,0 0 0 25,30 55,60 40,19
16 20,0 318,0 1150,0 1,0 0 0 21,70 22,60 16,62
I 7 10,0 318,0 1 500,0 1,0 0 0 11,80 9,29 8,308
I 8 1650 318,0 1 000,0 0,5 0 0 L9k 4,61 L,941
I 9 1040 318,0 1 000,0 2,0 0 0 12,60 14,20 12,60
I 10 10,0 318,0 1 000,0 1,0 15 .0 0 5,28 5,30 6,119
I 11 10,0 318,0 1 000,0 1,0 25,1 0 5,56 5,60 4,843
I 12 10,0 318,0 | 1000,0 1,0 53,9 0 3,68 0 3,635
I 13 10,0 318,0 1 000,0 0,5 0 5,0 3,89 6,47 L9941
I 14 10,0 318,0 | 1000,0 1,0 0 11,9 9,19 8,18 8,308
I 15 10,0 318,0 1 000,0 2,0 0 20,0 15,30 14,00 12,60
¥ Calculated using equation 3. 41 with parameter values shown on table 3. 10

TABLE 3.3 SUMMARY OF INITIAL CONDITIONS AND RESULTS FOR EXPERIMENTAL LEACHING RUNS

USING VMWBM

SPHALERITE

(ALL EXPERIMENTAL RESULTS TABULATED IN APPENDIX I)

[Fedl, : [H550,], = 0.01
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. 2+ r v . r *
e | s [ nes. | S| e | e | g | Cgpe | SRR | She
() (xg) (K ) (rpm) (kigmol/ (krgn-m)Ol/ (ki—m)Ol/ (l;gi-nmoi/) (]ﬁ;m;% ($§;m23 )
116 5,0 318,0 | 1000,0 1,0 0 0 3,28 3419 35391
117 10,0 318,0 | 1000,0 1,0 0 0 6,84 4,87 6,783
I18 20,0 318,0 800,0 1,0 0 0 13,60 28,90 1357
119 20,0 318,0 | 1000,0 150 0 0 9,50 12,60 15,57
120 20,0 298,0 | 1000,0 1,0 0 0 4,66 L,61 4,035
I 21 20,0 338,0 800,0 1,0 0 0 36,90 54,90 39,52
I22 10,0 318,0 | 1000,0 0,5 0 0 4,20 4,17 4,169
123 10,0 318,0 | 1000,0 2,0 0 0 10,10 9,88 9,879
I24 10,0 318,0 | 1000,0 1,0 14,343 0 5,457 4,402 4,829
I25 10,0 318,0 | 1000,0 1,0 0 10,96 5,96 N.D. 6,783

¥ Calculated using equation 3. 41

TABLE

3. b

with parameter values shown on table 3. 10

SUMMARY OF INITIAL CONDITIONS AND RESULTS FOR EXPERIMENTAL LEACHING RUNS

USING

VMZCR SPHALERITE

(ALL EXPERIMENTAL RESULTS TABULATED IN APPENDIX I)

(IFe*l, ¢ [HS0,], =0.0)

65



Table Initial
No Mass x 105 Temp.
(=) (kg) (K)
I 26 5,0 318,0
I 27 10,0 318,0
I 28 20,0 218,0
I 29 20,0 298,0
I 30 20,0 338,0 !
I 31 20,0 318,0 ;
I 32 10,0 , 318,0 |
T 2% 10,0 | 318,0 |
I 34 | 10,0 218,0 }
I 35 : 10,0 318,0 ‘

Stirrer
Speed

(rpm)

1000,0
1000,0
1000,0
1000,0
1006,0
1500,0
1000,0
1000,0
1000,0
1006,0 |
|

|
1

o o o O o O o o

14,237

1

o
(Hp S, (To)exp (Yo)fit (To)cale
x 105 |x1o3 x 103 x 10 3
(kg-mol/ | (kg-mol/ (kg-mol/ | (kg-mol/
m || min m”) minm?) | min m”)
I L |
| |
0 | 0,61k 0,69 0,657
0 | 2,95 2,93 | 2,628
0 f 8,71 7,16 | 10,51
0 I 2,45 1,81 3,3k
0 | 14,80 22,10 28,87
0 | 11,90 2,74 | 10,51
0 I 0,689 0,551 | 0,657
0 I 2,56% 2,85% | 10,51
I
0 | 0,483 0,471 | 0,472
17,767 | 1,07 N.D. 0,969
i

"

8}

TABLE 3.5

Values far too low owing to some unexplained error

Calculated using equation 3. 41 with parameter values shown on table 3 10

SUMMARY OF INITIAL CONDITIONS AND RESULTS FOR EXPERIMENTAL LEACHING RUNS

USING

VMPR SPHALERITE

(ALL EXPERIMENTAL RESULTS TABULATED IN APPENDIX TI)

(IFe™], 1 1H,S0,1c = 00)

09



ngle _ Mﬁ’;itxi?é Temp. SE;ZZ? 8011, ;z;qli;]o }[{H%OSBJO }({ rq%)Bexp a i!"‘oo)Bfit (xrf‘,c)) calo *
-) (o) | (k)| G | gl | G/ | Ceeopor/ [ Gemdy | ety (Remnyg
I 36 L,0 218,0 1 000,0 1,0 0 0 3,97 L,06 4,723
I 37 10,0 318,0 1.000,0 1,0 0 0 12,00 11,20 11,80
I 38 10,0 298,0 1000,0 1,0 0 0 3,42 2,99 k,257

"I 39 10,0 2338,0° 1 000,0 1,0 0 0 21,80 21,30 29,03
I 40 5,0 318,0- | 1000,0 0,5 0 0 2,52 2,2k 2,36
I 41 4,0 318,0 .1000,0 2,0 0 0 10,8 10,5 9,45
I L2 4,0 318,0 1000,0 1,0 14,24 0 3,3k L, 3k L,72
I 43 4,0 318,0 1000,0 1,0 0 10.85 4,39 5,17 b,72
I 45 k,0 298,0 1 000,0 1,04 0 0 1,78 1,33 1,71
I 46 4,0 298,0 1 000,0 1,04 0 0 1,85 1,56 1,71
I L4y Lo 298,0 Loo,0 1,04 0 o] 1,36 1,12 1,71
I 48 4,0 298,0 700,0 1,0k 0 0 1,79 1,48 1,71
T 49 4,0 298,0 | 1000,0 1,0k 0 o 1,74 1,k2 1,71
150 8,0 298,0 1000,0 1,04 0 0 3,2k 2,40 3,43,
I 51 8,0 298,0 1000,0 1,04 0 0 2,78 2,35 3,43
152 6,0 298,0 1 000,0 1,04 0 0 2,70 2,17 2,57
I53 2,0 298,0 1000,0 1,04 0 0 1,04 0,82k 0,86
I 54 L,0 298,0 1 000,0 0,513 0 0. 0,871 0,670 0,88
155 4,0 298,0 | 1000,0 0,25 0 0 0,566 0,412 0,429
I 56 4,0 298,0 1 000,0 1,95 0 0 3,26 2,71 3,345

# Calculated using equation 3. i1

TABLE

3.6

with parameter values shown on table 3. 10

SUMMARY OF INITIAL CONDITIONS AND RESULTS FOR EXPERIMENTAL LEACHING

1S

RUNS USING BDH SPHALERITE (ALL EXPERIMENTAL RESULTS TABULATED IN APPENDIX I)
. (IFey : [H,;50,1, = 00)
Results on tables I45 to I56 were performed by H.DIJS on the author's

apparatus and permission was granted for the author te use the data.
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3.1 and %. 2 plot ukﬁexp and (rolfit versus ¢o
for experiments in which different initial masses of

sphalerite were leached under similar conditions.

The VMWBM, VMZCR and BDH sphalerites each
demonstrate 1st order dependeuncy, and the VMPR a

2nd order dependency of 14 on.@o s

The VMWBM and VMZCR sphalerite data super-
impose and scatter closely about the dashed best fit
line on figure 3. 1 represented by the following

equation :
-
r = 2,5 x 107 O, ceecansees 3.1

The BDH sphalerite (r data at 3,8,0K and

dexp
298,0K scatter around the best fit lines represented

by the eguations :
;=
ro = A8 =10 q)o(at 318,0K) veces 3. 2
C g ~b 5
r, = Q5% %0 ¢, (at 298,0K) ...cc 3. 3

The VMPR sphalerite data scatters

(Folexp
around the best fit line represented by the equation:

reg = Byl W 10_6¢g . A ems- Ba Ut

The VMWBM and the VMZCR sphalerites differ
greatly in terms of impurity content, yet apparantly
leach identically. The BDH sphalerite appears to
leach at a much lower initial rate per given area. It
is possible that the proportion of BET measured area
consisting of active sites (represented by K, in

equation 2. 1) for the natural VMWBM and VMZCR



200

x 103 (kg-mol/m3 .min)

=}
o

o
o

(ro Jexp; (Rt
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Calculated by egn. 3.1

TEMP, (K) 318.0
conditions  [H2SOy | (kg -mol/m?3) 1.0
STIRRER (rpm) 10000
Sphal. | (folexp|l i
legend VMWBM \ o X
VMZCR A +
X
A~ - 0]
/’X”’/
~" @
o
‘ # 4
4
0 10,0 20,0 300 40,0 50,0 60.0 70,0
d, = M,A, (m2/m3)
Figure 3.1 Initial rate versus total initial area
for VMWBM and VMZCR sphalerites.
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a Calculated by egn. 3.2

b Calculated by egqn. 3.3

¢ Calculated by eagn. 34

gitiome 1H2S0:] | (kg-mol/m3) | 1,0
conditions STIRRER | (rpm] [1000.,0
Sphal. (ro)exp (ro}flt TEMP.(K)
VMPR o X 318.0
l ’
egend BDH A Y 318,0
BDH 0 I 298.,0
12,0 A
a
/C \’5/ !
=100 ! — -
é ! 1
— 80 L 7
(@) // ,/
; S
(&) s
x rd
Y L7
o Ve //
= -7
X " /Y/ //
L7 oAl b
E // // - 'G )
':_; P ? @ .- H
-— - / _+h -
- 2’0 // // ﬂ ! /’_,N—
Q Ve // B .{_‘.—/
& o7 S
$ e
- 0 4’—”/”l
0 10,0 20,0 30,0 40,0 500 60,0 70,0
®, = MA, [(m2/m3)
Figure 3.2 Initial rate versus total initial area

for the VMPR and BDH sphalerites.
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sphalerites is significantly higher than for the BDH

sphalerite.

If it is assumed that K¢)= 1,0 (in equation
2.1) for the VMWBM and the VMZCR sphalerites, then a
value of 1{¢ = 0,61 (i '15}'5:<'10‘LF

Lo @y )
2.5 10

the initial rates of all three sphalerites (at T =

318,0K and [H,80,] = 1,0 kg -mol/m?) to be

will permit

described by the following equation :

r 9
E{¢

K¢}L)AO (equation 2. 1)

1,0 for VMWBM and VMZCR sphalerites,

0,61 for the BDH sphalerite.

ro o= 2,5 X 10~

where ¢o

-~
©
I

and

~
©
!

Although these results do not discriminate
between models A, B and F they do justify having
assumed H© adsorption as being the rate limiting
step in developing these models. By comparing the
results on figuresVB. 1 and 3. 2 1t is evident
that the initial rate dependency of VMPR sphalerite
is completely different to that for the two natural
and the synthetic sphalerite. In fact the results
for the VMPR sphalerite are in agreement with the
behaviour predicted by model G for which product

desorption is assumed rate limiting.

5. 24 3 EFFECT OF INITIAL H2§9 CONCENTRATION

I

An examination of the models summarised on
table 2. 2 reveals that models A and F predict a
1st order dependency and models Band G a 2nd order

dependency of the initial leaching rates on [H2804% .
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With no Zn2+ or H,S initially present the
(=8

models may be represented as follows:

+
kK, [HT]
Model A: ro" = 2 +° .......... 3. 6
(1,0 + K, [H']g)
) ke [HTIS
Model B: T/ = T e e 3. 7
(1,0 + K, Hp)H81,
+
k H ]
11 0
Model F: r,* = — e 3. 8
(1,0 + Kqq ] )
+ 2
® ki H o
Model G: rg = T ZAEEEEEEEEE 3. 9
(1,0 + Kqq [H']g )
.3 r
where rg = 0 for models A, B & F
¢O a e o 0000 LR 30 10
r
® o}
and rs = ¢2 for model G ceaueee eee 3411
O

Figure 3.3 plots (r’;)exp and (rh)., for the VMWBM
and VMZCR sphalerites. A definite non-linearity is

evident.

Equation 3.6 and 3.8 each have two unknowns,
kq or kqq and Kq or Kqq. Two equations were set
up for each set of data and solved for values of the
unknown constants. Curve 'a' on figure 3.3 1is

described by the following equation for the VMWBM

sphalerite :

3726 x 1070 HY

° (1.0 + 0,4674 [H'])

Curve b or fig 3.3 is described by the tollowing
ecuation tor the VM ZCR sphalerite -

3,996 x 107" ]

ro = n D T
1,0 + 0,595h [H'])

Note that for H' = 1,0, the solution for equation
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a Calculated by egn. 3 .12
b calculated by eqn. 3.13

TEMP. (K) | 3180
conditions MASS (kg) | 0010
STIRRER | (rpm) | 10000

Sphal. |1, lexp (7o) £it | A, (m2/kg)

4.0

(kg-mol/m=min)

30

- (M%) ¢it  x10°

(r‘:)exp

o

legend  VMWBM| o X » 3.272
VMZCR | & + 2.708
X
P
ety
A
578
/,/”/ +
P
’l
0 0.5 1,0 15 20
[H,S0,] (kg-mol/m3)
Figure 3.3 Initial specific rate versus

initial H,S0, concentration
for the VMWBM and VMZCR
sphalerites.
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r = 2,539x’|o'L+ Ceeeeeenes 3. 1b

and for equation 3. 13 is -~

r = 2,505X']O—L+ terseeneces 3. 15

These values agree very well with the value of

ro/ho = 2,5 % 107" given by equation 3. 5 .

Figure 3.4 plots (roﬁexp and (roxﬁit for the
BDH sphalerite leaching at 318,0K and 298,0K. A
linear dependence of ro* on [H+5 is observede.
According to models A or ¥ this could suggest that
the adsorption of H at active synthetic sites takes
place very weakly so that the adsorption constants

Kq or Kqq (in equations 3.6 and 3.8) are essentially

Zero.

Using the values of ry /¢, from equations
3.2 and 3. 3 for BDH sphalerites leaching at
318,0K and 298,0K (for [H'! = 1,0), and letting
the HF adsorption constants Kq and K44 be zero,
gives the following reduced forms of equations 3.6

and 3.8

L+

r.© = 1,64 x 1077 [H'] (T = 318,0K)
S T
and r ¥ = 0,55 x 207 (5t (7 = 298,0K)

csseccsens 3. 17

Solutions to these equations are represented on figure

3.4 by lines 'a' and 'b' respectively.
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a Calculated by egn. 3.16

conditions

= 4.0
£
E
g 3.0
&
=<
~3
© 2.0
3
3
X o
=10
a
5
X0
=
0

b Calculated by egn. 3 .17

Mass

(kg) [0004

Agitationlirpm) | 1 000.0

Data | T (K)
© | (rf), [318.0
x | {rZ% ) oyt 318.0
legend Q \Sxpiit '
PSR @ [ ey, 2980
+ (raoe)expfit 2980
0
X /Cl
///
1
// 6
// /D’b
/OX/ j /” -
// | - ”Q -
SR
0 0.5 1.0 1.5 2,0
[H,S0,1, (kg mol/m3)
Figure 3.4 Initial specific rate versus

initial H,SO, concentration
for the BDH sphalerite.
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Figure 3.5 plots r% versus [H+h) for the
VMPR sphalerite. The value at [H+]O = 2,0 1is
lower than the well established value at [H+k)= 1,0.
This is probably due to an abnormal unidentified
error, (possibly the graph paper recording the PH25
with time was advancing faster than was logged)and
hence this point has been neglected . Letting
ro/d%2 = 3,8 x 10=6 (from equation 3. 4) and
assuming that in the situntion of reaction products
being strongly adsorbed, that the adsorption of i
has an insignificant effect on the kinetics (i.e.
assume Kqq = 0,0 in equation 3.9), permits eqguation
3.9 for model G to reduce to -
® 6 .t 2

ro = 3,0 x 1077 ("],

teeceseaea 3. 18

The dashed curve on figure 3.5 represents the
solution to equation 3 .18 and is observed to fit

through the origin and two data pocints reasonably well.

It is apparant that none of the sphalerites
exhibit 1st order and 2nd order dependencies of the
initial rate on the initial area and [H+h) respectively,
as predicted by model B. Hence this model and
mechanism 7 is considered invalid and will be
subsequently disregarded. Additional reasons for
rejecting mechanism 1 in favour of mechanism 2 are
discussed in section 3. 2.8 .
3. 20 b4 EFFECT OF INITIAL Zn2+ CONCENTRATION ON

INITIAL RATE

According to the initial rate components of

models F and G, if Zn“" ions are sufficiently



(rflexp;(r;';)m x10°  (kg-mol/m2.min)

8.0
7.0
6.0
5.0

4,0

30 F

2,0
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-------- Calculatedby eqn. 3.18
Temp (K) 3180
conditions Mass (kg) 0.01
Stirrer | (rpm) | 10000
Data
® | (r®
legend | 2)””
X | (rdlsit
/
/
/
/
i /
/
f
,
/
[ /
Q. X =
!l @
/
/
/
/
i ol
/"x‘
0 05 10 15 20
[H,50,1o(kg-mol/m3)
Figure 3.5 Initial specific rate versus

initial H,S0, concentration
for VMPR sphalerite.
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strongly adsorbed their presence should suppress the
initial dissolution rate.

Figure 3.6 plots [rX] versus [Zn2+k) for the
VMWBM , VMZCR and BDH sphalerites. The VMWBM and
VMZCR sphalerite initial rates are observed to have

been significantly suppressed.

Using the values of constants given in equations
3.12 and 3.13 (for the VMWBM and VMZCR sphaleritecs)
model F take the following forms

For VMWBM sphalerite -

b
x 3,726 x 10 [H'],

11,0 +0,4674 (H'], + Kg [2077] )

cssasssaes 5. 19
and for VMZCR sphalerite -

I

3,996 x 107" [H'],

(1,0 +0,5954 [H'], + Kg (zn°"],)

eeessssses 3. 20

Figure 3.6 plots the solutions to equations
3.19 and 3.20 for Kg = 30,0:35,0:450:500and 60,0
respectively. All the points for the VMWBM and
VMZCR sphalerites fall within the curves for
Kg = 20 and Kg = 60 . A value Kg = 35,0 and
Kg
average fit through the VMWBM and the VMZCR data

45,0 1is accepted here as representing the best

points respectively. Consequently equations 3. 19

and 3. 20 take the following forms
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Calculated by egns. 3.19and 3.20
with K8 values as shown below.

TEMP, | (K}l | 3180
conditions [H,SO,] (kg—mol/m3)( 1.0
STIRRER (rpm) 1000,0
Sphal. |(r, Jexp| (Folfit | Mass (kg
VMWBM| © X 0,010
legend  VMZCR | A 0010
BDH B o 0,004
25 M-
:-LE\ (L\\\\\‘\z\
E \\\\\‘
E 20 NN
E Rk
g TN S
15 SES AL Tl .
\é .g \\\\\‘\~ :\: T~ xx\‘\ \\‘,\‘\ KB
X - \\:\‘ ~e __ 300
1,0 BT Bl L S o Y6
- |l AR A=Y
£
X s
05 |
Q |
X )
@
*o
| -
~ 0
0 100 20,0 300 L00 50,0 60,0
[ZN*], x10°  (kg-mol/m3)
Figure 3.6 Initial specific rate versus initial zinc

ion concentration for the VMWEM,
VMZCR and BDH sphalerites.
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For VMWBM sphalerite -

-y
3,726 x 107" @®',
k.3
r = e
° (1,0 + 0,4674 [H'], +35,0 [20°7] )
ceawess e . Be 2

and for VMZCR sphalerite -

3,996 x 107 (H'],

(1,0 + 0,5954 [H'l, + 45,0 (Zn"1 )
i isi e By BB

For the BDH sphalerite the (rzf)m values
demonstrate no suppression of the initial rate, whilst
. X
the (ro)exp
suppressive effect of [Zn' b on the initial rate.

values do ipwrar to demonstrate a

Unfortunately insufficient data is available to
resolve whether Zn2+ ions do adsorb sufficiently
strongly so as to give the Zn£+-adsorption equilib~
rium constant Kg a finite value.

Romankiw ( 1962) leached synthetic sphalerite
in 0,5 kg-mol/m> H,50, at 298,0K with five
values of Zn2+ over thé range -

0,0 = [zn2+]0:’:’ 50,0 x 1072 kg - mol/ m”
and detected no influence of [Znaﬁo on the initial
leaching rate. It is accepted then that Zn2+ ions
adsorb sufficiently weakly on BDH sphalerite that
the Zne*t adsorption equilibrium constant Kg for

this sphalerite is approximately zero.

Figure 3.7 plots (r ¢ and rogh't versus

0 %xp

2 @

(Zn<!, (where r ) for the VMPR sphalerlte
0 Ep '

and a significant suppressive effect of the Zn

ions on the initial rate is observed. In section

3.2.3 the HY ion adsorption equilibrium constant

for this sphalerite was accepted as being zero.
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———————— Calculated by egn. 3.28

Temp (K) 3180
conditions Mass (kg) 0.01
— stirrer | {rpm) | 10000

l .d _9_‘ [rg)exp
SRS U

-b
(@)
?x _V_O_

w
o)
L

N
O

o
Ty
/

)e)(p I(rg)fitﬂOG (kg~mol/m.mih)

B

o]
®
/

I

(r
}

0 50 100 150 200
[ZA], x 107 (kg-mol/m?)

Figure 3.7 1Initial specific rate versus
initial zinc ion concentration
for the VMPR sphalerite,.
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Model G therefore adopts the following form
(using the rate constant value expressed in equation

%.18) :

3,8 x 10-6 (5% °

o 2
1,0 + KpplZn™ 7, ) g

The value of K22 was determined as follows :
2+
Let 1,04Ko, [Zn" ) = Z RS ee 3. 2k

Now experimentally

ro® = 0,684 x 10"6 (at [Zn2+13= 14,237 x 1072
and [H'], = 1,0) so that equation 3. 23 takes the
form -

-6
0,684 x 1070 = 118—",;1—0— Ceeeeee. 3.25
Z(—
Hence Z = 2,36 ceesasaeee 3. 26
. . 2+ : .

Substituting for [Zn” '}, and Z in equation

3. 24 and solving for K,, egives -
2,36 — 1,0
K,, = — = 95,53 seeiee. 3. 27

14,227 x 1077

Hence equation 3%. 23 takes the form -

3,8 x 10-6 ('), 2
r = - 5 cesseess 5. 28

(1,0 + 95,53 (2n""],)

The solution to equation 3.28 is plotted on figure

3.7 .
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3. 2.5 EFFECT OF INITIAL st CONCENTRATION
ON INITIAL RATE

According to mechanism 1 H2S does not form
an adsorbed specie and hence models A and B do
not contain terms for the H2S adsorption equili-
brium constant in the denominator. Models F and
G for mechanism 2 do contain such terms, but if
the H2S is only very weakly adsorbed such terms
could have zero values. Experiments were conducted
in which H2S gas was purged into the leach reactor
containing aqueous H2804 to give a significant
positive H2S partial pressure prior to injecting
the sphalerite solids. The initial H2S concentra-

tion was determined analytically.

Table 3.7 summarises (roxbxp and (roﬂfit
data for VMWBM (at three[H'lvalues); VMZCR ;
BDH and VMPR sphalerites leached without and
with HoS initially preouent. Only for the VMPR
sphalerite is a significant suppression of the
initial rate observed. The lroX%XP data shows
rather serious scatter (often giving larger
values with H,§ present than without). TFigures
3.8 to 3.11 plot the FHys and APH,S versus
time rate curves for the experiments without and with

Has initially present.

APHgS is defined as | -

AP - P p
HyS = HS5 = FHp8 cecssecess 3. 29
where PH2S = measured total H2S partial pressure ;
P C
H2S()= measured initial H2S partial pressure

at time t =0

3
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®» ®»
Table Sphalerite [H2SOHL) 581, [ro %xp (Tq ]fit
No. tvpe x 107 (kg-mol/m=min)
° P (kg—nml/m%
I8 VYMWBM 0,5 0 15,1 14,1
113 VMWBM 0,5 5,0 11,9 19,8
I 2 VMWBM , 0 22,8 25,5
I 1k VMWBM ) 11,9 28,1 25,5
I9 VMWBM , 0 38,6 43,3
115 VM WBM , 20,0 46,8 L2,9
117 VMZCR , 0 25,3 18,0
125 VMZCR 1, 9,8 22,0 N.D.
127 VMPR ,0 0 11,2 11,1
I35 VMPR , 17,0 L,08 N.D.
I 36 BDH , 0 13,8 14,1
43 BDH , 9,801 15,2 17,9
TAB LE 3.7 SUMMARY OF INITIAL RATE RESULTS

FOR LEACHING WITH

AND

WITHOUT

HpS INITTALLY PRESENT
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Temp. (K) | 3180
ConditionsMass (kg) | 001
Stirrer | (rpm) 10000

Curve| [H,80, 1o | [H,S1x10° | Table
(=) |(kg-mol /m?){(kg-mol/m3)| (=)
a 2.0 0 19
b %3 2000 1125
c . I
legend g 10 1.9 114
e 05 0 18
f 05 50 113
300}
250 |
20,0}
=)
5
X
150 |
A
%I
100}
(V)]
D_IN
5,0
0 50 100 150 200 250 300
Time (mins)

Figure 3.8 H,S partial pressure versus time for
VMWBM sphalerite without and with

H,S initially present.
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Mass (kg) 004
.. Temp. (K) 318.0
Londtionsrrs0,1, [ikg-molAl] 1.0
Stirrer| (rpm) |10000
Curve | IH,S1, x10° | Table
| g ) (kg-mol /m3) | (-)
SFC e 0 136
b 9,801 143
300}
25,0
200
o 150
Q.
=
¥, 100
ot
<
N s
o
O 1 1 | 1
0 100 200 300 400
TIME (mins)

Figure 3.9 HoS partial pressurversus time
for BDH sphalerite leaching

without and with H,S initially
present .
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T emp. [ K) 318.0
e Mass (ka) 001
Conditions [H,S0, 1. (kg-mol /n3)| 1.0
Stirrer (rpm) 10000
Curve [HZS]O>-c1O3 Table
(=) | (kg-mol/m?) | (—)
legend 4 0 117
b 9.8 1.25
200 a
b
o 150
o
B9
0100
oL
<
“%5.0
= |
0
0 100 200 300 400 500 600
Time (mins)

Figure 3.10 H,S partial pressure versus time

tor VMZCR sphalerite leaching
without and with H,S initially

present.
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Temp (K) 318,0
- Mass (kq) 0,01
conditions H,S0, ] (kg-mol/m®) | 1,0

Stirrer (rpm) 10000

RUN| Table| (P, s | [H,S 1,
| ()] (=) | (kPa)[x10°(kg-mol/m?)
eceng @ | 132[127] O 0
€gend | 196|135 | 11,91 18.0
25,0
‘__20,6
O
a
x
15,0
B
o
< 10,0
r:n_IN 5

0 100 200 30,0 40,0 50,0 60,0
Time (mins)

Figure 3.11 H,S partial pressure versus time

tor VMPR sphalerite leaching

without and with H,S initially
present,
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APHES = calculated H5S partial pressure which

increases as dissolution proceeds .

The results on the figures 3.8 to 311 confirm
that only in the case of the VMPR sphalerite does
the HES significantly suppress the initial
dissolution rate. Hence it is assumed that 1if
H,S adsorption does occur for the VMWBM, VMZCR
and BDH sphalerites, it does s0 only weakly and

that the H,8 adsorption equilibrium constants for

these sphalerites are effectively zero.

The following form of model G can be solved

to determine the H2S adsorption equilibrium constant

K23 for the VMPR sphalerite. Using the rate

constant value contained in equation 3. 18 -

- -6 +.2
) 3,8 x 10 H ]
r's = 2 > "essnsssans 3. BO
1,0 + K23[HES%)
Let 1,0 + K23 [H2Sk) = 2 csasssnsee 3. 31
Now experimentally -
@ -6 -
ro’ = 1,55 x 107° at [H,8]_ = 18,0 x 1077
and E+h) = 1,0 so that equation 3. 30 takes the
form -
6 3,8 x 1070

1,55 x 1070 = 228x10 -

Z ¢ s oo annooe

Substituting for HES<) and Z 1in equation

3. 31 and solving for gives =~

K23

1,66 — 1,0
K = ) E = 36,4 cessssess 3. 33
23 18,0 x 1072 ’
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Hence equation 3%.30 takes the form -

e 3,8 x 1070 [m)°

° T 11,0 + 36.4 lH8])°

cecaceess 3o 34

r

Figure 3. 12 plots |{r ®] versus [stk) for the

0 'exp
VMPR sphalerite and also plots the solution to

equation 3. 34 .
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_______ Calculated by egn. 3.34

Temp. (k) 3180
[H,S0, I, (kg-mol /m8)| 1,0

Conditions Hags ~ (kg) 0.01

50

4,0

30

Do
o

1.0

Stirrer| (rpm)  [10000

® ] (R oo
x| (r8 )iy

T
/

| | 1

0 5.0 100 15.0 200

[HSl,  x10° (kg-mol/m)

Figure 3 .12 Initial specitic rate versus initial

H,S concentration for VMPR
sphalerite.
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3.2.6 EFFECT OF TEMPERATURE ON INITIAL RATE

The leaching models F and G incorporate not
only rate constants, but also adsorption equilibrium
constants which are likely to be temperature dependent.
For example, leaching a given sphalerite at different
temperatures (but at common [H+% ; [Zn2+b or [H,8],
values) , the overall resultant measured activation
energy which is ascribed to the rate constant is in
fact only an apparant activation energy. In order to
establish the temperature dependencies of the indivi-
dual adsorption equilibrium constants it would be
necessary to perform experiments at different
temperatures for different values of [H+b; [Zn2+1o

or [H,8] . This has not been done in this study,

nor in any other study of which the author is aware.

In order to observe the effect of temperature on
the leaching of the VMWBM, VMZCR, BDH and VMPR
sphalerites it is assumed that the foreward rate

constants of models F and G can be described by an

Arrhenius type equation, i.e. -
k k = A -
11 °F g T B exp (ﬂa—)---- 3. 35

For the VMWBM sphalerite (from equation 3. 12) -

o (1,0 + 0,4674 [H1,)
bo 1],

11 S P 1

For the VMZCR sphalerite (from equation 3. 13) -

Kyq = o (1,0 + 0,5954 (') 5. 37
¢%[H+b



87

For the BDH sphalerite (from equation 3. 16) -

r
kg = °+ fissachuas - Je=1d
bolH o

For the VMPR sphalerite (from equation 3.18) -

k16 - ) 2 + 2 ssasre v 3. 39

Figure 3. 13 plots log kqq and log k416

values ) versus =—— .

(based on [Tolgit i

wO)exp o2
All the [k,],l)exp and (kr]oﬂflt ’ or (k16]exp

and (k16%it data points were linear regressed for

each of the sphalerites. Table 3.8 summarises values

of Agp and E, for each sphalerite.

Sphalerite | R Ea
| b4 10'6
( =) (kg mol/minme) (J/ kg - mole)
VMWBM 1062,0 39,43
VMZCR 35 310,0 47,75
BDH 545 ,1 40,17
VMPR 66,81 45,13
TABLE %, '8 SUMMARY OF PRE-EXPONENTIAL

CONSTANTS “r AND ACTIVATION

ENERGIES Ea REPRESENTING THE

ORIGIN AND SLOPE OF THE LINES

APPEARING ON FIGURE 3. 13 .
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Figure 3.13 Arrhenius plot demonstrating the effect
of temperature on the foreward rate
constants for the VMWBM, VMZCR,
VMPR and BDH sphalerites.
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In order to improve the fit of final models to
the data in which ¢, and [stoqk) were varied, pre-
exponential constants may be calculated using
values of the rate constants appearing previously
and using the activation energy values summarised

in table 3. 8. Thus -

- + 1
qu or K16

exp [ =]  eeeeiennen 3. 4o
318,0

Table %.9 summarises the k or k16 values

I
. - . no L

(including the equation, containing these values) and

the E_, values used to calculate AE . It is these

calculated values of AE which are used in the final

models.

{ Sphalerite qu or k16 Equation Ba Calculated
: number x10—6 Ap %
| (—) (—) (—) (J 1kg-mol)|(kg-mol/m>.min)|
1 |
_ . _ | N Ll 1. _ ,__«{
VMWBM 3,726 x 10 3. 12 29,43 | 1126,0 |
VMZCR 3,996 x 10—4 3.1% 47,75 |28 130,0
BDH 1,64 x 1o‘LF | 3. 16 Lo,17 | 665,5
VMPR 3,8 x 1070 3.18 | 45,13 99, 2k |
L B L i
TABLE 3.9 SUMMARY OF PRE-EXPONENTTAL

CONSTANTS A5 CALCULATED USING

EQUATION 3,40
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3. 2. 7 FINAL FORM OF THE INITIAL RATE EQUATIONS

A general initial rate equation may be represented

as follows :

™
— Lq
(=8

m + .M
b Ppoexp (g7 EL

(1@+—%ﬁ[Hﬂ+K

2+ , . m
H anﬂz«n‘ L+ hﬂas[igs]o)

seras sae wan Sa 471

Table 3. 10 summarises the values of all the
constants in equation 3. 41 for the VMWBM, VMZCR,
BDH and the VMPR sphalerites.

The calculated initial rates obtained on inserting
the constants on table 3. 10 into equation 3. 41 for
each sphalerite are reported in tables 3.3 to 3.6 .
Figures 3. 14 to 3.17 plot the (folexp and (Fo)fit
values versus the calculated initial rate
(roleale values reported in tables 3.3 to 3.6 .
Generally a very good fit is observed for each

sphalerite.

3. 2. 8 REASONS FOR REJECTING MECHANISM 1 IN
FAVOUR OF MECHANISM 2

The following reasons are offered as justification
for selecting mechanism 2 rather than mechanism 1 to
describe the kinetics of sphalerite leaching under

case (i) conditions ([Fe3+k)= 0,0) .

a) The initial rate forms of models Fand G
based on the dual site kinetics proposed

in mechanism 2 have been shown to fit the
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) s E

Type x 10
VMWBM 1,0 | 1126,0 | 29,43 | o,4674 | 35,0 0,0
VMZCR 1,0 | 28 130,0 | 47,75 | 0,5954 | 45,0 0,0
B DO 1,0 655,5 | 40,17 0,0 0,0 0,0
VMPR 2,0 99,2 | 45,13 0.0 95,53 | 36,4
TABLE 3, 10 SUMMARY OF CONSTANTS APPEARING

IN THE GENERAL INITIAL RATE

LEACHING EQUATION 3%, 41
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Line representing 1:1 correspondence
between (r, )Jogor (Rlsiyand (rgleqrc .
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Figure 314 Comparison between initial rate

values calculated using eqgn. 3.41

with experimental and fitted
initial rate values for the
VMANBM spalerite. All values are

presented in table 3.3
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Line representing 1:1 correspondence
between (1, Jexpor (ro)iit and (rolealc -
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Figure 3.15

Comparison between initial rate
values calculated using eqn. 3.41

with experimental and fitted

initial rate values for the VMZCR
sphalerite. All values are presented
in table 3.4
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Figure 3.16 Comparison between initial rate

values calculated using egn. 3 .41
with experimental and fitted initial
rate values for the VMPR
sphalerite, All values are presented
in table 3.5.
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Figure 3.17 Comparison between initial rate
values calculated using eqgn. 3.41
with experimental and fitted initial
rate values for the BDH sphalerite,
All values are presented in table 3.6
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initial leaching rate behaviour of the
VMWBM, VMZCR and BDH sphalerites

(model F) and of the VUMPR sphalerite
(model G) . On the other hand none of
the sphalerites exhibited 1st and Znd
order dependencies on the initial area

and [H+h) respectively as predicted by
model B based on the single site kinetics
proposed in mechanism 1.

b) When the H© 3 Zn2+ and HES species
adsorb only weakly so that their adsorption
equilibrium constants may be considered to
be zero, the overall form of model F
(equation 2. 81) reduced to exactly the
same form of equation as that derived
empirically by Romankiw ( 1962 ) . This is
not the case for model A, which demon~
strates‘1st order dependencies of the
reverse reaction on [Zn2+] and [HES] and
an inverse dependency of the reverse

reaction on [H+].

3.3 EXPERIMENTAL TESTING OF CASE (ii)
in] - - e
MODELS ( Fed*), : [H,80,1 = 1,8)
Introduction

In this section model H (equation 2.95) is
tested by fitting it to the experimental initial rate
results of leaching granular WBM, ZCR and PR H
finely milled VMWBM, VMZCR and VMPR, and synthetic
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BDH sphalerite in acidic ferric sulphate media with
[Fe>*], : [HpSO,l = 1,8. Model C (equation 2.52)
is identical in form to model H and is thus not

referred to further.

The original objective of the experiments
reported in this section was to leach the different
sphalerites to various extents of zinc recovery,
and then measure the surface areas of the leachéd
particles (after washing 8° off, using CCly) .
Thus the leaching conditions were not selected
primarily to study the effects of different
variables (e.g. solidsmass; [Fe2*]; [HESth
temperature; agitation; [Zn], etc.) on the
leaching rate, but were basically chosen for the

following reasons :

a) Sufficient solids were required to give
significantly measurable B.E.T. areas
using the Strohlein apparatus, both

before and after leaching.

b)  Stoichiometrically sufficient [Fezﬁo was
required to permit a given mass of
sphalerite solids to be leached to the

desired extent.

c) For a given solids mass and [F83+h) the
temperature was selected so that the
leaching rate would proceed sufficiently
slowly so as to perwit initial rate samples
to be taken and filtered without excessive
error; but not so slow as to require

excesgsive time to achieve the desired final
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extent of zinc dissolution.

Preliminary experiments in which free acid
was initially added proceeded slowly and
subsequently no HESOL+ was added. It was
found that on dissolving the ferric sulphate
crystals in sufficient double de-ionised
distilled water to produce 1,0£ solution,
that measureable stoq was formed in such
a way that 1Fe3+]o : [H,80,1, = 1,8 .
The HESO4 formed in this way remained
essentially measureably constant even after

Fe3+ had been reduced to F92+.

most of the
Unfortunately the same reagent grade
Japanese manufactured ferric sulphate
crystals used to perform the bulk of the
research was uncbtainable towards the end
of the project. Consequently a less pure
technical grade of ferric sulphate powder
(marketed by the British Drug House Company)

was used for a few of the final experiments.

Something was present in the alternative
ferric solution which seriously interfered
with the HasOu determination technique,
and reproducible stou analyses could not

be performed and are consequently not presented.

All the experimental data supporting the
results used in this section are comprehen-
sively reported in tabular form in Appendix J.
Besides reporting initial leaching conditions

2+
and measured [Zn |, {F83+] and EZSOQ] versue
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time rate data, the tables report
additional results such as final specific
surface area; total filtered dry residue
mass; recovered 8° mass etc. for those
experiments in which these values were

determined.

3. 3a 1 EXPERIMENTAL INITIAL RATE RESULTS

Tables 3.11 to 3.14 (facing figures 3. 18 to
3.21 ) summarise the experimental conditions and

initial rate results for the different sphalerites

used.
P
S —_— d [z2n""]
he initial rate Yo = \=Qg3t /o vas

obtained by measuring the initial slope .of the

2
[ZnL+]o versus time rate curve. The rate curve was
obtained by plotting the [Zn2*] versus time data and

visually fitting a smooth curve through the data points.

In the ¢tase of the ZCR sphalerite, the rate
curves frequently never passed through the origin.
This probably resulted from oxidised ZnO coating
on the sphalerite surface dissolving very rapidly
relative to the slow rate of dissolution of the 2ZnS.
Although attempts were made to minimise this effect,
by washing the sphalerite in dilute acid during pre-
treatment, not all of the oxidised material may have

been removed.

The rate curve was consequently smoothed through
2+]

value (referred to as [Zn2+k) for the case (ii) data),

the data to intercept the vertical axis at some [Zn
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and the initial rate was measured by visually
fitting a straight line to the curve where it inter-

cepts the Y -axis at the Zn2+o value.

According to model H (equation 2.95) the

initial rate -

5+
[Fe lo
r
Hy = k P, ——T— +ececees 3. Lo
18 m71,
Let er be the specific initial rate, d1.e. -
Q
* oo W e . cen b
rHo = r"o//¢o 3 3

The reaction rate constant 1{18 1s then | -

1 [H+lo

é [Fe3+] cecessesss 3. L4

0

Kag = Ty

Figure 3. 18 presents Arrhenius type plots of
log kq8 versus % for the WBM, VMWBM and BDH
sphalerites.

Figures 3. 19 and 3. 20 present similar plots
for the ZCR and VMZCR sphalerites, and PR and
VMPR sphalerites. Since most of the experiments
using the granular WBM, ZCR and PR sphalerites
were done using -90,0 + 75,0pmor =-75,0 + 63,0pm
size fractions, best fit straight lines have been
visually fitted through the data points corresponding
to these two size fractions. These lines provide
reference values with uliich to make qualitative
observations regarding the effects of partiéle size,
the effect of vibratory milling of each type of

sphalerite and permit comparison between the leaching



Table Size Temp. | M, Ag (Fe3*, 15504), | THox 103 | THE x 100 | kg x 106
Fraction
(=) x 10° (m) (K) (kg) m2/kg) (kg - mol/ m3) (kg—mol,/fré'njn) (kg-mol/min,ma)
J 1| -125,0+106,0 | 358,0| 0,1 65,0 0,9848 N.D. 1,92 295, 4 N.D.
J 2| -90,0+75,0 318,0 | 0,15 80,0 1,039 0,822 0,667 55,58 43,97
J 3| - 75,0+63,0 343,01 0,1 80,0 0,824 0,337 3,3 412,5 168 ,7
J 4| - 75,0+63,0 355,5 | 0,1 80,0 0,795 0,298 L,29 535,7 201,0
J5S | - 75,0+63,0 368,0 | 0,1 80,0 1,504 0,561 12,5 156%,0 582,8
J 6 | - 32,0+ 24,0 318,0 | 0,05 140,0 0,2256 | 0,1224 0,555 79,29 29,31
J 7 24,0+ 17,0 318,0| 0,05 220,0 0,217 0,123 1,0 62,50 35,43
J8 | -17,0+12,0 32%,0 | 0,03 420,0 0,1468 | 0,0612 0,58 46,69 19,46
J 9 VMWBM 318,0| 0,02 | 3272,0 0,1504 | 0,051 2,1 32,1 10,88
J 10 VMWBM 228,0| 0,02 | 3272,0 0,304k | 0,0735 6,9 105,0 25,46

TABLE 3. 11

SUMMARY OF CONDITIONS AND INITIAL RATE RESULTS FOR WBM AND VMWBM SPHALERITES

LEACHING UNDER CASE (ii) CONDITIONS

k.3
Table Temp. | M, Ag Fe?*l, | (Ho804ly | THox 107 | THe x100 | kqgx 108
(=) (K) (kg) (mTkg) (kg-mol/m?) (kg-manmin) (kg-mol/min m?)
J L4 323,0 0,05 | 7 200,0 0,290 0,111 9,0 25,0 9,569
J 45 3432,0 0,02 | 7 200,0 0,1432 0,063 6,0 41,67 18,32
J L6 343,0 0,02 | 7200,0 0,292 0,107 11,6 80,56 29,52
J 47 353,0 0,05 | 7 200,0 0,580 0,223 38,0 105,6 40,58
TABLE 3. 12 SUMMARY OF CONDITIONS AND INITIAL RATE RESULTS FOR BDH SPHALERITE LEACHING

UNDER CASE (ii) CONDITIONS

00l
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a best fit line through -900 +750um
and -75.0 +63.0 pmdata points.

b best fit [ine through BDH
sphal. data points.

Size fraction (pum)
x | =800 +75.0
o | -750 +630 wWBM
4 . sphalerite
legend % -320 +240 PRAiE;
+| =240 +170
A|-170 +120
b VMWBM sphalerite
50001 o 5 a BDH  sphalerite
l Note ' exptl. conditions for each
i data point are summarised
I on tables3.11and 3 .12.
"
€
.IE i
E i
e N
LE? - 0 J47 NG
J7 +
>
i &6
<
100} o9
I
| 1 ] |

| 1
27 2.8 2.9 3.0 3. 3.2
—}- x 103 (K1)
Figure 3.18 Arrhenius plot demonstrating the effect
of temperature on kg (as defined by eqn 3.44)

for the WBM; VMWBM and BDH sphaleritas



Table Friiiion Temp. M, A, [Fe3+% [HESOQh) [ZnEZk) rHQ7 rH;; k 18

x 103 x 107 x 100 1 ¢ 100

(=) x 10° (m) (K) (kg) (m7kg) (kg - mol / m2) kg-mcY (kg-mol/
m3 min) min

J 1 -212,0 30%,0 | 0,02 450,5 0,376 0,184 6,8 0,121 11,20 5,486
J 12 -212,0 323,0 | 0,02 450,5 0,376 0,184 6,4 0,372 41,28 20,17
13 -212,0 358,0 | 0,02 450,5 0,376 0,194 27,91 1,176 120,52 67 43k
J 14 -212,0 37%,0 | 0,02 450,5 0,376 0,184 22,9 2,357 261,59 | 131,20
J 15 -106,0 + 90,0 z43.0 | 0,02 140,0 0,383 0,188 9,2 0,k421 150, 4 7%,80
J 16 -106,0 + 90,0 358,0 | 0,05 140,0 N.D. N.D. 15,0 1,867 266,7 N.D.
J 17 -106,0 + 90,0 368,0 | 0,02 140,0 0,362 0,19 3,3 2,32 828,6 L3k .9
J 18 -106,0+ 90,0 368,0 | 0,05 140,0 0,927 0,469 15,0 6,0 857 41 426,0
J 19 -90,0 + 75,0 338,0 | 0,05 150,0 0,304 N.D. 5,0 0,97 129, |  N.D.
¢ 20 -90,0+ 75,0 343,0 | 0,05 150,0 0,913 0,459 10,0 2.4 320,0 159 ,5
J 21 -90,0 + 75,0 268,0 | 0,1 150,0 1,49 0,804 30,0 11575 783,73 L22,7
J 22 -90,0 + 75,0 368,0 | 0,1 150,0 0,902 0,475 25,0 11,96 797 43 419,9
J 23 -75,0+ 63,0 32%,0 | 0,1 150,0 0,386 0,454 18,0 1,32 88,0 45,09
J 24 -45,0+ 38,0 34z2.0 | 0,02 185,0 0,367 0,186 3,3 0,914 247,0 125,2
J 25 -45,0+ 38,0 368,0 | 0,02 185,0 0,367 0,188 3,0 3,44 929,7 478,8
J 26 -45,0+ 38,0 368,0 | 0,01 185,0 0,362 0,188 1,0 2,5 1351,3 701,8
J 27 -17,0+ 12,0 32%,0 | 0,02 420,0 0,145 0,059 4,0 0,33 39,29 16,0
J 28 VMZCR 318 0,02 | 2708,0 0,1k4k 0,0633 0 350 64,62 28,41
J 29 VMZCR 338 0,02 | 2708,0 0,299 N.D. 0 7.00 129,2 NeDe
TABLE 5. 13 SUMMARY OF LEACHING CONDITIONS AND INITIAL RATE RESULTS FOR ZCR AND

VMZCR SPHALERITES LEACHING UNDER

CASE

(ii)

CONDITIONS

20l
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c best fit line through -900+75.0pm
—_— and -75,0+63 Oundata points.

d best fit through -212.0pm data.

Size fraction (,um)
“ -212 .0
+ | -1060+90.0
Y J26 x | -900+750 |
legend | _75p.63p (ZCR sphal
S000F Y3 v | -450+380
i 125 U® A | =170 +120
- * VMZCR sphal,
Note: exptl. conditions for
i each data point are
X 120 summarised on table 313
Ne. i1t
1000 |
= !
=
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>
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. ] | M| ] ] ]

2.6 2.7 2.8 2.9 30 3. 32 3.3
1? x 103 (k-1

Figure 3.19 Arrhenius type plot demonstratating the
effect of temperature on ksg (where kig is

defined by eqn. 3.44) for ZCR and VMZCR
sphalerite,



Table Size Temp. H, A [P+, (H,80y], [Zn2+]o THo x 107 er x ’IO6 kg % ’IO6
Fraction <03 (kg-mol

(=) x 109 (m) (x) (kg) | (nTkg) (kg-mol / m>) min.m?)| (kg-mol/minm?)
J 30 -106,0 + 90,0 318,0 | 0,02 140,0 0,344 N.Do 2,0 0,40 L6,L0 N.D.
g 3120 | _106,0+90,0 | 318,0| 0,05 | 140,0| 0,466 0,631 1u2,0% 0,08 11,43 15 .48
J 32 -90,0 + 75,0 343,01 0,15 150,0 0,763 0,413 0 6,38 305,8 96,36
J 331 -90,0+75,0 | 343,0| 0,1 76k,dV 0,412 0,222 0 5,3 69,37 | 37,38
J 34 -75,0 + 63,0 308,0| 0,05 150,0 0,14° 0,063 1,3 0,21 28,0 12,6
J 35 -75,0 + 63,0 318,0 | 0,05 150,0 0,279 0,111 2,0 0,50 66,67 26,52
J 36 -75,0 + 63,0 323,0| 0,1 150,0 0,302 0,296 4,0 1,79 119,0 43,92
d 37 -75,0 + 63,0 343,01 0,1 150,0 0,877 0, L4hh 0 5471 380,7 192,7
J 38 -75,0 + 63,0 358,0| 0,08 150,0 0,716 0,155 0 9,40 783,3 169 ,6
d: 30 -75,0 4+ 63,0 368,0 | 0,1 150,0 0,806 0,322 0 30,50 | 2033,0 812,3
J ko -2k, 0+ 17,0 318,0| 0,03 320,0 0,225 0,873 3, 02 20,83 80,83
J b1 -17,0+ 12,0 323,0| 0,02 420,0 0,147 0,062 3, 2,13 254 ,0 107 41
J b2 VMPR 318,0| 0,02 | 2630,0 0,1432 0,0633 235475 L51,5 199,6
J L3 VMPR 318,0| 0,02 | 2630,0 0,308 N.D. 24,0 456,3 N.D.

701

1) The CCl, washed residue from the run reported on table J 33 was used in this experiment.
2) The leach solution used in this experiment contained O,8,€ of the final filtered solution of the experiment
reperted on table J 2.

SUMMARY OF CONDITIONS AND INITIAL RATE RESULTS FOR PR AND VMPR SPHALERITE LEACHING
UNDER CASE (ii) CONDITIONS

TABLE 3. 14
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e best fit line through - 900+75 .O}Jm
and -75.0 +63.0}mdoto points.

Size fraction (pm)
+ -106.0 + 900
x - 900 « 750
legend o} - 750 + 630 PR sphalerite
Y -240+ 170
A - 170 « 120
10008 - o a2 VMPR sphalerite
| Note: exptl. conditions for each data
| point are summarised on table 3.14
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S
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Figure 3.20 Arrhenius plot demonstrating the effect of
temperature on k,g (where kyqis defined
by eqgn. 3.44) for the PRand VMPR sphalerites,
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behaviour of different sphalerites with each other and

with the BDH synthetic sphalerite.

The results for each of the sphalerites are now

discussed individually.

3.3.17.1 WBM, VMWBM AND BDH SPHALERITE RESULTS

From figure 2. 18 the following observations are

made :

a) The line 'a' fits very well through the
-90,0 + 75,0pm and -75,0 + 63,Opn1WBM
sphalerite size fraction data points. This
suggests that over a narrow size range model
H represented by equation 3. 42 fits the
WBM sphalerite data.

b) The activation energies represented by the
slopes of the best fit lines 'a' and 'b'
through the WBM and the BDH sphalerite
data points are virtually identical, i.e.
Ey = -45,62 x 1O6<I/1qg—nmle for the
WBM sphalerite and E; = -45,38 x 1O6<I/
kg - mole for the BDH sphalerite.

c) In order to observe the effect of
particle size on the leaching rate, a
co -
specific initial rate,ratio AID) is proposed

aS follows :

k8

AD)= :
(k18&ef

B TR
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where =
k18 is defined by equation 3.4, 3
[kq8]ref = the value of the best fit

reference line 'a' on figure 3. 18 at a

. 1
given value of =

T
D = arithmetic mean of the size fraction
. - 0,0 + 0
upper and lower limits (e.g. 5 = 2% 5 35’
9

for the -90,0 + 75,0pm size fraction) .

Figure 3. 21 plots A(D) versus D for the
WBM, VMWBM and BDH sphalerites. It has been
assumed that the mean diameters D of the VMWBM and
BDH sphalerite particles are each about 1,0um.
(Romankiw took scanning electron microscope photographs
of synthetic sphalerite with a specific surface area
of about 500,0 me//kg and estimated the mean particle
diameter to be about 0,15Fm).

Curve 'f' on figure 3. 21 represents the best
fit through the data points, and it is evident that
A(D) decreases with decreasing D. No explanation
for this phenomenon is offered at this stage, and this
aspect will be considered further in section 3.3%.2
when the shape of the A(D) versus D curves of the

different sphalerites are compared.

3¢ 3. 7.2 ZCR AND VMZCR SPHALERITE RESULTS

From figure 3. 19 the following observations

are made :

}Jm
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f Best fit curve

| Sphalerite
x| WBM
legend +| VMWBM
o| BDH

Note : AID) values calculated using k:g
and (ki) values off fig. 318

AD) ()

0 1 l | Ll | | DR ]
0 200 40,0 600 800 1000
D x10% (m)

Figure 3.21 Mean digmeterD versus rate constant
ratio A(D) - (where A(D} is defined by
equation 3.45) for the WBM;VMWBM

and BDH sphalerites.
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The line ‘'c' fits reasonably well through
the rather limited -90,0 + 75,0pmand
75,0 + 63,0PW\SiZ€ fraction data points.
This suggests that over a narrow size range
model H represented by equation 3. 41 fits
the ZCR sphalerite data. The line 'd!
fits reasonably well through the -212,0um
fraction ZCR sphalerite, but at a consis-
tently lower absolute value. The =-272,0um
size fraction contains all the very fine
material including possibly gangue, which
has TDbeen removed from the courser size

fractions (e.g. -90,0 + 75,0um ) .

A significant proportion of the specific
surface area for the —212,0pnsize fraction
could therefore have been contributed by non~-
sphaleritic material, resulting in the

observed lower values for the rate constant

kqg.

Figure 3. 22 represents a plot of  A(D)
versus D for the ZCR and VMZCR sphalerites

(vhere (kq8),.r represents values of the

line 'c' on figure 3. 19 at given values
1 p

of T)' The data points are rather

scattered. The best fit line demonstrates

that  A(D) tends to decrease slightly as

D decreases. This aspect is discussed

further in section 3. 3.2 .
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g Best fit curve,

x | ZCR sphalerite

legeng + [VMZCR sphalerite

Note : A(D) values calculated using kig and (kg
values off fig-3.19

x )25 b 20
I xJ17
- 124 x X18
X 122 '
N N 123
g
J28
xJ]27
| 1 i 1 | 1 1 | [ 1

0 200 400 600 800 1000

D »70%  :{m)

Figure 3.22 Mean diameter D versus rate constant
ratio A(D) - (where MD) is defined
by equation 3.45) for the ZCR and
VMZCR sphalerite.
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3. %. 1.3 PR AND VMPR SPHALERITE RESULTS

From figure 3. 20 1t is observed that:

a) The straight line ‘'e' fits the
-90,0 + 75,0pm and -70,0 + 63,0Pm size
fraction data points reasonably well.
This suggests that model H represented
by equation 3. 41 fits the PR initial

rate sphalerite data.

b) Figure 3.23% plots A(D) versus D for
the PR and VMPR  sphalerites. (It has
been assumed that the mean particle
diameter for the VMPR sphalerite is
approximately 1,0Fm.) AMD) is observed
to increase with decreasing D to a very
large value for the VMPR sphalerite. This
behaviour is remarkably different to that
observed on figures 3%.21 and 3. 22 for
the other sphalerites. This aspect is

dealt with further, in the next section.

30 3. 2 COMPARISON OF THE INITIAL RATE LEACHING
BEHAVIOURS OF THE VARIOUS SPHALERITES

Figure 3. 24 superimposes the best fit log k18
versus % lines 'a' and 'b' (from figure 3. 18),
'c¢c' and 'd' (from figure 3. 19) and 'e' (from
figure 3. 20) onto a common set of axes. TFigure 3%.25
superimposes the best fit A(D) versus D curves
from figures 3. 21, 3.22 and 3.23 onto a common

set of axes.
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h Best fit curve.

x PR sphalerite
+ | VMPR sphalerite

legend

Note A(D) values calculated using kg
and (kg )of values off fig. 3.20.

80 |

xJ 31
O ] L 1 1 L 1 =1 L L =P
0 200 400 60,0 80,0 1000
D x 100 (m)

Figure 3.23 Mean diameter D versus rate
constant ratio AD)-(whereA(D)
is defined by equation 3 45)for
the PR and VMPR sphalerites.
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Figure 3.24 Comparison of best fit Arrhenius plots
presented on figures 3.8 (WBMand BDH) '
3.19(ZCR) and 3.20 (PR).
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Best fit oft Sphalerites
_curve fig.
legend f 3.21 | WBM, VYMWBMBDH
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1 1 L !

0 200 400 60,0 800 1000
D x100 (m)

Figure 3.25 Comparison of best fit A(D) versus
(D) curves oft tigures 321:;3.22 and 3.23
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Table 3. 15 summarises the pre-exponential
constants and apparant activation energies represented
by the best fit lines on figures 3. 18, 3.19 and
3. 20 for the different sphalerites.

Table 3. 16 summarises the  A(D) values for
the BDH, VMWBM, VMZCR and VMPR sphalerites,
along with the concentrations of the major impurities

in these sphalerites (copper and iron) .

From figures 3. 23 and 3. 24 and from tables
3. 16 and 3. 17 the following observations may be

made :

a) The leaching rate constant kqg for the
-90,0 + 75,0pm and -75,0 + 63,0um size
fractions of the WBM, ZCR and PR spha-
lerites are virtually identical (see
figure 3. 23) . This observation is in
agreement with that made by Kuzminkh | 1950 )
(i.e. that two mineralogicélly completely
different sphalerites initially leached
identically under comparable conditions in
acidic ferric sulphate media) . This
observation also appears to justify the
assumption made in developing model H
that the initial leaching rate is Fe3+

adsorption rate controlling in a way which

is independent of the chemical composition

of the sphalerite.

b) From table 3. 15 it is apparant that except
for the =-212,0pum ZCR sphalerite the activa-

tion energies for the sphalerites increase



116

Spha- By Ap Best Best ‘ Copper Iron
lerite X 10_6 x 106 p i P F}t Concen- | Concen-
line g >
; tration tration
line from
(J/kg- fig.
(=) mole) (=) (=) (=) (—)
BDH 45,38 0,218 b 3.18 129,0 | 0,12%
WBM 45,62 1452 a %.18 232 ,0 ppm 0,45 %
ZCR 48,33 3411 c 3.19 155,0ppm|  7,25%
PR 995595 183,7 e 3.20 3,53 % 10,74 %
-2120 Zcr| 42,92 0,135 d 3419 N. Da N. D.
TABILE 3. 15 SUMMARY OF ACTIVATION ENERGIES E,

AND PRE - EXPONENTIAL CONSTANTS Ap

FOR THE TINDICATED BEST FIT LINES

FOR LEACHING VARIOUS SPHALERITES

UNDER CASE (ii) CONDITIONS

( [Fed*), = [H580,], =1,8),

CONCENTRATIONS OF MAJOR IMPURITIES

(COPPER AND IRON) ARE ALSO

SUMMARISED
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Sphalerite Cu Fe A(D)
(=) (- (—] (-9
BDH 129,0 ppm 0,12% 0,19
VMWBM 332,0 ppm 0,45% 0,3
VMZCR 155,0 ppm 7:25% 0,75
VMPR 3,53 % 10,74 % 7,2
TABLE 3. 16 SUMMARY OF CONCENTRATIONS
OF MAJOR IMPURITIES
(Cu and Fe ) and A(D)
FOR__THE INDICATED SPHALERITES
. k18
N.B. ND) = defined by equation 3. 45.

(K 18)per
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with increasing degree of impurity of the

sphalerite - l.e. BDH < WBM< ZCR< PR .

c) From figure 3. 24 it is evident that
increasing the surface area of the various
sphalerites by ball milling or vibratory
milling,influences the leaching rate
constants k18 for each sphalerite in

f

unpredictable manners.

For the relatively pure WBM and VMWBM
sphalerites decreasing D appears to decrease kqg
ignificantly. For the moderately impure ZCR
and VMZCR sphalerites, decreasing D decreases k18

e

only slightly. For the highly impure PR and VMPR

sphalerites, decreasing D increases kﬂB gignificantly.

From table 3. 16 it is seen that A(B) hence
for the BDH, VMWBM,

1
e

leaching rate constants
VMZCR and VMPR sphalerites increase with increas-
ing impurity content of the sphalerite, - I.e.

BDH << VMWBM << VMZCR << VMPR . It appears then
that vibratory milling does not cause the WBM or

ZCR sphalerites to become ‘activated' with respect

to leaching in acidic ferric sulphate media.

The fact that the VMWBM and VMZCR sphalerites
demonstrate virtually identical leaching characteris-
tics in aqueous ZHQSOA s, 1s additional evidence that
these sphalerites are not activated. The VMZCR
sphalerite contained a much higher concentration of
iron than the VMWBM sphalerite, but this did not
appear to significantly influence its leaching

characteristics.
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Although A(D) (hence k18) for the PR and
VMPR sphalerites increases significantly with
decreasing E} the increase does not appear to depend
on the mode of milling. It is possible that the
increase in dissolution rate per unit area is
related to the liberation and grinding of the

chalcopyrite impurity.

Figure 6. 17 presents a photomicrograph of
etched PR particles. This figure and the
observation of other polished sections of leached
PR particles showed that dissolution occured
preferentially in the vicinity of the occluded

chalcopyrite zones. It is possible that -

a)  the chalcopyrite dissolves -

CuFe S, + 1+Fe3+ —= cu-t

+ S5Fect 4+ 250
b) the Cu 80y "acts as a catalyst to

accelerate the sphalerite dissolution :-

CusdOy + ZnS —™ CusS + Zn8Oy ;

c) the CuS dissolves and regenerates the

3
2+ .
Cu“" ion :-

CulS + 2Fe’t —m Cult + 2Felt 4+ go

Accordingly the more finely dispersed the
chalcopyrite is, the greater the catalytic effect

on the dissolution of the sphalerite.

It is evident from the above that the large
increase in k,g associated with fine milling of

the PR sphalerite is not due to an activation of

3

A

48
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the sphalerite crystal lattice. It is also
evident that fine milling of the WBM and ZCR
sphalerites does not result in any apparant

activation, or increase in kq8 taking place.
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CEHAPTER b

TESTING OF OVERALL CASE (i)

AND CASE (4ii) RATE EQUATIONS

Introduction

In chapters 2 and 3 it was assumed that under
initial rate conditions the initial active site
concentration ¢o was proportional to the total
specific surface area of the sphalerite solids
(equation 2. 1) . 1In this chapter the way in which
the active site concentration ¢(X) changes
during leaching under non-initial conditions is

investigated .

It is assumed that the active site area change
function @(X) could possess one of the following

forms :

1) ¢(X) remains constant, i.e.:-

g, (X) = % = 1,0 eeeeees 4o
o]

where Y(X) = Active site area ratio

function.

2) ¢(X) obeys shrinking core behaviour, i.e.’-
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L)

¢(X) = rF
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2/’
g, (X)) = _dD?(pﬁ_) = [1-Xx)
A T~
®(X) varies in proportion to the B.E.T.

l1e€a

measured specific surface area,

O(x)
(X - -_— (X) * e o o0 l+.
b (O 78 n 3
where T(X) = specific area change

function (as defined by eqn.F 4.

The form of T(X)

experimentally determined by measuring the

for each sphalerite was

specific surface area before and after
leaching to various extents X. A

Strdohlein area meter was used to perform
single point B.E.T. N, adsorption measure-
ments, and details concerning the apparatus,
procedure and T(X) determined for each

sphalerite is presented in Appendix F .

d(x)

is uniquely characteristic for each

varies during leaching in a way which

sphalerite, i.e.:-

$, (X)) = -d)éi) U A
where -

a) for the case (i) model F based on H'

adsorption rate control (equation 2.81) -

(1,0 +Kqq [E] + Kpp (2024 + Ko [H,81, )

(kqq E'] = kg5 (2n2* 105 [Hp8)1059)



b) For the case (i) model G based on
product desorption rate control
(equation 2.89) ' -

0,
1,0 + Kqq [T+ K,y B2 4+ Koy o817 ) 077

(X) = rg =
¢ (k16[H+]C — qu[Zn2+]MESMl

ceansessee Lo 6

The value of the reverse rate constants
kq3 or k15 in equations 4.5 and 4.6
may be established using a regression

technique.

¢) For the case (ii) model H (eguation
2.95): -

r

H M
(X) = © sesse L, 7

In this case the value of k4q was
established in chapter 3 under initial rate
conditions, ry is measured directly from
the rate curve and [Fe>*) or [H'] can be
determined analytically or calculated

by stoichiometry.

¢(X) can most readily be calculated for case(ii)
data using equation 4.7 in which all values are known.
This is done in section 4.1 using VMWBM and WBM
sphalerite results as examples, and the ¢u+(X)
established for these sphalerite leachéd under case
(ii) conditions are compared with ¢1(X), ¢2(X)
and ¢3(X) described by equations 4.1, 4.2 and
L. 3 respectively.

In section 4.2  ¢(X) and the reverse reaction
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rate constant k13 are determined using the VMWBM
sphalerite case (i) leaching data as an example.
The (XX) determined for leaching this sphalerite
in H,80, (with [Fe3*] = 0,0) will be compared
with the ¢(X) determined for the sphalerites
leaching under case (ii) conditions (i.e. -
[Feo*] : [H,804], = 1,8).
to 46

In sections 4. 3 , ¢4(X) will be determined for

the other types of sphalerite using mainly case (ii)

experimental rate results.

o 1 DETERMINATION OF ), (X) FOR THE _VMWBM

AND WBM SPHALERITE LEACHING UNDER

CASE (ii) CONDITIONS

Equation 4.7 was used to calculate (X) for
VMWBM and WBM sphalerite leaching in acidic ferric
sulphate media. Values of the rate constant k18
are summarised on table 3. 11 . Values for the
rate of leaching (rg = i%?%éi]) at various
extents of reaction X were obtained by measuring
the slopes of tangents drawn on the rate curve. [HT)
was analytically determined and was experimentally

observed to remain constant.
[Fe3+] was calculated as follows :
[F83+] = [Fej-'-]o — 2,0X[Zn2+] s ®e e oo nsose e Ll'. 8

where [F83+% and [Zn2*] were determined analytically.
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Tables 4.1 and 4. 2 summarise the measured
and calculated results for experimental VMWBM and

WBM sphalerite leaching runs.

Figure 4.1 plots ¢1(X), ¢2(X), ¢3(X) and
Jy (X)  versus extent of reaction X . It is
observed that ¢q_(X) calculated according to
equation 4.7 for model H decreases far more
rapidly than any of the other ¢(X) functions and
is virtually identical for both the VMWBM and the
WBM sphalerites. This phenomenon could be the

result of one or more of the following:

a) Model H does not correctly predict the
VMWBM or WBM sphalerite leaching
behaviour under non-initial case (ii)

conditionse.

b) Elemental sulphur which forms on the
sphalerite surface blinds the active sites
and results in a faster decrease in the
leaching rate Ty than would occur if S°

blinding did not occur.

c) The active site area does actually decrease
far more rapidly than predicted by the
shrinking core model  {, (X) or the

B.E.T. area change function ¢3 (xX)

The following purely empirical function is also

plotted on figure 4. 1 -

by, (x)

n
=
o
|
o
O_\
o
o

+1,0)

cececcnns k. 9
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2+ 3+
zt | x| )L ET ] b
x 10 3 x 102 x 102 -
(kg-mol/ (kg-mol/ | (kg-mol/ 2 _
n3) (=) in m3 ) n3) (m“/kg) (=)
0 0 2,1 0,150k 65,45 1,0

5,0 0,025 1,75 0, 1404 58,43 0,893
10,0 0,049 1,20 0,130k 43,14 0,659
15,0 0,073 | 0,532 0,120k 20,71 0,316

30,0 0,147 | 0,338 0,090k 17,53 0,268

NOTE : - L 10,88 x '10-6 (kg-mol/min me n”)

1" = 0,051 (kg-mol/m3)

Temp = 318.0 (X)

TABLE e 1a DETERMINATION OF ¢q (X)

FOR _VMWBM SPHALERITE LEACHING

RESULTS REPORTED IN TABLE J 9.
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2 3+
[Zn" ] X | Fglyy | e G|y, (1)
%107 x 10 3 x 103
(kg-mol/ (kg-mol/ | (kg-mol/ 2 _
m- ) (=) mint) mo ) (n/kg) (=)

0 0 6,9 0,3%044 65,62 1,00
20,0 0,098 %z,2k4 0,264k 35,46 0,541
20,0 0,147 1,49 0,24k 17,68 0,269
40,0 0,196 0,70 0,244 9,04 0,138
50,0 0,246 0,41 0,204k 5,81 0,088

NOTE :- kg 25,46 x 10'6 (kg-mol/m>min)
[H+h) 0,0737  (kg-mol/m>)
Temp 338,0 (K)

TABLE L. 1b DETERMINATION OF gqu (X)

FOR _VMWBM SPHALERITE LEACHING

RESULTS REPORTED IN TABLE J10
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2+ 3+
[Zn™"] X (rH)exp [Fe” ] ¢ﬂX) ¢q_(X)
x10° %107 x 103
(kg-mol/ (kg-mol/ | (kg=-mol/ > _
m- ) (=) m%min) m> ) (n%/ke) (=)
0 0 12,5 1,50k 8,0 1,0
50,0 | 0,049 L ok 1,404 3439 0,423
150,0 | 0,147 2,92 1,20k4 2,33 0,292
200,0 | 0,197 2,4k 1,104 2.13 0,166
250,0 | 0,246 2,10 1,004 2.01 0,252
300,0 0,3 1,50 0,904 1,60 0,20
350,0 | 0,3hk 0,96 0,80k 1,15 0,14k
Loo,0 | 0,393 0,63 0,704 0,86 0,108
NOTE :- k,g = 582,8 x 10'6 (kg-mol/m?®.min)
+
[H')y = (kcg)lnng3) Temp = 368,0 (K)
Size fraction = -75,0 + 63,0um
TABLE L. 2a DETERMINATION OF qu (x)
FOR  WBM SPHALERITE LEACHING

RESULTS REPORTED IN TABLE J 5




129

[Zn2+] X (rH) exp E‘e)"'] (b(x) qu (X)
x']O3 x']O3 x']O3
(kg-mol/ (kg-mol/ | (kg-mol/ 2 _
53 | B | (n/kg) (-)
0 0 4,29 0,793 8,0 1,0
30,0 0,029 2,63 0,735 5,25 0,66
60,0 0,059 1,34 0,675 2,91 0,37
85,0 0,083 1,08 0,625 2,53 0,32
110,0 0,108 0,91 0,575 2,32 0,29
NOTE :- k18 = 201,0 x 10'6 (kg-~|‘nol/mgtmin)
5", = 0,295 Temp = 355,5 (K]
(kg-mol/m3)
Size fraction = -75,0 + 63,0um
TABLE 4. 2b . DETERMINATION OF {, (X) FOR WBM

SPHALERITE LEACHING RESULTS

REPORTED IN TABLE . J &
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Calc. using eqgn.

,{X) /A
Y, (X) 4 2
T gsix) | 4 .3andF7 with a=0.25
¢, (X) 4.9
Table reporting | Leaching data
Sphal. fcalc. y,(X) values | on table
o WBM 4L 1a A
| g x  WBM &.1b JS
€9eMC o vMwBM| 4 .20 J9
= VMWBM 4L .2b J10
1,0 Jranmrm - mmmom e e — oo o o —(X)
\\ R
_\\\D\ \\\~\\
08 |, el
\ \\ TS
\ . ~y,(X)
O AR
TO6 N
N TN
X \ \\\
O'Z‘ B O \\\ \\\
N 00 & TSl
\C)%' x x T~
02 — \\\\ x \\LlJa(X)
. &‘\\\\\ )
-+ T, ()
0 I N (T W O A
0 0,1 0.2 0.3 0.4
X (-)
Figure 4.1 Comparison of active site area ratio

functions §;(X); P20 X); ¥4(X) and ¢,(X)

with §(X) values calculated for WBM
and VMWBM sphalerites leaching under
case(iljconditions. Values were calculated

dsing egns. 4.Land 4 7.
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It is observed that equation 4.9 fits the
shape of the ¢4(X) versus X data points reason-
ably well.

b, 2 DETERMINATION OF (), (X) FOR VMWBM

SPHALERITE LEACHING UNDER CASE (i)

CONDITIONS

Equation 4.5 is used (along with values for the

559 KZ} and k11
summarised in table 3. 10 to calculate P(X) for the

constants K11, K which are

VMWBM sphalerite leaching under case (i) conditions.

However, ks is also an unknown, and thus O(X)

and k13 are simultaneously determined as follows -

a) TFor a given experiment and at different

extents of reaction X, the leaching rates
Py are measured directly off the rate curve
and the corresponding [Zné%] , [HZS% and

IH*] values sre calculated.

b) At(e?ch value of X, ®(X) and ¢4(X);
,Q X

o} i ) 4
k13 in equation 4.5 .

are calculated using several values
of

¢) Procedures a) and b) are repeated for
other experiments conducted under different
initiel temperature, sphalerite mass or
[H+% conditions.

d) The calculated ¢4(X) values at the given
X wvalues for at lease two runs are plotted
against the k13 values. The intercept of
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the best fit curves through the U (X) and
k13 points at each value of X for each
run represents a valid solution to equation

L,s5 .

The above procedure is now demonstrated using an

example.

Table 4.3 presents values of @(X) and ¢4(X)
calculated at various X values for the experimental
runs reported in tables I 2 ( [H+1o = 1,0 (kg-mol/m))
and 18 ( [E = 0,5 (kg-mol/m’) ). ALl other
conditions for these two runs are identical. ZFigure
L. 2 plots the ¢4(X) versus kq; values presented on
table 4. 3.

Figure 4. 3 plots $4(X) versus kqz for two
runs conducted at two different temperatures (i.e. -
T = 318,0 K, (table I2) and T = 338,0 K, (table I5))

with all other conditions constant.

Figure 4.4 plots ¢4(X) versus kqz for two
runs conducted at two different initial masses of
sphalerite (i.e. M, = 0,005 kg (table I1) and

M, = 0,01 kg (table I2) ), with all other

conditions constant.

It is observed on each of the figures 4.2, 4.3
and 4. 4 +that the intercepts of the q’(X) versus
k13 curves at the different values of X do not fall
on a constant value of k13. This suggests that k13

itself may be a function of X.

Figure 4.5 summarises the ¢4(X) versus X and

figure 4. 6 summarises the kq3 versus X values at
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lﬂzsoqk)(kg—mol/ma) 0,5 1,0
TABLE (-) I 2 I 8
X Ky d(x) | U, () d(x) Yy (%)
(-) (m2/kg) (- (m/kg) (-)
0,01 25,55 0,781 28,57 0,873
0,015 26,24 0,8 28,94 0,884
0,02 26,96 0,824 29,31 0,896
0,01 0,025 27,73 0,847 29,70 0,908
0,03 28,55 0,873 30,09 0,92
0,035 29,41 0,9 30,50 0,932
0,04 30,32 0,927 30,92 0,945
0,045 31,30 0,957 31,35 0,958
0,01 21,16 0,647 24,61 0,752
0,015 22,40 0,684 25,27 0,772
0,02 0,02 23,81 0,728 25,97 0,794
0,025 25,4 0,776 26,70 0,816
0,03 27,21 0,832 27,48 0,84
0,035 29,31 0,896 28,30 0,865
0,07 12,19 0,37 16,64 0,509
0,015 13,96 0,427 17,61 0,538
0,0k 0,02 16,32 0,50 18,70 0,571
0,025 19,64 0,6 19,94 0,609
0,03 24,65 0,753 21,35 0,652
0,035 33,12 1,012 22,97 0,702
0,01 3,982 0,122 8,437 0,258
0,015 5,088 0,155 9,252 0,283
0,06 0,02 7,046 0,215 10,13 0,31
0,025 11,45 0,35 11,35 0,347
0,03 30,58 0,935 12,89 0,40
0,035 45,66 1,40 15,07 0,461
TABLE L4, 3 SAMPLE CALCULATIONS FOR DETERMINING
d(X) AND kqz OF EQUATION 4.5 AT DIFFERENT VALUES

OF X. kbu (X) = %}Q VALUES IN THIS TABLE ARE

o)
PLOTTED VERSUS k.-, ON FIGURE L2
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---------- Lines indicating ¥, (X) and ki,
solutiors at given values of X.

——  Best fit curves through points

Temp. | (K] 318.0
Conditions Mass (kg] 0,01
Stirrer [ {rpm] [ 8000

Leaching data
reported on table

| H,50,],

legend °

X

05

10 l T2
I8

07

—

|

] | |

0 0,01 002 0,03 0,04 005
ki3  (kg-mol/mZmin)

Figure 4.2 Example of graphically determing

g,(X) and k43 solutions to equation 4.5

for VMWBM sphalerite leaching under
case (i} conditions at two ditferent [H* ]o

values. All values plotted are presented
on table 4 .3
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~ ---------- Lines indicating P, (X) and ke
solutions at given values of X.

Best fil curves through points.

[H,50, L | (kg-mol/m*) | 1.0
Conditions Mass (kg) 001
Stirrer (rpm) 10000
Leaching data

‘ Temp.

(K) | reportedin tables
| i 3380' 15
en
€3 « | 3180 12

g, (X)

01 F

lr = = = —— e = w— - -

: |
0 0,01 002 003 004 005
ki3  (kg-mol/m>min)
Figure 4.3 Example of graphically determining {,(X)
and ki3 solutions to equation 4.5 for VMWBM

sphalerite leaching under case (i)
conditions at two different

temperatures.
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Lines indicating ¢, (X) and kis
solutions at given values of X.

Best fit through points.

Temp. (K) 3180
Conditions  [H,S0,1, |(kg-mol/m3])| 1.0
Stirrer | (rpm) 10000
’ (M), | Leaching data
(kg) |reported on table
legend 0005 I

> 05

X

0.01 12

IE ) P—

| |

Figure 4 .4

I

!

l

|

|
001 0.02 0.03 004
K13  (kg-mol/m?.min)

Example ot graphically determining
g, (X) and ki3 solutions to eqn.4 .5

- for VMWBM leaching under case (i)

conditions with two ditferent masses
of sphalerite initially present.
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Calc. using egn.
gy (X) 4.1
__________ ,(X) h .2
U5(X) | 4.3 and F.7with a=0,25
P, (X) 4.9
From _
tigure Variable
legend 9 L.2 | [H,S0.],
x L .3 Temp.
0 4L .4 M,
1.0 feszoirxgms s e o e e (X))
e e el
Y\ N - ‘l’z(X)
\\ 0o ‘~_\\
0.8 B \\ O ~‘~-\\\
7 06 \\\\\O x ‘ \"¢3(X)
— i D \\\\\\
Z04 o Tl
= O T ‘b[,(X)
| X
0.2 F
I
0 A | | | . ] { | , |
0 002 004 006 008 01
X (-)

Figure 4.5 Summary of §,(X) versus X solution
values shown on tigures 4.2:4.3and 4 4 .
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Calculated using egn.4 .10 with

Q(X) defined by eqgn. 4 .11,

) Ffriom Variable
oseng © L3 T ;501
_legend o Temp:
O 4.4 M,
0,06}
005 i
_CE— r\\‘O
€ oouf v x
o) N
£ i
g 5
003} A
ud X
X \\
o ~ 0
0.02f m Yo x
001F O
O 1 | ] | . | | ]
0 002 004 006 008
X {-)
Figure 4.6 Summary of k., versus X solution

values shown on figures 4.2;4.3

and 4 .4
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the points of interception of the curves on figures

h.2, 4.3 and L. 4.

It is observed on figure 4.5 that the ¢q_(X)
versus X points lie close to the curve described
by equation 4. 9. Figure k4.7 superimposes all
the case (i) and case (ii) ) (X) data points
presented on figures 4.5 and L, 1 respectivelye.
Figure 4.7 also plots the function Y (X)
described equation k4.9 as well as {4 (X), Yo (x)
and ¢3(X).

It is observed that generally both the case
(i) and case (ii) data points lie scattered about
the best fit $q_(X) curve. This is accepted as
evidence that the rapid decrease in active site
area is a real phenomenon, and not due to elemental
sulphur blinding. This evidence is alsc accepted
as proof that models F and H describe the kinetics
of VMWBM sphalerite leaching under case (i) and
case (ii) conditions over the range of vafiableé
investigated.

The results on figure 4. 6 are accepted as
evidence that for the VMWBM sphalerite the reverse
rate constant k13 appearing in model F (equation
2.81) is a function of X. This suggests that as
leaching progresses the residual area becomes less
active. This idea is similar in concept to the
variable activation energy model proposed by
Brittan ( 1971 ) who proposed that in the copper
segregation process the most active sites reacted

first, so that the residual sites were progressively
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Calc. using egn.

P, (X) 4.2
by(X) | 4.3 and F.7 with a=0,25

b,(X) L9

o Caseli) data([Fe*] =00) trom fig 4.5

legend caselii) data ([Fe], -[H,50,1 =1.8] from

fig 4.1,
10 frs@rom--ormm e e e e s e (X
T\0o T T m=a —_——
09 |\ ~ ° T
v Ox N I (X
08 I ‘o > b2X)
\\ N
07 .
IO,6 B \o\ox \\\
~ 057 o . g o ~~.
x . To-.
=704 | BEIE TN T == Pyl
X \‘\
03 i o x -\‘:\\ N )
02 | Tl (
T T P (X)
01 | " .
O L i 1 ] ] L 1 | | i A L
0 004 008 012 016 02 0,24
X (-]
Figure 4.7 Comparison of all caseli) ¢,(X) versus X data

(trom fig 4.5) withall caselii] §,[X) versus X
data (from figs4 .1).
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less active. However, for the leaching of VMWBM

sphalerite, it is proposed that the activation energy

of the reverse reaction is independent of X so that
only the pre-exponential constant of the reverse
reaction rate constant kq3 varies with X. The

effect of X on k13 is modelled as follows :

k

Let Q(X) = 'k_IIL eseeccsseoe L“o 10
(%12z)x =0
where k13 = value of k13 at a given value of X;
k
("13)X=0 = value of kqz at X = 0 .
Now from figure L. 6 (k13)y . o = 0,051.

Figure 4.8 plots UAX! versus X ior all the
k13 points established previously and the following
empirical function is seen to fit the data reasonably
well .

1,04

Q(x) = 1,0 = o,on. £ 1,00 T L. 11

Now assume that k13 can be described by an

Arrhenius type relationship -

'Ea) U P

k = A
1 E
3 exp ( =

The activation energy Ea_ may be established if

values of kqz at two temperatures are known.

From equation 2. 81 -

1,0 + K4 HN+ K 2+
§ qu[H+]— ro 1ME 1+ Koo ZnF)+ K23LH28])

13 = O (X)
H,5 1917 [zn°*t) 05

O T
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S —— Calculated using eqgn. 4.11.

legend o  QIX) = ki3 /lkglxo ; Where ki3 values
are plotted on fig4 .6 and (keyzl-g =0051

1.0 F

09

08T “ o

0.7
—~ 06
0.5
0.4
0.3
0.2 f
0.1

e
I'd
/
/
/

Q(X)
o
/

f
0o
/
’
1}

| | L | , | | —_1
0 002 004 006 0.08 0.1

X (-)
Figure 4.8 Reverse rate constant ratio Q(X] versus X
tor VMWBM sphalerile leached under case (i)
conditions. Q(X) isdefined by eqn. 4.10.
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and since P(X) is well described by equation k4.9,
all values are known, and k13 may be calculated at

given values of X .

Figure 4.9 plots calculated values of log

k13 versus 1} , and from the slope the activation energy

15 &=

E, = 26,236 x ’IO6 J/ kg-mole eeeese Lo 14

From figure 4. 6 it is observed that at

X= 0,0, kqz= 0,051, therefore at 318,0 K

. 051/ — 26,236 x _10°
’ °Xp (8,31 x 102 x 318,0

2,49 x 10-6 R Y

Ag

Hence the final overall form of the differential
rate equation for VMWBM sphalerite leaching under

case (i) conditions appears as follows :

P, () b, (kqq BT = QX)) (& [stko’5[2n2+]o’5)

13)0
(Zn°t+ K

r

(’I,O+K,|,|[H+]+K (HoS] |

22 23

® 8 8 8 98 00 L+. 16
where : !.IJA(X) is defined by equation 4.9 ;
Cf)o is defined by equation 2.1 ;

Q(X) is defined by equation 4. 11;

-H
ki1 = Ag exp R—Ta and values of Ag

and E5 are given in table 3.9 3
-Eg

(k13)o= Ap exp "Ry and values of Ag

and E; are given in equations 4. 14

and 4. 15 respectively.

Values for K‘H’ K55 and K23 are given in
table 3%. 10 .
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Best fit.
X
o) 0,068
legend  x 0,078
m] 0.083
01 r
0.05f

k13
/

001 | I | ] I | ] | L
' 2.9 3.0 3.1 32 33

1 3 (-
Tx10 (K™ )

Figure 4.9 Arrhenius-type plot illustrating the
effect of temperature on {he reverse rate
constant kqy; for VMWBM sphalerite
leaching under case(i) conditions.

The 318 0K and 338.0K leaching results
are reported in tables 13 and I5 respectively:
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b, = _\p_q(x) CALCULATED FOR THE VMZCR AND
ZCR SPHALERITES

The same methods used in sections 4. 1 and
4,2 to calculate WQ(X) for the VMWBM sphalerite
were applied to calculate ¢4(X) for the VMZCR
sphalerite. In addition, case (ii) data was used
to calculate Y, () for the ZCR sphalerite. Figure
4, 10 summarises the calculated ¢L+(X) versus X
data for the VMZCR and ZCR sphalerites and
compares the Y, (X) values with Yq(X), qlz(X)
and le(Xj curves.

It is observed that the case (i) and case (ii)
¢1+(X) values for the VMZCR sphalerite are similar

to each other, but are entirely different to the case
(1i) ¢ (X) values for the 2CR sphalerite. The
shape of the @, (X) wversus X curves for the VMZCR
and ZCR sphalerites are observed to be significantly
different to the shape of the Y. (X), {,(X) curves
or the ¢ﬁ5(X) curve for this sphalerite.

In order to test whether sulphur blinding caused
¢4(X) for the ZCR sphalerite to decrease much

faster than ¢3(X) for this sphalerite the following
experiment (results reported in table J 18 ) was

performed :-

ZCR sphalerite was leached for 60,0 minutes
under case (ii) conditions prior to being filtered.
A1l the elemental sulphur associafed with the filtered
residue was removed by washing with carbon tetrachloride.
The washed solids were returned to the filtrate from
which they were removed, with all leaching conditions

identical to conditions at the time of filtratiocr.
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1 ,6 " ) '.“ o \\\
// \\
(I
- '// \\
12+ /) ,-”_-—_“‘\~ \
R L ©ylx)
L) N (11960+90,0pm)
'/ . ZCR sphat.
10 Sl 1
— 08 " Uy(X)

I (- 75,0+ 63 0um
- = ZCR sphal,
— = ~gy(X)

X 06 |
=
O,L \ ‘ ) \\ - \
- N \\ x
\ .
0.2 S~ (X
VMZCR sphal,
< - 41‘(X)
o . | 3 | Y 4 Y | Y {
0 01 02 0.3 07A 05

X (-]

Figure 4.10 Comparison of calculated y,(X) versus X
values for tpﬁi)VMZCR sphalerite (leaching
under caseli),conditions) and for the ZCR
sphalerite (leaching only under caselii)
conditions) with the functions U (X);¢¥,(X);
‘ba(X) and '“L(X)
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Figure 4. 11 plots the [Zn®*] versus time rate
curve for the sphalerite leaching before and after
sulphur removal and it is observed that sulphur
removal did not result in an increase in the rate
of leaching. Hence the rapid decrease in { 1(X)
is a real phenomenon, and not merely due to sulphur

blinding.

It is observed on figure 4. 10 that ¢qﬂX) for
the VMZCR and ZCR sphalerites are entirely
different to Y, (X) for the VMWBM and WBM

sphalerites.

Figure 4. 12 compares three kg3 versus X
values computed for the VMZCR sphalerite with the
best fit k13 versus X curve for the VMWBM
sphalerite (from figure 4.5) . A similar order

of magnitude, and dependence on X is observed.

o b U, (X) CALCULATED FOR THE PR AND
VMPR SPHALERITES

Figure 4. 13 plots ¢4(X) versus X data
calculated using only case (ii) data for the VMPR
and PR sphalerites. ¢4(X) is observed to
decrease more rapidly for the VMPR sphalerite than
for the PR sphalerite, and ¢4(x) for both
sphalerites are entirely different to the shapes of
the  {4(X), Po(X)  and ¢3(X) functions shown
plotted on figure 4. 13.



Best fit Temp. (K) 3680
[H2504 1ofkg-mol )| 0459
o Leaching before L [Fe”'], |kg-mol/m?3)/0924
cceng  CCl wash. Conditions (kg)  |005
—egene Leaching atter Ao (m2/kg) [1400
. CCl wash. Stirrer ¢| (rpm) 8000
= Size (um) -106.0+900
E frac.
©
300
£ ) —
m e
=
2 2007 O/E\At this point sphalerite solids were :-
x O/ i a) filtered, washed with H,0 and dried,
— / :  b) washed with CCl, to remove all sulphur
“c 100 i . c¢) re-introduced into original leach solution at
N B / : . . . .
— ; original conditions to continue leaching.

| | ? 200 z.ol,o 600 800 1000 1200

0 200 400 60,0

Time (mins)

Figure 4 .11 Rate curve for ZCR sphalerite (results reported in table J 18)
leaching under casel(ii) conditions, demonstrating the effect of

removing the sulphur trom the particles at X = 0,49 (t =600mins)

gk
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Best fit curve for VMWBM sphal.
and described by egns.4.10and 4.11

o) Calculated k43 values for the VMZCR
sphalerite.

Figure 4 .12

! | 1 | 1 1 L | N |

0 0,02 004 006 008 0.1
X (=)

Comparison of reverse rate constant kis
calculated for VMZCR sphal. (using data
reported in tables I113and I115) with the

best fit ki3 curve (off fig4a6) for YMWBM
sphalerite.
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Figure 4.13 Comparison of calculated {,(X) versus X
values for the PRand VMPR sphalerites leaching
under case (ii) conditions with the functions

Uy (X5 9,(X)5 palX)and §,(X).
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k. 5 U, (X) CALCULATED FOR THE BDH
SPHALERITE

Romankiw (1962 ) and Verhulst (1974) were able
to demonstrate that for synthetic sphalerite leach-
ing under case (i) conditions ( [Fe3%];=00) the
active site concentration decreasesin a way described
by the shrinking core model. Hence equation 4.5
was used fo calculate the reverse rate constant k13
under the assumption that ¢(X) decreasesaccording

to shrinking core behaviour (expressed by equation

L, 2) .

Figure 4. 14 plots calculated values of kq3
versus X, for experiments in which various masses
of BDH sphalerite were leached at 25,0°C at
various [H2804b values. The k13 values are
observed to be independent of X within experimental
limitations, and with the limitation imposed by
manually measuring the rate values r as a function
of X off the rate curves. This suggests that the
shrinking core model indeed predicts the change in

active site area for this sphalerite.

However, figure 4.15 plots Yu(X) versus X
for the BDH sphalerite leaching under case (ii)
conditions. ¢4(X) is observed to decrease far
more rapidly than ¢2(X) predicted by the shrinking
core model, and very nearly as rapidly as the ¢4(X)
observed for the VMWBM and WBM sphalerites.

No attempt is made to account for the differences
between the calculated case (i) and case (ii) ¢4(X)

values.
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Best fit
it Temp. | (K) | 2980
tonditions “ciirrer [ (rpm) | 1000.0
Mo| [MH,S0,), |Data presented
in table
(kq) |l kg-mol /m3) (-)
eceng O | 0002 1,04 152
S9N A | 0004 1,04 145
0 0004 1.95 I55
T x 0008 1.04 149
E
i&: 6.0
© X
50 F
5 A © o
= L0} X 5 = =
x O
w
© 30°¢r 0 i
X A
20
< 4ot
0 1 ] | N ] $ I | | A { g
0 01 0.2 03 0.4 05 06
X (=)
Figure 4.14  Reverse rate constant values kq3 calculated

for BDH sphalerite leaching under various
case(i) conditions {using eqn.4.5 with the
assumplion that ¢(X) varies according to
the shrinking core model eqgn. 4.2 )
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-~ ——— Best fit throughcalc. ¢,(X) values

Calculated using eqn.
Uy (X] b .1
b, (X) L2
_ Y3 (X) 42
Py, (X) 4.9
Mo [Fe** | [H,S0, L|Temp. | Results in
(kg) (kg-molm )| (K) table

cen x | 0021 014310063 (3430 | J45
gen A | 002 0292|0107 (3430 | J46

o 005 | 0580 0223 3530 J47

0.8

06

(-)

04

b (X)

0.2

TTe-2
0 | | | | ] | | |

“";“ - s, (X)
0 01 02 0,3 04 05

Figure 4 .15 Comparison of ¥, (X) versus X values for
BDH sphalerite leaching under caselii)
conditions with the functions $,(X);y,(x};
;X and y,(X),
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. 6 COMPARISON OF U, (X) FUNCTIONS
CALCULATED FOR THE DIFFERENT SPHALERITES

Figure 4. 16 summarises the calculated ¢4(X)
versus X best fit curves plotted previously in this
chapter for the different sphalerites. It is
observed that for approximately X< 0,2 ¢4(X)
changes as a function of X in a unique manner for
each different sphalerite. For approximately
X > 0,2, the decreasesin ¢4(X) with increasing X

for each sphalerite are somewhat similar.



Sphalerite| Data Curve from

case
BDH (i) Calc. by egn.4.2
(shrinking core model)
_ ZCR ii) | Best fit otf tig4.10
A =
< 1 VMZCR |(i)andlii)| Best tit off fig 4 .10
3- - -
BDH (ii) Best tit off fig 4 15
02T PR Ui |Best fit off tig 4 13
VMWBM ;WBM [(iJandlii)| Calc. bye n4.9
i N (see I%l. 7)
0 'l | i ] | ] 1 4 1 l | f 2 't l VMPR (I|) Batflt()ﬁ [.
0 0.1 0.2 0.3

Figure 4.16 Comparison between the qJ(X) versus X best fit and
calculated curves tor each ot the sphalerites, presented
previously on figures 4.7:4.10;413 and 4 .15.

GslL
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CHAPTER 5

TESTING OF H,S OXIDATION BY Fe’%

AND CASE (iii) LEACHING MODELS

5.1 OXIDATION OF H»S BY Feo't

In this section model I describing the
homogeneous Has oxidation by Feo¥t is tested
using the results of experiments in which :-

a) H,8 was bubbled into 0,5, 1,0 and
2,0 M H,S0, before injecting Fe '
into the reactor. Experiments like
this were done with noc solids present,
and with activated charcoal initially
present in the reactor. The latter

results are reported in section 6.5 .

b) H,S was generated by VMWBM, VMZCR,
BDH or VMPR sphalerite solids
leaching in aqueous Hasou, and Fe t
was injected when the rate of increase in
the IEES partial pressure became very
small. Details of the experimental
procedures and analytical techniques are

presented in Appendixes B and D.
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Tables 5. 1 fo 5. 5 summarise the initial
experimental conditions and measured rates of oxidation
of Ho S by Fe3+ in the total absence of sclids, and

in the presence of the various sphalerites.

5.1.1 TESTING MODEL T

Under initial rate conditions model I has the

following form :-

1, b4 3+1,68
1, © (41) = —K1 I
o dt } m250M§' 9

ccescccsse DHa 1

where, according to Verhulst :-

_ 13 =67,72
kg 4,735 x 10 exp( LLE) el 5.2
At 318,0 K kg = 347,3
Now define a rate Constant.(kI ] based on
o' exp
equation 5.1 as follows :~
2,49
k1) (rg ) 2504l
I =— rI X
0 exp o exp [Hasg’qq[Fe3+ﬂ’68
........ ee 543
where ! -
d PHS
Floley = [T/ KD
d PH,8
NOTE THAT :  a) (—3t) is the measured initial

rate of decrease in HES partial
pressure after injecting the Felt

solution into the reactor.



|
TABLE | o [sto['lcj Fed, ‘ HSlo [ 119 oy ¥ 10° (klolex? | (ho)mSj w 0

x103 x103 )

(kg-mol /m3) ( k g-mol/fmin 1)
K1 | 217 | 0,5 | 14,32 L1,43 22,39 489,3 687,19 | 1,09
K2 | 217 | 0,5 28,65 34,27 58,46 523,7 735, 4 | 1,17
K3 | 216 | 1,0 | 14,32 25,54 2,309 568,9 569 ,0 0,9
K4 | 2196 | 1,0 | 28,65 18,38 L ,608 568,7 568,7 0,9
K5 | 218 | 2,0 | 14,32 25,84 0,5757 783,6 557,9 | 0,89
k6 | 218 | 2,0 | 28,65 18,68 1,358 919,8 | 654,9 | 1,0k

® Defined by egn. 53
@ Detined byegn 54
8 Defined byegn 5.5

Table 5.1 SUMMARY OF INITIAL EXPERIMENTAL CONDITIONS AND RATE OF HOMOGENEOUS OXIDATION

OF H,S§ BY Fe3* (WITH NO SOLIDS PRESENT AT ALL)

Q61



@ @ ©)
RUN |H-SO, 14| [FeXl, | [H)S]
TABLE | ;o0 |122%lo] o0 [ Raoo | Io)exPX"OB SOOI (kp) . q| W
(k g-mol /)
K 7 172 | 0,48 5,5 6,5 0,453 642,7 920,8 1,46
K 8 172 | 0,48 13,8 Iy, 87 1,27 582,2 834,2 1:33
K9 176 | 0,97 545 10,32 0,222 933,1 947,1 1,51
K 10 176 | 0,97 13,8 | 9,19 0,774 819,7 832,0 1,32
K 11 175 1,95 5,5 18,1 0,112 1192,0 859,2 157
K12 175 1,95 12,8 16,6 0,631 1623%,0 1170,0 1,86
@® Detined by egn 5.3
@ i "' 5 4
©) 55

Table 5.2

SUMMARY OF

INITIAL EXPERIMENTAL CONDITIONS AND RATE OF OXIDATION OF

H,8 BY

Felt

IN THE PRESENCE OF VMWBM

SPHALERITE SOLIDS

6GL
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TABLE | 1ol | 1Hys0,0 | Fe T | S [-(rp,) (ky )ex@_ (ki )mc@j w8
x103 103 =P
(kg - mol/ m3) x 107

K 13 | 200 0,48 5,73 6,673 0,586 47,3 1071,0 17
K 14 | 200 0,48 14,3 5,08 1,358 551,8 790,6 1526
| K 15| 199 | 0,96 Ak, 3 16,1 : 1,032 b7 L 456,5 0,73

K 16 | 199 0,96 28,6 11,64 2,18 470,6 480,1 0,76

X 17| 201 1,95 14,3 25,0 ! 0,94 1 263,0 910,3 1,45

K 18 | 201 1,95 28,6 18,22 1,65 1091,0 786, 4 1,25

K 19 | 201 1,95 28,6 8,28 | 0,586 1 206,0 869 ,6 1,38

Table 5.3

() Defined by eqn 5.3
(2 Defined by ean 5.4
@ Defined byegn 5.5

SUMMARY OF INITTAL EXPERIMENTAL CONDITIONS AND RATE OF OXIDATION

OF Ho8 BX Fe>* IN THE PRESENCE OF BDH SPHALERITE

091



0) @ B
TABLE | ~00 | [H,50,0 | Fe > 1y |1Hu81, |~Crp ) | te) | e w
NO. 27" 4o 5 ° 2”0 Lofexp| M Tlenp Texp
x 10 x103
{kg -mol /m3}

K 20 | 170 0,48 5,5 8,39 0,526 1516,7 | 740,1 1,18

== -

K 21 | 170 0,48 | 13,8 | 6,93 | 1,59 [438,6 628,54 1,0

‘K 22| 170 | 0,48 | 13,8 f 2,34 ? 0,519 §683,6§ 979, 4 1,56
K 23 | 68 o,é? 545 | 10,53 | 0,238 971,7 | 986,3 1,57
K 24 | 168 0,97 | 13,8 8,9k | 0,624 [|687,6 i' 697,9 1,11
K 25 | 168 0,97 | 13,8 = 4,21 | 0,205 |668,1|678,2 1,08
K 26 | 17k 1,94 5,5 22,1 , 0,102 |804,4 | 581,4 0,92
K 27 | 174 1,94 | 13,8 20,23 : 0,660 L 260,0| 911,0 1,45
€28 |7k | 9k 13,8 | 1y é 0,440 [1331,0| 961,9 | 1,53

® Defined by egqn 5.3
@ Defined by egqn S .4
@ Defined by egn 5.5

Table 5.4

SUMMARY OF INITIAL EXPERIMENTAL CONDITIONS AND RATE OF OXIDATION
OF H,S BY Fe’t IN THE PRESENCE OF VMZCR SPHALERITE

Lot



wasig | ROV | o J 4 03( BL e 0 @ g |
NO. HS0} Fe” | x 107 |(HpS |, x 0 (rIO)expx (kIO)GXD (klo]mod w

(=) | (=) | (mm (kg-mol/ m>) (kg-mal/min m)

K 29 | 171 [ 17,75 | 0,48 5,5 5,39 5,39 10 290,0 | 14 740,0 | 23,44
K 30 | 171 117,75 0,48 13,8 3,65 3,65 i 2 534,0 , 3631,0 | 5,77
K 31 | 169 | 4,66] 0,97 5,5 9,84 1,65 7 427,0 l 7 539,0 | 11,99
K %2 | 169 | 4,66 0,97 13,8 7,95 1,60 | 2088,0 2 119,0 3,37
K 33 | 101 | 28,68 0,95 4,48 12,27 15,11 66 330,0 - 68 020,0 : 108,17
K 34 ' 101 | 28,68 | 0,95 4,48 9,81 7,74 146 80,0 , 48 090,0 76,48
K 35 | 173 | 8,564 1,95 545 20,39 4,63 341 530,0 | 29940,0 | 47,61
K 36 | 173 | 8,564 | 1,95 5,5 18,67 3,07 i}’l 270,0 | 22 540,0 35,85
K 37 | 173 | 8,564 | 1,95 13,8 16,64 4,21 %10 790,0 ; 7 778,0 . 12,37
K 38 | 173 | 8,564 1,95 12,1 11,29 2,90 {16 200,0 ‘ 11 680,0 { 18,58

Table 5.5

@® Defined by eqn 5.3

@ Defined by eqgn 5 4
@ Defined byegn 5.5

SUMMARY OF INITIAL EXPERIMENTAL CONDITIONS AND RATE OF OXIDATION OF

HyS BY Fe’* IN THE PRESENCE OF VMPR SPHALERITE

291
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P
Py_sl,

b) Kp —_-—lﬁzsla

if the initial

partial pressure and concentration

of H,8 are knownj

c) K may alternatively be calcu-

lated using equation k. 27.

Tables 5.1 to 5.5 also present calculated

values of (ho) for each experiment.

exp

Figure 5.1 plots the (ho)exp results
reported on tables 5.1 and 5. 2 against [HESOQ% ’
and (kIO)
[HESOQ% .

ox is observed to increase with increasing
P

It was established that reducing the value of
the exponent on the H2804 term in equation 5.1
from 2.49 to 2.0 resulted in a significantly better

fit of the equation to the data.

Define a modified rate constant (ho)mod as

follows :-

2,0
(H,50,]7°
(k1) ot

= —(rs | .
I -
o mod 0 exp [HES]JQA[Fe9+BL68

cesesceses 5o b

where (rIo) is defined as before.

exp
Tables 5.1 to 5.5 present the calculated

(kt ) values for each experiment.
Io mod per nc

To facilitate comparison of the various results,

define a rate constant ratio (y as follows :
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—— Best fit

Data extracted | Sphalerite
off table present
egend 5.1 None
x 5.2 VMWEBM
120001
10000
80001
6000 |-
g
— 4000F
2000 |
O e | 1 | 1 | y i
0 05 10 1 20

!

[H, SO,l,{kg- mol /m?

Figure 51 H,S oxidation rate constant (k) _ versus
[H,50,1, .(k, ) was calculated using the
g0

Verhulst mode as expressed by eqn 5.3
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(ho)mod 5. 5
w = W ssesessanes -

9

where (ho)m is defined by equation 5. 4.

od

The value 628,8 is the arithmetic mean of the

(k1 ) values calculated for the purely homogeneous
o’ mod .

experiments on table 5. 1.

Table 5. 6 summarises the arithmetic mean
and standgrd deviation of the (ho)exp’ (klo)mod
and (y values for the results presented on tables

5.1 to 5.5.

The following observations are made concerning

the results summarised on table 5.6 :-

a)  Except when VMPR solids were present, the
standard deviations for the (klo)mod
values were significantly less than for the
(klo)exp values. This suggests that the
modified form of model I (represented by
equation 5. 6) fits the data significantly
better than the original form of model I

(represented by equation 5. 1)

b) The (U values for the experiments performed
in the presence of the sphalerite solids
are significantly larger than in the purely
homogeneous case where no solids were
present. In particular (y for the case
where VMPR sphalerite solids were present
is very large, and the standard deviation
for this case is so large as to suggest
that the modified Verhulst equation does
not fit.
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]
Sphalerite|,7 . —
present (klo)exp S (ho)rnod 5 W S
None 640,7 167,2 628,8 74,k 1,0 [ 0,12

VMWBM 965,5 389,1 927,2 | 127,8 1,48 1 0,2

BDH 828,3 2355,1 766,4 | 224,8 1,22 | 0,36

VMZCR 818,0 N1 2 796,1 | 162,5 | 1,27 | 0,26

VMPR | 23534,9 | 21890,3 || 21 607,7 | 21508,6| 34,36 | 34,2

TABLE 5. 6 SUMMARY OF THE ARITHMETIC MEAN

AND STANDARD DEVIATIONS OF THE

$eT Doy o Lkp ) o AND )

VALUES PRESENTED ON TABLES 5. 1

TO 5.5
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Figure 5.2 plots (u versus A, where A
is the BeE«sTe area in the reactor at the
time of injecting the FeB+. It is observed
that (uw increases with increasing A, and
that (o is significantly larger after the
first injection of Fed™ .- _ero

subsequent introductions of Felt,

This suggests that the presence of the
various sphalerite solids catalyse the
H,S oxidation reaction, and that S0
formed on the surface blinds active sites

and reduces the catalytic effect.

The J values increase in the order :
no solids =< BDH = VMWBM < VMZCR << VMPR .

It may then be concluded that :-

i) the presence of sphalerite solids does
catalyse the Fe’t oxidation of HSS ,
particularly in the case of the VMPR

sphalerite ;

ii)  the modified form of the Verhulst
equation fits the oxidation kinetics
better than the original form, and for the
homogeneocus oxidation of HES by Felt
the modified Verhulst equation may be

expressed as follows :=-

1,44[F63+ﬂ,68

dHoS] [H,S
= - g X —
3t <kI)moa [HESOME’O
' S e eee 5.6
with (kp ) = 8,572x10"7 exp“é%g%ﬁ
and at 318,0K: (k7 )mod = 628,8.
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— Best fits

o  w after tirst injection of Fe3*

l d
= il X w after second injection of Fe*

500

L0

(-)

200

100

A

0 100 200 300
A (m2/md)

Figure 5.2 H,S oxidation rate constant ratio w (defined
by egn 5.5) versus the total VMPR sphalerite
surface area A present. The catalytic effect
of the VMPR solids on the Fe® oxidaticn of H,S
Is evident. Data on this figure was extracted
off table 5.5
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5. 2 QUALITATIVE RESULTS OF LEACHING VARIOUS
SPHALERITES UNDER CASE (iii) CONDITIONS
( [Fe3‘*‘}o : [H,SO))

0,1)

2.98and
Equations,2. 99 (summarised on table 2. 4)

represents model J proposed for the leaching of VMWBM,
VMZCR and BDH (but not VMPR) sphalerites under
case (iii) conditions. According to mechanism 2
proposed in chapter 2, when leaching these sphalerites

under case (iii) conditions -

a) the S° species react with adsorbed FeJl*

to form 8° in situ (oxidative leaching) ;

b) the S species react with adsorbed HY to

form H,S (non-oxidative leaching) ;

¢) the H,S and FeJ* react homogeneously.

These reactions take place simultaneously.

In section 5.1 it was demonstrated that the
oxidation of H,S by Fedt yas catalysed by the
sphalerite surface present. Since this catalytic
effect has not been studied in detail or been
allowed for in model J, the results of leaching the
various sphalerites under case (iii) conditions are

merely dealt with qualitatively in this section.

Table 5.7 summarises the conditions for the
experiments in which VMWBM, VMZCR, BDH and VMPR
sphalerites were leached under case (iii) conditions.
It 1is observed that case (i) experiments -

( Fe2*], = 0,0) have been included in table 5.7
for comparative purposes. Thus, in this section the
[Zn° versus time and PHES versus time rate curves

for leaching without Fe % and with low initial
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UN 5+ :
TABLE | OV | [H,804 | [Fe?") x 107
(kg-mol/m>)
I8 172 10,5 0
L1 180 045 13,75
I2 176 1,0 0
L2 177 1,0 13475 VMWBM
L3 178 1,0 | 27,50 SPHALERITE
Lh o9 1,0 55,01 (M, = 0,01kg)
L5 | 210 | 1,0 | 57,03
|
I9 | 175 | 2,0 | 0
|
L6 | 181 ! 2,0 | 13,75
' T ) i - | )
S S L2 R V- A R ' 0 VMZCR
l :
L 14 ( 207 | 1,0 | 28,67 SPHALERITE
| !
' L 15 / 211 | . i 5743 (Mg = 0,01 kg)
1 | T ;
1
| I 36 | 199 ! 4.0 0 BDH
L6 206 | 1,0 | 28,67 SPHALERITE
! L 17 ! 208 _f 1,0 | 114,67 (Mg = 0,004 kg)
’ | | |
I27 | 132 | 1,0 | 0 VMPR
I 1
L 18 ' 209 | 1,0 | 14,32 SPHALERITE
L 19 r 205 { 1,0 | 28,67 (M, = 0,01 kg)
NOTES :- 1) Temp.= 318,0 K
2) Stirrer = 1000,0 rpm
TABLE 5.7 SUMMARY OF EXPERIMENTAL

CONDITIONS FOR VMWEM, VMZCR,

BDH AND VMPR SPHALERITES LEACHING

UNDER CASE (i) AND (iii) CONDITIONS




L3 ™ 3 + +
concentrations of Fe” are compared.

In chapter 6 (section 5 ) the results of
leaching VMWBM sphalerite with activated charcoal
present under case (i) and case (iii) conditions are

presented.

5. 2. 1 VMWBM SPHALERITE LEACHING UNDER
CASE (iii) CONDITIONS

Figures 5. 32 and 5. 3b plot [Zn®%] versus
time and PHES versus time rate curves for VMWBM
sphalerite leaching without and with low [Fe3+%
present. Figure 5. 4 plots Znet) versus
[Fe3+k) at different discrete time intervals; where
the [Zn2+] values were either experimentally deter-

mined or interpolated off the curves on figure 5. 3.

It is observed that the amount of [Zn°T] leached
after a given time interval initially decreases to a

minimum as [Fe3+% increases.

From figure 5. 3b it is observed that as {Fe3+%
increases, the measurable amount of H>S formed
decreases. For Fe3+% = 27,5 x 10=2 (kg—mol/ms),
the PHas is observed to increase to a maximum at
about t = 5,0 mins., and then decrease to zero.
After 30 mins the PHES is observed to increase
again. It is apparant that for [Fe3+k)= 55,0 x 10-2

(kg-mol/m?) , negligible measureable H,S is formed.

Figures 5.5a and 5.5b plot [Zn2t] versus
time and PHgS versus time rate curves for VMWBM

sphalerite leaching without and with Fel+ initially
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Best fit through exptl.[Zn?] data,

180 |-
i legend
Points Curves| Data on|[Fe*]x10°
table |lkg-mol/m3) 160
o a 12 0
< | b | L2 | 1375 |up
A C L3 2750
o d L4 55,00 120
. b
" E .
: conditions T 100
[H,S0, L {kg-mol/m3) 1,0 =
Temp. (K) 3180 * 5
Mo . (kg) 001 a*
Stirrer  {rpm) 10000
|
‘f’ L0
[ .
Fig. 53a Fig 5.3b ,
i s
100 200 300 400 500 600 0 100 200 300 400 500 60D

Time (mins)

.Figures 5 3c1 and 5.3b Comparison between caseli) and caseliii)
exptl.[Zn®] and Rys leaching results for VMWBMsphalerite.

Ll
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—— Best fit

o Exptl. [zZn?] values
legend ’ _ :
—=2=—  x[7Zr*] values interpolated oft fig 5.3a

[H,50, ], | (kg-mol/m )| 1.0
- Temp. (K) 318.0 _ |
gongitions =57~ (kg 0.01 Time (mins)
Stirrer (rpm) 10000 150
140 ‘
x 100
120,
S10p 50
©
=
g
— 80|
=
* 60
iG 10
™,
L0
20
0

0 100 200 300 400 500 600
[Fe*l, x 10° (kg-mol /m?)

Figure 5.4 Effect of initial [Fe*] on the amount of Zn?*
produced from VMWBM sphalerite during different

time intervals.



Best fit through exptl. [Zn?] data.

{on fig 5 .5a)
PointCurve|Data onFeé, x10® | [H,90,1,|  [Temp. (K] 3180 N
(-) | {-) | table (kg -mol /m3) M,  (kg)  0p1|conditions
o Q 19 0 2,0 Stirrer {rpm) 1000,0
. <« b L6 | 1375 | 2.0
e
gen s e | 12 0 1.0 %0
d | L2 [1375 1,0
e | 18 0 05 | 300
Lol f L1 1375 | 05
mE 250 250
> .
@] —
= o 200
> =
=
né v 150
X D_I
& 100
N
solf;
Fig55a | Fig5.5b ,
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (mins) Time (mins)

Figures 5.5a and 5.5b Comparison between caseli) and caseliii) exptl. [Zrf'] and Prys
results for VMWBM sphalerite at different [H2S0,], values.

7L
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present, at three different H,S50), concentrations.
From figure 5. 5a it is observed that the apparant
suppression of the initial leaching rate resulting
from adding Fe5+, increases with increasing [H2S04% .
From figure 5. 5b it is observed that as the

[H,80,], decreases, so the measureable amount of

H,S formed decreases (and in fact was zero at

[Hp804] ) = 0,5.)

5¢2. 2 VMZCR SPHALERITE LEACHING UNDER
CASE (4iii) CONDITIONS

Figures 5.6a and 5. 6b plot the [2n°*] versus
time and PHQS versus time rate curves for the VMZCR
sphalerite leaching without and with Fe5+ initially
present. On figure 5. 6b the PHES is observed
to increase to maximum (with Fes+ initially present),
before decreasing to a non-zero minimum value. It is
probable that during vibratory milling of the acid
pre-treated ZCR sphalerite to produce the VMZCR
sphalerite, 60, forming gangue was liberated.

The formation of an inert gas such as CO2 would

account for the non-zero minimum observed on figure

5.6b.

From figure 5. 6a it is observed that addition
of Fe3+ apparantly Suppresseérgissolution rate,
but to a significantly less extent for a given Fe3+
concentration than in the case of the VMWBM sphale-

rite (figure 5. 3a) .



Best fit through exptl [Zr*] data.

{on tig 5 6q)
PointCurveData on Fe**|x103 . -~ H,S0,1, (kg- mol/m3) 1,0
(-} | =) | table (kg-malAm3 |
‘ o Conditions | 1¢MP: (K] 3180
legend o | a | I17 0 Mo kg) . 0,01
x b L14 28,67 Stirrer (rpm) 1000.0
A c | L15 | 5730 '
50— ] | ] | 50 —
N A/A .
£ A" '
= 200 , — 200
5 A/
X o
X 150
& 10 -
‘; —_—
— 100 “,100
=T ot
N
50 |2 5,0 c
Figsso | | Fig 56b |~ /[
. 0 | | | ! .
%0 10 200 300 0 500 600 0 100 20 300 0 500 600
Time (mins] Time {mins)
Figures 56aand 56b  Comparison between case (iland casefiii) exptl. [Zn?] and Ph,s

leaching data for VMZCR sphalerite.

azl
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5.2 3 BDH SPHALERITE LEACHING UNDER
CASE (4iii) CONDITIONS

Figures 5. 7a and 5. 7b plot the (Zn2*] versus
time and PHgS versus time rate curves for the BDH
sphalerite leaching without and with Felt initially
present. It is observed on figure 5. 7a that the
initial rate is suppressed significantly as a result

of adding Feo* to the system.

On figure 5.7b it is observed that for [Fel%, =
0,1147 kg-mol/m3 , the PHES rapidly goes through a
very small maximum and decreases to a constant non-
zero value. It may be possible that en inert gas
was formed, but it is more likely that during the
reaction start-up experimental error resulted in a

shift in the gzero base line.

5.2. 4 VMPR SPHALERITE LEACHING UNDER
CASE (iii) CONDITIONS

Figures 5.8a and 5.8b plot [Zn2+}versus
time and FH,S versus time rate curves for VMPR
sphalerite leaching under case (iii) conditions.
It is observed on figure 5.8 a that adding Fel*

progressively increases the initial leaching rate.

According to the overal reaction stoichiometry :

ZnS+ 2Fet —= 70T 4 50 4 2 el

Thus for [Fe3+1o = 14,32 x 10~7  ana 28,67 x 1072

kg-mol/mB, {Zn2+] = 9,16 x 10-3 or 14,335 x']O-3
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9 o | a | 136 o0 ccondifions - g T kg 0,004
A b L16 28 67 | Stirrer (rpm) 10000
x C L17 114,57 i _
300} 1 300
m\E 250 2501 —
©
E
I 200 200
o
= =]
o
@ 150 =X 150
x
— 2 b
"z’c 100 aT 100
N
5.0 5.0
ig 5.7a ~. Fig 5.7b
i ] C
%0 100 200 300 400 500 600 %0 100 200 300 400 500 600

Time [mins) Time (miné)

Figures 5.7a and 5.7b  Comparison between caseli) and caselii) exptl. [Zrf] and Ris
leaching data for BDH sphalerite.
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kg-mol/m> will be leached into solution respectively.

It is seen on figure 5. 8a that the leaching
2+,
rates decrease rapidly as these [Zn ] values are
approached. On figure 5.8Db it is observed that

negligible measureable HpS is initially formed.

5.2.5 COMPARISON BETWEEN THE LEACHING OF
YVMWBM , VMZCR , BDH AND VMPR SPHALERITES
UNDER CASE (4iii) CONDITIONS

Figure 5. 9 a plots [Zn2+] versus time for the
four different sphalerites each leaching with
[Fe3+% = 28,0 x 10=7 kg-mol/m>. Figure 5.9b
plots PHBS versus time for the four sphalerites
leaching without Fe?* and with [Fe3+L3=28J)X:1O"3
kg—mol/mB.

It is observed on figure 5. 9b that the added
Fe3+ has least effect on the PHES versus time rate
curve for the BDH sphalerite. At time t = 5,0mins
it is observed that the ©"H,S for the different
sphalerites increases in the order -

VMPR = VMZCR < VMWBM < BDH .

On figure 5.9 a it can be seen that at time

t = 5,0 mins, the [Zn2+} varied between 0,009 and
0,01 kg-—moles/m3 for each of the sphalerites. These
results suggest that under the case (iii) condition
being considered here, the BDH sphalerite leached
non-oxidatively to a significant extent as well as
oxidatively, whilst the VMPR sphalerite leached
mainly non-oxidatively. The proportion of the dissolu-

tion occuring non-oxidatively for the four sphalerites
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thus appears to increase in the order -

BDH < VMWBM « VMZCR < VMPR .

5. 3 QVERALL DISCUSSION OF RESULTS
REPORTED IN SECTIONS 5.1 AND 5.2

1t is proposed that many of the phenomena
observed in sections 5.1 and 5.2 may be
explained in terms of Langmuir-Hinschelwood
adsorption theories. In particular it is pro-
posed that the four sphalerites exhibit different
capacities to adsorb ferric ions, with the Felt

adsorption capacities varying as follows :-
BDH <= VMWBM < VMZCR <= VMPR .

Evidence to support this proposal is as follows :=-

a) In section 3.3 it was demonstrated that
the rates of leaching these sphalerites
under case (ii) conditions increases in

the order proposed above.

b) In section 5.1 it was shown that (apart
from the VMZCR sphalerite) the sphalerites
catalysed the oxidation reaction in the

above mentioned order.

c) In section 5. 2.5 it was demonstrated
that for the four different sphalerites
leaching under case (iii) conditions, the
proportion of the dissolution which occurs
non-oxidatively increases for the sphalerites

in the order shown above.
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However, it is difficult to explain why the
initial rates of dissolution are suppressed with
small additions of Fe ' , (see figure 5. 4) .
It is possible that electrokinetic theories
could explain this phenomena more satisfactorily

than adsorption theories.



184

CHAPTER 6

MISCELLANEOUS ADDITIONAL RELEVENT OBSERVATIONS

The purpose of this chapter is to present
additional relevent qualitative results, which
could not be conveniently included elsewhere in

this thesis.

6. 1 SCANNING ELECTRON MICROSCOPIC (S.E.M.)
AND OPTICAL MICROSCOPIC (O.M.)
PHOTOGRAPHS OF VARIOUS UNLEACHED AND
LEACHED SPHALERITE PARTICLES

Figures 6.1 to 6.13 present S.E.M. photo-
graphs of WBM, ZCR and PR sphalerite particles: -

a) before leaching (figures 6.1, 6.2, 6.4
and 6. 9) ;

b) after leaching under case (ii) conditions
but before washing with CClg+ so that
elemental sulphur formed in -situ is
visible, (figures 6.6, 6.7, 6.10 and
6.12) 3 '

c) after leaching under case (ii) conditions
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and after washing with CCly to remove all
elemental sulphur, (figures 6.3, 6.5,

6.8, 6.11 and 6.13) .

The captions provide full descriptions for

each of the S.E.M. photographs.

Figures 6. 14 to 6. 16 present 0.M. photo-
graphs of polished sections of WBM, ZCR and PR
sphalerite particles, demonstrating in particular
the internal cracks and pores present inside particles.

The captions further describe these photographs.

Figures 6. 17 and 6. 18 present O.M.
photographs of etched ZCR and PR sphalerite
polished sections. Preferential zones of leaching
are observed, particularly in the vicinity of the
chalcopyrite inclusions in the case of the PR
sphalerite. These photographs are also

further described in their captions.

The following general observations may be made
and conclusions drawn from inspecting all the

photographs.

1) The WBM, ZCR and PR sphalerite particles
all possess rough external surfaces, and
contain significant numbers of internal cracks
or pores. This helps explain the results
presented in Appendix F which show that the
measured Be.E.Te. areas for these sphalerites
are much larger than one would expect, had they
been considered solid spheres; the excess area

being contributed by external roughness, and
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internal cracks or pores.

The surfaces of the leached particles appear
much rougher than those of the unleached par-
ticles (especially for the PR sphalerite). This
explains why the B.E.T. areas of leached par-
ticles increased when leaching the PR and ZCR

sphalerites (figures F5 and F6) .

It is difficult, however, to explain why the WBM
sphalerite B.E.T. area decreased during leaching
approximately according to the shrinking core

model prediction (figure FL4).

Figures 6.7, 6. 10 and 6. 12 show that for PR,
ZCR and WBM sphalerites leaching to similar

extents in acidic ferric sulphate media -

(i) the PR sphalerite forms a very dense

sulphur coating ;

(ii) the ZCR sphalerite forms elemental sulphur

coatings in specific zones of the particle

(iii) the WBM sphalerite appears to form pits

and cracks filled with elemental sulphur.

In each case elemental sulphur on the surface is

distinctly visible.

From figures 6. 16 and 6.17 it is evident that
the PR sphalerite contains large amounts of
chalcopyrite inclusions. From figures 6. 17 and
6.18 it is evident that PR and ZCR sphalerites
demonstrate complex etching patterns. In the
case of the PR sphalerite, etching takes place
preferentially in the vicinity of chalcopyrite

inclusion zones.



FIGURE 6. 1

FIGURE 6. 2

FIGURE 6. 3

FIGURE 6. 4

FIGURE 6.5

(facing figs- 6.1 to 6.5

S.E.M. photograph of unleached
WBM sphalerite particles (from
-75,0 + 63,0pmsize fraction) .
Magnification: 200,0 x

S«E.M. photograph of unleached
ZCR sphalerite particles (from
-75,0 + 63,0umsize fraction) .

Magnification : 200,0 x

S.E.M. photograph of CCl, washed
leached ZCR sphalerite particles
(from -90,0 + ?5,0Hnsize frac-
tion) «» Particles taken from
final leach residue of experi -
ment reported on table J21.
Extent leached: X = 0,68

Magnification : 200,00 x

S«E.M. photograph of unleached
PR sphalerite particles {(from
-75,0 + 63,0pmsize fraction) .
Magnification : 200,0 x

S.E.M. photograph of CClL+
washed leached PR sphalerite
particles (from -75,0 + 63,0um
size fraction) . Particles tsken
from final residue of experi-
ment reported on table J3%9.
Extent leached: X = 0,33
Magnification : 200,0 x
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Figure 6.2  1000um Figure 63  1000unm

. '—' .
Figure 6.4 1000um Figure 6.5 100.0pum




FIGURE 6.6

FIGURE 6.7

FIGURE 6.8

FIGURE 6.9

FIGURE 6. 10

FIGURE 6. 11

(facing figures 6.6 to 6.11)

ScE.M. photograph of the unwashed
surface of a single leached PR
particle (from -75,0 + 63,0um size
fraction), taken from leach reactor
during experiment reported on table

J 3%% The initial layer of elemental
sulphur formed in-situ is clearly
visible.

Extent leached: X = 0,017
Magnification ¢ 3000,0 x

S.E.M. photograph of an unwashed
leached PR sphalerite particle (from
-75,0 +63,0umsize fraction), taken
from the final residue of the experi-
ment reported in table J 39. The
elemental sulphur coating the particle
is clearly visible.

Extent leached: X B B535
Magnification : 780,0 x

S.E.M. photograph of a CCly washed
leached PR sphalerite particle (from
-75,0 + 63,0pmsize fraction), taken
from the final leach residue of the
experiment reported in table J 39.
Preferential zones of leaching are a
distinguishing feature.

Extent leached: X-m 033
Magnification : 1000,0 x

S.E.M. photograph of an unleached
ZCR sphalerite particle ( from
-106,0 + 90,0pmsize fraction.
Magnification: 1000,0 x

8.E.M. photograph of the unwashed
surface of a single ZCR particle
(from -90,0 + 75,0um size fraction),
taken from the final leach residue
of experiment reported in table
J22. Light areas on photograph
represents unleached particle ,
whilst ¢grey areas are in-situ
elemental sulphur.

Extent leached : X = 0,38
Magnification : 4 000,0 x

S.E.M. photograph of the CC1l, washed
surface of a ZCR sphalerite particle
(from -90,0 + 75,0pmsize fraction)
taken from the residue of the experiment
reported in table J21.

Extent leached : X = 0,68
Magnification t 1000,0 x
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FIGURE 6. 12

FIGURE 6. 13

FIGURE 6. 14

FIGURE 6. 15

FIGURE 6. 16

(facing figures 6.12 to 6. 16)

S.E.M. photograph of an unwashed
leached WBM sphalerite particle (from
-75,0 +63,0pmsize fraction), taken
from the final leach residue of the
experiment reported in table J5.
Sulphur on the surface is visible.

Extent leached : X = 0,38
Magnification : 1000,0 x

S.E.M. photograph of a CCl, washed
leached WBM sphalerite particle (from
-75,0 +63,0pmsize fraction), taken
from the final leach residue of the
experiment reported in table J k.

Extent leached : X = 0,11
Magnification : 2000,0 x

O.M. photograph of a polished section
of WBM sphalerite particles (from -750
+63%,0pmsize fraction). Internal cracks
are visible.

Magnification : Approx. 4000,0 x

O.M. photograph of a polished section
of ZCR sphalerite particles (from -75,0
+ 63,0Hnsize fraction). Internal cracks
are visible.

Magnification : Approx. 4000,0 x

O.M. photograph of a polished sec-
tion of PR sphalerite particles
(from -75,0 + 63,0umsize fraction)
etched for 17,0 seconds with sodium
hypochlerite . Bright spots rep-
resent chalcopyrite inclusions.
Irternal cracks are vieible.

Magnification : Approx. 4 000,0 x
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Figure 614

Figure 6.16



FIGURE 6. 17

FIGURE 6. 18

(facing figures 6.17 and 6. 18)

O.M. photograph of a polished

section of PR sphalerite particles
(from -75,0 + 63,0pmsize fraction) ,
etched for 5,0 minutes with concen-
trated HpSO, . Bright =spots
represent chalcopyrite inclusions.
Etching took place preferentially
in the wvicinity of the chalcopyrite

z0nes.

Magnification : Approx. L400,0 x

O.M. photograph of a polished
section of a single ZCR sphalerite
particle (from -90,0 + 75,0um size
fraction) , etched for 2,0 minutes
with concentrated H5504 « A complex

etching pattern is. observed .

Magnification : Approx. 800,0 x
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Figure 6.17

Figure 6.18
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6. 2 RELATIONSHIP BETWEEN THE FORMATION
OF ZINC IONS AND FELEMENTAL SULPHUR
FOR SPHALERITE LEACHING UNDER
CASE (4ii) CONDITIONS

Figure 6.19 plots [Zn°"] versus [S°l.  The
zinc ion and elemental sulphur concentration were
measured directly using the techniques described
in Appendix D. The results of experiments using
ZCR sphalerite (reported in tables J 18, J 20,
J21 and J 22) are not included on figure 6. 19 as
a soxhlet apparatus was not used to extract the
sulphur in these experiments. The values of all
the points plotted on figure 6. 19 are presented

in the tables of Appendix J.

It is observed that except for the BDH
sphalerite, all the points lie closely scattered
about a straight line which passes through the

origin and has a slope of one.

This means that the molar concentrations of
Znet and S° formed are approximately equal; and
suggests that when leaching with relatively high
Fedt] l,504] ratios in the absence of oxygen,

negligible S%r 8% are oxidised to sulphate species.

In the case of the BDH sphalerite the ratio
[Zn2+]: [S°] is significantly greater than one.
This was probably due to the fact that the BDH
particles were much finer than those of any of
the other sphalerites, and not all the 8° was
extracted in a given time interval using CC1y

in a soxhlet apparatus.
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J 20, J21and J 22.)
; .
03 | A | PR:VMPR f{excl J30,J31] Ay o]
- |
025 i
" -
> 02
5 B
E -
o [
— 015 -
‘E 01. | .
— : &*o+/
b q_./x
0,05L OO%‘A
L /AK‘
O—Iﬁl|| 'S WA T WOUON AN VAN TR SN W N N DU WO TR W TS T I T Y | L4
0 005 0.1 015 0,2 025 0.3

[S°] (kg -mol/m?3)

Figure 619 Plot of [Zn?] versus elemental S recovered,demonstrating
the stoichiometric production of S° during the leaching
of the various sphalerites under case (ii) conditions.
All plotted data point values were extracted from the

tables in Appendix J. See text for a more detailed
description of the results presented on this figure.
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From tables J44 to JU47 it is observed that
the [2n°*]: [S°] ratio for the experiments using
0,05 kg BDH sphalerite was significantly greater
than for the experiments using only 0,02 kg BDH

sphalerite.

6. 3 THE LEACHING OF VARIOUS SIZE FRACTIONS
OF WBM, ZCR AND PR SPHALERTTES IN H-SOy

In chapters 2% and 4 the leaching behaviour of
the BDH and vibratory milled sphalerites under case
(i) conditions were studied. In this chapter the
leaching behaviour of various size fractions of the
granular WBM, ZCR and PR sphalerites in H2804
are examined qualitatively. Table 6.1 summarises

the conditions for such experiments.

Figures 6.20 to 6.22 plot [Zn°*] versus time
rate curves for three size fractions of the WBM,
ZCR and PR sphalerites respectively. TFigure 6. 23
plots the [Znet] versus time rate curves of one size
fraction for each of these sphalerites. The following

observations may be made :-

a) The ZCR and PR sphalerites both exhibit
apparant initial 'induction' periods during
which the rates of dissolution progressively

increase to a maximum and then decrease.

b)  The WBM sphalerite does not exhibit an
induction period, but commences leaching at

a maximum rate which progressively decreases

with time.

¢)  The initial leaching rates for the WBM
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TABLE SPHALERITE SIZE FRACTION 1

NO.

(=) (=) x 10° (m)
I 56 WBM -125,0 + 106,0
I 61 WBM - 75,0 + 53,0
I 62 WBM -17,0 + 12,0
I 6% ZCR -125,0 + 106,0
I 64 ZCR - 75,0 + 53,0
I 65 ZCR -17,0 + 12,0
I 66 PR -125,0 + 106,0
I6/ PR -75,0 + 53,0
I 68 PR -17,0 + 12,0

Other conditions:

Temp. = 318,0 (K)
Stirrer = 1000,0 (rpm)
[H2804, 1 = 1,0 (kg-mol/m3)

Initial Mass = 0,045 (kg)

TABLE - 6.1 SUMMARY OF EXPERIMENTS IN WHICH

WBM , ZCR AND PR SPHALERITES WERE

LEACHED IN H,S0,,
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Figure 6.22 Exptl. rate curves for leaching various size fractions of PR sphalerite in H;30, .
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sphalerite are very much greater than

those for the 4ZCR and PR sphalerites.

These cbservations are important when compared
to the results of leaching the vibratory milled
forms of these sphalerites. In chapter 3 it was
shown that the VMWBM and VMZCR sphalerites
leached virtually identically in H>S80. Further-
more, the VMPR sphalerite leached in Hasoq

without exhibiting any apparant induction period.

These results demonstrate that milling the
sphalerites very fine results in the elimination
of large apparant differences in the H»S04 leaching
behaviours of the WBM, ZCR and PR sphalerites.

Figure 6. 24 compares the leaching rate curves
for -17,0 + 12,0pmWBM , ZCR and PR sphalerites
leaching under both case (i) and case (ii) conditions.
From figures 6. 24 the following observations may

be made :-

a) The characteristic apparant induction
behaviour exhibited when leaching under
case (1) conditions is completely absent

when leaching under case (ii) conditions.

b)  Although [H,504), = 1,0 (kg-mol/m3) and
M, = 0,045kg for the case (i) experi-
ments, and m2304% = 0,06 (kg-mol/m3)
and My = 0,02kg for the case (ii)
experiments, the case (ii) leaching rates
are very much greater than the case (i)

leaching rates.
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Figure 6.24 Comparison of rate curves for WBM, ZCR and PR sphalerite (-17.0+12,0pm size fraction)
leaching under case(i) ([Fe*]=00) and under caselii)(Fe*]: [H,S0,], = 1.8 ) conditions.



201

This evidence further disproves the
theory that dissolution, under case

(ii) conditions, takes place non -
oxidatively, followed by the homogeneous
oxidation of HZS by Fedt . Were this
theory in fact correct, the case (i1)
leaching rate curves on figure 6. 2k
would all have lay below the case (il

leaching rate curves.

¢) The PR sphalerite which leached slowest
under case (i) conditions, leached
fastest under case (ii) conditions. The
rates which increase in the order
PR < ZCR < WBM when leaching under
case (i) conditions is completely
reversed (i.e. WBM << ZCR << PR) when

leaching under case (ii) conditions.

These results suggest that in terms of
the models presented in chapter 2 (based
on Langmuir - Hinschelwood kinetics) , the
the adsorption of HTY by the sphalerites
increases in the order PR < ZCR << WBM,
but that the adsorption of Fe’t by the
sphalerites increases in the order . -

WBM < ZCR < PR .

6. 4 DISSOLUTION OF IRON AND COPPER FROM
SPHALERITE

In several experiments conducted under case (i)
conditions, attempts were made to measure the dissolved
iron and copper as well as the zinc concentrations.

Attempts to do this for experiments conducted under
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case (ii) conditions were unsuccessful (owing to
the large Fel* initially present in relation

to the very small amounts of iron dissolved) .

No dissolved copper was detected for
sphalerite leaching under case (i) conditions.
However, in certain case (ii) experiments,
technical grade ferric sulphate was dissolved,and
dissclved copper was detected in the leach solution
prior to adding the sphalerite. Upon adding the
sphalerite, the copper concentration rapidly
reduced toc zero. It is proposed that the
following reactidn is responsible for preventing

copper ions remaining in solution :-

CusOy, + 2ZnS —  2ZnS0, + CuSt

cecscacees 6.1

Figure 6. 25 plots the total concentration of

dissolved iron (Fe<*

[Fe]TOT
fraction of the WBM, ZCR and PR sphalerites

plus Fedt species), i.e.

versus time for the -17,0 + 12,0pm size
leaching in 1,0 molar HyS80y.

It is observed that iron enters solution signi-
ficantly faster for the PR sphalerite than for the
ZCR or WBM sphalerites. [lence only the dissolu-
tioﬁ?iron from PR sphalerite is considered further

in this sectione.

Figures 6. 26 and 6. 27 superimpose the Zn2t
versus time and [Fe]TOT versus time rate curves
for two size fractions of PR sphalerite, and for

VMPR sphalerite, leaching under case (i) conditions
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Figure 6.25 Experimental rate curves comparing the dissolution of iron during the leaching of PR,
ZCR and WBM sphalerites (-170+120pumsize fraction)in H,S0; .
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Figure 6.27 Comparison between zinc and iron dissolution rate
curves for VMPR sphalerite leaching in H,SO, -
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In order to compare the rates of dissolutlon
of the zinc and iron from the sphalerite, a

selectivity factor is defined as follows :-

X 2+
0 - ol tereensees 6.2
X[Fe]
TOT
where
2+
X[Zn2+] = [Zn 1/ [Zﬂ]o s e eSO B ERE 6- 3
X [Fe2+b/[Fe] =
[Fe]TOT TOT,0 Cabrinaees 6ol

X(zn2+) and XE%”TOT are the extents of zinc
and iron dissolved; whilst 1Zn°*], and [Felpop g
are the initial molar concenirations of undissolved

zinc and iron in the sphalerite.

Figure 6. 28 plots the selectivity factor ©
versus time for three size fractions of PR sphale-
rite leaching in 1M H»S804; and for VMPR leaching
in 1,0M Hp80), and in 2,0M H5504. From figure
6. 28 it is observed that the result of vibratory

milling the PR sphalerite was to vastly increase ©

6. 5 OXIDATION _OF H2£3 BY FeX+ 1IN THE
PRESENCE OF ACTIVATED CHARCOAL

The author conducted preliminary tests which
demonstrated that the presence of activiated
charcoal catalysed the oxidation of HES by Fel*t .
H. DiJs subsequently conducted a series of controlled
experiments using the author's apparatus with the
understanding that the results be made available to

the author for publication in this thesis. The



207

L Temp. (K] 318.0
conditions  oirrer  rpml 100D
sphal.|Data on|Size fraction| Mo [H,S0,L
tr;pe table x10° (m) (kg);kg-mol/m3)
+ |VMPR| 13 - 001l 2.0
lgend )\ o ymer| 126 s 0009 1.0
O PR 168 |-17,0+420 0045 1.0
A PR | 167 |-75030 0045 10
x PR 166 [-12504060 |0045 1,0
16 - b
-— Best fils
1.4 Jr—\
- R
12
10 P
0.8
o)
L 06 E——
© .
v
OA"—_&_‘ Ap—p
0.2 i;/ \O
O | ) i Ty l i
0 1000 2000 3000 4000 5000
Time (mins)
Figure 6.28 Comparison of the selectivities © associated

with the dissolution of zinc and iron from

three sizes ot PR sphalerite,cnd from VMPR
sphalerite leaching in H,SO,
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full results of these experiments are presented in

tables K329 to Kbh2.
The experiments consisted of : -

(i) purging HoS8 gas into 1,0 M H,S0, without
and with various masses of activated
charcoal initially present. The reagent
grade activated charcoal used was marketed
by the British Drug House Company and had
a specific surface area (determined by
the author usinéi%&Ei? N» adsorption
method) of 0,75 x 10° m2/kg. The
H,S partial pressure was monitored during
purging and during the subsequent reaction

with Fel+.

(ii) With the HyS partial pressure at steady
state, solution samples were drawn and the
Has concentration was determined analytic-

ally.
3+

(iii) A volume of concentrated Fe solution
was injected into the reactor, and the
pressure decay curve was monitored and

recorded.

Table 6.2 summarises the experimental condi-
tions for the four runs, and presents the measured

ap
values of (B Jand [—=—HS| . The initial rates
s o

dt
were expressed in terms of T by dividing (ajbeL

by the measured distribution coefficient, Kp for H,S.



Table M Fe ot s ap P alH a 18
No. (ActO.Char) i1o3lo [izw])% ( HZS) Fresl, o ([_d%%”e"p ~a [ ZS])O’mOd w”
(kg) (kg-mol / m>) (kEé/fnln) (kPa) (kg - mol/ m?. min) (=)
K 39 0 36,5 | 21,7 3,43 26,21 2,861 1,74 1,64
K 4o 0,003 50,5 | 22,1 9,21 26,77 7,605 3,08 2,47
K 41 0,01 51,5 | 21,8 22,33 26,35 18,4k 3412 5,91
K 42 0,02 53,4 22,2 53,0 26,385 43,77 3432 13,19
NOTE 1) [(H,80,], = 1,0 for each experiment
2) Temperature = 298,0°K for each experiment
3) Stirrer speed = 1000,0 rpm for each experiment
d [H,8]
L) ( T )mod defined by equation 5.7

TABLE 6.

SUMMARY OF CONDITIONS AND RESULTS OF OXIDISING H»oS BY Felt

IN AQUEOUS H»-&0, IN THE PRESENCE OF VARIQUS

MASSES OF

ACTIVATED CHARCOAL .

RESULTS ARE TABULATED 1IN APPENDIX H 3

60¢C
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The initial homogeneous rate of }%ES oxidation
by Felt was calculated using the modified Verhulst
equation 5. 7. TFigure 6.29 plots w® versus

the initial mass of activated charcoal added, where:-

% Experimental iunitial rate

W T Tnitial rete calculated using equation 5.5
® 6 &5 00w 200 6.5

A linear relationship exists which clearly
demonstrates and proves that activated charcoal
catalyses the oxidation of HpS by Fe3*. No attempt
has been made here toc propose a mechanism for the

catalysis phenomena.

6. 6 EFFECT OF ACTIVATED CHARCOAL ON THE
LEACHING OF VMWBM SPHALERITE IN H,S0,
'WITH AND WITHOUT Fe>* PRESENT

Table 6. 3 summarises the conditions of
experiments in which VMWBM sphalerite was leached
in aqueous sulphuric acid with and without Fed*t

and / or activated charcoal present .

Figures 6. 30a and 6. 30b plot [Zn°*] versus
time and PH2S versus time for experiments conducted
under such conditions that a HpS partial pressure
cculd be monitored. The following observaticns

are made from these figures :-

a) The presence of activated charcoal (but no
Fe2*) results in an increase in the (Znt]
versus time rate curve, but a decrease in
the PHES versus time rate curve. This
suggests that the activated charcoal adsorbs

HyS more readily than Zn°* . This has the
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Best fit with origin ©=1.0 at My =00

o Data reporied on table 6.2

10—

120

100

80

2.0_/ | I
O

|
0 0 50 100 150 200

M, (activated charcod) x10° (kg)

Figure 6.29 Demonstration of the catalytic effect of activated
charcoal on the oxidation of H,S by Fed'.

The initial oxidation rate ratio wXis defined
by eqn. 6.5
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TABLE 3 3 MASS OF
NO. [Fe" 1o x10 ACT. CHARCOAL
(=) ( xg-mol /m” ) (kg)

12 0 0
L2 12,75 0
L7 0 0.005
L8 0 0,01
L9 13,75 0,005
L4 55,0 0

|

‘] L 10 5743 0,01
L 11 5743 J 0,02

Temp, 318,0 (K)

M, [sphal ) 0,01 (kg)

Stirrer 1000,0 (rpm)

[H,S04,] 1,0 (kg-mol/ m?)

TABLE 6. 3 SUMMARY OF CONDITIONS FOR

EXPERIMENTS 1IN WHICH VMWBM

SPHALERITE WAS LEACHED WITH

AND WITHOUT Fe ¥ OR ACTIVATED

CHARCOAL PRESENT




conditions [ 4,50,] (kg-mol/m3) 1,0
| Temp. (K] 3180
Molsphdal)  (kg) 0,01
180 Stirrer (rpm) 10000 |
| legend Point| Curve | Data on| Fe*1x10° |M,{activated
16,0 (-1 | (-] | table |lkg-mol/m)| charcoal)-{kg]
: : A a I2 0 0 .
"o o | b | L2 13,75 0
' o o L7 0 0,005
. 0 d L8 0 0,01
T 120 « | e L9 | 1375 0,005
3 ——— Best fit through [Zr?*] data.
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Figures 6.30a and 6.30b Comparison of exptl. [Z'] and Rys rate curves for VMWBM sphalerite leaching in H,SO,
without and with Fe*and/or activated charcoal initially present.
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effect of permitting more Znt

to go
into solution in order to achieve equili-
brium according to the overall reaction
stoichiometry :-

ZnS + H3804 = ZnSOq + H28
- R < T &

b) The presence of Feot alone (but no
activated charcoal) suppressed the
[Zn2+] versus time and PHBS versus
time rate curves, as was observed and

discussed in chapter 5 (section 5. 2. 1).

c) The presence of Feot and activated
charcoal had no effect on the initial
rate of Zn2+ formation (compared to
the case referred to in b) .

However, the [Zn2+] versus time curve for
t = 10,0 mins. was increased and the
overall PHES versus time was greatly
decreased (compared to the case referred

to in b).

Figure 6. 31 plots [Zn2*] versus time for
VMWBM sphalerite leaching in Hasoq with and without
activated charcoal with sufficient initial Fe3ﬁ
present, so that no significant H»S partial pres-
sure was detected. The initial rate of leaching
appeared to be unaffected by the presence of the
activated charcoal. However, the subsequent rates
of leaching with activated charcoal present increased
more rapidly, and then decreased more rapidly than
the rate of leaching without activated charcoal

present.
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Furthermore, the final [Zn®t] value for the
experiment conducted with 0,02 kg activated
charcoal present, was less than that for the
experiment conducted with only 0,01 kg activated

charcoal present.

It was not possible to establish what concen-
tration of zinc or ferric ions was adsorbed onto
the activated charcoal surface. The adsorption
of Zn°" onto the activated charcoal could possibly
explain why the [Zn2¥] at t = 60,0 mins. was
apparantly lower with 0,02 kg activated charcoal
than with 0,01 kg activated charcoal present.

From the above it appears that -

1)  the presence of activated charcoal
renders the greatest advantage when
leaching VMWBM sphalerite in H»S04

with no initial ferric ions present;

2) the presence of activated charcoal
renders no apparant advantage when
leaching VMWBM sphalerite in H2804
with sufficiently high [Fed*l  such
that no detectable PH28 is evident.
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6.7 DISSOLUTION OF WVM SPHALERITE UNDER
CASE (i) CONDITIONS

In section 3. 1.1 the technique for producing
WVM sphalerite was described. In short, the Wards
sphalerite acquired originally in lump form was dry
milled in a vibratory (i.e. attrition) mill, and
screened into discrete size fractions. The WBM

was wet ball milled before drying and screeninge.

Figure 6.3%2 compares the [Zn2%] and PH28
rate curves for -90,0 + 75,0 ym and -75,0 + 63,0 pm
size fractions of WVM with the same size fractions
of WBM sphalerite. It is observed that for the
-90,0 + 75,0 pm particles, the WBM sphalerite
apparantly leaches faster, but that for the
-75,0 + 63,0 pm particles the WBM and WVM leach
at virtually identical rates. It is apparant that
the act of vibratery milling does not activate the
WVM and results in faster leaching for this

sphalerite.

Figure 6.33 compares the specific surface area
versus D (where D 1is the arithmetic mean of the
size fraction upper and lower limits) for the WVM
and WBM sphalerites. A B.E.To N, adsorption
technique was used to measure the specific surface

areade.

It is observed that for a given D s the WVM
sphalerite generally has a lower Ay value than
the WBM sphalerite. No attempt is made to

explain this phenomenon.
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6.8 THE POSSIBILITY OF S° ASH DIFFUSION BECOMING
RATE LIMITING DURING SPHALERITE DISSOLUTION
UNDER CASE (ii) CONDITIONS

Wen (1968) presented a test to differentiate
between chemical and diffusion rate control. With-
out repeating his derivation, he demonstrated that
for the heterogeneous reaction of solids in which an
ash layer formed, plotting lot (time) versus log
(1,0— l1,O-X]O'333) produced a line with a slope of
1,0 or 2,0 depending on whether chemical reaction, or

ash diffusion respectively was rate controlling.

Figure 6. 34 represents such plots for the BDH,
VMWBM and VMPR sphalerites.

Figure 6. 35 represents such plots for the WBM,
ZCR and PR sphalerites. Very little accurate data
was generally collected within the first 5,0 or 10,0
minutes. It is observed in the case of the WBM and
PR sphalerites that chemical reaction appeared to be
rate limiting up to about log (time) = 1,5 (i.e.
t = 30,0 mins) and thereafter S° ash diffusion
appeared to be rate limiting. The slopes for each of
the other types of sphalerite approximated 2,0 over
the range of data plotted, suggesting that S° ash

diffusion was rate limiting.

This evidence conflicts with the results in
chapter 4 (sections 4.1 and 4.7) which showed
that for VMWBM sphalerite the calculated change in
active site concentration (X) with X was the same
for dissolution under case (i) conditions as it was
for dissolution under case (ii) conditions. No

elemental sulphur was formed under case (i) conditions.
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Furthermore, in section 4. 3 results were
reported in which ZCR sphalerite was partially
leached before removal from the acidic ferric
sulphate media, washed in CClq to remove 8° and
then resubmitted for leaching in the original
solution. No increase in rate was evident suggesting
that diffusion through a s° layer was not rate

limiting.

Tiwari (1976) investigatcd the leaching of zinc
sulphide in aqueous sulphuric acid using dissolved
802 gas as the oxidant. It was established that
chemical reaction was initially rate controlling
and that subsequently the rate limiting step became
diffusion through a sulphur ash layer. The kinetics

of the chemical reaction and ash diffusion control

regimes was modelled.

Wen's test for diffusion control is valid only for the initial
stages of reaction (equation 16 presented by Wen (1968) is a
valid approximation to equation 11 only under such circumstances);

and for smooth spherical particles (which were not used for this

thesis).
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The aim of this thesis was to fundamentally
study the dissolution kinetics of a synthetic and
three different natural sphalerites in acidic

sulphate media under the following conditions

Case (i) Fe’*] i 1,80, = 0,0
Case (ii) Feotl : (S0, = 1,8
Case (iii) Fel*l) ¢ [H,804] 0 = 0,1

The manner in which this work was carried out

and the results obtained are now summarised.

7.1 LITERATURE REVIEW

A review of the literature showed that very few
fundamental sudies of the dissolution of natural
sphalerite under case (i), (ii) or (iii) conditions
had been reported. The role and effect of changes
in the spalerite surface area had generally been
neglected. Some controversy seemed to exist regard-
ing the effect of vibratory (i.e. attrition)

milling on the sphalerite dissolution kinetics.

Many studies were complicated by the presence
of elemental oxygen and pressure conditions in the

systemo Consequently the roles of the hydrogen and



225

ferric ions were poorly understood.

It appeared to be generally accepted that the
dissolution of sphalerite in acidic ferric sulphate
media takes place non-oxidatively with HZS first
being produced, and that the Has is then oxidised
homogeneously by the ferric ion. Some evidence was
presented which suggested that the oxidation of the
H2S by the Fe3+ could be catalysed by the sphalerite

present.

7.2 THEORETICAL ASPECTS

Dissolution mechanisms based on Langmuir-
Hinschelwood adsorption theories were proposed and
tested, and the following mechanism involving dual
site reaction of adsorbed species in a well agitated
system was favoured.

+

Adsorption: * + H'= oH cssssacene 2,57

* 4 Fedt = e peit

ee s 00 ceseee 2.59

Dissociation: H* = oHS* 2.61

Fed' = eFest L....... 2.63

Dual site reaction of adjacent dissociated species:

< HST 4 cHSY = e zn® 4 e Hus ... 2.65
'FeS/++ s FeS ta . Z112++ g% 4 2Fe2+
® 09 000 e 00 2.65

Desorption: «Znt & ¢ + 7n cssecseccse 2.68

° HES = &% Hasg escccssece 2.70

Diffusion of H2S from liquid to gas phase:

Habz ? Hasg ®O0Oe s 0000 eoe 2.72

No mechanism was proposed for the homogeneous



oxidation of Has by Fe3+, and an empirical model

(equation 1.7) developed by Verhulst (1974) was

accepted as describing the kinetics for this reaction.

The following model was developed for dissolution
under case (i) conditions in which adsorption or

desorption steps were assumed to be rate limiting :-

m +.M L 2+m/2,0 m/2,0
a4 [znt by (ke H] = Jp [Zn™717 =7 [H,8],0 707 )

dt

)

m
(1,0 + KplH'l  + K, 241207 ] +Kg,slHpSl,)

Zn?
@ o 8 508850 00 2.81:2-89
where m = 1,0 when adsorption is rate limiting;

m = 2,0 when desorption is rate limiting.

The model developed for dissolution under case (ii)

conditions was :-

d[Zn2+] _ " ¢ We3+l
dt - O [H+] L L L 2.95

The models developed for dissolution under case

(iii) conditions were very complex and are summarised

in table 2.4.

7. 3 EXPERIMENTAL ASPECTS

The following types and forms of sphalerite were
leached under case (i), (ii) and (iii) conditions.
(The abbreviations used in the text to identify each

sphalerite are shown enclosed by brackets.)

A synthetic sphalerite (BDH);
A hand picked high grade natural sphalerite;
which was ball milled (WBM); course vibratory

milled (WVM) and vibratory milled fine (VMWBM) 3
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A moderately impure industrial flotation
concentrate used in a granular form (ZCR)

or after vibratory milling fine (VMZCR);

A highly impure industrial flotation concentrate
used in a granular form (PR) or after

vibratory milling fine (VMPR).

The chemical compositions and mineralogies of

these sphalerites are reported in this thesis.

Ty LEACHING UNDER CASE (i) CONDITIONS

1)  The sphalerites were leached in a 14 glass
bowl reactor. Solution samples were taken at
discrete time intervals during leaching,
filtered and analysed for Zn2+. The HZS
partial pressure was monitored continuocusly.
The effects of the following variables were
investigated:
[HQSO4%); Mys 453

[Znaﬂo; [st% 5

Temperature ; agitation

2) Most of the experimentation was done using the
VMWBM , VMZCR , BDH and VMPR sphalerites.
The modelsexpressed by equations 2.81 and 2.89 fitted
the initial rate dissolution kinetics for these

four sphalerites.

3) The active site concentration ¢ varied during
leaching in a way which was unique for each
sphalerite. The way in which ¢ changed was not
related to the change in specific surface area
(as measured using a B.E.T. N, adsorption
technique), or to the shrinking core or any

other simple model.
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L)  The shapes of the WBM and ZCR sphalerite
dissolution rate curves were very different, the
latter demonstrating an apparant induction
period (as did the PR sphalerite). However, the
VMWBM and VMZCR sphalerites leached virtually
identically, without any evidence of an induction
period.

5) The Zn2+

adsorption equilibrium constants

for each sphalerite were observed to increase in
the order :-

BDH = VMWBM < VMZCR < VMPR

(The dissolution rate per unit area of these
sphalerites leaching under case (ii) conditions
also increase in this order. This suggests that

the adsorption of positive metal ions increase

for the sphalerites in this order).

7e 30 2 LEACHING UNDER CASE (ii) CONDITIONS

1)  Under case (ii) conditions no HpS partial pressure
was detected, and it was shown that equal amounts

of zinc ions and elemental sulphur were formed.

2) The =-90,0 + 63,0 pm size fractions of WBM,
ZCR and PR sphalerites leached virtually
identieally. For the PR sphalerite the leaching
rate per unit area increased with decreasing
particle size to a maximum for the vibratory milled
VMPR sphalerite. This apparant activation
appeared to be due to the liberation of chalco-
pyrite impurity rather than due to the mode of

milling.
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For the WBM sphalerite the leaching rate per unit
area decreased with decreasing particle mize to
a minimum for the vibratory milled VMWBM
sphalerite, to a value which was close to that
observed for the synthetic BDH sphalerite.
Consequently no apparant activation effect was

observed.

A eslight decrease in leaching rate per unit area
with decrease in particle size was observed for
the ZCR sphalerite.

Photographs of unleached and leached sphalerite
particles were taken using a Scanning Electron
Microscope. Elemental sulphur was observed to
coat the WBM, ZCR and PR sphalerite particles

which had been leached under case (ii) conditions.

Optical microscope photographs of etched and
unetched polished sections of WBM, ZCR and PR
sphalerites were taken which revealed that
dissolution generally occured preferentially at

specific zones and in a complex manner.

The experimental and theoretical evidence
regarding the effect of the sulphur coating on

case (ii) dissolution kinetics, tends to be

conflicting.

3 LEACHING UNDER CASE (iii) CONDITIONS

It was shown that for leaching under case (iii)
conditions, oxidative dissolution (which pro-
duced S°) and non-oxidative dissolution (which

produced HyS8) occured simultaneously.
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3+

The presence of small Fe concentrations tended
to suppress the initial rate of dissolution of

the BDH, VMWBM and VMZCR sphalerites in a
manner which could not be satisfactorily explained

in terms of adsorption theories.

Experiments were conducted in which HZS (produced
either by purging H2504 with H2S, or by

leaching various sphalerites) was oxidised by

Fe3+ injected into the reactor. The resultant
decrease in Pﬂes with time was monitored. It was
shown that the sphalerite solids catalysed the
oxidation reaction, and that the catalytic effect
was very large for the VMPR sphalerite. It was
also shown that activated charcoal strongly

Fe3+

catalysed the oxidation of H.S.

2

The presence of activated charcoal enhanced the
dissolution of sphalerite in acidic ferric sulphate
media, only when conditions were such that H,S

was a product of the dissolution reaction.

CONCLUSIONS

Extensive experimental data are reported for
the dissolution of a synthetic and three
natural sphalerites under case (i), (ii)

or (iii) conditions, and for the oxidation
of H2S by Fe2* in the absence or presence of

these sphalerites or activated charcoal.

It was possible to use the Langmuir-Hinschelwood
adsorption theories to propose mechanisms and
develop models which fitted the initial rate
kinetic data for leaching sphalerite in acid

sulphate media without or with Fe3+ present.
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Dissolution took place non-oxidaxtively (under
case (i) conditions); oxidatively (under case (ii)
conditions), or both non-oxidatively and
oxidatively at the same time (under case (iii)
conditions) » The extents and rate at which
oxidative or non—oxidat%xe dissolution took place,
and the catalytic effect,the sphalerites on

the Feo' oxidation of H,S,
in terms of the adsorptiom characteristics

could be interpreted

of the sphalerites.

Scanning electron microscope photographs of
particles leached under oxidative conditions
showed the presence of elemental sulphur on
the surface. However, the evidence is con-
flicting as to whether the sulphur results in

diffusion rate control.

The way in which the specific area (as measured
using a N, adsorption technique) changed
during leaching generally bore no relationship

to the calculated change in active area.

The effects of milling the natural sphalerites
fine depended on the chemical composition of the
Sphalerites, and not on the mode of milling.
Thus vibratory milling and ball milling which
apparantly resulted in an activation effect in
the case of the PR Sphalerite, caused no

such effect for the WBM ang ZCR sphalerites.
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Decreasing the exponent on the H,S0, term from

2449 to 2,0 in the Verhulst model for the Fe3+
oxidation of H5S (equation 1. 7), resulted in

a significantly better fit of the model to
experimental data. The presence of sphalerite

or activated charcoal exerted significant catalytic

effects on the oxidation of HES by Fe3+.

The presence of activated charcoal did not
result in enhanced sphalerite dissolution rates,
unless conditions were such that st was a

product of reactione.
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APPENDTX A

DESCRIPTION OF LLACHING APPARATUS

Introduction

Figure A.1 schematically illustrates the
apparatus used to leach sphalerite in aqueous
sulphuric acid, and to oxidise HZS by Fedt in
the presence or absence of sphalerite or other
solids. Basically the same apparatus was used to
leach sphalerite in acidic ferric sulphate, the
main difference being that in many runs

the HZS partial pressure was known to be negligible

and no attempt was made to monitor the reactor pressure.

Figure A.2 presents a photograph of an overall
view of the leaching circult and figure A.3 a

close-up photograph of the reactor bowl and head.
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FIGURE A.1.

Schematic diagram of leaching apparatus

Description

11 Glass Quickfit reactor

Ti impellers and stirrer shaft
Isopad heating mantle

Perspex baffle

PTFE graphite packed stuffing box
Thermometer

Sampler containing septum

Fe—-Co Thermocouple

Oil filled glass thermowell
Plastocomp temperature controller
Kyoga O-100kPa pressure transducer
Regulated 5 mV power source
Goerz chart recorder

Pressure regulator

Hg manometer

Reliance 0,75kJ/s d.c. motor
Thyristor d.c. voltage regulator
240V mains power supply

N.B. (1) Cooling effected by heat radiation, and narrow bore

rubber coil looped around outside of reactor
through which tap water is passed.

(2) N, gas and Hg manometer only used to purge
reactor solution and calibrate the pressure
transducer, but removed during leaching

Vv
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Figure A.2 Overall view of leaching apparatus.

Refer to text and fig. A1 for
description and details.

Figure A .3 Close..up view of reactor bowl and

head. Refer to text and fig A.1 for
description and details.
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A.1 REACTOR

Figure A. 3% shows a close-up view of the
reactor which consisted of a spherical 14 Quickfit
glass bowl. A flat P.V.Ce. top was machined with
multiple ports to permit access into the reactor.

A flat expanded rubber gasket was fitted between the
ground glass reactor flange ard the P.V.C. top. A
mild steel ring counter sunk into the P.V.C. top
enabled the top and the reactor flange to be tightly
clamped together with a spring clip, (visible on
Figure A.2). Pressures of up to 40,0k Pa could

be tolerated before leakage occured.

A titanium shaft passed through a stuffing box
into the reactor, and two downward pumping titanium
impellars were fitted, 0,05m apart at the bottom of
the shaft. The teflon (or P.T.F.E.) dry stuffing box

was packed with Chesterton self forming graphite tape.

A shaped perspex baffle was installed in the
reactor to help induce turbulence. The total
internal volume of the reactor with top, impellar,

baffle etc. fitted, was approximately 1,35 x ‘IO_3 m3 .

A.2 TEMPERATURE CONTROL

An o0il-filled thermowell containing a "Thermocoax"
Fe-Co thermocouple was installed in the reactor. A

Philips Plastocomp temperature controller related the
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thermocouple millivolt signal to a set point, and
operated a relay switch. The relay switch passed
240V mains current through a variable voltage
transformer to an "Isopad" heating unit. A ther-
mometer calibrated in 0,71K was used to accurately

monitor the temperature of the reactor contents.

Cooling was effected manually when necessary by
passing mains water through narrow bore rubber tubing
looped around the outside of the reactor. (It was
found that passing cooling water through the reactor
gas cap to a cooling coil inside the reactor, caused
intolerable fluctuations of the monitored pressure

owing to cooling of the gas in the gas cap.)

Many of the experiments were conducted at 318,0K
as at this temperature the control system functioned
best. Temperature could generally be controlled to

approximately +0,25K .

A.3 STIRRER SPEED CONTROL

A "Saftronic" single phase thyristor controller
was used to drive a "Reliance" 0,75KJ/s D.C. motor.
The titanium reactor stirrer was connected via a
rubber coupling to the drive shaft of apparatus used
previously by the author to conduct pressure leaching
experiments. The stirrer speed was measured using a 0 to

10000 r.p.m. tachometer.
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Aok GAS CAP PRESSURE MONITORING

The reactor pressure was transduced to a milli-
volt output signal using either a Kyowa model PG~ 1KIU
(0-100,0 kParange) or a model PG -2KU (0O -200,0kPa
range ) transducer. The pressure transducer was '
activated by a 5,0mV D.C. regulated current, and the
transducer output was recorded using a "Goerz"
potentiometric flatbed recorder. A source of Ny gas
(used to purge the reactor contents), was connected to
a mercury manometer so that when the reactor was closed
and pressurised the recorder output of the transducer
signal could be calibrated against the measured Hg

manometer head difference.

A.S SAMPLE INTRODUCTION

It was important to be able to measure the
initial rate of increase of the reactor pressure due
to Has evolution, when the reaction commenced.
Pressure increases due to the gas cap heating up
after switching on the reactor, and increases
associated with the introduction of the solids thus

had to be minimised.

A 10,0ml or 20,0ml plastic hypodermic syringe,
with the front cut off, was therefore filled with
sphalerite sample and the syringe front was sealed
with a rubber stopper. The syringe with sample was

fitted into the reactor top, (shown in Figure A. 3),
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and the sphalerite sample was ‘'injected' into the

reactor after initial steady state had been attained.

The introduction of large samples (for example
= 20,0 g), necessitated pouring the solids into the
reactor through a funnel and sealing the reactor as
rapidly as possible. This procedure unfortunately
permitted the ingress of air (hence elemental oxygen),

and permitted the gas cap to cool.

A. 6 SOLUTION SAMPLING AND FILTERING

A stainless steel cylinder was obtained into
which a gas chromatograph self-sealing rubber septum
could be fitted. This device was installed in the
reactor top, and solution samples could be injected
into, or withdrawn from, the reactor through a
7,0=-10,0cm long 20 or 2Z guage hypodermic exploratory
needle. The self-sealing septum ensured that the
reactor pressure was not accidently released on

withdrawing the needle.

Bven solutions containing -90,0 + 75,0 micron
size fraction suspended solids could be sampled in
this manner. The use of needles larger than 18 - 20

guage, resulted in rapid destruction of the septa.

The procedure adopted to filter the solution

samples depended on the nature of the suspended solids.
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It was found that for samples containing relatively
course sphalerite particles (say larger than 10,0 micron
mean diameter), upon holding a 2,0 or 5,0ml hyperdermic
sampling syringe horizontally, the solids rapidly
settled out of solution. With the needle off, and

the syringe kept in a horizontal position, the clear
solid-free leach solution could be carefully expelled
from the syringe. Generally less than 30,0 seconds
elapsed between the time of sampling, and solids

separation.

Sclution samples containing synthetic or fine
vibratory milled sphalerite were quickly injected
from the sampling syringe into a gouch cruscible
containing a layer of analytical grade asbestos wool

deposited on the glass frit.

Filteration under vacuum ensured that the time
elapsed between sampling and solids separation, was

generally less than approximately 20,0 seconds.
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APPENDTIX B

DESCRIPTION OF EXPERIMENTAL PROCEDURE
AND
PRETREATMENT OF NATURAL SPHALERITES

B. 1 DESCRIPTION OF EXPERIMENTAL PROCEDURE

Introduction

The procedure adopted for leaching sphalerite
in acidic ferric sulphate was basically the same as
for leaching in agueous sulphuric acid - with the
important exception that frequently no attempt was
made to monitor the reactor pressure in the former
case. Only the procedure for leaching in aqueous
sulphuric acid and injecting Fedt into the system
when the rate of increase of -the H,5 partial pressure

became very small, will therefore be described below.

B. 1. 1. INTITTIAL PREPARATIONS

(i) While heating the reactor (containing 14
aqueous H, 80, bdbut no sphalerite) to the

desired temperature, N2 gas was purged
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into the solution for up to 30,0 minutes.
Sufficient agitation was maintained using
the stirrer, to finely disperse the N2 gas

bubbles.

(ii) With the N, gas switched off and the reactor
sealed, the agitation rate was set at
800,0 - 1000,0 r.p.m. and the system left
to reach thermal eguilibrium at the exact
desired temperature. Themometers installed
in both the gas cap and the solution
demonstrated that these zones achieved
thermal equilibrium at the same temperature

within 1,0 - 2,0 minutes.

(iii) The desired chart recorder graph paper
drive speed and transducer millivolt scale
expansion were set. All information
relating to the experimental conditions were
recorded on the recorder graph paper, and

the recorder chart drive was switched on.

B. 1. 2. COMMENCEMENT OF REACTION

The following sequence of actions was performed

as rapidly as possible:
(i) The stirrer was switched off.
(ii) The solids were injected into the reactor.

(iii) The reactor was momentarily vented to

atmospheric pressure and then tightly sealed.
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(iv) The stirrer and stop watch (calibrated in
0,2 second intervals) were simultaneously

svitched on.

B. 1. 3. SAMPLING DURING THE COURSE OF REACTION

(i) Samples were taken at desired time inter=-
vals by injecting, for example 5ml
leach solution similar to that initially
in the reactor , and then withdrawing 5ml
leach solution. In this way the total
pressure within the reactor was affected
minimally. The dilution and cooling
effects introduced by injecting 5ml into
1,0#£ solution was found to be negligibly

small.

(ii) The solution sample was filtered (as

described in section A. 6. ) .

(iii) An A-grade pipette was used to pipette
1,0ml of the filtered leach sample into
a 100,0ml volumetric flask containing
slightly acidified double de-ionised
distilled water. The solution in the
flask was made up to 100,0ml , and trans-
ferred to an appropriately labled bottle
which was tightly scaled. The diluted
samples were analysed for dissolved zinc
or other metal ion using atomic adsorption

techniques - (Appendix D.1.) .

(iv) Sampling was continued at regular time
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intervals until the rate of increase in

the reactor pressure became very small.

B. 1. 4. INJECTICN OF Feo¥ INTO THE REACTOR

In several experiments, H, S gas was purged into

the I%ZSO“_ solution, without aiy sphalerite being
present. However, the only difference the presence
of sphalerite made as regards procedure, was that

it was then not possible to analytically determine
the st concentration in solution. Therefore,

whether the HZS partial pressure was generated by

leaching sphalerite or injecting H,S gas, the

2
following procedure was adopted, once the PHgS

was relatively constant.

(i) By experience it was found that the
presence of, for example VMPR or acti-
vated charcoal in the reactor, resulted
in catalysis of the HZS oxidation by
the Fe3+. Thus the chart recorder drive
speed was increased prior to injecting

the ferric.

(ii) An exact volume (2,0 or 5,0ml for
example), of the reactor solution was
removed. (Switching off the stirrer
during this operation eliminated gas

being withdrawn with the liquid phase.)

(iii) An identical volume (to that removed)

4

of highly concentrated Fe solution

was rapidly injected into the reactor.
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(iv)  The initial rate of decrease of the
I)Hgs was measured and taken as being
proportional to the initial rate of HZS

oxidation by the Fed+ .

(v) Frequently there was sufficient residual
Hs S after all the Fe’* had been
reduced to Fe2t , to repeat steps (ii) -
(iv) wusing different volumes of injected
Fedt. Thus initial rates of Hy S
oxidation could be measured using different

3+

initial E%ES and Fe concentrations.
(vi) The samples drawn in step (ii) were some-
times filtered and diluted in order to

analyse the Zn2+

B. 1. 5. FILTERATION AND WASHING OF FINAL
LEACHED SOLIDS

Frequently the entire final leach solution was
filtered and washed in order to collect all the
residual solid leached material and determine the
total final surface area. This was especially so
in those experiments in which sphalerite solids had
been leached to relatively large extents of zinc
recovery in acidic ferric sulphate media. The

procedure adopted was as follows :

(i) The leach solution was filtered under
vacuum in a buchner funnel using Whatman

(number 1) qualitative grade filter paper.

or total Fe concentrations.
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(It was necessary to use finer paper when
filtering BDH or vibratory milled sphalerite

solids.)

(ii) The filter cake was washed with several

cake displacements of distilled water.

(iii) The filter cake was oven dried at between

100,0 - 105,0°C, and weighed.

(iv) 1In the case of granular solids leached in
acidic ferric sulphate media, a small mass
of solids was sometimes removed and kept

for subsequent S.E.M. observation.

(v) The dried solids were washed with CCly
in a Soxhlet apparatus to remove all

elemental sulphur.

(vi) The CC1ly washed sclids were oven dried
and weighed. The elemental sulphur was™
recovered by distilling off the C(qu
solvent (which was recycled) and drying

the precipitated S°.
(vii) The mass of S° was weighed.

(viii) For many runs, samples of the filtrate

were bottled and stored.
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B. 2. PRETREATMENT OF NATURAL SPHALERITES

The PR and ZCR industrial flotation sphalerite
concentrates were initially dispersed and washed in
water containing Teepol detergent to break down
agglomerates, and remove organic flotation reagents
possibly present on the particle surfaces. The
WBM sphalerite obtained in lump form was either wet
ground in a laboratory ball mill or dry ground using

a Siebtechnik laboratory vibratory mill.

The dispersed PR, ZCR and the milled WBM
sphalerites were wet screened through a 38,0Pm

screen to remove the fines fraction. The + 38,0pm
fractions were oven dried and dry screened into
several discrete size fractions ranging between 38,0 Hm
and 125,0um. The -~ 38,0pm fines were separated
into discrete size fractions ranging from 38,0pm
down to approximately 9,0pm using a Warman cyclosizer,

and then dried.

Further pretreatment of the WBM, PR and ZCR
sphalerites by washing in dilute acid resulted in the
removal of oxide coatings vnossibly present and of
gangue (most likely MgCOB ). Removal of the
latter was found to significantly affect the specific

surface areas of the PR and ZCR sphalerites.

In addition to using the WBM, PR and ZCR
sphalerites in their granular form, part of the
acid-washed + 38,0pM size fractions were finely
milled to powder consistency by extensive (5 minutes)
vibratory milling in a Siebtechnik laboratory scale

vibratory mill.
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These vibratory milled sphalerites
(designated as VMWBM, VMPR, and VMZCR) were
also used in this form in leaching experiments
in addition to the BDH, WBM, PR and ZCR
sphalerites. The synthetic BDH sphalerite was

not pretreated in any way vrior to leaching.
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APPENDTIX C

CHEMICALS USED IN LEACHING EXPERIMENTS

The source and compesition of the various
sphalerites used have been degcribed in Chapter 3.

The leach solutions used were prepared as follows s

C. 1. AQUEQUS SULPHURIC ACID

Bulk supplies (approximately 25,0 £ at a time)
of 1,0M or 2,0M H2£KM+ were prepared by adding
analar grade concentrated Hgsoq to double deionised
distilled (d.d.d.) water. The acid concentrations were
analysed and adjusted until * 0,5% of the desired
molarity had been achieved. For experiments which
required 0,5M H280L+ y the 1,0M H280L+ was diluted

50: 50 with d.d.d. water.

C. 2. ACIDIC FERRIC SULPHATE SOLUTION

Solutions with desired ferric ion concentrations
were generally prepared by dissolving the required
mass of Kanto Chemical Co. guaranteed reagent or extra
pure reagent grade ferric sulphate crystals in

sufficient d.d.d. water to give 14 of solution.
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Measureable free acid was formed by hydrolysis
of the ferric ions (with a resultant ratio -
Feot) [HZSOQ]:: 2,0) and except in isolated
experiments, no additional HESOH- was added.
Selection of the ferric ion
concentration reguired for each run was based on
the extent of leaching and the initial mass of the
sphalerite chosen for the experiment in which the
solution was to be used. The ferric ion and
HZSOq_ concentrations were measured in duplicate

before commencing each leach experiment.

In several experiments volumes of up to 40,0ml
concentrated (150,0 - 160,0 g/1 Fe3+) acidic ferric
sulphate solution were added to 11 0,5M, 1,0M
or 2,0M HZSOq_ to give solutions with low
Fe 1 s [H,80,) ratios. No attempt was made to
measure the ferric ion or changes in H SOLF
concentration resulting from adding such small amounts
of the acidic ferric sulphate solution; and it was

assumed that the acid concentration remained unaffected.
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APPENDIKX D

METHODS OF CHEMICAL ANALYSIS

DETERMINATION OF DISSOLVED ZINC ,
IRON OR COPPER IN SOLUTION

A Perkin-Elmer model 303 atomic adsorption

(A.A.) spectrophotometer with an air-acetylene
flame; and a Tarkan flatbed chart recorder was

used.

Prepared Solution

Calibration samples were prepared by diluting
"Searle" 1,0g/l1 =zinc, iron or copper
spectrophotometry standardised solutions
(accurate to within + 0,5%) with H, 80,
acidified double deionised distilled water to
concentrations within the A.A. manufacturer's
recommended sensitivity ranges. These diluted
samples were used to calibrate the A.A.
adsorption as a function of metal ion
concentration for analysis of leach solution

samples.



A 20

Method

1) 5,0 or 10,0 ml samples of leach solution
were taken and filtered as scon as
possible at discrete time intervals
during the course of an experiment -
(see section B. 1. 3. for details of

sampling procedure).

2) Small (usually 1,0 ml) aliquots of the
filtered leach samples were diluted
using H2804 acidified double deionised
distilled water to within the metal ion
concentraion ranges recommended by the

A.A. manufacturer.

3) The percentage adsorption of the diluted
calibration and leach samples were measured

using the A.A. .

L) Percentage adsorption versus concentration
calibration curves were drawn from which
the metal concentrations of the leach

solutions were interpolated.

5)  Appropriate dilution factors were used to
calculate the metal concentrations in the

original leach solutions.
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D. 2. FERRIC ION ( Fe 3+) DETERMINATION

Prepared solutions

A standard 0,179 N sodium thiosulphate
solution was prepared by dissolving 4h,k2hk g
NaZSZ(}B 5Hy0 in recently boiled distilled
water and making up to 1,01 . Approximately
3 drops chloroform and 0,1 g/1 Na, COz was
added.

+
Then 1,0ml 0,179 N NapsS,0z = 0,01g Fe3

Method

1) Add an excess of KI crystals to an

aliquote of the leach sample.

2) Titrate with the standard sodium thio-
sulphate solution until the range brown

colour disappears.

3) Near the end point the solution becomes
pale yellow, and at this point a crystal
of KI may be added to determine whether

sufficient KI 1is present.
) At the end point the solution is colourless.

5) Calculate the concentration of Fe3+

in the original leach solution.
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Reactions

o]
Fea(s%)3 + KI = 2FeS0, + T

1° + Na, 8,0, —=> Na, 850, + Nal

2723 2 (colourless)
D. 3. EESOH- DETERMINATION

Prepared solutions

a)  Phenol - phthalein indicator
b) Standardised 0,2N NaOH solution.

Method

1) A few drops of phencl-pthalein indicator

is added to an aliquot of the H2804

solution.

2) The standardised NaOH is titrated until

permanent red colour first appears.

3) Calculate the stoq_ concentration in the

original leach sclution.

Reaction

—
2 Na OH + Hasoq Nazsoq + 21{20
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D. k. i, 80, _DETERMINATION IN SOLUTIONS
-3 =
CONTAINING Fe “t / Fe )t TONS

Prepared Solutions

a)  Mixed indicator - 0,2g dimethyl yellow +
0,2 g methyl blue dissolved in 200,0ml

methanol.

b) 0,204 N Sodium carbonate prepared by
dissolving 10,8110 g oven dried (at 533,0K

- 543,0K) NajCO3 with distilled water up

to 1L
Then 1ml 0,203 N NaECO3 = 0,01g HZSObr
1) Any ferric ion present in an aliquot of the

leach solution must first be reduced to ferrous
ion (i.e. add KI crystals and titrate with
Na,S.0, as in section D. 2.).
2 2%
?)  Add 3 drops mixed indicator to the aliquot
and titrate with the standard NaacO3

solution until a green colour indicates that

end point is reached.

Reaction

-————

NaECOB + H 804 == NaESOh- + CO + H.O
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D. 5. DETERMINATION OF ELEMENTAL SULPHUR IN
LEACH RESIDUE

Carbon tetrachloride solvent was used in a
Soxhlet apparatus to dissolve elemental sulphur
from leach residue contained in a tared permeable

paper thimble.

Method

1) The final leach solution is filtered

through number 1 Whatman filter paper.

2) The filter cske is oven dried at 378,0 K,

and allowed to cool in a dessicator.

3) The dried recidue 1s weighed and placed

in a tared permeable paper thimble.

H) The elemental sulphur is extracted from
the residue in the thimble in the Soxhlet
apparatus using carbon tetrachloride for

six hours.
5) The residual solids and thimble are oven
dried, cooled and weighed and the solids

mass is calculated.

6) The amount of sulphur is determined by

difference.

7) The loaded solvent is transferred to a tared
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conical flask, and the (3014 is distillead

off and condensed.

The conical flask containing the dried
precipitated sulphur is dried, and the

mass of 8 © recovered is calculated.

DETERMINATION OF DISSOLVED H2§

Prepared solutions

a)

o)

c)

Then

Method

1)

2)

3)

A starch solution was prepared as described

by Vogel (1961 , page 347) .

A O,1N iodine solution was prepared and
standardised as described by Vogel (1961,
p 354, 355) .

A O0y,1M Sodium arsenite solution was

prepared as described by Vogel (1961)

Tml 1,00 As,0, = 0,02556g 1,8

Place 20,0ml standard 0,1M sodium arsenite

into a 100 ml volumetric flask.

Add sufficient H2SOM_ to render solution
distinctly acid.

Add 10,0 ml of sample andlmix well.



A 26

4)  Yellow precipitate of arseneous sulphide
forms, but the liquid itself is colourless.

5) Make up to 100,0ml mark with distilled
water and shake thoroughly.

6) Filter mixture through dry filter paper into
dry vessel.

7) Remove 50,0 ml of filtrate and neutralise
with 1M sodium bicarbonate solution.

8) Titrate with standard 0,1M I, solution
with a few drops starch solution to the
first blue colour. Titration must be
carried out between 4,0 pH 9,0 , Dbest
value being 6,5. pH must be adjusted using
sodium bicarbonate.

Reactions
In water : Na_AsO. — Na¥ + AsoO”

2 2 2

In acid : 2AsO. + 2H —= As5. 0. + H.O

With

With

2 273 o

S —
H2 A5205 + 5H28 A8285+ HEO

12 : A5205 + 212 + 2H20

+
A5205+ LH" + 4T
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APPENDIX E

ASPECTS RELATING TO THE USE OF Has PARTTAL

PRESSURES TO DETERMINE ZINC TION AND H, S

2
CONCENTRATIONS 1IN HZEQQ- SOLUTION

E. 1. gst MONITORING OF SPHALERITE
DISSOLUTION AND H_ S OXIDATION KINETICS

The overall reaction stoichiometry of sphalerite

leaching in aqueous sulphuric acid is -

ZnS + HZSO4 — ZnSO4 + HZS cesescessas E. 1

In the presence of a gas cap, diffusion of Has from
the liquid to gaseous phase occurs and if diffusion
1s not rate limiting -

—_—

Has]l ~ (HZS)Q evsecosvensae E- 2

The mole fraction of HZS in the gas phase

is related to the mole fraction of IEZS in the liquid
phase by Henry's law.-

H = p /X
c st HZS csecasas .. Ea 3

where HC = Henry's law constant;
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PHES = st partial pressure or mole fraction
of H28 in the gas phase;

XH28 = mole fraction of H,S in the liquid
phase.

According to Perry (4th Edition) Henry's law
holds well for a large number of gases under conditions
such that the partial pressure of a given gas does not
exceed about 100,0 k Pa . The C.R.C. handbook (55th
Edition) indicates that Henry's law only strictly
applies to gases which do not unite chemically with

the solvent.

Now for H.S dissolved in water :—

2
H, S]
X P
H.S = — P (8
2 (ST + 0] B b
where [HEO] = 55,56kg - mole / m- s
assuming [Hasll << [H20] gives -
- 55,56 ceesenee.s BEu 5
Substituting equation E. 5 for XHES in
equation E. 3 gives -
)% H
st _ c )
H_ S
H 58], 55,56 O T s

Define a calculated distribution coefficient KD as

follows :

H
(K. cal = =
p' ¢ac 55, 50 teeecnenes Eo 7
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and hence also -

PHgs

ceseacnses E. 8

Equation E. 7 may be used to calculate

D* D)
values (calculated using values of HC presented

values of K Figure E.1 plots (K

calc.

by Perry) as a function of temperature for HZS
dissclved in non-acidic water. Equation E. 8§
may then be used to calculate either the HZS
partial pressure ( if [HZSH is known) or

{H2Sh (if P¥. S is known) using (Kp)

2 cale *®

Romankiw (1962) demonstrated that the solubility
of HES was affected by the presence of H2804 in
solution, and that the ratio PH2£3/ [Hp Sl for a given
[HEEHl value decreases with increasing H2804
concentration. The distribution coefficient may be
determined experimentally by measuring the PHES and

B

I’i')S\

[

(KD)GXD = [HDS]‘ ‘Ii.?xp e ke enae De 9
In a sphalerite leaching system, in which HZES

1s produced stoichiometrically along with Zn2+ in

a reactor containing a gas cap the distribution

coefficient K may be detcrmined as follows:

D;exp
According to mass balance in a system containing
liquid and gaseous phases -

[H, 81y o = [, 5

al + [Has]g eesee BHoe 10

[



(kP.m 3/ mole)

T

X

2,2
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Fig.E.1 Effect of temperature T on the

distribution coefficient
dissolved In water.

Ky values calculated using Henry's
law dnd tabulated Henry 's constant

data presented by Perry {4th edition)

Ky for H,S
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Now, from the ideal gas law -

P V.
H,8)y = Ho®. 9 ... E. 11
RT
and from equation E. 9 =
P V1
H, 8], - B .. E. 12
2 UK )
D'exp

Substituting equations E. 11 and E. 12
into E. 10 -

, _ Ho 8 L
N Tyl *

.......... Es 13

or expressed in terms of moles of HES per volume

liquid | -
Fu, s Py s Vg
(H, S] = e + 2
2 total
(KD lexp RT V,
cescceccnse E. 14

Rearranging equation E. 14 gives =

lHy Shiota: 1 v

p \
Hp S (KD'exp l

In a sphalerite leaching system

[Zn ] = [Has]total seesvecscos E. 16
hence
(Zn°t ] | Vg



Define a distribution ratio Cy based on

2+]

P
experimentally measured [Zn and Ho S values ,

(z 2+,
(Cp! = ' Y sEasptasey B« 19
b P, S
>
Thus
1 Vq
(CD)exp = T + —  serees E. 19
Eplexp RT V,

and rearranging equation E. 19 to express Ky

in terms of Cp gives -
v
- _ g
Kplesp = 1.0/((GDJ,_M ﬂ) cevees B. 20

The experimental distribution ratio  [Cpley,
may therefore ©be determined during a leaching
experiment, and the distribution coefficient (KD)exp

be calculated using equation E. 20. In section

E. 2. an expression is developed based on experimental
results which relates (Klﬂexp to [KDlcale

temperature and [Hy 804!

The expressions derived in this section are
useful because during the leaching of sphalerite in
agueous HESOL,L solution, the Hp S partial pressure
can be monitored continuously but the %n.zﬁl need
only be determined at discrete time intervals.

Then having determined (CD)PXD from eguation E. 19

and (KDEXD from equation E. 20 , the initial

rates of Zn2+ or HsS5| produced and subsequent
)
Zn=") and [Hy 8]  values may be calculated using

measured H, S partial pressure values in equations

E. 18 and E. 9 respectively.
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E. 2. RELATIONSHIPS BETWEEN EXPERIMENTAL AND

THEORETICAL HatS DISTRIBUTION COEFFICIENTS

In this section a model is developed which
relates the distribution coefficient Kp of Has
gas dissolved in aqueous Ph2804, to the H 804

concentration and temperature of the solutiin.

Such a relationship is useful in that during
sphalerite leaching, it 1s necessary only to monitor
the PHgiScontinuously without analysing the solution
for Zn2% in order to follow the kinetics of the
reaction. This is also true in the event of study-
ing the homogeneous oxidation of HES by Feo"

reaction, in systems in which the H, S gas was

bubbled into solution and the Eﬁg;s was monitored.

The distribution coefficient may be determined
experimentally in a sphalerite leaching system using
measured values of [Cplayp (defined by equation
E. 18) in equation E. 19. In Appendix I
experimental HasOq' leaching results are tabulated,
and values of {CD)exp and (Kplexp are also

presented in the tables.

Examination of the {CD)exp values determined
at discrete time intervals during the course of a
leaching experiment revealed that frequently (CD)exp
decreased with time and tended to approach a constant
value. For example figure E.2. plots [Cplexp

versus time for several experiments.

Any such deviations of (CD)exp from constancy

over the full time scale could have been caused by
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T Temp. (K] 318.0
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ot : legend +{VMWBM| I3 | 002 | 8000

E A BDH - 001| 8000
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Figure E.2 Plot O”CD)exp (where (CD)exp"' Ry /[Zn2+]‘l versus time for various sphalerites

leaching under case (i) conditions. Note that a constant value of[CD)expisapproached
after about time t>10 mins
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one or more of the following factors:

(1)

(i1)

(iii)

(iv)

For samples taken shortly after time t= O;
leaching continued at a significant rate
during the time lag of say 20 - 30 seconds
elapsing between sampling and filtering.
Thus for samples taken at say t = 1 minute,
the 7Zn°"t concentration determined analy-
tically could be up to 50,0% greater than
the true value at time of sampling. As
leaching apparantly approaches equilibrium
in the reactor and the leaching rate
decreases one would expect this source of
error to become progressively less

significant.

It was often difficult to establish the

true initial pressure 1in the reactor after
introducing the sample, and then switching

on the reactor, which in turn resulted in

the gas cap reheating to reaction temperature
simultaneously as the reaction proceeded.
Thus small initial errors in FH, S would
tend to affect {Cpleyp to greater extents
shortly after t = O when the total

measured Pﬂes was relatively large.

2+

The stoichiometric amount of Zn and

HZS produced may initially not have been

equal.

The initial effects of Zn°T or H, S

adsorption on the sphalerite particles
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may have been significant.

2+] and

As the reaction rate decreases and [Zn
PHES approach their maximum values, the effects of
the above sources of deviation are minimised. Thus
the final value of (CD)exp determined closest to
largest PHES values for each run will be subsequently

used in this thesis to calculate (KD)exp
The value of Vg wused in equations E19 or E 20.
was determined experimentally from the results of
injecting known volumes cof solution into the reactor,
and measuring the corresponding change in pressure.
Details of the calculations and results are presented
in Appendix E. 3. . The values of Vg , and

R used in equation E. 19 were -

. -3
Vg = 0,35 x 107 (m)
vy = 7,0 x 1072 (a”)
-3 =z
R = 8,29 10 ( kPa. m”/ kg-mol. K

The effects of different variables on Xp are

now discussed.

E.2.1 EFFECT OF H, 50, CONCENTRATION ON (Kp) exp

Figure E. 3. plots (Kplexp versus [H2SOM°at
318,0 °X for the different sphalerites, and demonstrates

that the H5 804 present in solution does significantly
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Linear regressed tit. Line described by eqgn E.2]

Temp. (K] 318,0

conditions Stirrer  (rpm) 10000

Sphal. type | Mg
(-) (kg) NOTE “All data point values
© | VMPR 0,01 R ted
o ave been extracte
legend. X BDH 0,004 from the tables in
. VMWEM 0,01 Appendix I
A | VMZCR 0,01
2.5 1‘
e 0
E |
€ |
IT' X
220 A
- /t;//g
¢ 0
O g5 pE=—"—1 2
X X
o |
O o
~ 10
a
x
o
[a)
= 05
0
0 0.5 10 1.5 20

[H,S0,]1, (kg=mol/m3)

Figure E.3 Plot of experimental HoS distribution coefticient
(KD)expversus [H,S0, 1o - ((Kp] is defined by

exp
egn. E.1.20)
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influence the distribution of st between the
liquid and gas phases. The data points are rather
widely scattered on figures E. 3. and a least
squares linear regression on the data was performed

with the following results:

>
(K ot it = 1,52 x 10° + 170,0 x [H, S0,
ceececcssno L. 21
«103
Now Ky = 1,484 (as calculated from data at

318,0° K ), and equation E.2.1. may be expressed as
(KD)@XD = KD + 170’0 K[HzSOLi_] R E- 22

This equation is consistent in that as [Hp SO0y tends
to zero, [Kpl tends to the theoretical value of
Kp . The wide scatter in the [KD}exp data is
possibly the result of the various factors enumerated

in the last section.

E. 2.2 EFFECT OF TEMPERATURE ON (KIﬂ

exp

Figure E. 4. shows an Arrhenius type plot of
(KIﬂexp versus %r- The data points were

linear regressed with the following result :

' 1
ln {K_) it = 12,47 - 1,62 % 103[ 7l
P

The familiar exponential form of this equation

corresponds to'-
5 13, 41

(KD] fit = 2,60h x 10 exp\TRT ceee. E. 24
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a Linear regression through exptl. points. Linea
is described by egn. E. 2. 3.

b Linear regession line demonstrating the effect
of temp. onlKyleqic. - Kpleale. ie the distribution

coefficient tor H5S in water, calculated usm%
Henrys law with “data presented in Perry (1963 )

H-50,]1, (kg-mol /m3) 1,0
. 22Vl :
conditions Stirrer (rpm) 8000
Sphal type | Mg
b e (kg)
: g o| VMPR 0,02
- «| BDH 0,01
0| VMWBM 0,02
Al VMZCR 0,02
80 t
s | g |
5 L
9 40— — : 5~ a—
X b
£
6.5
6 0 33|8,0K 318;'0K 298|,OK
2.9 30 1 32 33 34

—— W

x103 [(K)

Figure E.4 Arrhenius-type plot demonstrating the effect
of tempergture on the HoS distribution coefficient

KD.
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The fitted values of (K as a function

D)exp
of temperature are plotted on figure E. 4. along

with the values of KD calculated using Henry's

constant. The experimental (KD) corresponds to
exp

values obtained in 1M H2SOM- solution, and

consequently according to equation k. 22 one would

expect the (KD) exp values to be greater than the
theoretical KD values by a factor of about 0,17.

This is in fact so.

E. 2. 4. OVERALL MODEL EXPRESSING (KD)exp IN
TERMS OF [H,S0,] AND TEMPERATURE

As observed in equation E. 24 | the activation

energy term relating the change in KD with

temperature is 13,41rnJ/@g—nol(i-e. 2,208 kcal /mole).

The theoretical value for K, at 318,0°K in neutral

D
water is -

K = 1,484 x 107

Therefore, at 318,0° K the pre-exponential constant

(Kjlo will be -

1,484 x 10%// exp t%gﬁﬂ

plo
veeeevese. E. 25
(Kplo = 2,379 x 107
- 4341
Hence KD = 2,379 x 105 exp ( RT )

cceeeeses. E. 26

Substituting for KD at 218,0° K in equation

E. 22 gives an expression which includes the effect of



HZSOL\L . Thus the final equation which may be

used to calculate%é?gfhmchon dftempwohﬂe<mle2504]2—
A

—13A1)

) 5, Ab-n )
(Kp)oaq, = 29379 x 107 xexp VL "RT |+ 170,0 [H 80, ]
cececeness B 27
E. 3. DETERMINATION OF REACTOR GAS CAP VOLUME

The gas cap volume with the pressure transducer
and sensing tube was established by injecting a given
volume of liquid into the reactor, and measuring the
increase 1n pressure. A sample calculation is now

given :

From ideal gas law -

PaVor = PV e, .. E. 28
where P1 = 1initial pressure in reactor
(generally atmospheric),
Vg1 = 1nitial total gas volume in
reactor,
P2 = reactor pressure after injecting
liquid,
ng = gas phase volume after injecting
liquid.
But \ = Vv -
u g2 g AV, ... E. 29
and P = P, + AP cesencaees E. 30

2 1
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where 'sz = volume of aliquot liquid
injected into reactor,
AP = measured increase in reactor

pressure.

Hence substituting equation E. 29 1into equation

P,V = P, (V

1 Vg1 5 —Avg) creceees E. 31

g1

Rearranging equation E. 31 gives -

P
V., = Avgx(Pa_—aPﬂ........ E. 32

g1

Table E. 1. summarised the results of injecting
5,0 or 10,0ml water into the reactor containing

1,0 x 10_3 m3 solution.

It is observed that the average reactor gas cap
volume was established to be 0,348 x 167 m° . Hence
in this thesis a volume of 0,35 x ’IO_Bm3 has been
used throughout. No attempt was made to correct
the gas cap volume for the effect of density changes

on the liquid volume at different temperatures.
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Exptl P1 Vp AP Py Vg1 Data
Run X’IO3 x 103 Table
(-) (k Pa) | (u?) | (xPa) (k Pa) (n3) (=)
197 99,67" | 0,1 2,785 | 102,5 0,368 I 25
197 99,67 | 0,1 2,689 102, 4 0,381 T 25
183 100,0% | 0,05 | 1,536 | 101,53 0,33 L9
169 100,0% | 0,05 | 1,421 101,421 | 0,357 T 26
178 100,02 | 0,05 1,566 101,566 | 0,324 L 3
178 100,02 | 0,05 1,489 101,489 | 0,341 L 3
180 100,09 | 0,05 1,460 101,460 | 0,347 L 1
211 100,0% | 0,05 | 1,489 | 101,489 | 0,341 L 15
211 100,0® | 0,05 | 1,489 101,489 | 0,341 L 15

g

#¥ Measured barometric pressure

& Assumed pressure

TABLE

E. 1.

SUMMARY OF RESULTS FOR

Average: O,348xﬂfam3

THE DETERMINATION OF

REACTOR GAS CAP VOLUME vV

g




NOTE:

AL

APPENDIX F

SURFACE AREAS OF UNLEACHED PARTICLES
AND AREA CHANGES DURING LEACHING

SPECIFIC SURFACE AREAS OF UNLEACHED SPHALERITE PARTICLES

All Ao versus D and area change versus X data used in this section
are contained within the tables presented in Appendix J. Johne (1965)
describes the Strohlein Areameter used to measure the specifie
surface areas reported in this thesis and the theory associated with
single point B.E.T. area determinations. In actual practice,
sphalerite samples weighing upto 100,0g could be used in the
instrument to ensure that the total area measured fell within the

recommended range (7,Om2 to 50,0m2), and specific surface areas

-greater than O,lmz/g could readily be determined with a significant

degree of reproducibility.

Figures F. 1. and F. 2. compare the specific
surface areas A, of acid washed and acid unwashed
WBM, PR and ZCR sphalerites, and the A, values
for solid spheres calculated as a function of diameter

by the expression.-

- 6,0 2
AO = ELF)— m /kg Sesssssnse F- 1-

The density of each of the sphalerites was

measured and each was found to be very close to:-

p = Lo x 106 kg/ m3
1,5 x 10° >
Hence AO = ﬁ m /kg asvese Fc 2-

It was established that the very large decrease
in A, observed as a result of acid washing the ZCR
sphalerite, was due to the removal of a gaugue,

probably MgCOB.
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Sphal. type | Acid Washed
0 PR No
legend b PR Yes
+ ZCR No
0 ZCR Yes
a AgVersus D calculated tor solid spheres using
equation F.2
b Best tit curves through data points.
1,0
' .
0.8 5
o
X
~
N
=
™
i
=
X
o +b
<
Q——\_\\
| b
J D| Ob

. . . ; 34
0 200 400 600 800 1000 1200
D x106 (m)

Figure F.1 Comparison of specific surface areas of PR
and ZCR sphalerites before and after acid pre-

treatment, with A, values calculated for solid
spheres,
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Sphal. type I Acid washed

WBM - No
o WBM Yes

x

legend

a A, versus D  for solid spheres calc.
using eqn. F.2

b Best fit curves through data points.

1.0 { ’

| |6 =G’l-'GOb
0 20,0 400 ~ 60,0 800 1000 1200

D «0° (m)
Comparison of the specific surface area of

WEBM sphalerte before and after acid pretreatment,
with A, calculated tor

Figure F.2

solid spheres using egn.F.2.
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(Relatively high concentrations of Mg2+ were
identified in the wash solution, and unwashed
ZCR  particles placed in the concentrated HCL
produced odourless gas bubbles which were assumed
to be CO2 gas » )

It is not obvious why acid washing changed

the A, for the PR and WBM 1in the way it did.

Figure F. 3 plots the ratio of the measured
specific surface area A _: A calculated for
0 sph.
spheres, as a function of the mean particle diameter.
Linear plots are observed which are fitted by the
following empirical expression which may be used to
calculate the A, for any D over the range

125,02 I = 9,0 pm .

. 2
Ay = Asph.X(2’6 +BxD)nm /g ceesees F. 3.
where B = 6,73 x ’IOL+ for the PR and ZCR sphalerites,
and B=2,0 x ’IOL+ for the WBM sphalerite.

Table F. 1. summarises the specific surface

areas of the BDH and the vibratory milled sphalerites.

It is proposed that the surface areas of the
sphalerites are significantly higher than that for
smooth spheres of the same diameter because of the

greater surface roughness, and the existance of

internal or pore area.

The value of the intercept on the vertical axis
of Figure F. 3. , can be taken as an indication of

. . 2 . . _-
the internal area Un/kg) which 1s independent of D.
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Best fits
Sphal. type
x ZCR
PR
O WBM
— 120 /
gU) x
&
o 100
.
rs) X
»
< 80 A
~
W
5 60
g
Q.
9 o
< w0l g e
9 ©
:
20
0 .
0 200 40_0 600 800 1000 1200
D x106 (m)
Figure F.3 Comparison ot the ratios A,(for asphal) to A, (calc.

for solid spheres] for the 'ZCR, PR and WBM sphals .
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The slopes of the lines on Figure  F. 3. represent
the area due to roughness for a given sphalerite.
(Zero slope would mean the particles were perfectly

smooth.)

Therefore, 1f the intercept and the slope were
both zero, a given substance should have a measurable
surface area identical to that of smooth, solid

spheres.

Figures 6. 14 to 6. 18 represent various
photomicrographs taken of polished sections of WBM,
Z4CR  and PR sphalerite particles and reveal the
presence of cavities and cracks within the particles

which account for the internal area.

Figures 6.1, 6.2, 6.4 & 6.9 represent S.E.M.
photographs of unleached WBM, PR and ZCR
particles, and reveal the existance of surface roughness

which would account for additional surface area.

F. 2. AREA CHANGES DURING LEACHING

The area remainder function T)X) was experimen-
tally determined for each of the different sphalerites
by leaching in acidic ferric sulphate to various
extents of reaction, and measuring the specific
surface area A of the CC]4+ cleaned sphalerite

particles using a B.E.T. N, adsorption technique.
[ 4N

The experimental value of the area of the solids
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remaining in a reactor may be defined as -

cevcesenee o kb
nxl= gy ¥
or
nx)= (1 -Xx) —ﬁ—o ceveenea.. F. 5.

2+ . .
Knowing the final [Zn ] concentration, it was
possible to calculate M by mass balance, and
several checks showed that the calculated

values agreed closely with the weighed values.

Figure F. 4. plots the experimental values
of n versus X for the BDH, WBM and the VMWBM,
VMPR and VMZCR sphalerites.

Curve 'a' on Figure F. 4. is the result of
predicting n from an area remainder function
describing the area change of shrinking solid
spheres (i.e. corresponding to the shrinking core
model) .

n(x) = (1_}()0’666 teceasssse Fo 6.

It is observed that the BDH and WBM
sphalerites closely obey shrinking core behaviour.
The vibratory milled sphalerites each exhibited an
initial rapid decrease in area probably due to the
initial rapid dissolution of the finest particles
(which contributed disproportionately heavily to the

total area) .

The following empirical area remainder function
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Figure F4
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a Curve calculated according to the shrinking
core model,(equation F. 6)

b Curve calculated using equation F.7
(with the value of 'a’ = 0,25)

Sphalerite type 1

B DH |
WBM (-750+630 pm size fraction)

VMWBM
VMPR
+ VMZCR

X

> o O

0 0.2 0,4 0.6 0.8 10
X (-)

Comparison between exptl. and calculated
tractional area remainder n versus extent
leached X results.
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was found to fit this data well -~

nx)= (1 - 2y} e F. 7.
(£ + 1)

Equation F. 7. is shown plotted on Figure F. L,

and with a = 0,25 a reasonable fit is observed.

Figures F. 5. and F. 6. plot N(X) versus X
for the PR and ZCR sphalerites respectively. In
both cases T(X) rises to a maximum, the value of

which is a function of D, and then decreases.

This behaviour was the result of A 1in equation
F. 4. increasing faster than M was decreasing, to a

point beyond which the opposite occured.

Figures 6.3, 6.5, 6.8, 6.11 & 6.13 present S.E.M.
photographs of leached PR, ZCR and WBM particles
and show clearly that leaching took place faster along
specific zones, resulting in pitting and consequent
increases 1n surface area. It is not clear why the

WBM then exhibits shrinking core behaviour.

Figures 6.17 and 6.18 show photomicro-
graphs of the results of etching polished PR and
ZCR particles. Visual observation through an
optical microscope showed that etching took place
preferentially along grain boundaries and other

stressed zonese.

A model which fitted the PR and ZCR area
change curves on Figures 7. 5. and F. 6. was

developed as follows :-
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Figure F.5
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a Curve calculated according to the shrinking
core model (eqn. F.6) |
b,c,d and e Curves calculated using egn F.11

with %ﬁi values shown in the legend,

Points |[Curves| Size fraction d—A—Ix‘IO'?’used
(=) | (=) x106 (m) d X
inegnF. 11
X b -17.,5 412.,5 2.6
o) C -75,0 +63.0 3.0
o d -90,0 +75,0 3,60
A e 106 0 +90,0 CRAA
50
e
4,0 A
| O '
(]
30— //4 o~¢l—
0 o
o)
20 N
|
| N
0 0,2 0,4 0,6 08 1.0

X (-)
Fractional area remainder n versus the
extent of reaction X tor Pr sphalerite.
%—%and Ao values used in equation F.11

to calculate curves bc,dand e were
obtained off figsF.1:F7and F8
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a Curve calculated according to the shrinking

core model

(egn F.6 )

bc,dande Curves cqlculated using eqn F.11
with g_f‘( values shown in the
legend.

Poinis|Curves | Size fraction d;;'ﬂoa used
(=) | (=) | =05 (m) in eqnf.11
+ b -17.5+412,5 1,497
O C -75,0+63,0 0,748
0 d -90,0 +75,0 0,918
x e -106,0 +90,0 1.06
0 02 0.4 06 1.0
X (=)

Figure F.6 Fractional area remainder

leached

N versus extent
X tor ZCR sphalerite, 98 gnga.

dX

values wused in eqn F,11 to calculate curves
bc,d and e were obtained off figsF.1.F.7

and F.8.



An area coefficient A was defined -

A = A ceeseceess F. 8.

Figure F. 7 shows examples of plotting Iy

versus X for the PR and ZCR sphalerites and
’

straight lines are observed. The slopes for

dX
each D were measured and plotted against D on

Figure F. 8 .

In the case of the A' versus X 1line for ZCR
sphalerite on Figure F. 7 , sphalerite had been used
which had not been acid washed, and some gaugue may
have still been present in the residues leached to low

X, thus contributing excessive area.

From Figure F. 9 it is apparant that the

straight lines may be fitted by a linear model -

A = 'AO + -dT)X B
Equating A" in equation F. 9 with A in
equation F. 8, produces -
da’
po= la, + (Fx) (1-x) ..o F. 0.
and equating A in equation F. 10. with A in

equation Fe 5 produced the area remainder function -

nx) = (1,0 + 2 ) ('l-x)2

(¢}

=]

1
d X
S R
Equation F. 11. 1is shown plotted on Figures
d A
dX
shown on Figure F. 8 . The shape of the eXperimental

F. 5. and F. 6. using the experimental values of

N(X) vs X data is observed to be fitted well by this

function.
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-—_ Best tit lines.

Sphal type | Size fraction
(-) x 100 (m)
_legend < PR 75.0+63.0
0 ZCR -90,0 +75,0
98 = 3.0x103
1.6
1.4
1.2
o
X
~ 10
£
% 220918 x 103

0 0,2 0,4 0,6 08 1,0
X (-
Figure F.7 Examples ot plotting A versus X for PR |,

and ZCR sphalerites ,and of measuring %% from
the slopes of the best fit linec



Sphal. type
o) PR
x ZCR
40
(@)
X o o}
=
N
E 30 O
o
™
(=
. 2.0
\%é s
1.0 x X —
X
0

0 200 400 60,0 800 100,0 1200
D 100 (m)

!

Figure F.8 S—Q versus D for PRand ZCR sphalerites.
The g—i values plotted here were measured off

A versus X plots as shown in the’examples on
tigure F.7.
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APPENDTIX G

DATA PROCESSING PROCEDURES

G. 1 PROCESSING OF CASE (i) DATA

When sphalerite was leached in aqueous H,S80,
(with [Fe3*], = 0), the change in HpS partial

pressure (PH S)P with time was monitored. The
initial rate (gjf%ﬁao was often difficult to measure
directly from the HZS versus time trace.

The following empirical egquation was found to
fit the shape of the PHES versus time rate curves :-
at

P 5
}IES - b+_t ecessssese G. 1

where (_@,%Iaé)

a
& 5 csasees ces Go 2

0

and as t—= ¢ and equilibrium is approached

[PH,8) o

1
©

GEagdRecre Gu 3

Values were fitted to the constants a and b of
equation G. 1 by the following regression

technique »

Initial guesses were assigned to the two
constants a and b and equation G. 1 was
integrated numerically using the computer programme
DIFSUB by Gear (1971 . The PH,S values at

discrete time intervals were established by



unequal interval interpolation, and the sum of
squares of the differences between these interpolated
PHgS and the experimental PHas values was
established. A "hill-climber" optimisation
routine NELM by Nelder and Mead (1965) was
linked to the DIFSUB routine, and the values

of the constants were changed until a convergence
criterion for the sum of squares had been satisfied.
As an example table G. 1 summarises experimental
and calculated PHES values at discrete time
intervals for three experiments using VMWBM
sphalerite leaching at three different temperatures.

Very good fits are observed.

Initial ratesin terms of the zinc ion concen-

tration were determined in two ways as follows :-

P g
r _4atHp . ey
| O)exp - ( dt )o,exp D" exp G, L
. Prss
and (r ) a-Hp (Cp
3 — R i " D > = & 6 @ 5 0 0 0 0 G.
o g1t = | at )o.fit cale >
d PHoS

where [ . .
1t = measured experimental initial

0,ex
G rate of PHgS increases;

(dpﬂas

dt ‘o, fit }

(as defined by equationG. 2)

olw

P €

Chloxp = PHES/[ZnE‘*'] (with tre PH, 8
and [Zn2*] being experimental
values measured when the rate
of increase in PHas is low) .

C 1 v

(Iﬁcalc = (K ) + =2 ...... G. 7

D calc RT
(with (Kpl .. defined by
equation E. 27).



TO THE EXPERTMENTAL DATA

Data on table 3 I5
Temperature?k) 318,0 298,0 338,0
Fitted value
of a 26,4 16,7 38,6
Fitted value
of b 1,07 2,39 0,41
g_g%aé]o,calc = ‘E(kpa) 25,6 6,98 95,1
rine | (PHpS) 0 T rime | (PHpS)e, [(FHo8) Time |FHpSlexp |ITEo8loatc
(mins) (kPa) (kPa) (ming) | (kPa) (k Pa) (mins) | (kPa) (kPa)
0,62 9,4k 9,67 450 4,72 4,92 0,8 24,99 25,61
0,98 12,59 12,60 1,42 6,29 €,22 e 31,23 30,38
1,49 15, 7% 15555 2yl 7,87 7,81 2,4 3,36 33,02
2,0 1731 17,18 3,0 9,44 9,29 5,0 36,54 35,70
2,75 19,12 18,99 L,6 11,01 10,99 10,0 37417 37,00
5,0 | 11,41 11,3%0
] [
TABLE Go1 COMPARISON OF EXPERIMENTAL * HoS RATE DATA WITH “H,S RATA DATA CALCULATED
BY NUMERICALLY INTEGRATING EQUATION G.1 (i.e. FH-S = baTtt WHICH WAS FITTED

09 Vv
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In the case of the BDH sphalerite, equation
G. 1 did not fit the shape of the leaching rate
curves very well, and on alternative initial rate

was defined as follows :=

PS5
. = d g - . (C D] .
To exp fit [ 3t )qexp fit -

dpﬁasy
at o ?
calc are tabulated along with the

The measured and fitted values of (
Cplexp ana (KDl

case (i) experimental results in Appendix I.

G. 2 PROCESSING OF CASE (ii) EXPERIMENTAL DATA

When sphalerite was leached under case (ii) condi=-
tions ( 1Fe§+h): [Ho804l, = 1,8 ), solution samples
were taken, filtered and analysed for zinc by

A. A. adsorption.

The initial rate of dissolution was determined
by simply measuring the initial slope of the best fit
curve drawn through the [Zn2+) versus time data points
plotted on linear graph paper. Since most of the
case (ii) experiments were conducted using relatively
course size fractions of WBM, ZCR or PR sphalerite,
the rates of dissolution were sufficiently slow to

justify this direct method of initial rate measurement.

Particularly in the case of the ZCR sphalerite,
zinc initially dissolved very rapidly from what was
probably ZnO present in the sphalerite. The 2Zn S8
itself dissolved far slower. The result was that the
initial rate of dissolution of the sphalerite frequently
did not pass through the origin at [Zn°*] = 0,0+ The

concentration of the initial Zn2+ thus formed was



designated [Zn2+h). A1l the measured initial rate and
(Zn2*]
Appendix J .

o results are tabulated for the case (ii) data in

G. 3 PROCESSING OF H»S OXIDATION DATA

When HES was purged into the reactor, the PHES
and HoS concentration were measured to give the

distribution coefficient XD directly, i.e. -

K Pyg.s
( D)e:{p = “H2 /{HES%

Upon injecting Fe5+, oxidation of the H,8 took
place and the PHZS decreased with time. The initial
rate of oxidation was determined by measuring the
initial slope of the PHES versus time trace on the
chart recorder output. The initial rate of reaction
in terms of the H,S concentration was then calculated

as follows :-

a THpS

(To) = | ESE
O'exp ( dt ‘o,exp

)
£ oxp
In many experiments tle HoS was generated
in-situ by the dissolving sphalerite and the Fel*
was injected only when the rates of increase in PHZS
due to dissolution was very low compared to the rate

of decrease in PHZS due to oxidation of the HoS by
the Felt.

In this case, the initial rate of decrease in
PHgS was measured as described above, but the initial
rate in terms of the H.S concentration was calcu-

lated as follows :=
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Ef.o8
s pARES K p)
(ro)calc { 3T )o,exp //(' Dlcalc

where !KDlcale was calculated using equation E. 27.

d PHES

, (K p)
dt ‘oexp

The | (PHES% y calc and

{where measured) the [sth) values used are presented
with the oxidation rate data results in the tables

in Appendix K.

Ge 4 PROCESSING OF CASE (iii) EXPERIMENTAL

DATA
When sphalerite was leached under case (iii)
conditions ( [Fed*l : [H,80,], 40,1 ), the zinc
ion concentration and the HyS partial pressure
was measured with time. This data has been
dealt with gualitatively in this thesis. Hence in
chapter 5 the experimental [Zn°*] versus time and

Pyog versus time rate curves are plotted and

discussed qualitativelye.
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APPENDIX H

PRESENTATION OF SELECTED CASE (i)
(lFe3t] = 0,0) RAW DATA 1IN GRAPHICAL FORM

A1l the case (i) leaching data presented in
tabular form in Appendix I was interpreted in
chapter 3 in terms of models derived from

proposed mechanisms.

In this section, selected case (i) data is
presented graphically in order to demonstrate

specific aspects of the work.

He 1 EFFECT OF AGITATION RATE ON THE RATE OF
SPHALERITE DISSOLUTION

Figures H. 1a to H. 1c¢ plot the measured
st partial pressure versus time rate curves at
different stirrer speeds for the VMWBM, VMPR and
BDH sphalerites. Although experimentally a contine-
uous Pst versus time curve was obtained using a
chart recorder, the PHES values at discrete time
intervals were noted in order to present the results
in tabular form in Appendix I. These discrete
Pst versus time data are plotted on figures H. 1 a
to He 1c, as the continuous curves tend to super-
impose on one another (making plotting and comparison
difficult) .



legend

Firg H.1a

Fig H.1b

(facing Figure H .1

Fig H.1c

Data on| Stirrer | M, [[H,SO,], [Temp.
table (rpm]} | (kg) {kg-mol/m3)| (K
13 8000 | 002| 1.0 3180
16 11500 | 002 1.0 318,0
12 10000 | 001] 1.0 3180
17 150001 001 1.0 318,0
128 10000 | 002] 10 318.0
131 15000 | 002 10 3180
145 4000 | 0004 1,04 | 2980
[47 7000 | 0004 1,04 2980
148 10000 | 0004 1,04 2980
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Figure H.1a Comparison of Ry gversus time rate curves
at different stirrer speeds for VMWBM sphalerite.
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Figure H.1b Comparison of PH g Versus time rate curves
at different sti r%‘er speeds for VMPR sphalerite .
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Figure H.1c Comparison of Py gversus time rate curves
at different stirrer-speeds for BDH sphalerite.
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No significant effect of agitation on the
dissolution rate is observed, which suggests that
film diffusional phenomena do not constitute the
rate limiting step. This observation confirms the
results discussed in section 3. 2.6 (in which
dissolution rate curves for experiments conducted
at different temperatures were processed) 4 which
showed that the apparant activation energy of the
rate limiting step for the various sphalerites
were far greater than one would expect had a

diffusion phenomena been rate limitinge.

H. 2 EFFECT OF INITIAL SPHALERITE MASS M
ON THE DISSOLUTION RATE

O

Figures H.2a and H.2b plot the ©'H,S versus
time rate curves for different initial masses of
VMWBM and BDH sphalerites. Similar plots for
the VMZCR and VMPR sphalerites may be constructed
from the data in Appendix I .

From figure H. 2 a it would appear as though
the PH2S approaches significantly differently
equilibrium values. However, in chapter 4 it was
demenstrated that the concentration of the active
sphalerite sites ¢(X) decreases very rapidly as

described by equation 4.9 (where ¢4 (xX) = J@L&l)_
0

Thus when 0,02 kg sphalerite is present (curve
a on figure H. 2a) , more active sphalerite is
available to permit the PHES value to approach
the thermodynamic equilibrium faster, than if only
0,01 or 0,005 kg sphalerite is present. It is

proposed that if leaching were permitted to proceed
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Figure H.2a Plot demonstrating the effect of Mg on the
PHZSversus time rate curves for VMWBM sphalerite
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Figure H.2b Plot demonstrating the effect of M,
F;_lzsversus time rate curves for BDH sphalerite.
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long enough, the three PHZS versus time curves

would coincide.

In the case of the BDH sphalerite (figure
H.2b) it was shown in chapter 4 that the active
site concentration ®(X) decreases according to
the shrinking core model (equation 4. 2).

Equation 4. 2 describes a much slower decrease in
®(X) with X than does equation 4.9 (for the

VMWBM sphalerite) . Thus the effect of M, on

the rate of approach of the PHES to thermodynamic

equilibria values for the BDH sphalerite is less

than is the case for the VMWBM sphalerite.
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APPENDTIX I

TABULATED EXPERIMENTAL RESULTS

FOR LEACHING UNDER CASE (i) CONDITIONS

( [Fe3+}o : [H,80,) = 0,0)

The procedure adopted for processing case
(i) experimental leaching results is described

in section G. 1.
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TABLE I 2
LxPERIMENTAL rull NO =
SPRALERITE LERLHING

176
In AQUFULUS H2504

TABLE I1
CXPERIMENTAL HUN NQe 114
SPHALERITE LLACHING IN AWLFOUS H2504
SHHAL. TYPE LEACHED .m VMEHM
TEMPERATURE (K) = 318.00
INITIAL MASS (KG) s U,0050
STIKRKER SPLED (RPM) = 100040
INITIAL H2814 (KG=MUL/MI) = 1,0000
SPEC+SURFACE AREA (M2/KG) = 327240
COExP (KG=rMUL/M3 KPaA) = +7248£=03
KUEXP (KPA H3/KG=MOL) = «1689¢ 048
KDCALC (KPA M3/KG=MOL) = 16564 04
TIME PH2S IN2+ IN24+/PH2S
(MINS) (KPA) - (KG=MOL/M3) (KG=HOL/M3 KPA)
0450 312 NeDo NeDs
1400 5469 NeDo NoDo
1:62 6425 NeDo NeDd
2.9 7481 NeD4 NaDs
8410 9437 N+sD, NoDe
720 1093 NeDoso NoDo
14480 12,03 W872E~02 s 725€£=03
MEASURED (DP/DTI0 (KPA/MIN) = 7468
FITTED (OP/D1)0 (KPA/MIN) = 777
MEASURED (P)IEQ (KPA) a2 12,03
FITTED (P)EQ (kPA) = 13,40
TABLE 13
EXPERIMENTAL RUN NOo = 100
SPHALERITE LEACHING IN AQUEDUS H2SpA
SPHAL. TYPE LEACHED = VMWBM
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 00,0200
STIKRER SPEED (RPMY = 80040
INITIAL H2s5p8 (KG=MOL/M3) = 1,0000
SPECeSURFACE AREA (M2/KG) = 3272.0
CDEXP (KG=HUL/M3 KPA) = +7200F=03
KOEXP (KPA M3/KG=MOL) = «1703f 04
KDCALC (KPA M3/KG=MOL) = +1654F 08
TIME PH2S IN2+ ZN2+/PH2S
(MINS) (KPA) (KG=MOL/M3) (XG=MOL/M3 KPA)
0s62 944 NeDo NoDe
0.98 12459 NaD, NaDs
1+29 1573 NeDo NeDo
2,00 17431 NaDs NoDso
2.75 19012 2 148E=01 W 776E=03
3480 20445 NeDo NeDs
5440 2187 +165E=01 +755£%03
9475 23.78 173E-01. «727€=03
15.20 24486 «180E=01 s 723E~03
29.80 25435 2 190E=01 W 7T48E=03
MEASURED (DP/DTI0 (KPA/MIN) = 19, Q1
FITTED (DP/DT)Q0  (KPA/MIN) = 24,60
MEASURED (P)EQ (KPA) = 25.35
FITTED (P)EQ (KPA) = 26+40
TABLE IS5
EXPERIMENTAL RUN NOe = 103

SPHALERITE LEACHING IN AQUEOUS H2S048

SPHALs TYPE LEACHED = VMRrBu
TEMPERATURE (K) s 318.00
INITIAL MASS (ru) = 0,0100
STINRER SPEED (vPM) = 100040
INTTIAL 2506 CKG=MUL/M3) = 1.,0000
SPELSUHFACE AREA (M2/KG) = 3272.0
CoExp (KG="HMUL/M3 KBA) = «7196(=03
KUEXP (KP4 M3/KG=M{yL) = 1704F 08
KOCALC (KPA M3/KG=MOL) = «1654E 0Oa
TIiut PH2S 2h2+4 2K2+/PH2S
(MINS) (KPA) (KG=ugL/M3) (KG=MGL /M3 KPA)
1,00 7.11 067uL=02 $943£°0Y
5.00 1384 «106E=01 «794E~03
15,00 16433 W 119€=01 W 728E~03
30400 17 .86 W129E=01 s 720E=03
45,00 18+48 Nabs NyD»
MEASURED (DP/DT)0  (XPA/MIN) = 10437
FITTED (DP/0TY0  (¥PA/MIN) = 11,30
MEASURED (P)EQ (kPA) = 18,48
FITTED (P)EQ (KPA) = 18450
TABLE I 4
EXPERIMENTAL RUN ND» = 109

SPHALERITE LEACHING IN AQuEOUS H2508

SPHALs TYPE LEACHED = VMWBN
TEMPERATURE (K) = 298400
InITIAL HMASS (XG) = 0,0200
STIKRRER SPEED (RPM) = 80040
INITIAL H2S508 (KG=MOL/M3) = 140000
SPECeSURFACE AREA (M2/KG) = 32720
CDEXP (KG="HMUL/HI KPA) = +9651E£=03
KDEXP (KPA M3/KG=MOL) = +1218F 04
KDCALC (KPA M3/KG=MOL) = 41225€ 04
TIME PH2S N2+ ZN2+/PH2S
(MINS) (KPA) (KG=40L/M3) (KG=MDL/M3 KPA)
1s00 4a72 W 766L=02 v163£°02
1442 6429 NeDo NoDs
2+10 787 N.D, NeDo
3.00 9.44 NeDy NoDs
8460 1101 N«D, NeDo
5.00 11.41 «110E=01 +965€=03
7+80 12e57 NeDs NeDo
10,00 13|ﬁ3 NaeDW NoDa
20.00 143.88 NeDo NeDa
38.00 15486 NeDs NoeDo
MEASURED (pP/0T)0 (KPA/MIN) = 5,03
FITTED (DP/0T)0  (XPA/MIN) = 698
MEASURED (P)EQ (KPA) = 16436
FITTED (P)HEG (kPA) = 16470
TABLE I6

EXPERIMENTAL RUN NQO» =

110

SPHAL. TYPE LEACHED = VMWBM
TEMPERATURE (K) = 338,00
INITIAL MASS (x6) = 040200
STINRER SPEED (RPM) = 80040
INTTIAL H2504 (KG=MOL/M3) = 1,000
SPECSURFACE AREA (M2/KG) = 3272.0
COE XP (KG=HMUL/M3 KPA) = +5700g=03
KDEXP (KPA M3I/KG=MOL) = +2247¢ 08
KDCALC (KPA M3I/KG=MOL) = +2174g 04
TIME PH2S IN2+ IN24+/PH2S
{MINS) (KPA) (KG=MUL/M3) (KG=MOL/M3 KPA)
0.80 24499 NoD, NeDe
1.50 31.23 NosD» NoDo
2+80 34436 NsDs NoDa
5400 36454 W 194E=01 +532£=03
10400 37.17 NelUsg NoDo
15.00 37.42 NaDo NaDs
224200 37048 2214€=01 WSTI1E=0)
MEASURED (DP/ZDTIO  (KPA/MIN) = 83,35
FITIED  (OP/DTID  (KPA/MIN) = 95,10
MLASURED (P)EQ (KPA) s 37.48
FITTED (PIEQ (KPA) = 38,60

SPHALERITE LEACHING IN AQUEOUS H2S04

SPHAL. TYPE LEACHED

= VMWANM

TEMPERATURE (K) = 318400
INITIAL MASS (XG) = 00,0200
STIKRER SPEED (RPM) = 115000
INITIAL H2S04 (KG=MOL/M3) = 1,0000
SPECSSURFACE AREA (M2/KG) = 32720
CoExXP (KG"MUL/M3 KPA) = +7200f=03
KDEXP (KPA M3/KG=MOL) 3 +1703E 048
KDCALC (KPA M3/KG=MOL) = +1654f 048
TIME PH2S IN2+ IN24+/PH2S
(HINS) (KPA) (KG=v0L/M3) (KG=MOL/M3 KPA)
050 948 NoD» NeDo
Q.80 1259 NeDy NyDo °
1:30 1573 Na.D, NeDs
2v44 18,88 NsD, NeDa
kR Y 201,00 o183 =01 »738E=03
3400 20446 NeD NaDs
5+00 2203 Naly NaDo
6400 22.81 NeDy N,Os
15.00 2471 W 177E=01 2»718E€°03
vEASURED (pr/zuTID (xpA/eINY 2 30,21
FITTED (LP/D1)D  (wPA/MIN) =& 3D,60
MEALURLD (PHELW (KPA&) x Ta.R6
FITIED (r)te {KPA) s 5470
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EXPLRIMENTAL KUH NQO. =

115

SPHALERITE LEACHING IN AGUEDUS HZ504

SPHALs TYPE LEACHED = VMWAM
TEMPERATURE (K) - = 318.00
INITIAL MASS (KG) = U,0100
STIHRER SPEED (RPM) 3 140040
IMITIAL H2504 (XG6~HMUL/H3) = 11,0000
SFECsSURFACE AnbLA (HM2/KG) = 327240
coLxp (KG=MUL/M3 KPA) = «67T01E=02
KDFXP (KPA M3/KG=MOL) = .1B61FE 04
KUCALC (KPA M3/KG=MOL) = 1654 08
TIME PH2s IN24+ IN24/PH2S
(MINS) (KPA) (KG~HMUL/MI) (KG=MUL/MI KPA)
0.70 6425 - NaDs NeDs
1+460 9437 NsbDs NeDe
2435 10493 NeD, NsD>»
3,40 12,49 NeDs NeDi
5400 14.06 NeD, NoDs
7.90 15,62 NaD, N.Do»
10,00 16430 NeDo» NeDs
15,00 17.05 NoDs NsDs
22400 17459 +119€=01 W674€£=03
MEASURED (DP/DTIC (KPA/MIN) = 17465
FITTED (UP/DTIND  (KPA/MIN) = 12,60
MEASURED (P)EQ (KPA) = 17459
FITTED (PYEQ (KPA) = 18450
TABLE I9
EXPERIMENTAL RUN ND» = 175
SPHALERITE LEACHING IN AQUEOUS H2504
SPHALs TYPE LEACHED = VMWBM
TEMPERATURE (K) = 318400
INITIAL MASS (KG) .= 0.0100
STIRRER SPEED (RPM) = 1000.0
INITIAL H2508 (KG=MOL/M3) = 2,0000
SPEC.SURFACE AWEA (M2/KG) = 327240
CoEXP (KG="HMUL/M3 KPA) = +6926E=02
KDEXP (KPA M3/KG=MOL) = +17B6E 04a
KDCALC (KPA M3/KG=MOL) = «1824F 08
TIME PH25 IN2+ IN24/PH2S
(MINS) (KPA) (KG=MOL/13) (KG=MOL/M3 KPA)
1.00 13.13 «135E=01 s103€£=02
2,00 18,44 NeDos .NeDs
5:00 24412 NeDoso NeDo
10,00 27.69 NeD,y NeDs
20,00 30434 NeDs NeDs
30.00 3169 «220E=01 +693E£03
45,00 33,04 NeDs NeDo
MEASURED (pp/DTJ)0  (KPA/MIN) = 18 19
FITTED (pP/DT)n  (KPA/MIN) 3 20480
MEASURED (P)EQ (KPA) = 33.04
FITTED (P)EQ (KPA) = 32.90
TABLE I 11
EXPERIMENTAL KUN NO = 186

SPHALERITE LEACHING

IN AQUEQUS H25p4

SPHAL. TYPE LEACHED = VMWAMeZNSO4 aft t=0}
TEMPERATURE (K) = 318,00
INITIAL MASS (KG) = 0,0100
STIHRER SPEED (REM) = 100040
INITIAL H2504 (KG=MUL/M3) = 11,0000
INITIAL 2ZN2+ (XG~MOL/M3) = 0.0251
SPFEC«SURFACE AKLA (M2/KG) = 327249
COEXP (KG=HUL/M3 KPA) = +7613E=03
KDEXP (KPA M3/KG=MOL) = 41591F 04
KDCALC (KPA MI/KG=MUL) = «1654E 08
‘Tiut PHZS ZN2+

(MIND) {KPA) (KG=MOL/M3)

1.00 4.80 1299€E=01

500 8.99 NeDs

10,00 10,47 2336E£=01}

20400 11,72 NoeDo

30400 12.+39 »345€=01

MEASURED (DP/DT)D  (KPA/MIN) = 730
FITTED (DP/DTIN  (<xPA/MIN) = 7.60
MEASUNRED (P)CQ (kPA) = 12,39
FITTED (PHtu (KPA) s 12.50

ExPERIMENTAL

TABLE

KHUN

18

NO s = 172

SPHALERITE LEACHING IN AQUEQUS H2S504

SPHAL . TYRE LEACHED s VHAHM
TEMPELHATURE (K) = 318400
INITIAL MASS (XG) s 0,0100
STIKKLR SPEED (#PM) s 1000.0
INITIAL H2S04 (KG=m(L/M3) = 045000
SPECeSURFACE ARLA (M2/KG) = 327240
COEXP (KG=HUL/M3 rPA) s  o7153F=03
KDEXP (KPR M3I/KG=M{IL) = W1717¢ 04
KGCALC (KPA M3/KG=MOL) = +1569F 04
TIME PH2S INZ+ IN2+/PH2S
(MINS) (KPA) (KG=MUL/M3) (KG=MCL/M3 KPA)
1400 375 Nolo NeDe
2+00 XXk «528E=02 +820€£"03
5:00 8455 NeDs NeDs
10,00 9:70 «721E=02 W 743E=03
20400 10451 NeDy NyDo
32400 11.05 W791E=02 «715£=03
HEASUPED (DP/DTID (KPA/MIN) = 6491
FITTED (OP/0T)0  (KPA/MIN) = 5499
MEASURED (P)EQ (KPA) = 11,05
FITTED (P)YEQ (KPA) = 11,80
TABLE 110
EXPERIMENTAL HUN NO» = {85

SPHALERITE LEACHING IN AGUEQUS H25DR

SPHALs TYPE LEACHED = VMWBHeZNSQ4at t=0]
TEMPERATURE (K) = 318.00 L
INITIAL MASS (KG) = 0.0100 -
STIRRER SPEED (RPM) = 10000
INITIAL H2504 (KG=MOL/M3) = 11,0000
INITIAL 2ZN2¢  (KG=MOL/M3) = 0.0150
SPECSURFACE ARLA (M2/KG) = 3272.0
COEXP (KG*MUL/M3 KPA) = «7334g~03
KDEXP (KPA M3/KG=MQL) = s 1665 04
KDCALC (KPA M3/KG=MUL) = 1654 04
TIME PH2S IN2+

(MINS) (KPA) (KG=MOL/M3)

1.00 4.90 NeDo

2.00 7.01 +153E=01

7.00 10437 1223E=01

15,00 1218 1233E=01

30.00 13.64 NelDo
40.00 13296 1252€=01

MEASURED (DP/D1)0  (KPA/MIN) a 7420
FITTED (DP/0TI0  (XPA/MIN) = 7419
MEASURED (PJEQ (KPA) .= 13496
FITTED (PYEQ (KPA) z 14410
TABLE 112
EXPERIMENTAL RUN NQO» = 187

SPRALERITE LEACHING IN AGUEQUS H2S504

SPHALs TYPE LEACHED = VMWBHMI+ZNS04 at t=0)
TEMPERATURE (K) = 318.00
INITIAL MASS (XG) = 0,0100
STIRRER SPEED (REM) = 100040
INITIAL H2504 (RG=MDL/M3) = 1,0000
INITIRL ZN2+  (RG=MOL/M3) =  0,025%
SPECWSURFACE AKLA (M2/KG) = 327240
COEXP (KG=MUL/M3 KPA) = 40

KDE XP (KPA H3/KG=MOL) = =+s7528f 04
KDCALC (KPA M3/KG=MUL) = +1654f 04
TIME PH2S IN2+

(HINS) (KPa) (KG=MOL/MI)

1,00 3+36 NeDs

2.30 44,80 +585E=01 .
3400 5.09 N.D,

5.00 5.88 NeD,

10,50 6+97 «5%0E=01
<0.00 7.80 NeD,
30.00 8405 Na Dy
40 QU B.8T W603E-01

MEASURED (pp/0T)0  (KPA/ZMINY = 8499
FITTED COPZ0TID (KPA/MINY = a,R0
HEASURED (PYEu (KHA) n 8.87
FITTEY (F)ka (KPA) . 8463
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TABLE 113 TABLE T 14
EXPLPIMENTAL HUN HDe = 195 LxpLHIMENTAL RHUN NO» *« 193
SPHALERITE LEALHING IN AGUEUUS H2508 SEHALERITE LEACHING IN AQUEBUS H2504
SpHALs TYPE LEACHED = VHWRMeH2S ot 120) SkHALs TYPE LEACHED s yMusMen25al t=0!
TEMHERATURL (k) .= 318400 i TiMPENATURE (x) = 318400
INTTTAL MASS (KG) = 0.0100 IuITIAL MASS (ru) = 040100
STIHKER SPEED (kPu) = 10000 STIRREPR SPEED (kM) = 100040
INTTIAL H2504 (KG=MUL/M3) = 0.5000 INITIAL H2SG4 (KG=MOL/M3) = 1,0000
INIVIAL PH2S (KPA) = 81:17 INITIAL PH2S (kPA) « 174423
SPECeSUKFACE AnEA (M2/KG) = 32720 SPECsSURFACE AMEA (M2/KG) = 327240
CDEXP (KG=MUL/M3 KPA) = o7829£=03 COF XF (KG=nUL/M3 KPA) = +7630F=03
KLEXP (KPA M3I/KG=HQL) s +1639F 08 KUEXP (KPA M3I/KG=MOL) = +15H6F 04
KOCALC (KPA M3/KG=HOL) = +1569F 08 KUCALC (KPA M3I/KG~MOL) = #1654F 04
TIME PH2S In2e TIME PH2S In2e
(MINS) (KPA) (KG=MOL/MI) (MINS) (KPA) (KG=HOL/M3)
0400 7.87 NeDs 0e00 16+90 NeDs
0450 10437 NaUs 0.50 21413 NaD
1.00 11:93 +369E=02 . 1:00 24,78 W 790E=02
2400 13419 NeDo 5.00 29410 NeDs
5.00 15488 +558E£=02 11400 30092 L109£=01
10.00 16413 NeDo 20400 31473 NeDs
22400 17.09 1685E%02 30,00 32.07 s116E=01
30.00 17.09 NeDo
© MEASURED (pP/DT)Q  (KPA/MIN) = 12,04
MEASURED (DP/DT)D (KPA/MIN) = 5.24 FITTED (DP/DTIO  (KPA/MIN) = 11,10
FITTED (DP/LTID  (KPA/MIN) = 8440 wEASURED (P)EQ (KPA) = 15.17
MEASURED (P)EQ (KPA) = 9.22 FITTED (PYEG (KPA) = 33,40
FITTED  (P)EQ (kPA) = 16480 Note Measured H35 I, =11.9<10” k3-mol /m?
Note: MeasuredIH,Sl= 5,0~10°%g-mol/m’
TABLE 115 TABLE 116
EXPERIMENTAL HUN NQO* = 194 EXPERIMENTAL NUN NQO« = 168
SPHALERITE LEACHING In AQUEDUS H2504 SPHALERITE LEACHING IN AGUEQUS H2Spa
SPHAL. TYPE LEACHED = VHWBM#H2S att =0) SPHAL. TYPE LEACHED = VMZCR
TEMPERATURE (K) = 318400 TEMPERATURE (K) = 318400
INITIAL MASS (KG) . = 0.0100 INITIAL MASS (KG) = 0,0050
SYIRRER SPEED (RPM) = 10000 STIRRER SPEED (RPHM) = 100040
INITIAL H2504 (KG=M0OL/M3) = 2.0000 INITIAL H2S04 (KG=MOL/M3) = 1,0000
INITIAL PH2S (KPA) = 2264884 SPECsSURFACE ArEA (M2/KG) = 270840
SPEC.SURFACE AREA (K2/KG) = 3272:0 COEXP (KG=MUL/MI KPA) = +7118g=03
CDEXP (KG=HMUL/M3 KPA) = «7022f=02 KDE XP (KPA M3/KG=MOL) = #1728 0a&
KDEXP (KPA M3/KG=MQL) = +1756f 04 KDCALC (KPA M3/KG=MOL) = 41654 04
KOCALC (KPA M3/KG=HQL) = 1824f 0&
TIME PH2S IN2+ IN2¢/PH2S
TIME PH2S IN2+ (MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
(MINS) (KPA) (KG=MUL/MI) 1.00 3.63 NeDa NaDo
0,00 22401 NoeDs 3.00 7.01 +520E=02 s T42E=03
0450 29453 NoeDo 10.00 11.18 W 780E=02 +698E=03
1.00 34455 +108E=01 30.00 14488 +103E=01 +695£°03
2+00 38434 NeDs 45,00 16419 NeDs N,De
5,00 42485 NeDs 60.0U 17.04 «121£=01 «7T11£°03
9400 44494 +158E~01
20,00 - 46471 s174E£=01"
MEASURED (DP/0T)Q (KPA/MIN) = 4461
: FITIED (DP/DT)Q (KPA/MIN) = 4,32
MEASURED (DP/DTIB  (kPA/MIN) = 21481 MEASURED (P)EQ (KPA) = 17.03
FITIED (DP/DT)0 (KPA/MIN) = 20460 FITTED (P)EQ (KPA) = 17,00
MEASURED (P)EQ (KPA) = 21.81
FITTED (P)EQ (KPA) = 48,51
Note:Measured (H,S51,= 20,0 * 107 kg-mol / m?
TABLE 117
EXPERIMENTAL RUN NOQo = 167 EXPERIHEN1ﬁ%3%%N 5018 = 102
SPHALERITE LEACHING IN AQUEQUS H2S(p2 SPHALERITE LEACHING IN AQUEQOUS H2SQ4
SPHAL. TYPE LEACHED = VMICR SYHAL. TYPE LEACHED = VMZCR
TEMPERATURE (K) = 318400 TEMPERATURE (K) = 318.00
INITIAL MASS (KG) = 0,0100 INITIAL MASS (xG) 2 040200
STIHRER SPEED (REM) = 1000.0 STIKRER SPEED (RPM) = 800.0
INITIAL H2504 (KG=MOL/M3) = 11,0000 INITIAL H2S08 (KG=MOL/M3) = 1,0000
SPECSURFACE AnEA (M2/KG) = 270840 SPECSURFACE ArbA (M2/KG) = 270840
CDEXP (KG=MUL/M3 KPA) = +B166F=03 COEXP (KG=MUL /M3 KPA) = +7753£=03
QD[XP (KPA H3/KG=MOL) = +1862F 04 KDEXP (KPA M3/KG=MOL) =  «1556F 04
DCALC (KPA M3/KG=MOL)} = «1654f 04 KDCALC (KPA M3/KG=MOL) = +1658F 04
TIME PH2S IN2+ IN2+/PH2S TIME PH2S N2+ IN24/PH2S
(ylns) (KPA) (KG=MUL/M3) (KG=MOL/M3 KPA) (MINS) (KPA) (KG=MUL/M3) (KG=MOL/M3 XPA) -
1,00 5.38 NeDe NeDe 1410 1259 NeDoa NaDo
2400 7.80 Nebs NoDs 134 18416 NeDs NaDe
ls.oo 11291 NeDs NoDo 1475 1647 $129E=01 W 7BSE=03
2g.og 1;-68 NaDo NyDs 2188 18488 NeD, NeDs .
S 0 1771 NeDo NuDs 4410 20446 NaD. NoDs
“2008 :2~B§ :-U- NeDeo 5.00 21400 +161E=01 «T69E~03
oo.go 20'2“ ) NeDs 10,00 21471 v168E-01 W775E=03
. . 2 165E~01 «B817€-03 15.00 21.09 NoUs NeDo
25,00 19.44 NeDo NeDe
3%5.00 f 2f= -0
MEASURED (DB/LT)0  (¥PA/MINY = 8,37 us.go }?,?é 'ZL,E_OI 'ILSE_O“
FITTED  (OP/DTIN  (WFAZMIN) = 6460 '
MEASURED (FIEQ (xpA) s 204248
FITTED  (P)Ed (KPA) = 20430 HEASURED (OP/0T)Q  (KPA/MIN) = 17.53
FITTED (OPZL1))y  (KPa/MIN) = 39,20
MEASURED (P)EGQ (xPA) w 21,71
FITTED (Pytu (KPA) = 20.70



TABLE

EXPLRIMENTAL

119

HUN HNQOe LIS |

37

SPHALLRITE LEACHING IN AQUEOUS H2504

SPHAL,. TYPE LEACHED w  VMZCH
TEMFERATURE (K) = 318.00
INITIAL MASS (KG) = 0,0200
STIRRER SPEED (RPM) = 100040
INITIAL H2Sna (KG=MOL/M3) = 1,0000
SPELsSURFACE ArMLA (M2/KG) m 270840
CoEXP (KG=MUL/MI KPL) =  7700E=0)
KpEXP (KPA M3I/KG=M(L) ® 1156YE 04
KDCALC (KPA M3/KG=MOL) = +}1654F 04
TImt PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG*MDL/M3) (KG=MUL/M3 KPA)
1420 12+49 N.D, NaoDo
1:85 15462 NeDo NeDo
2490 18.74 N«.Do NeDe
3420 20+15 +155E=01 +771€°03
HEASURED (DP/DT)I0 (KPA/MIN) = 12,34
FITTED (DP/D1)0  (KPA/MIN) = 17410
MEASURED (P)EQ (xpa) = 25,77
FITTED (PHEQ (KPA) = 31490
TABLE T2
EXPERIMENTAL RUN NOo = 106
SPHALERITE LEAUCHING IN AQUEOUS H2S04
SPHAL. TYPE LEACHED = VM2CR
TEMPERATURE (K) = 338,00
IN:TIAL MASS (KG) = 0,0200
STIRRER SPEED (RPM) = 80040
INITIAL H2S04 (KG=MOL/M3) = 11,0000
SPEC SURFACE AREA (M2/xG) = 270840
CDEXP (KG=MUL/M3 KPA) = +6747€=03
KDEXP (KPA M3/KG=WKOL) = +1818f 04
KDCALC (KPA M3/KG™MDL) = «2174fF 04
TIME PH2S IN2+ IN24/PH2S
(MINS) (KPA) (KG=MUL/M3) (KG=MOL/M3 KPA)
0450 20+80 NeD, NeDo
1:00 29.18 NeD, NoDs
2400 35.26 «203E=01 +575E=03
3.00 36469 NeD,y NesDs
5400 38443 NeDa NoDs
8400 39,46 +240E=01 ' 2+609E=03
10,00 39.14 NeDa NaDs
20400 38433 - NaD, NyDa
25.00 38421 +258E£=01 +675£°03
MEASURED (DP/DTI0 (KPA/MIN) = 54463
FITTED (Dp/DT)0 - (KPA/MIN) = 93,90
MEASURED (PIEQ (kpA) = 39,46
FITTED (PYEQ (KPA) = 40,80
TABLE 1 23 .
EXPERIMENTAL RUN NOe = 174
SPHALERITE LEACHING IN AQUEOUS H2S04
SPHAL. TYPE LEACHED = VMZCR
TEMPERATURE (K) = 318400
INITIAL MASS (KG) £ 0.0100
STIKKER SPEED (RFM) = 1000.0
INITIAL H2S504 (KG=MOL/M3) = 240000
SPECSSURFACE AREA (M2/KG) = 2708s90
cogxp (KG="MUL /M3 KPA) = «6796E=03
KDEXP (KPA M3/KG=MOL) = 41828 04
KDCALC (KPA M3/KG=MQL) = 1824f 04
TIME PH2S IN2+ IN2+/PH2S
CHIND) (KPA) (KG=MOL/M3) (KG=NOL/M3 KPA)
1.00 11414 Noly NoDs
2460 19,21 +128E=01 1666E=03
5:00 24440 NoeDo NyDs
11.70 31.77 2 208E=01 +653£=03
20400 35434 Nols NeDs
30400 38410 1 2566=01 W671£=03
45.00 40+53 $275L=01 +680L"02
MLASURED (DP/0OT)D  (KPA/MIN) = 14479
FITTED (DP/LTIN (KPA/MIN) = 14,50
MEASURED (P)LQ (KPAS = 40453
FITIED (PYEG (KPA) = 40.70

TABIE 120
EXPLHIMENTAL HUN NOe « 139
SPHALERITE LEACHING IN AQUFQUS M2S04
SFHALs TYPE LEACHED s VM2(CR
TEMPERATURE (K) s 298.00
INITIAL MASS (rG) = 00,0200
STIRKRER SPEED (PrP4) = 1000.0
INITIAL H2S08 (KG=MOL/M3) = 1,0000
SPEC+SURFACE ANLA (M2/KkG).= 2708.0
Curxp (KG=MUL/M3 KPA) » 21057F=02
KGEXP (KPA M3/KG=HOL) = «1092F 04 4
KUCALC (KPA M3/KG=HOL) = +1225¢ 08
TIuE PHZS IN2+ IN2+/PH2S
(HINS) (KPA) (KG=HMUL/M3) (KG=MOL /M3 KPA)
1+30 372 NelDa NoDe
2,10 6429 NaDs NeDe
240 6487 «750E=02 «1096=02
3.20 T.87 Naba NeDo
4470 9+44 NsDy NsDe
7430 11.01 NeDs NeDo
11.45 1259 NsDs NsDo
19450 14416 NaDs NeDs
40.00 15,30 NeDo NaDo
39460 15481 e 167E=01 ¢ 106E=02
MEASURED (DP/DTI0 (KPA/MIN) = 2,81
FITYED (DP/DTID  (KPA/MIN) = 3481
MEASURED (P)EO® (KPA) g 15,42
FITTED (PIEG (KPA) = 16,80
TABLE 122
EXPERIMENTAL RUN NQs = 170
SPHALERITE LEACHING IN AGQUEDUS H2S04
SPHAL TYPE LEACHED = VMZCR
TEMPERATURE (K) = 318.00
INITIAL MASS (KG) = 0,0100
STIRRER SPEED (RPM) = 100040
INITIAL H2504 (KG=MOL/M3) = 00,5000
SPECSURFACE AMEA (mM2/KG) = 270840
CDEXP (KG=MUL /M3 KPA) = +46626£=03
KOE XP (KPA M3/KG=HOL) = +1887¢ 04
KDCALC (KPA HM3/KG=MQOL) = «1569EF 04
Timt PH2S IN2s 2N2+/PH2S
(MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
100 3488 N.Dy NaDe
2+00 634 2 G4BIE-02 «763E=03
5400 903 N.Ds NoDs
15,00 11e43 «780E=02 +683E=03
35,00 12.:93 «857£=02 «663E£=03
39,00 1315 NeDo NeDs
HEASURED (DP/D1J0 (KPA/MIN) = 6e38
FITTED (LP/0T)0  (XPA/MIN) = Se81
MEASUKED (P)YEG (KPA) = 13415
FITTED (P)EQ (KPA) = 13,80
[XPERIMEN¥QPL$EN 5024 204

SPHALERITE LEACHING IN AQUEOUS H2SDa

SPHAL. TYPE LEACHED

TEMPERATURE (K)
INITIAL MASS (KG)Y ®
STIRRER SPEED (RPM) =
INITIAL H2504 (KG=MOL/M3) =
INITIAL 2ZN2+ (KG=MOt/M3) =
SPFC+SURFACE AKEA (M2/KG) =
cocxe (KG="MUL/M3 KPA) =
KDEXP (KPA M3/KG=MOL) =
KDCALC (KPA M3/KG=mQOL) =
TIME PH2S IN2+
(MINS) (Kpa) (KG=MGL/M3)
1.00 4480 NebDo
2.80 8.45 «199E=01
5:00 106606 N«Do
10.00 13.34 0214E=01
€000 15+94 N.D,
30.00 17.48 e283L=01
32400 1767 NeDs
MEASURED (DP/DTIC (xPA/MIND
FI¥1Fp (DP/DIID - (KkFA/HIN)
MLASURED (F)Ea (KPA)
FITTED (PIEU (KPR)

VYMZCRp ZNSO4L att =0)
318400

0.0100

1000.0

1.0000

0,0143

270840

+5715¢=03

+2279¢ 04

«1654F 04

2498
5497
17467
18450



TABLE
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NO e = i

' A 74

97

SPHALERITE LLACHING IN AWUELUS H2508

SPHAL »

TYPt LEACHED

VMZCROH?S attc0 )

.
TEMPLRATURE (K) = Jl:;gg
NITIAL HMASS (KG) = 0O,
;T}RLE: SPEED (KPM) = 100040
INJTIAL H2S04 (KG=plIL/MI) = 1,0000
INTT1AL PR2S (KPA) = 132465
SpFLISURFACE ARLA (M2/KG) = 270810
CDF XP (KG=MUL/M3 KPA) & «7429F=03
KDEXP (KkPA M3/KG=HOL) = «16239F 04
KLCALC (KPA M3/KG=MOL) = _ s1654F 048
Note-Measure d [H,S), = 10,96 «10°” kg-mol /m3
TIME PH2S IN2+
(MINS) (KPA) . (KG=MOL/M3)
0400 1287 NsDs
050 1713 NeDo
1400 19459 NeDa
2+00 22447 W 7TH6E=02
5,00 26012 NeDs
10400 28152 s116E=01
20400 29442 NaDs
30400 30400 NeDo
MEASURED (DP/UT)U  (KPA/MIN) = 8,02
FITTED (DP/DV)D  (KPA/MIN) = NeDso
MEASURED (P)EQ (KPA) s 17,13
FITTED (PHEae (kPa) = NeDe
TABLE 127
EXPERIMENTAL HUN NO» = 132
SPHALERITE LEACHING IN AQUEDUS H2504
SPHAL. TYPE LEACHED = VYMPR
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 0,0100
STIKRER SPEED (RPM)" = 100040
INTTIAL H2S508 (KG=MOL/M3) = 1,0000
SPECsSURFACE A®EA (M2/KG) = 26300
COEXP (KG=MUL/M3 KPA) = +7860£=03
KDEXP (KPA M3/KG=HOL) = 41531f 04
KUCALC (KPA M3/KG=MOL) = #1654 04
TIME PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
2,00 6425 NeDe NeDse
2450 7434 +106E=01 W 144E%02
4420 9437 NeDs NeDe
5:80 10:93 NeDos NoDo
8440 12.89 NeDo NeDe
10.70 13.43 «106E=01 «786E%03
12.50 14406 NeDa NeDe
168480 1562 NeDs . N.Do
30,00 17.33 NeDos NyDe
60+00 1962 NeD, NsDe
90.00 20461 NeDso NoDs
120400 22402 NeDy NeDs
1850400 25424 NeDs NeDo
HEASURED (OP/UTIQ  (KPA/MIN) = 3475
FITTED (DP/DT)0  (KPA/MIN) = 39470
MEASURED (P)EQ (KPA) s 17418
FITTED (PYEQ (KPA) = 21.90
TABLE 129
EXPERIMENTAL RUN NQ» = 136
SPHALERITE LEACHING IN AQUEDUS H2SD4
SPHALs TYPE LEACHED =  VMPR
TEMPERATURE (K) = 298.00
INITIAL MASS (KG) = 0,0200
STIRRER SPEED (RPM) = 1000.0
INITIAL H2504 (RG=MOL/M3) = 1,0000
SPECsSURFACE Anta (M?2/KG) = 2630e0
COEXP (KG*MUL/M3 KPA) = +1470gE=~02
KDE XP (KPA M3/KG=MOL) = +7520f 03
kDCcaLC (KPA M3I/KG~MOL) = +1225f 04
TIME PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG*MOL/M3) (KG=MUL/M3 KPA)
1400 1+56 NoDs NeDa
1270 2:50 NeDs NaDo
5.00 4.43 N+D, NeDe
lus00 578 NsD, NoDs
20400 7.03 NeDa NoeDe
30,00 7.87 NeD, NeDo
40,50 8490 W1327 =01 \148E~02
MEASURED (OP/LTXN  (KPA/MIN) = 1,66
FITTED (DP/70TI0D (KPA/FMIN) = 1.89
MEASUHED (PHEQ (KPR) . Be59
FITIED (PYEQ (kpa) e 9.06

TABLE T 26 ‘
ExPLRIHMENTAL RUN NO = 169
SFHALEHITE LEACHING IN AUUFOUS H2SQ4
SPHALs TYPE LEACHED s VHPR
TEMPERATURE (K) = 318400
INITIAL MASS (rG) = 0,0050
STIKKER SPLED (HFM) = 100040
INITIAL H2504 (KG=MQUL/M3) =  1.,0000
SPECSSUFFACE AKEA (M2/KG) » 26300
LOEXP (KG=RUL/M3 KPA) = ,7100£=03
KUE XP (KPA M3/KG"MUL) = 1732F 04
KLCALC (KPA H3/KG=MOL) = +1654F 04
TIME PH2S  [znll] (Fely IN2+/PH2S

(MINS)  (KPA) HO3W94mUmQI(KG-HUL/H3 KPA)
2400 173 2,42 0535 s 140E°02
5+00 3.84 ND ND NeDs .
10400 6.24 D5.09 0.726 +B15£=03
20400 927 N.D ND NeDeo
30400 11.23 81 1,224 $ 722603
61.00 14440 39,93 1,644 2692E=01
Y0400 16408 11,50 ND o 7126703
MEASURED (DP/DTID (KPA/MIN) = 0.86
FITTED (DP/0DTID  (KPA/MIN) = 0.948
MEASURED (P)EW (KPA) = 16,08
FITTED (PrE@ (KPA) s 19,10

TABLE 128
EXPERIMENTAL HUN NQs = 133
SPHALERITE LEACHING IN AQUEOUS H2S04
SPMAL. TYPE LEACHED =2 VMPR
TEMPERATURE (x) = 318.:00
INITIAL HASS (KG) = 00,0200
STIKRER SPEED (RPM) = 100000
INITIAL H2504 (KG=MUL/M3) = 1,0000
SPECeSURFACE AKEA (M2/KG) = 263040
COEXP (KG=MUL/M3 KPa) = »9000g=03
KDEXP (KPA M3/KG=MQOL) = 1303 04
KDCALC (KPA M3/KG*HMOL) = +1654F 04
TIME PH2S IN2+ IN2+/PH2S

(MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
1.25 8a12 +800E=02 +985€£-03
1.80 9,37 NeDs NeDe
2123 1093 NeDo NeDe
3:30 1289 NeDo NoDo
4.50 14.06 NeD, NeDe
6¢45 15.62 NeD, NeDo

10s00 17.18 NeDs NoDs

21400 2030 +183E=01 +900E£=03
MEASURED (DP/DT)0 (KP&/MIN) = 9+68
FITTED (LDP/DTID  (KPA/MIN) = 9471
MEASURED (P)EwG (KPA) = 18458
FITTED (pHEQ (KPA) e 2130

TABLE 130
EXPERIMENTAL HUN NQOo = 135
SPHALERITE LEACHING IN AQUEQUS H2Sp4
SPHAL. TYPE LEACHED = VMPR
TEMPERATURE (K) = 338.00
INITIAL MASS (KG) = 04,0200
STIRRER SPEED (RPH) = 100040
INITIAL H2S08 (KG=mMOL/M3) = 1.,0000
SPECWSURFACE AKLA (M2/KG) = 263040
coexp (KG=MUL/M3 KPA) = +5670£=03
KOEXP (KPA M3/KG=M(OL) = +2262F 08
KOCALC (KPA M3/KG=MOL) = +2174Ff 08
TIME PH2S IN2+ IN2+/PH2S

{MINS) (KPA) (KG=MUL/M3) (KG=MUL/M3> KPA)
050 1249 NeDs NoDo
0s72 15:62 NoDs NoDs
122V 18474 NeD, NeDs
1.80 21.806 NiDa NeDo
2470 24499 NoD, NoDs
4.50 28411 N.D, NoDe
960 31423 N.D, NoDo

15400 31486 NeDa NeDs
HEASUHED (0P/DTIOD  (KPA/MIN) = 29.30
FITTED (LUP/ZLTID  (KPA/MIN) = 37,80
MEAGUKED (FILY (Kra) s J?.17
FITIED (PyLa thbR) s 33,70
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TABLE I 31 134 bXPERIMEN ALLEN h?z = 171
N . - L] '
E;ﬁif{:??é‘t[ﬁfhxﬁg I AUGUEDUS H2504 SPHALERITE LEACHING TN AUUTUUS H2508
L Tve ACH = YMPR SPHALs TYPE LEACHED T VMPR
??::tnnluni LeRenED (ky = 318400 TEMELERATURE (k) = 418400
INITIAL MASS (kG)y "= 0.0200 IRITIAL HasS frad e Qa0100
STIKRER SFEED (RPM) = 150040 STIKRER SPLED tiku) w 100040
INITIAL HPSU4 (KG=hUL/M3) = 1.0000 INITIAL H2504 (KG=MOL/n3) = 0,5000
SPECSURFACE AKLA (HZ2/KG) = 263040 SPECLSURFACE AnbA (M2/KG) x 263040
CUFXP (KG=HUL/M3 KPA) = 19034F=03 CoExe (KG=nUL/HI KPA) = +A9IEOESD3
KDEXP (KP& MI/KG=MOL) ®  +1297E 04 KBEXR (kPA M3/KG-MOL) = o 1309E 02
KDCALC (KPA M3I/KG=HQL) = #1654 08 KDCALC (KPA H3I/KG=MUL) 3 1569 048
TIME  PH2S Inze N2+ /PH2S Tiue  PH2S Ihey B2 ¢/ PiRas
(MINS)  (KPA)  (KG=MUL/M3) (KGTMUL/MI KPA) (MINST  (KPA)  (KGZRUL/R3T. (KO=HOLEAS KA
0480 6425 NoUo NoDe 2.00 1.34 s2HBE=02 +214E£=02
1.20 7.81  .800E=02 2102E=02 5+00 2469 Nolie NaDe
1.70 9437 NeDo NaDs 15.00 4480 W S543E=02 o113E=02
2 a0 10.93 NoD. NoDs 30400 Besl J758E=02 «897€=03
3.55 12149 NeDs NaDe
NoDy NeDo
320 laces NeDs NeDs MEASURED (DP/DTID  (XPAZMIN) = 0477
15,00 16,58 NeDs NaDs FITTED (DP/DTI0  (KFA/MIN) = 0472
122400 30015  182E=01 +903E=03 MEASURED (P)EQ (KPA) = B.81
FITTED  (P)EQ (KPA) s 11.80
MEASURED (DP/DTJ0  (Kpa/MIN) = 13,18
FITTED (DP/D1)0  (KPA/MIN) = 10,50
MEASURED (P)YEQ (KPA) = 20461 ’
FITTED (PIEQ (KPA) = 20420 TABLE 1 3%
EXPERIMENTAL RUN NOo z 203
SPHALERITE LEACHING IN AQUEQUS H2SD4
TABLE 133
EXPERIMENTAL RUN NDs = 173 SPHALs TYPE LEACHED = VMPR*ZNSO4L at t=0)
SPHALERITE LEACHING IN AGQUEOUS H2S04 TEMPERATURE (K) = 318400
. ) INITIAL MASS (KG) - = 0.,0100
SPHALs TYPE LEACHED = VMPR STIRRER SPEED (RPM) = 100040
TEMPERATURE (x) = 318400 INITIAL H2SO4 (KG=MOL/M3) = 1,0000
INITIAL MASS (KG) s 0,0100 INITIAL Zn2¢  (KG=HOL/M3) = 0.0182
STIRRER SPEED (RPM) = 100040 SPEC +SURFACE AxLA (M2/KG) = 26300
INITIAL H2504 (KG=MOL/M3) = 2.0000 COEXP (KG=MUL/M3 KPA) = .0
SPEC.SURFACE AKEA (M2/KG) = 263040 KDEXP (KPa M3/KG=mOL) = =+7%28f 02
CDEXP (KG=MUL/M3 KPA) = 26842E=03 KDCALC (KPA M3/KG=HDL) = +1654f 04
KDEXP (KPA M3/KG=MgL) = 1813 08
KDCALC (KPA M3/KG=MOL) = +1824f 0a TIME PH2s Inzs
(MINS) (KPA) (KG=HOL/M3)
TIME PH2S [Zn2*] (Felmpy ZN2+/PH2S 1400 0465 NeDs
(MINS)  (KPA) x103 {kg-mol I3 KG=HUL /M3 KPA) 2400 1.23 NeD,
1.00 3.75 NO ND. NoDo 3.00 1.83 NaDo
3.00 9.76 8.64 1.40 «886E=03 4.80 2448 «178E=01
5400 13.68 N.D. ND. NeDs 10.00 8,30 NoD,
13,00 22418 1557 233 «702E~03 15.50 S84 +191E=01
30,00 30.34 2076 3.06 +684E~C3 20400 6+72 NeDs
45400 34422 ND. ND. NyDs 30.00 872 +209E~01
. ;0000 1010 NeDs
. 000 11452 NeD,
MEASURED (DP/DT)0 (KPA/MIN) « 3,75 60400 12018 +222E=01
FITTED (DP/D1)0 " (KPA/MIN) = 41490 64400 12452 NsDs
MEASURED (P)E® (KPA) z 36459
FITIED  (P)EQ (KPA) = 8,04
MEASURED (DP/DTI0  (KPA/MIN) = 0465
FITTED ~ (DP/OT)O  (KPA/MIN) = 0.04
MEASURED (P)YEQ (KPA) = 6432
TABLE I35 FITTED  (P)Eg (KPA) = 16480
EXPERIMENTAL RUN NQ» = 196
SPHALERITE LEACHING IN AQUEQUS H2S04&
SPHALs TYPE LEACHED = VMPR(tH2S att=0) TABLE 136
TEMPERATURE (K) = 318.00 EXPERIMENTAL RUN NQOs = 199
éNITIAL MASS (KG) = 0,0100 SPHALERITE LEACHING IN AQUEQUS H2SQ4
TIRRER SPEFU (RPM) = 100040
INITIAL H2504 (KG=MNL/M3) = 1.,0000 SPHAL. TYPE LEACHED = BDH
INTTIAL PH2S (KPa) = 1722475 TEMPERATURE (K) = 3?8.00
SPEC+SURFACE AREA (M2/KG) = 263040 INITIAL MASS (KG) = 0,0040
CDEXP (KG=MGL/M3 KPA) = +7930F=03 STIRRER SPEED (RPM) = 1000.0
:gg:ic (K:: :;;KG'MGL) a -12;“5 04 INITIAL H2508 (KRG*MOL/M3) = 11,0000
LK G=MOL) = +1654F 08 SPECeSURFACE AnbA (M2/KG) a 7200,
Note.Meusgred [H3S k= 17.77x109Kkg-mol /m3 CDEXP (KG=8UL/M3 KPA) = -32162-03
TInt PH2S IN24+ KDEXP (KPA M3/KG=MOL) = +1698f 04
(glgg) (lrl(PSI (KG;HSL/PH) KDCALC (KPA M3I/KG=MQL) = +1658f 048
. . L] L[]
?:38 ig:zg :.g. (TIME PH2S N2+ IN2+/PH2S
! WDy MINS) (KPA) (KG=MOL/M3) (KG=MUL/MI .KPA)
5.00 14498 1361E=02 1,00 5¢40 NuoDW N.Ds
L0 17.48 NoDa 2400 1100 +875E=02 +795£=03
10460 20417 1 737E=02 5.00 1672 Nalo NeDs
38:88 55:22 ::3: ;0.20 22458 ¢160E~01 2725603
80,00 25493 NiDs 0i0a  amas e g
. 1] [} 1] L]
46.00 26431 o11ar=01 40400 25490 W179E~01 +690E-01
MEASURED (DP/DTI0  (KPA/MIN) m 1,35 MEASURED (0P/701Y0  (KPA/MIN) = 5450
FITIED  (DP/DTIG  (Kpa/wIN) = NuD. PATTED  (UP/DIIR (KPA/MIND = N.Ds
r;¢:gg€0 f:;}: :KP:) " ln.fo MLASUKED (F)Eu (kPA) 2 25.90
"L} x Nalla FITIED (PYED (KF&) . NeDo
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TABLE 137
LXPERIMENTAL MUN N0 = 14]
SPHALERITE LEAULHING IN AQUEUUS H2S04
SPHALs TYPL LEACHED = ROH
TEMPERATURE (K) s 318400
INITIAL MASS (KG) = 0,0100
STIRHRER SPLED (RPM) = 100040
INITIAL H2S04 (KG=#UL/M3) = 1.,0000
SPEL.SURFACE AHbLA (M2/KG) = 720040
COEXP (KG=MUL/43 KPA) = 7732F=03
KOEXP (KPA H3/KG=MOL) = 1561 04
KDCALC (KPA M3/KG=HOL) ®» +1654F 08
TIME PH2S IN2¢+ IN2+/PH2S
(MINS) (KPA) (KG=MOL/H3) (KG="HUL/M3 KPA)
1,00 15,05 NoDo Nalo
2400 23474 NaD, NyDs
3,15 27.01 «217E=01 +BO4E=03
4.00 27495 NeDs NeDs
5.00 28436 NeD, NeDs
10+00 28449 NeD, NaeDo
16,20 28477 $228E=01 s 792€=03
20400 28477 NeD,o NaDe
MEASURED (pP/DTIQ (KPA/MIN) a 15,15
FITTED (DP/DTIQD  (KPA/MIN) = NaD.
MEASURED (P)EQ (KPA) = 28489
FITTED (P)EQ C(KPA) = NeDs
TABLE 139
EXPERIMENTAL RUN NQe s 142
SPHALERITE LEACHING IN AQUEOUS H2S04
SPHALe TYPE LEACHED a BDH
TEMPERATURE (K) = 338400
INITIAL MASS (KG) = 00,0050
STIRRER SPEED (RPM) = 1000.0
INITIAL H2504 (KG=MOL/M3) = 11,0000
SPECsSURFACE AREA (M2/KG) = 7200.0
COEXP (KG=MOL /M3 KPA) = +S670£=03
KDEXP (KPA M3/KG=MQL) = «2262F 04
KOCALC (KPA M3/KG=MQL) = «2174f 04
TIME PH2S InN2+ IN2+/PH2S
(MINS) (KPA) (KG=MOL/N3) (KG=MOL/M3 KPA)
0.85 28.11 NeDs NeDs
1.106 31.23 NeD, NaeDo
1.44 34436 NeDo NeDe
2400 37465 «205E=01 +545£=03
2465 39.04 NeDs NasDs
4400 . 40.23 NeDo NeDs
5460 40491 «245E=01 +598E£=03
10400 4122 NeDo» NeDe
MEASURED (DP/DT)D  (KPA/MIN) = 36444
FITTED (DP/DTID  (KPA/MIN) = NeDs
MEASURED (P)EQ (KPA) = 80460
FITTED (PHEQ (KPA) = NaDo
TABLE 1 41
EXPERIHMFNTAL KUN NO = 201
SPHALERITE LEACHING IN AQUEQUS H2Spa
SPHALe TYPE LEACHED = 8DH
TEMPERATURE (K) = 318,00
INITIAL MASS (KG) = 040040
STIRRER SPEED (RPM) = 1000.0
INITIAL H2504 (KG=MOL/M3) = 2,0204
SPECCSURFACE AKLA (M2/KkG) = 720040
CDEXP (KG=MUL/M3 KPA) = ,6392F 00
KLEXP (KPA HI/KG=MUL) = +1000F 0!
KOCALC (KPA M3/KG=™MOL) & 1827¢ 04
-TIME PH2S ZN2+ ZN2+4/PH2S
(MINS) (KPA) (KG=HMOL/M3) (KG=HMUL/M3 KPA)
1.00 1544 NlD. NeDo
2410 2857 1 169E~01 «663E=03
3.00 34,55 NoDs NoDo
5.00 a0.92 NeD, NeDs
9.20 4509 267E=01 «S92E=03
15,00 45,75 «265E=91 W622£=03
20400 45475 NoDs NaDo
MEASURED (DP/DTIO  CPpA/MIN) = 1%,88
FIT1ED (DP/DT)Q  (KPA/MIN) = Nyfeo
MEASURED (P)EW (KPA) = 45,475
FITTko (P)tg (KPA) = N.Ds
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TABLE 138
EXPEHIMENTAL HUN NO» = 140 :
SPHALERITE (EACHING IN AGUTUUS H2508
SPHAL. TYPL LEACHED s ROH
TEMFERATURL (K) = 298400
INITIAL MASS (KG) v V010D
STIKKFER SPEED (RPM) = 100040
INITIAL H2506 CRG=MUL/M3) = 1.000¢
SPECsSURFACE ARLA (M2/KG) = 7700414
CDEXP (KG=MUL/MI KPA) =  «10%117=02
KOEXP (KPA M3I/KG=MOL) = o1174E8 04
KDCALC (KPA M3/KG=MUL? = #1223¢ 04
TImE PH2S INZ2+ ZNZ24 /PH2S
(WINS) (KPA) (KG=MOL/M3) (KG=MUL/HI KPA)
1,00 3,10 NeDa NeDe
1.80 5493 WT37E=p2 «124€=02
5.00 13.27 NeDo NeDs
10.00 16.87 NeDo NaDo
20400 17455 NeDo NeDs
30,00 17456 NeD, NeDs
38470 17456 »192£=01 «110E=02
MEASURED (DP/DT)0 (KPA/MIN) = 3412
FITIES (Dp/DTID  (KPA/MIN) = NoD,
MEASURED (P)EQ (KPA) ‘s 17449
FITTED (P)EQ (KPA) = NeDs
. TABLE 140
EXPERIMENTAL XUN NOs - = 200
SPHALERITE LEACHING IN AQUEOUS H2S04
SPHALs TYPE LEACHED 2  BDH
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 0,00840
STIRRER SPEED (RPM) = 1000.0
INITIAL H2508 (KG=MOL/M3) = 0.5000
SPECSURFACE AREA (M2/KG) = 720040
COEXP (KG=MUL/M3 KPA) = ,8649E=03
KDE XP (KPA M3/KG=MOL) = +1365f 04
KDCALC (KPA M3/KG=MOL) = 41569 04
TIME PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
1.00 2469 NaD, NeDs g
2400 5:57 «856E=~02 «819£=03
5.00 8,35 NeDs NeDs
10.00 9.89 «839g=02 2 848£=03
15,00 10412 NaD, NaDs
20400 1027 +888E~02 +865E=0)
MEASURED (DpP/0T)D (KPA/MIN) = 2491
FITTED (DP/DTID  (KPA/MIN) = NeDo
MEASURED (P)EQ (KPA) = 10.27
FITTED (P)EQ (KPA) £ NeDe
TABLE I 42
EXPERIMENTAL RUN NQ» = 202

SPHALERITE LEACHING IN AGULOUS H2504

SPHALe TYPE LEACHED

TEMPERATURE (K)
INITIAL MASS (KG)
STIKRER SPEED (RPM)

INITIAL H2S08 (KG=MOL/M3)
SHECSURFACE Anbta (M2/KG)

KDCALC
Initial Zn
TIME
(HINS)
100
2400
3.00
5.00
10,00
20+00
30.00
38.00
40,00
45.00
53.00

HEASURED
FITIED
HMEASURED
FITTLD

I T T TR Y

2. (KPA M3IZKG=MOL)
{kg-mol/m3 )} -«
PH2S IN2+
(KPA) (KG=MUL/M3)
2498 NaD,
5486 +191E=01
8435 NeDs
11.52 NeD,
15417 0229E=01
16498 NeDa
17.86 0283E=01
18425 Kol
1‘73 'NoDn
2411 N.D.
2:21 «283€ 02
(LP/DTIB  (KRA/MIN)
(OP/7D1IYQ (KPA/ZMIN)
(PHeu (KPA)
(F)YEU (xPAa)

BDH*ZNSOL at t=0)
318400 .
0.,0040
100040
1,0000
7200.0
«1654f 04
*+1427E -01

IN24/PH2S

(KG=MUL/M3 KPA)-

NaDo
1326E~02
NeDs
NeDo»
W151E=02
NoDoe
136602
NoDs
NosD»s
NyDe
W 110€ 02

= 5.,89
= NoDo
= 1A,25
] Nale



Note

TABLE 1 43
EXPLRIMENTAL fUN HOe = 194
SPHALERITE LEALHING IN AGUEOUD H2504

A 77

SPHALs TYPE LEALHED = BNHEH2S5 Gl =0)
TEMPEKATURE (K) = 318,00
INTTIAL MASS (KG) = 0,0040
STIKRER SPEED (RPM) = 100040
INITIAL H2506 (KG=MOL/M3) = 1.0000
INTTIAL PH2S (KPA) = 118460
SPECSURFACE ArEA (M2/KG) ® 720040
KDCALC (KPA M3/KG=HOL) = +1654E 04
Measurcd HpL, = 10.85x10 kg—mol/m3
TIME PH2S IN2+ IN2+/PH2S
(MIND) (KPA) (KG=MUL/HM3) (KG=HMOL/M3 KPA)
0400 1152 NeDo NsDs
0450 14,40 NeD, NeDo
1,40 20493 +857E=02 . 1409E=03
3.:00 28404 NeDs NeDo
500 31459 NaeDg¢ NsDs
9400 33480 +160E=01 W4T74E=0]
20400 3630 NeD, NaDe
30.00 37436 NeDs NosD»
41450 38470 «170£=~01 «839E=03
MEASURED (DP/DTIO  (KPA/MIN) = 7.01
FITTED (DP/DT)0  (KPA/MIN) = NoDs
MEASUKED (P)YEQ (KPA) = 7.78
FITTED (PYEQ (KPA) N NeDo
TABLE I 45
EXPERIMENTAL RUMN NQe a 154
SPHALERITE LEACHING IN AQUEQUS H2S04
SPHALe TYPE LEACHED = BDH
TEMPERATURE (K) = 298400
INITIAL MASS (KG) 20,0040
STIRRELR SPEED (RPM) = 1000.0
INITIAL H2S504 (KG=MOL/M3) = 14,0400
SPECSURFACE AKEA (M2/KG) = T7200.0
CDEXP (KG"MUL/M3 KPA) = +1165£=02
KDEXP (KPA M3/KG=MCOL) = +9770g 03
KDCALC (KPA H3/KG=MOL) = .1232f¢ 04
TIME PH2S IN2+ IN2+/PH2S
(MINS) | (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
2+00 3,30 NeDo NeDeo .
44,00 6440 NeDs NsDs
6400 9409 NsDs NosDs
8400 11.13 NsDs NoDo
10.00 12.53 NeDo NsDo
15400 14.70 NeD, NeDo
30400 16430 NeDo NsDs
40400 16480 NeD, NeDs
60400 16+84 «189E=01 W1126=02
MEASURED (DP/DTI0 (KPA/MIN) = 164
FITTED (OP/DT)0  (KPA/MIN) = NeDs
MEASURED (P)EQ (KPA) = 1678
FITTED (P)EQ (KPAY) a NeDo

TABLE T 44

EXPERIHENWTAL HUNW NQs "= 153 )
SPHALERITE LEACHMING IN AGUEQUS H2S504

SFHAL. TYPE LEACHED = BOH*
TEMFERATURE (K) = 298400
INITIAL HMASS (KG) e 040040
STIRKER SPEED (kPH) = 100040
INFTIAL H25(14 (KG=MOL/M3) = 1,0400
SPECsSURFACE AKEA (K2/KG) = 720040
CLpXP (KG=HMUL/M3 KPa) =  +1165F=02
KDEXP (KPA M3/xG*MUL) = 9770 03
KDCALC (KPA M3/KG=MOL) = 41232 04
TIuME PH2S ZH2+ IN2+/PH2S
(MINS) (KPA) (KG=HUL/M3) (KG=MOL/M3 KPA)
2400 2481 Nabo NoeDe
4,00 5.42 NaoDy NsDe
64,00 7062 NeDo NsDo
8400 9433 NeDo NoDe
10s00 1075 N+sD,y NeDe
15.00 12484 NoDs N.Ds
30s00 1483 NaeDy NyDs
404,00 15.05 NsD, NeDs
60,00 15.02 +194£=01 21129702
HEASURED (DP/DTI0  (KPA/MIN) = 1439
FITTED (DP/0TIQ  (KPA/MIN) = NeDs
MEASURED (P)EQ (KPA) = 15,08
FITTED (PYE®Q (KPA) = NeDs
]
TABLE 1 46
EXPERIMENTAL RUN NQO» a {55

SPHALERITE LEACHING IN AQUEDUS H2SD4

SPHALs TYPE LEACHED = BDH
TEMPERATURE (K) = 298.00
INITIAL MASS (KG) = 00,0040
STIRRER SPEED (RPH) = 40040
INITIAL H2504 (KG=MOL/M3).=  1.0400
SPECsSURFACE AREA (M2/xG) = 720040
CUEXP (KG=HUL/K3 KPA) = +1165¢=02
KDEXP (KPA H3/KG=MOL) = +9770¢ 03
KDCALC (KPA M3/KG=HOL) = ¢1232f 04
TImE PH2S IN2+ IN2+/PNH2S
(MINS) (KPA) (KG="MUL/M3) (KG=MOL/M3 KPA)
24,00 2429 . NeD, N.Ds
4400 4466 NeD, NeDo
6,00 6480 NeD, NisDs
84+00 8s57 NeD4 NyDo
10400 10.09 NeDs NeDs
15400 12:57 NeD, NeDs
30400 1526 NeDs NyQso
40,00 15473 NeDo NoeDs
60400 16401 $188£-01 W117E%02
MEASURED (DP/DT)0  (XPA/MIN) = 1.18
FITTED (DP/DT)D  (KPA/MIN) = N.Ds
MEASURED (P)EGQ (KPA) = 16418
FITTED (PYEQ (KPA) ™ NoDs
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TABLE 1 47 TABLE I 48
EXPLRIMENTAL HUN N0 s 156 : LYPLRIMENTAL HUN Nio . 15(
SPHALERITE LEACHMING IN AGUEGUS H2504 - SPHALERITE LEACHING IN AGUEOUS H2Sp4
SPHAL. TYPE LEACHED SO SEMALy TYPE LEATHED =
TEMPE AT URE (K3 = 3GR.B0 TEMPERATURE (K) = 298400
INITIAL MASS (KG) = U.0040 IniTlaL MASS (KG) = 040040
STINRER SPEED (REM) = 70040 STIRKER SPEED (HPM) = 70040
INITIAL H2504 (KG=MUL/M3) = 1,0400 INITIAL Hqua (KG=HUL/M3) = 1,0400
SPEGC.SURFACE AlLA (M2/KG) ®» 720040 SPEL«SURFACE AHEA (M2/KG) = 720030
COEXP (KG=MUL/M3 KPA) & +1165F=02 Coexe (KG=HUL/#3 KPA) = «1165£02
KOE Xp . (KFA M3/KG=M[L) = +97TUE 03 KDEXP (KPA M3I/KG=HQOL) = -QTZOE 03
KDCALC (KPA H3/KG=MUL) = +1232¢ 04 KOCALC (KPA M3/KG=HMOL) = #1272 08
- . NZ+/PH Tiut PH25 . IN2+ ZN24+/PH2S
T TR s SR A AP .. + A (HINS)  (KPA)  (KG=HUL/M3) (KG=MDL/M3 KPA)
2400 3405 NaD, NaDs 2400 3:00 NeL. Nale
4400 6404 NeD ; N,Ds 800 6401 NeD, NeD»
L]
6400 Beb2 NeDs HeDe 6400 8448 NeDsy NeD»
8400 10,61 NeD, NeD» 8.00 10,51 NaDo NsDe
10,00 12,03 NeDs NiDe 10400 11.82 NeDo NeD.
15400 15.23 NeD, NeDs 15,00 13493 Nelo NeDo
30,00 15.81 NeDs NaDs T 30,00 15,66 NeD. g
40.00 16013 NeD, NoeDs 44400 16004 NeD, NaDe
55400 16429 +18BE=01 +115E702 60,00 16429 +190£=D1 +116E=02
MEASURED (DP/DT)0  (KPA/MIN) = 1455 MEASURED (DP/0T)O  (KPA/ZMIN) = 1449
FITTED (DP/DT)0  (KPA/MIN). = NoeDs FITIED (OP/uTI0  (KPA/MIN) = NeDo
MEASURED (PIEQ (KPA) = 16,48 MEASURED (PIEQ {KPA) = 16,27
FITTED  (P)EQ (xkPA) = NeDs FITTED  (P)EQ (KPA) = NeDs
TABLE 1 49 TABLE 1 50
EXPERIMENTAL RUN NQO = 158 EXPERIMENTAL RUN NO» = 159
SPHALERITE LEACHING IN AQUEQUS H2S04 SPHALERITE LEACHING IN AQUEOUS H2S08
SPHAL. TYPE LEACHED = BDH SPHMALs TYPE LEACHED = B8DH
TEMPERATURE (K) = 298400 TEMPERATURE (K) = 298400
INITIAL MaASS (KG) = 0,0080 INITIAL MASS (KG) = 0,0080
STIKRER SPEED (RPM) = 100040 STIKRER SPEED (RPM) = 100040
INITIAL H2504 (KG=MQOL/M3) = 11,0400 INITIAL H2S04 (KG=MOL/M3) = 1,0800
SPEC.SURFACE AnEA (M2/KG) = 720040 SPECWSURFACE ArEA (M2/KG) = 720040
CDEXP (KG=MUL/M3 KPA) = 41165g£=02 CREXP (KG=MUL/M3 KPA) = +1165E£=02
KDEXP (KPA M3/KG=MOL) = 9770 03 KDEXP (KPA MI/KG=MOL) = <9770 03
KDCALC (KPA M3/KG™MOL) = +1232F 04 KDCALC (KPA M3/KG=MOL) = +1232f 0a
TIME PH2S IN24 IN24+/PH2S TIME PH2S IN2+ IN24/PH2S
(MINS) (KPA) (KG=MOL/M3) (KG=MUL/M3 KPA) (MINS) (KP&) (KG=H0L/M3) (KG=MUOL/M3 KPA)
2.00 5.02 NaDo NeDe 2:00 544 NoeDeo NeDs
4,00 " 942 NoD, " NyDe 4400 9.92 NaDo NeDs
6.00 12422 NeD, - NeDe 6400 12.88 NeDeo NeDe
8400 13.76 NeD, NeDe 800 14039 NeDs NiDs
10,00 14.47 NeDs NeDe 10,00 15439 . NeDa NaDe
15400 14478 NeDs NeDs 15.00 1623 NeDs NeDo
30400 14,78 «190E~01 2129E£=02 20400 16462 NeDs NeDe
30400 1683 W191E=01 W1136=02
MEASURED (DP/DY)O  (KPA/MIN) = 2452
FITTED (DP/UTI0  (KPA/MIN) = N»Do MEASURED (DP/DT)0 (KPA/MIN) = 2,46
MEASURED (P)EQ (KPA) = 13,78 FITTED (DP/DTI0  (KPA/MIN) = NeDa
FITTED (PYEQ (KPA) . NeDs MEASURED (P)EQ (KPA) s 16,88
FITTED (P)EQ (KPA) H NeDo
TABLE I o7 TABLE 1 52
EXPERIMENTAL RUN NO» = 160 EXPERIMENTAL RUN NO. 2 161
SPHALERITE LEACHING IN AQUEQUS H2S04 SPHALERITE LEACHING IN AQUEDUS H2S5Da
SPHAL. TYPE LEACHED = BDH SPHALs TYPE LEACHED = BDH
TEMPERATURE (K) = 298400 TEMPERATURE (K) = 298.00
INITIAL MASS (KG) = 0,0060 INITIAL MASS (KG) = 0,0020
STIRRER SPEED (RPM) = 100040 STIKRER SPEED (RPM) = 1000.0
INITIAL H2S08 (KG=MOL/M3) = 1.0400 INITIAL H2504 (KG=MUL/H3) = 11,0400
SPEC.SURFACE AREA (M2/kG) = 720040 SPEC«SURFACE AREA (M2/KG) = 720040
CpExXP . (KG=HUL/M3 KPA) = «1165g=02 ) CDEXP (KG="HUL/M3 KPA) = ¢1165E=02
KDEXP (KPA M3/KG=MQOL) = +9770F 03 KDE XP (KPA M3/KG=MOL) =  +9770f 03
KDCALC (KPA M3/KG=MQOL) = +1232E 04 rOCALC (KPA M3/KG-MOL) = +1232f 04
TIME PH2S IN2+ IN2+/PH2S TIME PH2S IN2+ ZHN2+/PH2S
(MINS) (KPA) (KG=MDL/M3) (KGe=MUL/M3 KPA) (MINS) (KPa) (KG=MUL/M3) (KG=MUL/M3 KPA)
2400 4,51 Nols NiDs 2400 1.70 NeDs NuDs *
4,00 853 NeDy NaeDe 4.Q0 3451 NaDy N,Do»
6400 11.44 NaD, NeDo : 10,00 7452 NeDs - NoDe
8400 13.30 NoD, ) NoDs T 15.40 9442 NeD, NiDo
10.00 14433 NeD. NeDs 30400 1227 NeDs NoDo
15.00 15+ 64 NeD, NaDos 45,00 13.05 NoDo NeDo
20,00 16410 Neba NaDoe 60.00 13456 NuD, NoDo
30400 16418 +193£-01 W119£%02 90,00 13485 . 4167E~01 +120€£702
MEASURED (UP/0T)0  (KPA/MIN) = 2,28 MEASURED (DP/DT)Q  (KPA/MIN) = 0.86
FITIED (OP/V1)0  (KpasmIN) = NaDa FITIED (OP/0l)0 " (RFA/HINY = NeDa
HEASURED (P)E (KFA) = 16,28 MEASUKED (P)Eu (KPA) v 13,88
FITTED (PIEY (KPA) - NeDs PITIED (FIEQ (KPA) . NaDlo
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TABLE I 53
EXPLRIMENTAL HUN NO a 162
SPHALERITE LEACHING IN AUUEQOUS H2504
SPHALs TYPE LEACHED s A0H
TEMFERATURL () = 298400
INTTIAL HMASS (KG) = Ve 0040
STIKRER SPEED (rpy) = 100040
INITIAL M2504 (KG=MUL/M3I) = 045130
SPEC.SURFACE AMEA (M2/KG) = 720040
ChEXP (KG=MUL /M3 rpa) =  25165p=0?
KOE XP (KPA M3/KG=MOL) = +9770f 03
KDCALC (KPA M3/KG=MOL) = 1182 04
TImME PH2S IN2+ IN2+/PH2S
(MINS) (KPa) (KG=MUL/M3) (KG=MUL/M3 KPA)
2400 1430 NelDs NuD»
6,00 3.69 NeD, L
1000 5¢33 NoDs NeDo
15,00 6¢28 NoDs NeDs
30,00 6196 NeDs NoDe
45,00 696 0926L=02 «133(°02
MEASURED (DP/LTI0  (KPA/MIN) = 0466
FITTED (DP/DT)0  (xPA/MIN) = NeDs
MEASURED (P)EQ (KPA) = 6.99
FITTED (P)EQ (KPA) = NeDo
TABLE I 55
EXPERIMENTAL RUN NQe = 164
SPHALERITE LEACHING IN AQUEDUS H2SD4
SPHALs TYPE LEACHED = BDH
TEMPERATURE (K) = 298.00
INITJAL MASS (KGY = 0,0040
STIRRER SPEED (RPM) = 1000.0
INITIAL H2S04 (KG=MOL/M3) = 1,9500
SPEC«SURFACE AREA (M2/kG) = 720040
CDEXP (KG=MUL/M3 KPA) = +1165£=02
KDEXP (KPA M3/KG=MQOL) = +9770f 03
KDCALC (KPA M3/KG=HOL) = 1387 04
TInE PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG=MUL/M3) (KG=MOL/M3 KP&)
2.00 6428 NeD, - NeDe
6.00 16.36 NeDa NsDs
10,00 21.98 NeDo NeDa
15,00 25.77 NsD, NaDs
30.00 30,16 NeDos NoDo
45,00 31448 NsD, NoDs
60,00 31491 NeD4 NeD
90400 31,98 «333E~01 «104E=02
HEASURED (DP/DT)D (KPA/MIN) = 3.14
FITTED (DP/DT)0  (KPA/MIN) = NeDo»
HMEASURED (P)Ew (KPA) = 32.06
FITTED (P)Eq (KPA) = NeDa
TABLE 1 57
EXPERIMENTAL RUN NQs = 55
SPHALERITE LEACHING IN AQUEOUS H2Spa
SPHALs TYPE LEACHED ®  =90+75 KBM
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 040500
STIRRER SPEED (RPM) = 80040
INITIAL H2504 (KG=MUOL/M3) = 1,0000
SPEC.SURFACE ANEA (M2/KG) = 8040
KDCALC (KPA M3/KG=MOL) = 41654 0a
TIME FH2s IN2+ IN2+/PH2S
(MINS) (KP&) (KG"MDL/M3) (KG=MUL/M3 KPR)
6.00 3.65 1 19RE=02 +544£%03
15,00 5461 1267E~02 sA76E=03
30400 8,30 WU66E=02 2 562E703
60400 10,89 2632E=02 1 603E=013
90,00 10.85 738002 +680£=03
100,00 11.18 2792602 +708E=03
MEASURED (0P/DTIOD  (KPA/MIN) = 0,86
FITTED (DP/0TIY  (KPA/MIN) = NuDs
MEASUKED (P)Lu (KPA) a 11,18
FITTED (PYLQ (KPA) = NeDo
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TABLE I 54
EXPLHIMENTAL RUN NQO» = 163
SPMALERITE LEACHING IN AGUEOUS H2504
SPHALs TYPE LEACHED a BoH
Te MPEHATURE (r) = 298.00
I6IT18L MASS (KG) n 0,00680
STIKRER SPLED (RPRM) = 100040
INITIEL H2SUL (KG=plp/m3) = 0,2500
SHECsSURFACE AMEA (M2/KG) = 7200e0
CuE XF (KG=tUL/M3 KPA) =  41145€=02
KDEXP (KPA MI/KG=MOL) = +9770€ 03
KUCALC (KPA M3/KG=MOL) = +1098F 04
TIME PH2S INZ2+ N2+ /PH2S
(MINS) (KPA) (KG=MOL/M3) (KG=MOL/M3 KPA)
2,00 1653 Nabo NsDs -
6:00 3499 NsDs HaDe
10,00 5.84 NeD, NeDs
15,00 6431 NeDs NoDs
30.00 6:76 NeDs MeDs
45,00 6473 s494E=02 s 733E=03
KEASURED (DP/0T)0 (KPA/MIN) = 0439
FITTED (pp/0TI0D  (KPA/MIN) = NeDa
MEASURED (P)EQ (KPA) 2 3.41
FITTED (P)EQ (KPA) = NaDe
TABLE I 56
EXPERIMENTAL RUN NO- = 149

SPHALERITE LEAVHING IN AQGUEOQUS H2SD4

SPHALs TYPE LEACHED = =125+106 WBM,
TEMPERATURE (K) a  318.00
INITIAL MASS (KG) = 0.0450
STIRRER SPEED (RPM) = 10000
INJTIAL H2S04 (KG=MOL/M3) = 1.0000
SPEC+SURFACF AMEA (M2/KG) = 6040
KDCALC (KPA M3/KG=MuL) = 1654 04
TIME PHas  [Zn2]  (Felqp IN2+/PH2S
(MINS) (xPA) %103 («g-moi/m3 | (KG=MOL/M3 KPA)
4400 0:50 0489 0,43 +973£=03
10.00 1.02 0,489 0.30 1 489£=03
60400 2.78 2,754 N.D. +100E=02
" Y0.00 4.28 35626 N.D. +B4BE=03
120400 4475 433 0.358 +912£=03
150400 579 4,56 0.661 «788E=03
180.00 595 5 2,7 0.717 «883£-03
MEASURED (DP/DT)0 (KPA/MIN) = 0.148
FITTED (DP/DT)N  (KPA/MIN) = NeDs
MEASURED (P)EQ (KPA) = 5:95
FITTED (PYEQ (KPA) e NsDs
TABLE 1 58
EXPERIMENTAL RUN NQO a S6
SPHAyﬁRITE LEACHING IN AQUEQUS H2S5D8
SPHALs TYPE LEACHED = "90+7S WVM
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 0,0500
STINRER SPLED (kPu) = 80040
INITIAL H25uB (KG=MOL/M3) = 1.0000
SPFC+SURFACE AKEA (M2/KG) = 8040
KDCALC (KPA M3/KG=HMOL) = +1654f 08
TIME PH2S IN2+ IN2+/PH2S
(MINS) (KPA) (KG=MUL/M3) (KGg=MOL/u3 KpPA)
6400 2480 s 198E=02 W 709603
20500 456 1 357E=02 $782E703
60400 8432 +559£=02 W 672£°03
Y0400 9:19 «651E£~02 «70RE=0]
112,00 9,36 $T46E=02 1796£°03
MEASURED (0P/0DTI0  (KPA/MIN) = 0475
FITTED (0P/0120  (kHA/MIN) = NaDe
MEASURED (P)EW (KPA) = 9.19
FITTED (F)ty (KPA) " NaDs
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EXPERIMENTAL HUN NOe s
SPHALENITE LEACHING

SPHAL. TYPE LEACHED = ARM"75463
TEMFERATURE () = 314.00
INIT1A| M&SS (KG) = Ul050¢C
STIRRER SHELED (PM) s 1000.0
INTTIAL H2504 (KG=MOL/M3) s  1.,0000
SPECsSURFACE AREA (m2/x() = 0.0
KOCALC (KPA M3/KG=HOL) = +1654€ 04
TIME PH2S Zh2+ ZN2+/PH2S
(MINY) (KPA) (KG=MU{. /M3) (KG=MUL/M] KPA)
3e0u 1+69 «168BE=02 9Y6E=03
6100 2+59 Neby NeDo
15.00 4+51 »329E=02 W 7T29£=03
30.00 688 Nells NaDe
45.00 855 +569E~02 666£°03
60,00 9489 NasD% , NaDe
By«0L 10485 W711E=02 +655C€-03
MEASURED (DP/DTI0  (KPA/MIN) = 0.59
FITTED (OP/DT)0  (KPA/MIN) = NeD»
MEASURED (P)EQ (KPA) = 10.85
FITTED (PHEQ (KPAR) = NeDs
TABLE I 61
EXPERIMENTAL RUN NDe s 152
SPHALERITE LEACHING IN AQUEOUS H2S04
SPHAL. TYPE LEACHED s =75453 WBM
TEMPERATURE (K) = 318.00
INITIAL MASS (KG) a 0,0450
STIKRER SPEED (RPM) = 1000.0
INITIAL H2504 (KG=MOL/M3) 3 140000
SPEC«SURFACE-AKEA (M2/KkG) = 8040
KDCALC (KPA M3/KG=MDL) = 1658 08
TIME PH2S Ze2*l  IFe IN24/PH2S
(MINS) (kPAY 103 (kg-movm3d} (KG=MOL/M3 XPA)
2.00 047 0,918 0.40 +195€=02
10400 2+36 1,606 0.40 J682E=01
30.00 4,56 3,381 0.0 W741E=03
55,00 6:69  L,LOB C.40 +659E£-03
130.00 7.87 6578 0.4 «836E-03
150,00 8.81 8,108 054 s 75503
MEASURED (DP/DT)0 (KPA/MIN) = 0423
FITIED (DP/DT)0  (KPA/MIN) =2 N«Ds
MEASURED (P)EQ (KPA) H 0,00
FITTED (p)EQ (KPA) 2 NaDs
TABLE "1 63
EXPERIMENTAL RUN NOo = 151

A 80

189
IN AgUEOUS H2504

SPHALERITE LEACHING IN AQUEDUS H2SQa

SPHAL» TYPE LEACHED =
TEMPERATURE (K) =
INITIAL MASS (KG) =
STIKRER SPEED (RPH) =
INITIAL H2504 (KG=MOL/M3) =
SPECeSURFACE AHEA (M2/KG) =
KDCALC (KPA M3/KG™NOL) =
TImME PH2S  1Ze?]  [Felpor
(MINS) (KPA) ﬂO3ngwVwJ?
2.0V 0.+01 0,512 0,55
20,00 0439 107 088
40400 0«48 1,086 0.41
60,00 1419 4,973 068
135400 4481 5,278 0.84
180400 679  6.884 147

=125+106 2CR
318.0¢0
0+04850
1000.0
1.0000
1300

«1658F (4

IN2+/PH2S
JKG=MIL/M3 KPA)
W 7To6F=01
NaDo
1225F=02
W 166L~02
«110E~02
+101E°02

TABLE T 60

ExpbrlueNTAL HUN NUe .

192

SPHALERITE LEALHING 1IN AQUEDUS H2S(p4

SPHALs TYPE LEACHED = W =75+63
TLHPEHRATURE {(x) = 318,00
INITIAL MaSS (KG) = 040500,
STIrKER SHLED (ttFrM) = 1000
INITIAL H2504 (KG=nUL/M3) = 1,0000
SPECsSUHFACE AREA (MZ2/KG) = 0.0
KDCALC (KPA M3/KL=HOL) = 21654 04
TIuL PH2S 22 INZ2+/PH?S
(HIND) (KPA) (KG=MUL/M3) (KG=MUL/M3 KPA)
3agu 2440 2 153L=02 6370703
6,00 3.65 Nablio NesDs
10,00 4490 NeDs NeDe
15400 5499 2395£=02 «659C03
3000 Belb W 526E=02 2 647£"03
45,00 9.53 Naly NoDe
60400 1076 1681002 1 633£°03
85.00 11.91 NeDs NeDe
MEASURED (pP/DTIQ  (KkPA/MIN) = 0462
FITTED (pp/ulip  (KPA/HMIN) = NeDe
MEASURED (P)LWQ (KPA) = 11,91
FITTED (P)EQ (KPA) = NiDe
TABLE I 62
EXPLRIMENTAL RUN NDw = 148

SPHALERITE LEACHING IN AQUEOUS H2S5p4

SPHALe TYPE LEACHED = =17+12 WAM
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 0,0450
STIKRER SPEED (RPM) = 1000.0
INITIAL H2S04 (KG=MDL/M3) = 11,0000
SPECeSURFACE AKEA (M2/KG) = 32040
KDCALC (KPA M3/KG=MDL) = +1654f 04
TIME  PH2s  (Z4'] (Fekp IN2+/PH2S
(HINS) (KPA) 03 &9ﬂu/m5)(KG-MUL/M3 KPA)
2.00 1:.56 2 402 0.27 +154£°02
10,00 4.65 3,488 0.287 «750£=03
60,00 6e34 7849 0.L84 +917E-03
120400 8462 9. 484 0484 »110£=02
190400 9.6b6 9,683 0537 «100£=02
245400 17.02 107 0.627 $629£703
300400 2171 1109 086 +510£703
363400 26+39 1152 0806 +836E£°0)
420,00 29445 11,52 086 +391€-03
480400 30483 11,93 1,63 «387E703
MEASURED (OP/0T)0  (KPA/MINY = 0468
FITTED (op/0DT)o  (kPA/MIN) = NeDo
MEASURED (P)YEQ (KPA) = 30.83
FITTED (PYEQ (KPA) a NeDs
TABLE 1 64
EXPERIMENTAL RUN NQs 5 150
SPHALERITE {EACHING TN AGUEQUS H2S0b
SPHAL+ TYPE LEACHED = =75¢53 Z(CR
TEMPERATURE (x) = 318.00
INITIAL MASS (KG) a2 00,0450
STIKRFR SPEED (RPM) = 100040
INITIAL H2504 (KG=mUL/M3) = 11,0000
SPECsSURFACE AkEA (M2/KG) = 16040
KDCALC (KPA M3/KG=MOL) = «1654f 04
TINE PH2S  [Za®] Fel IN24/PH2S
(MInS) (KPA) x103kg-mai/m3)  (KG=MOL/M3 KPA)
3,00 0+08 0304 0.41 »342£=02
Y0.00 189 3571 082 1946702
120.00 2475 4,85 116 W 176E702
118400 S Be9T 7037 1,02 V142602
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. TABLE I 66
TABLE 1 65 EXPERTHENTAL RUN NQ» = 145

EXPEHTUENTAL HUN NO» = 147 SPHALERITE LEACHING IN AGUENUS H2508

SPHALERITE LEACHING IN AGUFOUS H2504

SPHALs YYPE LEACHED = =125¢106 PR
SPHAL « TYPE LEACHED = "17e12 ICR TEMPEPATURE (k) = 318400
TEMPLKATURE (k) = 318,00 INITIAL MASS (KG) = 0,0850
INITIAL MASS (KG) = V040 STIMRER SPEED (hPH) 3 100060
STINRLR SPLED (kby) = 100040 INITIAL H2506 (KGe=mUL/M3) = 1,0000
INITIAL H2504 (KG=MOL/M3) = 140000 SPEC.SURFACE AHEA (M2/kG) s 13040
SPEC«SURFACE ARLA (M2/KG) = 42040
KDCALC (KPA M3/KG=MOL) = +1654f 04
KDCALC (KPA M3/KG=MOL) =3 1654f 04 DCAL 3 ot 16594
2 TIME PH2S  Bn2*l  [Felyy IN2+/PH2S
TIME PH2S 1Zn®'l  IFelygr IN2+/PH25 (MINS) (KPA) 103 (ka-mol /md] (KG=MUL/M3I KPA)
(MINS)  (KPA) 103 (kg-wmoi/m] - KG=MUL/M3 KPA) 4,00 0e46 0291~ 0MNM7 «659£=03
2.60 0.06 0.881 0,642 «130E-01 20.00 1.07 0,26 0.43 «243F=013
60,00 197 2.94 0.836 +149£°02 600U 2.01 1101 0556 »SU6E=03
120,00 6.81 9,026 1.033 «133E702 Y0.00 4422 1,837 0.878 W 4516=03
180400 11.40 1140 1,219 +100E-02 120400 7436 3.0 0.95 +409E=03
240,00 18405 12,70 1,434 s 703E=03 240400 14475 L LO6 179 «299E=03
300400 23,21 137 1,613 +593E£°03 300400 26484 557 210 v221£°03
360.00 26496 1407 1.703 eH22€ 00 360400 27.38 672 2545 V266E=03
420400 30408 16,22 2.3€0 «539£703
TABLE 1 67 TABLE 168
EXPERIMENTAL RUN NQOo = 186 EXPERIMENTAL RUN NQe = 144
SPHALERITE LEACHING IN AQUEDUS H2504 . SPHALERITE LEACHING IN AQUEOUS H2504
SPHAL. TYPE LEACHED = =75+53 PR SPHALs TYPE LEACHED = =17+12 PR
TEMPERATURE (K) = 318.00 TEMPERATURE (Ky = 318400
INITIAL MASS (KG) = 00,0450 INITIAL MASS (KG) = 0,0450
STIKRER SPEED (RPM) = 1000.0. STIRRER SPEED (RPM) = 100040
INITIAL H2S04 (KG=MOL/M3) = 140000 INITIAL H2504 (KG=MOL/M3) = 11,0000
SPECSURFACE AREA (M2/KG) = 16040 SPEC.SURFACE AREA (M2/KG) = 82040
KDCALC (KPA M3/KG=MOL) = +1654E 0a KDCALC (KPA M3I/KG=MOL) = +1654F 04
TIME PH2S (z2n2*] [Feltor IN2+/PH2S TIME pu2s 12l ) [Feltor IN2+/PH2S
(MINS)  (KPA) x1Qkg-mol/m3) (KG=MOL/M3 KPA) (MINS)  (kPA) =103 kg-mol/m3} (kg-uOL /M3 KPA)
4,00 0e16 0199 0.448 s127E=02 2,00 0402 0612 ND +262E=01
40,00 2.52 1,36 089% +536E%03 14,00 0419 0622 0806 +338E=02
65,00 5495 2493 16 W419£=03 40,00 =1.73 1,209 0.89% NeDe
180400 22474 6.3 L122 §278E=03 60400 ~2.28 254 1,147 NuD»
240400 28.63 6,88, 4.4Q 1240E%03 140,00 2422 6195 2.01 1279E=02
330400 36450  8.23 5.37 $225E%03 240400 12+85 9255 502 +720E=03
360400 37.60 8,23 5.91 2219E=03 304400 20455 9970 7,348 +485E=03
390400 38470 8.261 5.914 +214E=03 374400 28430 1056 11.11 v 373E~03
453400 36424 10063 15,23 +293€=03
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APPENDTIX J

TABULATED EXPERIMENTAL RESULTS

FOR LEACHING UNDER CASE (ii) CONDITIONS

( (Fe ) ¢ (HpSO4), > 1,8)

The procedure adspted for processing case (ii)
experimental leaching results is described in

section G. 2.



. A 84

TABLE J1
SFHALLRITE LEACHING IN ACILIC FE2(S5U4)3
EXPERIMENTAL KRUN NO. = 122 [-125041060 pm)
SPFHALe TYPE LEACHED T HHM
TLMFERATURE (K) . 158 .0
STINRRER SPEED (kPH) = H0UD.0
INITIAL FE3s  (KU=nmUL/M3) = 049848
INETTAL H2504 (KU=MUL/M3) = N.D.
INITIAL ARLA (M2/KG) = 6540
INITIAL SULIOS MASS (KG) = 0.1000
TIuE IN2¢ FE3e H2504
(MINS)  (KG=HIL/M3I) (KG=MOL/M3) (KG=MOL/HM3)
7450 L7 L-01 +985E€ 00 NeDs
32400 SITE-01 +888E 00 NeD.
90400 08S E -0 »78BE 00 NiDs
165,00 <136 E 00 2« 716E 0O NeDs
FINAL EXTENT X =) = 0-2703
FINAL AREA (M2/KG) = 102,00
TOTAL DRY RESIDUL (KG) = 0+0769
SULPHUR EXTRACTEVD (KG) = 040076
MLASs INTL RATEUGMOL/MIN H3) = 00019
TABLE J 3
SPHALERITE LEACHING IN ACIDIC FEQ(SQA)3
EXPERIMENTAL RUN NOe =

46
SPHALe TYPE LEACHED WEM [-750+63,6pm

SIZE FRACTION x10% (M) =-750.630
TEMPERATYRE (K) 2 3430
STIRRELR SPEED (RPM) = 8090
INITTAL FE3s (KGL=MUL/M3) =" (0g1,7
INITIAL H2504 (KG=MUL/M3) = 0 337
INITIAL AREA (M2/KG) = g0Q
INITIAL SOLIDS MASS (KG) = 01
TIME IN2+ . FE3e H2504
(MINS)  (KG= MOL/M3)  (KG=MOL/M3) (KG=MQL/M3)
1.5 0.99466 0,824 0,337
5,5 0.0116 0.815 0316
10.0 0.0185 0,788 0,326
30,0 0,0382 0,761 0,332
5.0 0.0598 0.695 0,326
1220 0.0918 0.632 0,337
1800 0,12 0.60 0, 326
4350 0.199 0.442 0,339
4950 0.214 0,405 0.342
Final extent’ X (-1 =02102
Firal area im /kgl = 901
Total <dryresidue Ikg) = 0058
SULPHUR extracted (kg) = 0,034
Meas Intl rate {mal /min m3} = 0,0033
TABLE J 5
SPHALERITE LEACHING IN ACIOIC FE2(S04)3
EXPFRIMENTAL RUN NO. b ar
SPHALs TyPE LEACHED 2 WBM(-750+630ym)
TLMPERATURE (K) = 368.00
STIRRER SPEED (RPM) = 80040
INITIAL FE3+ (KG=MQL/M3) = 145041
INITIAL H2S04 (Ku™vQL/M3) = 045612
INITIAL AREA (M2/KG) = 8040
INITIAL SOLIDS MASS (KG) = 0.1000
TIME IN2+ FE3e H?2S04
CHINS)  (KG-MOL/M3) (KG-MOL/M3) (KG=HOL/M3)
2,00 2 131E=V1 v149E 01 W57T1E 00
5,00 s4b7E=UL y145E 01 W566E 00
10400 $704E"01 © o139 01 +582€ 00
30400 150 00 +127€ 01 V6128 00
45,00 $196F VU 126 01 +600E 00
77400 W277E VU +103E 01 +638F 00
137400 «3h%6E U0 +B43E 00 «648F 00
197.00 $392€ UO +T16E OC W688F 00
FINAL EXTENT X =) = 0s3848
FINAL AREA (M2/KG) = 105470
TulaL ULRY RESILUL (KG) = 040630
SULPHUK EXTHACTEU (KG) = 0-0118
MEASs INTL RATHAKG-MNDL/MIN MI) = #125 £=0

TABLE J 2 ’
SPHALLRITE LEACHING IN ACIDIC FL2(S504)3
EXFERIMENTAL RUN NOo = 330
SkuALe TypE LEACHED L] WM {-200+750)
TEMPERATYURL (K} s 318.00
STIMRLR SPEED (RFM) = 1000.0
INITIAL fFLds  (Ku=wppL/nd) » 1.0386
INITIAL H2504 (Ku=miL/nd) m 0.8228
INITIAL AREA (mg/Ku) = 8040
INITIAL SULIDS MAL (KG) w- 021500
TIME IN2* FE3+ H2504
(MINS) (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3)
6400 1612E=02 +104E€ 01 NeDs
30400 s184£=01 1967EC 00 NeDo
60,00 $283E~U1 +950E 00 NeDe
122,00 “B28E=01 »949E 00 NeDs
240400 1629E"Ul +870E 00 NoDs
560400 +109E 0O «741E 00 NeDs
1230,00 179 0O +600E 00 NeDs
FINAL EXTENT X =) = 0e¢1171
FINAL AREA (M2/KG) = 77.00
TUTAL DRY RESIOUE (KG) = 061110
SULPHUR EXTRACTED (KG) = 040058
MEASs. INTL HATLKG-MOL/MIN M3) = +667TE=03
TABLE J 4
SPHALERITE LEACHING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN MO = a8
SPHALs TYPE LEACHED = WBM(-750 +63,0 um)
TEMPERATURE (K) 2 355,50
STIRRLR SPEED (RPM) = 80040
INITIAL FE3+ (KG=MOL/M3) = 047950
INITIAL H2504 (Ku=MQL/M3) = (2980
INITIAL AREA (M2/XG) = 8040
INITIAL SOLIDS MASS (KG) = 0.1000
TIME IN2* FE3* H2504
(HINS) (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/MI)
2,00 «627E=02 W768E 00 »306E (O
5,00 «217g01 +750E 00 #311E 00
15,00 «85]E"U1 725 00 3176 00
30400 s6842E"U1L +698E€ 00 «300E 00
45,400 1 814g=V1 v671E 00 +316E 00
75400 »113( VO +609E 00 +332€ 00
FINAL EXTENT X (=) = 0.1111
FINAL AREA (M2/KG) = 90.10
TOTAL DRY RESIDUL (KG) = 0.,0024
SULFHUR EXTRACTEU (KG) = 040035
MLAS. INTL RATEKGMOL/MIN M3) = +429 E=02
TABLE J 6
SPHALERITE LEACHING IN AclDIC FE2(504)3
EXPERIMENTAL RUN NQO4 = 128
SFHiLs TYPE LEACHED = WBM [-220+24,0pm)
TLMFERATURE (K) = 318,00
STIRRER SPEED (RPHM) = 100040
INITIAL FEJ+ (Ku=MOL/M3) = (.2256
INITTIAL H2S08 (Ku*MUL/M3) = 0s122a
INITIAL AREA (M2/KG) = 140,0
INITLAL SOLIDS MASS (KG) = 040500
TIME IN2+ FE3¢ H2s0a
CMINS)  (KG=MOL/M3)  (KG=MOL/M3)  (Kg=MOL/MI)
2,00 e214E"V2 217E 00 +BT1E 00
10.00 49 0E~u2 »202E 00 NeDos
30400 $106E=01 +193E 00 +880E 00
130,00 +259E =01 +189E 00 NeDo
FINAL EXTENT X (=) = 0+0512
FINAL AREA (M2/KG) = 199400
TUTaL pHY RESIOUL (KG) = 00707
SULFHUR EXTRACTED (KG) = 0:0022
MLASe INTL RATEKGHMOL/MIN M3) = 555 E=0]
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TABLE J 7

SFHALERITE LEACHING [N ACIDIC FE2(504)3
EXPERIMENTAL RUN N{. - 127
SFHALs TYPE LEACHLD WBM

S1Zg PRACTION  x108 (M) -2L0+170
TEMFERATURE (K) 3180
STIRKER SPEED (RPH) 10000
INITIAL FE3+  (KRG=MUL/MI) 0.2131
INITIAL HPS04 (KG=MOL/H3) 05,1235
INITIAL AREA (H2/KG) 3200
INITIAL SOLIUS MASS (KG) .05

TImtE IN2* FE3+ H2S04
(MINS) (KG="MOL/M3) (KG=MOL/M3) (KG=HOL/M3)

1.8 0179 E-02 0.220 0,112
7.0 0314 E-02 0.213 0,110
30,0 0,768 E -02 0.200 0,118

Meas. intl. rate [kg-mol /m3) = 0,00t

TABLE J 9 .

SPHALERITE LEACHING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN NO» = 116

SPHAL TYPE LEACHED VHMWBM
TEMPERATURE (K~ 318.00
STIkRRLR SPEED (RPM) 80040
INITIAL FE3+ (Kw"MOL/M3) 0+1504
INITIAL H2506 (KG"MOL/M3) 0.,0510
INITIAL AREA (M2/KG) 3272.0
INITIAL SOLIDS MASS (KG) 040200

TIME N2+ FE3s H2S04
(MINS)Y  (KG™MQL/M3I)  (KG=MOL/MI) (KG=MOL/M3)

5.50 e110£-701 +118E 00 +S00E=01
15,50 W161E%01 «113€ 00 s469E=01
33400 2236E701 2 989E=01 «531E=01
69.00 #333g~01 +788E=01 s 490E=01

FINAL EXTENT X =) E 062110
FINAL AREA (M2/KG) = 1637400
TOTAL DRY RESIDUL (KG) = 0.0164
SULPHUR EXTRACTED (KG) = 020012
HEAS . INTL RATEHKG-MOL/MIN H3) a »210E=02
TABLE J N
SFH&LERITE LEACHING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN NOa = 10
SPHAL. TYPE LEACHEQ = ZCR
SIZE FRaCTIgN X10° (M) = =212,0
TEMPERATURE () = 303,00
STIKRER SPEED (RPM) = 800,0
INITIAL FE3+ (KG™MOL/M3) = 00,3760
INITIAL H2SD4 (KG=MOL/M3) = 0.1837
INITIAL AREA (M2/KG) = 45045
INITIAL SOLIDS MASS (KG) = 040200
TIME IN2* FE3+ H2s504
CMINSY  (KG=MOL/M3)  (RG=MUL/M3) (KG=MOL/MI)

1.50 s 73ag=~02 +358L 00 «1B4E 00
7400 W 795E~02 +358E 00 W176E 00
60400 s184E=01 «347E€ 00 L1723 00
90,00 s 1HSE~UL +340E 00 1787 00

120,00 v199£=01 +333E 00 Nally

MEAS, INTL. RATE (kg-mol/m minl= 0,101 E-03
MEAS INTL {Zn® (kg-mot/md = 00068

TABLE J 8

SEHALERITE LEACHING IN ACLUIC FE2(S04)3
EAMERINMENTAL RUN NQ. - 74 .
SrHaps TYPE LEACHED = HH#(J]OJZDym)
TeMpEHATYNE . (K) x 323,00
STIKRER SPEED (rRPH) & AODLO
JHITIAL FE3+ (KG™MOL/H3) = 0.1568
IITIAL H2SU4 (Ku™MUL/M3) = 00612
INIYIAL AREA (M2/KL) = 420.,0
INITIAL SOLIDS MASS (KG) = (060300

TIuME IN2+ FE3s H2504

CHINS)Y  (KG=MIL/HMIY  (KG=mOL/MI)  (KG=MDL/M3)

5.50 1 291E=02 W 134E 00 +602E=01
15.00 s hH9E=U2 +133F 00 W592£701
30400 s6BRE=U2 w131E 00 +602E=01
60,00 s118E=V1 +122€ 00 1602£=01

FINAL EXTENT X (=) = 003854
FINAL AREA (M2/Ku) = 359440
TnTaL DRY RESIDUL (KG) = 040261
SULPHUR EXTRACTED (KG) = 040003
MEASs INTL RATCIKGHOL/MIN M3) = 80 E=03

TABLE J 10
SPHALERITE LEACHING IN ACIDIC FE2(S0a)3
EXFERIMENTAL RUN NOa 118

SrHaLs TYPE LEACHED VMWBM
TLMPERATURE (K) 338400
STIRRLR SPEED (RPHM) 80040

LnITIAL H2SU4 (Ka=mgL/M3) 0.0725

a
L]

INITIAL FE3+ (Ku*MOL/M3) = 0,3044
L]

INITIAL AREA (M2/KG) = 327240

INITIAL SOLIDS MASS (KG) 040200
TIME N2+ FE3* H2s50a
(MINS) (KG=MOL/M3) (KG=MOL/M3) (KG~MOL/M3)
5450 4260£°01 2726 00 NeDe
15,00 +382E=01 W210E 00 NeDs
45,00 $512E=ul +188E 00 NeDs
74450 1 630F=01 «183E 00 NaeDe
255,00 0956E=01 «11BE 00 NeDs
FINAL EXTENT X =) * 0+5600
FINAL AREA (M2/KG) = 1309,00
TUTAL DRY RESIDUE. (KG) = 00121
SULPHUR EXTRACTED (KG) = 040023
MEAS. INTL RATHKGMQL/MIN M3) = 0 690E=02
TABLE J 12
SPHALERITE LEACHING IN ACIDIC FE2(S00)3
EXPERIMENTAL RUN ND. = 11
SPHALe TYPE LEACHE = ZCR
SIZE FRACTION x1 (M) = =212.0
TLMPERATURE (K) = 323,00
SIIRRtR SPEED (RPM) = 80040
INITIAL FE3+ (KL="MOL/M3) = 043760
INITIAL H2504 (KG=MQOL/M3) = 041837
INITIAL AREA (M2/KG) = 45045
INITIAL SOLIDS HMASS (KG) = 040200
T1ME IN2¢ FE3+ H2504
(MINS)  (KG=M0L/M3) (KG=HIL/M3) (KG=MOL/MI)
1400 W 704g"02 +376E 00 +1B4E 00
20.00 015901 »355€ 00 «184E 00
120400 V428E=01 +304E 00 NoeDe
150400 s482E701 W 297E 00 NeDo
MEAS, INTL.RATE(kg-mol3min) = 0,372 E-03
MEAS. INTL.I1Zn?1 (kg-mol/m3| = 00064
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TABLE J 13 : TABLE J 14
SPHALERITE LEACHING IN ACIUIC FER(S5U4)I 5:nﬁLleTIALLiFHIxB In Ac]EXc 252(504)3
EXPERIMENTAL RUN NO = 9 ; LQP'NIH;HJ,LLL:SHL ) . 72¢R
SFraLs TYPE LEACHLD = 2CR LA VY " - iAva a
Size tracTion k165 () = =212,0 SpedEseIIon  alem (W) Fie
TLHHEKATURE (K) = 358,00 4l hny h Oaaied
SYIRRLR SPEED (kFEM) = 8000 ; STIRRER SPEED (ibw) w 0
INITIAL FEJe (KG=MQL/M3) s 043760 INITIAL FE3+¢ (Ku=HyL/43) ® 0,3671
IHIYTAL HZ2SU4 (Ku=MIL/M3) = 041939 INITIAL H25U4 (KG=MuL/HI) ®= 041878
INITIAL 4REA (M2/KG) = 45045 INITIAL AREA AM2/%u) = 45045
INITIAL SOLIDS MASS (KG) = 040200 INITIAL SOLIDS MA3S (KG) = 040200
. FE3* H2S0A T1Mt IN2* FE3+ H2504
(liﬂt) (xofsz/na) (KG=NOL/M3)  (KG=MUL/M3) (RINS) - [KGoMOL/UI)  (KG MBI I ERESERRS
150 e147g"01 +322E 00 s 176E 00 1.00 $272L=01 +356E 00 1B4E O
5,00 W 245E701 $322E 00 +1768E 00 5,00 +324E°01 +322¢ 00 185 00
15400 +398E=01 «304E 00 NeDs 10400 v4T4E=UY 1283E 00 NeDo
30400 566€£=01 «265€ 00 «184E 00 19.00 eS4BE=U] +265E 00 NeDa
45500 W 704E=01 «244E 00 204 00 30400 s 765E=UL +222E 00 NeDo
61,00  «B26E=01 +215E 00 NeDs 60400 #973E"01 * 1 6BEG% Nil=
75.00 «878£"01 «197€ 00 W194E 00 90,040 «115¢ 00 «147€ 00 +206E 00
90400 +933£=01 «192E 00 190E 00 120400 P 121E WO +125€ 00 NeDa
120490 +102E uU «172E 00 +194E 00 éggtgg ':igg b ';§:E_g? -f;;g_gs
. 19 v . s . -
150400 112g 00 11588 00 194€ 00 223000  141E VO 1859£-01 NeDeo
MEAS. INTL.RATEIkg-mol /m3min) = 0,1176 E-02 MEAS. INT LRATE lkg-mol /mimin} i 95
. . - Mo ’mi = 2 o
MEAS. INTL.IZn2Ykg-mot/m3}) = 00279 MEAS INTL (202 (kg-mol/m ) o 89778
TABLE J 15 TABLE J 16
SPHALERITE LEACHING IN ACIDIC FE2(Sus)3 SPHALERITE LEACHING IN ACIOIC FE2(504)3
EXPERIMENTAL RUN NO. = 14 EXPERIMENTAL RUN NQO4 = 124
SFHALs TYPE L[Acncg s 7CR SPHALe TyPE LEACHLD = 2CR
SIZE FRACTION Xx10° (M) = =10640+9040 SIZE FRACTION X105 (M) = =10640¢ 9040
TLMPERATURE (K) = 343,00 TLMPERATURE (K) = 358,00
STIRRER SPEED (RPM) = 8000 . STIKRER SPEED (RPM) = 800,0
INITIAL FE3+ (Ku™MOL/M3) = 043832 INITIAL FE3+ (KL=MOL/M3) = 0.3538
INITIAL H2534 (RG=nuOL/M3) = 0.1878 INITIAL H2S504 (Ku=MQL/M3) = N.D.
INITIAL AREA (M2/KG) = 14040 IGITIAL AREA (M2/KG) = 14040
INITIAL SOLIDS MASS (XG) = 0.0200 ) INITIAL SOLIDS MASS (XKG) = 00500
TIME IN2+ FE3* H2504 TIME IN2* FE3+ H2504
(MINS) (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3) (MINS) (KG=MDL/M3) (KG=MOL/M3) (KG=MOL/M3)
2400 P434E7C2 «38B3E 00 +188E 00 6300 2 262E~01 +299E 00 NeDs
6.U0 +120E°01 2383 00 NuDs 15,00 s421E=01 1258E 00 NeD»
15,00 +160E=01 +365E 00 NeDo 30400 +598£~01 +215E 00 NaDs
30.00 W212E°01 +351E 00 NeDo 50.00 o 750E=01 «201E 00 NeDs
45,00 12976=01 »337€ 00 © «188g 00
60400 s344E701 «324E. 00 NeDo» FINAL EXTENT X =) = 041590
90400 2428E°01 +304E 00 NeDa FINAL AREA (42/KG) = 295430
120.00 +520£°01 +286E 00 «186FE 00 TUTAL DRY RESIDUL  (KG) = 0,0800
150.00 »S78E=0L »269E 00 NaDs SULPHUR EXTRACTED (KG) = 040020
210400 s661E°01 «251E 00 «190E 00
303,00 WT4TESV] +231€ 00 «191E 00 MEAS. INTL RATHKGMOL/MIN M3) .= «187E=02
325.00 +872E701 +215€E 00 «192€ 00 BLAS. INTLs ZN2¢ po-MOL/M3) = 0.0150
360400 +884E*U1 «210E 00 NeDs
MEAS. INTL.RATE [«g-mol/m3min) = ‘0.421 E-03
MEAS INTL 1Zn?1 (kg -mol/m3) = 00692 TABLE J 18
: SFHALERITE LEACHING IN ACIDIC FE2(SU4)3
EXPERIMENTAL RUN MO = 2
’ SPHALs TYPE LEACHE = 2CR
TABLE J 17 SIZE FRACTION xlog (M) = =106.,0% 90+0
SPHALERITE LEACHING IN ACIDIU FE2(S0a)3 TLMPERATURE (K) = 368,00
EXPERIMENTAL RUN NO, a 18 STIRRER SPEED (RPM) = 80040
SFHALs TYPE LEACHEg = ZCR INITIAL FE3+ (KU="mgL/mn3) = 00,9270
SIZE tRACTIGON  x10% (w) = =106,0¢9040 INITIAL H2504 (Ku=MUL/M3) = (Q.4b592
TEMPERATURF (K) = 368,00 INITIAL AREA (M2/KG) 3 14040
STIkRER SPEED (RPH) = 80040 INITIAL SOLIDS MASS (KG) = 00500
INETIAL FE3+  (Xu“MDL/M3) = 0+3617
INITIAL H2S04 (KGU=MUL/M3) =2 041867 TIME In2¢ FE3+ H2s504
INITIAL AREA (M2/KG) = 14040 (HINS)  (KG=MOL/M3) (XxG=MOL/M3) (KG=MOL/M3)
INITIAL SDLIDS MASS (KG) = 040200 ) 2.00 $242E-01 +906E 00 «459E 00
. 5400 67 E"0] +865E 00 «473E 00
TIME N2+ FE3« H2s04 10,00 e 765£=01 WT77E 00 «a82€ 00
CMINS)  (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3) 20400 »116E 0O 1686E 00 J4B8FE 00
2.00 s857E"02 »358E 00 «187€ 00 30,00 ©+ #151FE wO v616E 00 s490E 00
6400 W177£=01 1 337€E 00 NaDao 45,00 +181€ 0O +537€ 00 498F 00
10,00 2 268E"01 +315E 00 NeDo 60,00 «20BE OU +a8UE 00 . +504E 00
15400 +3370=01 «297E 00 NeDs 62400 $223F 00 Wa7bBE 00 «512E DO
30,00 +502£=01 +254E 00 +190E 0Q T0.u0 v 2310 U V455E 00 NaDs
45,00 6I6E=01 $229E 00 NeDs . 80.0Y $237¢ 00 W Q44E 00 NeDs
60,00 27280701 12064E 00 NaDe 90400 e263F 6O 2023 00 +S1BE 00
90,00 WB49E=01 CITHE QO NaDs 105,00 s266F GO +801E 00 +524E 00
l4g.00 1959E=01 »143E 00 NeDa 135,00 +2B1E VU «347E 00 «527F 00
180,00 $109€ U0 $122E 00 NeDeo 165,00 s 297€ WU +313€ 00 +524F 00
MEAS. IHTL.RATE fkg-mot/mImin) = 2.32 « 109
- ' FINAL EXTERT X (=) = 0¢45820
MFAS INTL [Tr2] [kg-mol/m3) = 00013 FinaL AREA (H2/KG) =  337.40
TnTaL DRY RESIpUEL (RGg) = 0:.0292
YULPHUR EXTRACTLYD (KG) = 0.004)

HEAS s INTL RATERMAL/ZMIN M3) L] +600£=02
BEAS, INTL, ZNps (K MUL/M3) - 0+0150



TABLE J 19

SPHALERITE LEACHING IN ACILIC FL2(S504)3
EXPERIMENTAL RUN NU» B 120

SHHALe TYPE LEACItE % 2CR

SiZr FRACTION X1 (M) . =90,0¢ 75.0

TLHMPERATURE (K) ® 338,00

SIIRRLR SPEED (RPM) = 800,0

INITIAL FE3e (KL=MOL/M3) = (+30448

INITIAL HZ2S04 (KGTMOL/M3) = N.C.

INITIAL AREA (M2/KG) = 15040

INITIAL SULIUS MASS (KG) = 00,0500
TIME ZN2e FE3+ HosN4
(MINS)  (KGeMQL/M3) (KG=MOL/M3) (KG=MOL/M3)

4400 +903g=u2 1286E 00 NoDos

20400 W207€=ul 22728 00 NeDs
75,00 sha4g=U1 2 224F 00 NeDs

FINAL EXTENT X ) = 040940

FINAL AREA N (M2/KG) = 308450

TUTAL DRY RESIpDUL (KG) = 00418

SULPHUR EXTHACTEU (KG) = 040013

MLAS. INTL RATEIKGMOL/MIN M3) a »970E~03
MLASs INTLs ZN2¢ [KG-MOL/M3) 8 060050

TABLE J 21
SPHALERITE LEACHING IN ACIDIC FE2(S04)3

LXPERIMENTAL RUN-NO. = . 26
SPHALe TYPE LEACHE = ZCR
SIZE FRACTION X1 M) = =90+0¢ 7540
TLMPERATURE (K) & 368,00
STIRRLR SPEED (RPM) 3 80040
INITIAL FE3+ (KG=MOL/M3) = 1+4826
INITIAL H2S04 (KuL=MOL/M3) = 0.80481
INITIAL AREA (M2/KG) = 15000
INITIAL SOLIDS MASS (KG) = 041000
TIMmE IN2¢+ FE3+ H2S504
(MINS) (KG=MOL/M3) (KG=MOL/M3) (XKG=MOL/M3I)
5,00 «102E VO +136E 01 «790E 00
15.00 +223E VO «111E 01 2788F 00
30.00 3126 00 +B867TE 00 " W794E 00
46400 +382g VO #«738E 00 «806E 00
60400 «816E 00 +648E 00 «812€ 00
90400 W477E 00 «501E 00 «822E 00
150.00 +581€ 0O Vv344E 00 W841E 00
215400 0639E VO +201E 00 «841E 00
FInNAL EXTENT X ") z 06830
FINAL AREA (M2/KG) = 234430
TUTAL DRY RESIDUE (KG) = 0+0854
SULPHUR EXTRACTED (KG) = 0.0138

MEASe INTL RATEKGMOL/MIN M3) 2 +118E=01
MEAS, INTLs ZN2¢ (KG-MOL/M3) = 0.0300

TABLE J 23
SPHALERITE LEACHING IN ACIDIC r[z(soa)a
EXPERIMENTAL RUN NOs

SPHAL. TYPL LEACHLg = ZCR
SI1Zg FRACTIUN X10° (M) = =7540% 630
TEMPERATURE (K) = 323,00
STIRRER SPEED (RPHM) = 800,0
INITIAL FE3+ (KG=MyL/M3) = 0.8864
INITIAL H2504 (KG=MUL/M3) 3 Qe4541
INITIAL ARER (M2/KG) = 15040
INITIAL SOLIDS MASS (Kg) = 041000
JTIME IN2+ FE3+ H2S04
(MINS)  (KG=HMGL/M3)  (KG=MOL/M3) (KG=MOL/M3)
1,00 182E-U1 «877€ DO 1416E 00
6450 $269E"0U1 " WB76E 00 W417E 00
15,00 2 344E=01 +838E 00 WJ418E 00
30400 va85£=ul WR17E 00 W&17E 00
60,00 s 68BE~U1 »748E 00 1 415E- 00
90,00 +904E=ul L698E 00 W415E 00

FinaL EXTENTY X =) . 0+0960
FINAL AREA (H2/KG) = 216480
TOTAL DRY RESIDUL (K3) = 040771
SULPHUN EXTRACTEL (KG) = 0.0028

MLASs INTL RATEKOGMOL/ZMIN M3) " 1132607
MEAS Y INTLe ZNZ2¢ {(Ku-tUL/M3) = 0,0180

TABLE J 20°
SPHALLRITE LEACHING IN AgIUIC FE2(S04)3
EAPERIMENTAL RuUN NQo 24

SPHALs TYPE LEACHLD = 7CR

SIZE PRACTION £105 (M) = =90.0% 7540

TLMPERATURE (K) = 343400

STIRRLR SPEED (RP4) = 800.0

INITIAL FE3s (KGTMOL/M3) & (,9132

INITIAL HPSO4 (FG=MUL/M3) = 0.,4592

INFTIAL AKEA (HM2/KG) = 15040

INITIAL SULIDS HASS (KG) =  (.0500
TIME IN2+ FE3e H2s04
(MINS) (KG=MOL/M3) (KGg=HOL/M3) (KG=MOL/M3I)

1,00 $106E°01 +911E 00 «455E 00
5.:00 s 200£°01 «906E 00 «451€ 00

10400 «359£=01 ¢«R59E 00 «459E 00
15400 1451€=01 +845E 00 «471E 00
30400 W 704g=01 W 757E 00 s469E 00
45,00 +803E-01 s 734E 00 +469€ 00
60400 +109€ 0O s 695E 00 W465E 00

FInap EXTENT X =) = 042309

FINAL AREA (M2/%xG) = 311.20

ToTAL DRY RESIDUE (KG) = 00390

SULPHUR EXTHACTEL (KG) = 0.0019

MEASe INTL RATHEKGHMOL/MIN M3) = s240E%02

MEASs INTLs ZN2¢ MUL/M3) = 0.0100
TABLE J 22

SPHALERITE LEACHING IN ACIDIC FE2(S504)3

EXPERIMENTAL RuUn NO = 27

SPHAL» TYPE LEACHED = ZCR

SIZE FRACTIDN x106 (™) = =90.0 #75.Q

TEMPERATURE () = 368,00

STIRRLR SPEED (RPHM) = 80040

INITIAL FE3+ (KG™MOL/M3) =z 049025

INITIAL H2SU4 (KG=MOL/M3) = 0,4745

INITIAL AREA (M2/KG) = 15040

INITIAL SOLIDS MASS (KG) 3 041000
TIuME IN2+ FE3+ H2S504
(MINS) (KG=MQL/M3) (KG=MOL/M3) (KG="MOL/M3)

3,00 V589E=01 +818E€ 00 J456E 0C
6:00 +987E=U1 «731E 00 W445E 00

10.00 #133€ uD +630E 00 451 00
15,00 s 170E UV +S73E 00 W459E 00
30,00 237 0O v415C 00 s471E 00
66400 +323¢ 00 «231E 00 482 00
75.00 1 361E WO +159€ 00 s4B4E 00

FINAL EXTENT X ) = 043840

FINAL AREA (M2/KG) = 316470

TOTAL pRY RESIDUE  (KG) =  0.0482

SULPHUR EXTRACTED (KG) =  0.008a

MLASs INTL HATHKGMOL/MIN MI) = +120£=01
MEASs INTLs ZN2+ (KG-MOL/M3) = 00250

TABLE J 24
SPHALERIYE LEACHING IN ACIDIC FE2(508)3
EXPERIMENTAL RUN NOs = 17
SFHAL s TYPE LEACHE = ZCR
SIZE FRACTIDN Xl (®) = =~45,0438.0
TLMEFERATURE (x) = 343,00
STIRRLR SPEED (RPM) = 80040
INITIAL FE3+ (KG=MOL/M3) = 043671
INITIAL H2S04 (KG=#MQL/M3) = (+1857
INITIAL AREA (M2/KG) = 185,0
INITIAL SOLIDS MASS (KG) = 040200
TIME IN2+ FE3e H2504
(MINS)  (KG=MQL/M3) (KG=MUL/M3) (KG=MOL/M3)
1.00 +S500E=U2 «365C 00 NeDs
7,00 1048E=u1 +355E 00 NaDe
15400 s182E=01 +329E 00 +202€ 00
31.00 v312€~ul +304E 00 s186E 00
45,00 +3938~u1 +286E 00 NaDs
60,00 eh88E=UIL #269E 00 NeDs
90400 SBAE=Ul 1247 00 NeDs
120400 W670E°V1 2227E 00 +186F 00
155,00 750t %l 1956 00 NeDs
180.00 v812€=01l +168E 0O »185E 00
MEAS. INTL RATE lkg-mol /w3min) = 0.914x 109
MEAS. THTLZ0 | («g-moldo3] = 33 x103
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TABLE J 25 TABLE J26 )
SPHALERITE LEACHING IN ACIUIC FL2(SU&)I T OSPHALERITE LEACHING IN ACIUIC fLZ(SO“)3
EXPERIMENTAL RUN N(. n 15 lKPLHlchT:L ?gg :u- : zcsl
P . I 4 n SPHALs TYPE LEACH
zi;:LrHZZI%u;[Aixt (H) = 2555.0.3a,o S1Zt PRACTIUN xxug (H) = 'QSoO‘JB.O
TLPEERATURE (K) s 368,00 TLMPERATURL (K) * 358,00
SIIKRLN SPEED (kPH) 3 BU0.0 STIkwrbR SPEED (KPH) = BUNLO
INITIAL FE3+ (Ku“MOL/M3) ® 043471 INITIAL FE3+ (KU™MUL/H3) = 023617
INITIAL H2S0U4 (KU=MUL/M3) = (41R78 INITIAL H2Suw (KG=MDL/M3) = O0s1A78
INITIAL AwWEA (M2/KG) 16540 INITIAL AREA (M2/KG) ® 18540
INITIAL SULIDS MADS (KG) =B 0.U200 INITIAL SOLIDS ™MASS (KG) = 0s40100
TIME IN2¢ FE3+ H2504 TIME IN2¢ FE3e n:zsoa
CHINS)  (KG=HQL/M3I)  (KG=MAL/M3) (KG=MOL/M3I) CMINS)  (KG=MOL/M3) (xg=MDL/MI) (KG.HUL/MJ)
1,00 s 704E=02 »367E 6O W1B4F 00 1450 s490E°0¢ +362E 00 1B7E 00
5,00 $212(=ul v329E 0D « 1BHE 00 5.60 v128g=U1 +364E 00 +187E 00
10,00 WILLE=OL +299E€ 00 +1B9F 00 111060 $228E"U1 +322E 00 +1B9E 00
15,00 W 440E=01 1 272E 0O J191E 00 15.00 $292E=U1 +308E 00 :193E 00
25400 «620€£=01 «233E 0O D194 00 20400 347V +290E 00 +»194E 00
40,00 78301 W197E 00 +197E 00 30400 4336701 W276E 00 +198E 00
60400 s903E"01 s 165E 00 «200E 00 45400 150901 «251E 00 «199€ 00
90,00 «103F w0 +136€ 00 .203E 00 6000 554E°01 W 26U0E 00 +201E 00
120.00 f114E 0O W111E 00 +206E 00 75.08 .S;EE-:: .SSZE gg .gg?g gg
- 900 oG - ' N
180.00 1125 00 +895E£=01 «206E 00 WA Ceasre01 L516E 00 1204€ 00
MEAS. INTL.RATE lxg-mol/m3min} = 3,44x107 3 151,00  +695E=U1 . 2ULE 00 .203E 00
MEAS INTL 121 lkg- mol /md) = 3.0x10"% 160,00  «69BE-UL «202E 00 +204E 00
210400 $ 72501 +201E 00 +204E 00
240400 W 750E701 »199E 00 1204E 00
MEAS, INTL.RATE (kg-mol/m3min| = 2.5x10°
MEAS INTL Zn?'] {kg-mol/m3 | = 1,0x10%
TABLE J 27 ' TABLE J 28
SPHALERITE LEACHING IN ACIDIC FE21s504)] SPHALERITE LEACHING IN ACIDIC r[2(50“)3
EXPERIMENTAL RUN NOo = 75 EXPERIMENTAL RUN NO. a
SknaLs TyPE LEACHE = ZCR SFHALs TYPE LEACHED £ VMZCR
SIZE FRACTION X1 (M) = =17.5 ¢ 1247
TEMPERATURE (x) = 323.00 TEMPERATURE (K) = 218.0
STIRRER SYEED {RPH) = 800.0 STIRRER SPEED (RPH) = 8000
INITIAL FE3+ (KG=MOL/M3) = 0.1a50 INITIAL FE3+ (Ku=MOL/M3) = 0.14L
INITIAL H2SU4 (KG=MDL/M3) = 000592 INITIAL H2504 (KG="MOL/M3) = 0.0633
INITIAL AREA (M2/KG) 3 842040 INITIAL AREA . (M2/KG) = 27080
INITIAL SOLIDS MASS (KG) = 040200 INITIAL SOLIDS MASS (KG) = 0.02
TIME N2+ FE3+ H2504 TIME N2+ FE3e H2s504
(HINS) (KG=MOL/M3) (KG=MOL/M3) wg;;‘-ﬂL(/)Ml) (MIND)  (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3)
.00 1566E7U2 +141E 00 , £=01 .
12.00 $887E-U2 $ 1408 00 +S41E=01 7.0 0.199 E-01 0,074 0.069%
30,00 +138g=V1 v122€ 00 «531E=01 16, 0 0,289E-01 0.0798 N.D
45400 +193E=Ut +115€ 00 »SS1E=01 25.0 0.3LLE-01 0.0609 ND.
120400 «333g=01 «824E-01 NeDo 5.0 0408E-01 00486 e
FInaL EXTENT X (=) = 0s1770 - E‘SQLE;TENTX (z,.l = 02171
FINAL ARER (M2/KG) = 525.30 ) INAL AREA Im#¥kgl = 18010
TOTAL DRY RESIDUE  (KG) = 00146 TOTAL DRY RESIDUE  [kg) = 0.0141
SULPHUR EXTRACTEUL (KG) = 0+0010 . SULPHUR EXTRACTED {kg) = 00012
MEASe INTL RATHKGMOL/MIN M3) = 330E-03 MEAS, INTL, RATE Ikg-mol/m3min)z= 35x103
MLASs INTLe ZN2+ [KG-MOL/M3) = 0,0040
TABLE J 29
SPHRALERITE LEACHING IN ACIDIC FE2(SUL&)3
EAPERIMENTAL RUN NOW = 119
SPHAL TyPE LEACHED = yMZCR
TEMPERATURE (K) = 338,00
STIRRER SPEED (KPM) = dU0.0
INITIAL FE3+ (Ku=MOL/H3) =  0.2990
INITIAL H2504 (KG=MUL/M3) = N.D.
INITIAL ARES (M2/KG) =  2708,0
INITIAL SOLIDS MASS (KG) = 00200
TInE IN2+ FE3+ H2504
{MINY) (KG=M0L/M3) (KG=MOL/MI) (KG=MUL/MY)
10,00 WJA21E=Ul «193E 00 NeDs :
30400 $5978=01 s175E 00 NsDs
75,00 W 795E=01 +133E 00 NeDs
120400 +883E"V1 +110E 00 NsDa
FINRL EXTENT X (=) 0:a790
FINAL AREA (M2/KG) 2442,00 o

a
=
TUTaL DRY RESIDUL (KG) = 0s0136
SULPHUR EXTRACTEU (xG) = 0e0029

MEAS. INTL RATHES-MOL/MIN M3) = $700F=02 )
MLAS, INTLs ZNZ24+ (Ko-MUL/M3I) = 0,0000
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TABLE J30
SPFHALERITE LEACHING IH ACIDIC FL2(Sy4)3
EAPERIMEGTAL KUl Nis s 123 '
SFraLs TYPL L[ALHLP L PH
SIZ FRACTION  X1U° (M) s «1046,0¢90.0
TtupEHATYRE (x) = 318,00
STIKRLR SPEED (HPM) = 800,0
INIYJAL FE3e  (KG™MUL/M3) ®  (0s3438
JNITTAL H25U4 (Ku="mMUL/M3) = ND,
INITIAL AKEA (H2/KG) = 140,0
INITIAL SOLIDS MASS (KG) = 00200
TIME IN2+ FE3s H2504
(MINS)  (KG=MOL/M3)  (Kg=nOL/M3) (KGTHOL/H3)
5400 W 367E=02 »337¢ 00 NeDo
20,00 s109g=vl «322€ 00 NeDo
65,00 $219g=01 «301E 00 NeDs
120400 1291€=v1 +286E 00 NeDo
FINAL EXTENT X (=) a 01732
FINAL AREA (M2/KG) = 176460
TUTAL DRY RESIDUL (KG) = 0+0180
SULPHUR EXTRACTED (Kg) = 0.0005
MEASe INTL RATEKGMOL/MIN M3) = ¢, 00E=03
MEASs INTLs ZN2¢ (GMUL/M3) s 0,0020
TABLE J 32

SPHALERITE LEACHLING IN ACIDIC FE2(S08))
EXPERIMENTAL RUN NOs 76

SPHALs TYPE LEACHED = PR
SIZE FRACTION X105 (M) = =9040¢ 75.0
TLHMPERATURE (K) a 383,00
STIRRER SPEED (RPM) = 80040
INITIAL FE3+ (Ku=MUL/M3) = 0.7628
INITIAL H2506 (KG=MUL/M3) = 048133
INITIAL AREA {M2/KG) = 150.0
INITIAL SOLIDS MASS (KG) = (01500
TIME IN2* FE3+ " H2504
(MINS)  (KG=MOL/M3) (KG=MOL/M3) (KG=WMOL/HM3)
SeU0 0317g=Ul «670E 00 2810€ 00
15,00 1 803E-01 1 564E .00 +408E 00
30,00 +128€ VO 1455E 00 «316€ 00
60,00 «194g VO +260€ 00 »414€ 00
90400 «2448F 0O »183E° 00 J4l148F 00
120400 2298 U0 «842E=01 NaDs
FINAL EXTENT X =) = 042340
FINAL AREA (M2/KG) = 764400
TQTAL DRY RESIDUL (KGg) = 001150
SULPHUR EXTRACTED (KG) = 0.0098
MEASs THTL RATEWG-HOL/MIN M3) = 1 688E=02
MEASs INTLs ZN2+ [KG-MOL/H3) . = 0.0000
TABLE 134
SPHALERITE LEACHING IN ACIDIC r[z(soa)a
EXPERIMENTAL RUN NOa = 69
SPHALs TYPE LEACHE = PR
SLZE FRACTION X1 (M) = =75,0463.0
TEMPERATURE (K) = 308,00
STIRRER SPEED (RPM) = AUD.0
INITIAL FE3+  (Ku=mMgL/M3) = (01397
INITIAL H2S04 (KG=MUL/M3) = 040633
INITIAL AREA (M2/KG) = 15040
INITIAL SOLIDS MASS (KG) = 040500
TIME IN2+ FE3« H2S04
(MINS)  (KG=MOL/M3)  (KG=MOL/M3) (KG™"wOL/M3)
2400 »199£-02 «138E 00 629E=01
12.00 W36TE~VE 21336 00 » 633601
30,00 V1668E=02 J118E 00 +633E=01
60,00 »133g=01 1158 00 NoDs
FINAL EXTENT X =) = 00321
FlraL AREA (M2/KG) = 261,10
TUTAL ORY RESIpOUL (KG) = 0+0446
SULPHUR EXTRACTEU (KG) = 0+0005
HEASS INTL RATEKSHMOL/MIN M3) = +210E=01
MLaSe INTLe INZ* [KD-HMOL/M3) = 0,001

Note. T

TABLE J 3
SEHALLRITE LEACHING IN ACIDIC FL2(S0a)3
LAPERIMENTAL RUN il = 131
SEyALs TykE LEACHE] n PR
S12f tPrACTION X} (M) = =106.40¢ 90:0
TLHMEFRATYRL (K) = 314,00
STIHRLKH SPEED (RPM) = 1000.0
INITIAL FE3+ (KGTMUL/M3) = 0(.4456
INITIAL H2506 (KG=wUL/M3) = (6306
IWITIAL AKEA (M2/KGL) = 14040
INITIAL SOLIDS MASS (KG) = 00500
RIS IN?¢ FE3+ H2504
(MINS) (KG=MQL/M3) (KG*MUL/M3) (xG=MOL/M3I)
0s01 L1420 GO L466E 00 Hels
2.0 s148F OU s 466E 00 NeDo
15,00 «l44E OO W466E 0O NaDe
61400 «146E 0O v4510 00 NioDo
160400 «150E vC W412€ 00 NeDo
260,00 160 0O 412E 00 NeDo -
300400 «165€ 00 «390€E 00 NeDa
420400 W77 WU «376E 00 NeDo
600,00 +190€ 00 «347C 00 NeDs
760,00 W196E 0O «340E 00 NaDe
FINAL EXTENT X (=) = 0.1270
FlNaL AKREA (M2/KG) = 705400
ToTAL DRY RESIDUE (KG6) = 040437
SULPHUR EXTRACTEY (KG) = 0+0024
MEAS., INTL RATEKGMUL/MIN M3) = +800E=0s
MLAS, INTLe ZN2+ {KG-MOL/M3) 3 0142
The teach solution used in this experiment contained 0,82
ot the final filtered solution of the experiment reported
on table J 2.
TABLE J 33
SPHALERITE LEACHING IN ACIDIC FE2(S04)3
EAPERIMENTAL RUN NDs =pR 79
SFHALs TYPE LEACHED =PRre5|due1rorrRun76chbleﬁ)
slze FracTIon X1 (M) = =90,0¢ 7540
TEMPERATURE (K) = 343,00
STIRRER SPEED (RPM) = 800,0
INITIAL FE3+ (KG=MOL/M3) = 0.4118
INITIAL H2S504 (Ku=MOL/M3) = 0.22248
INITIAL AREA (M2/KG) = 764,0
INITIAL SOLIDS MASS (KG) = 041000
TIME IN2* FE3+ H2s04
(MINS) (XG=HMQOL/N3)  (KG=MOL/M3) (xG=MOL/M3)
2450 «119E=0l «389E 00 »231E 00
10,00 s028E"=01 «322E 00 .228€ 00
30.00 «968E=01 «195E 00 «233E 00
45.00 «126€E 00 »132€ 00 «231E 00
60.00 143E 00 sy 770E01 «233€ 00
70400 f151E UU 1 460E=01 NeDs
FINAL EXTENT X =) = 0.3690
FINAL AREA (M2/KG) = 1075.00
TUTAL DRY RESIDUL (KG) = D.0779
SULPHUR EXTRACTED (KG) = 00047
MEASs INTL RATEKGMOL/MIN #3) = +530E=02
MEASs INTLs ZN2+ (KG-MOL/HM3) = 0.0000

Residue from Run76 was CCl
pricr to lts use in this run

wcshed to remove elemental sulphur

TABLE J 35

SFHALERITE LEACHING IN ACIDIC FE2(S04)3

EXPERIMENTAL RUWN NOa = 70

SPHAL* TYPE LEACHED = PR

S1ZE FHACTION X106 (M) = =75,0+ 6340

TEMPERATURE (K) = 318,00

STIRRER SPEED (RPM) = 800.0

INITIAL FE3+ (Ku"MUL/M3) = 04,2793 .

INITIAL H2504 (KG=MOL/M3) = 0.1112

INITIAL AREA (H2/KG) = 15040

INITIAL SOLIDS MASS (KG) = 0.0500
TIME IN2* FE3* H?2504
(MINS)  (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/MI)

2,00 W 260E=U¢ W275E 00 W114E 00

11,00 2 688E~02 T263E 00 »116F 00
30400 al1628-0l +249E 0O Vv114€ 00
60400 +303£-01 W211F 00 +114E 00
92400 2421E701 y174E 00 .118E 00
120400 v473E°01 11688 00 +118E 00

FINAL EXTENT X =) 2 0+1100

FINAL AREA (M2/KG) = 462,00

TUTAL URY RESIOUL (KG) = 0+0412

SULPHUK EXTRACTLD (KG) = 0.0016

MEAS, INTL RATEKGMOL/MIN M3) . »SO0E=0)

PLASe INTLs n2% [KG-MUL/MI) " 0.0020
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TABLE J 36
SPHALERITE LEACHING IN ACIDIC FE2(SU4)I
EAFLRIMFUTAL RUN NO. = 52
SPHapLs TYPEL LEACHE L ¥R
SIZE FRACTION  X1U° (M) = “7540* 6340
TLMPERATURE (K) s 323,00
STIRRLKR SPEED (RPM) = BUO L0
INITIAL FE3e (KU=MOL/M3) = 0.8022
INJTTAL H2S5U4 (XKG™=UUL/M3)Y ® 042959
INITIAL AREA (M2/KG) = 15040
INITIAL SOLIDS MASS (KG) s 041000
TIME IN2¢ FE3e H2s504
(MINS) (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3I)
1.50 $119E701 W779E 00 +2B9E 00
5,00 2 109E-01 WTTOE 00 2 298E 00
15400 1259E°U1 - +722E 00 2293 00
30400 1 53SE=UL s 677€ 00 +292€ 00
60400 1926E-01 +594E 00 +300E 00
70,00 «111E 00 +SB0E 00 »301€ 00
FINAL EXTENT X (=) = 041480
FINAL AREA (M2/KG) = 499,00
TOTAL DRY RESIDUL (KG) = 0+0833
SULPHUR EXTRACTED (KG) = 040039
MLAS INTL RATEKGMOL/MIN M3) a s 179€~02
HEASs INTLs ZN2* (KG-MOL/NM3) = 0.0040

TABLE J38

SPHALERITE LEACHING IN ACIDIC FE2(504)3
EXPERIMENTAL RUN 0 t2

SPHAL. TYPE LEACHE LI PR
SIZE FRACTION X10° (M) = =75,0* 6340
TEMPERATURE () s 358,00
STIKRER SPEED (RPN) = 800,0
INITIAL FE3e (KG=MOL/M3) = 0.7162
INITIAL H25D4 (KG=MUL/M3) = 0.1551
INITIAL AREA (M2/KG) = 15040
INITIAL SOLIDS MASS (KG) = 0a.0800
TIME IN2+ FE3+ H2s04
(MINS)  (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/K3)
6.00 1566E%01 +705E 00 NsDe
42,00 2156E GO «408E 00 NeDa
88,00 +220€ 00 +251€ 00 : NeDs
205.00 +288E GO 1 609E°01 NeDs
FINAL EXTENT X =) = 048210
FINAL AREA (M2/KG) = 884,00
TOTAL DRY RESIDUE (KG) = 0.0534
SULPHUR EXTRACTED (KG) = 00095
HEAS. INTL RATE(RGMOL/MIN M3) = 1940E=02
MEAaSe INTLs ZN2+ (K3-MOL/M3) 2 0s0000
TABLE J 40
SFHALERITE LEACHING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN NQ» s 129
SPHALs TYPE LEACHED 2 PR
SIZE FRACTION Xi®® (M) = =24,0% 17.0
TEMPERATURE (K) = 318,00
STIRRER SPEED (RPM) = 1000.,0
INITIAL FE3+ (Ku=MOL/M3) = 0,27256
INITIAL H2S04 (KG=MUL/M3) = 048735
INITIAL AREA (M2/KG) = 32040
INITIAL SOLIDS MASS (KG) = 0.0300
TIME N2+ FE3e H2504
UMINS)  (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3)
1.25 s311L~02 +218E 00 Nels
5400 $375€=02 . +208E 00 +857E 00
15.00 681E°02 +193E 00 NoDa
45,00 +165€=01 W 172E 00 +851E€ 00
75,00 1 245£°01 +156E 00 NaDs
136400 $361E£"V1 »125€ 00 NeQl»
180400 s810E7V1 +115€ 00 NeDs
FINAL EXTENT X =) = 0.1600

Flnap AREA (M2/XG) = 437.00
SULPHUR EXTRACTED (Kg) = 040015

HLASe INTL RATEMLMOL/MIN MI) - *200E£=03
MLAS, INTL» IN29 [Ko-HIL/M3) = 00,0030

_ TABLE J 37 _
SPHALERITE LEACHING [N ACIDIC FE2(S04a)3
LXPERIMENTAL HUG KND. » 50
SPHALe TYPL LEACHLD = PR
SIZE FRACTION X1W® (M) & =75,0¢ 6340
TLHPERATURE (k) = 343,00
STIHRLK SPEED (rPH) » 8000
INITIAL FE3e (KG™MUL/M3) = (8776
INITIAL H2S504 (KG®MUL/M3) = (Q.843%

INJTIAL AKLA (M2/KG) = 1500
INITIAL SOLIDS HMASS (XG) = 0e1000
TIME IN2* FE3e H2504
CMINS)  (KG=MOL/HM3) (KG=MOL/M3) («G=MUL/M3)
1450 s116E%01 +851E 00 SsG46E 00
5150 +315E=V1 +811E 00 +439E 00
15,00 275701 +709€ 0O J441F 00
30.50 W« 145E U0 «STBE 00 +659€ 00
45,00 s181E 0V W469E 00 s456€ 00
FINAL EXTENT X (=) = 02110
FINAL ARER (M2/KG) = 674470
TOTAL DRY RESIDUL (KG) = 040760
SULPHUR EXTRACTED (Kg) = 0+0056
mbas, INTL RATHkoMOL/MIN M3) = ,571E=p2
MLAS. INTLs ZN2¢ (KG-MOL/M3) = 040000
TABLE J 39
SPHALERITE LEACHING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN NO = 51
SPHALs TYPE LEACHS? ‘= PR
SIZE FRACTION X1 (M) = =75.0¢ 6340
TEMPERATURE (K) = 368,00 .
STIRRER SPEED (RPH) = 80040
INITIAL FE3e (KG=MOL/43) = (8058
INITIAL H2504 (Xu=uMOL/M3) = (43228
INITIAL AREA (M2/KG) = 15040
INITIAL SOLIDS MASS (XKG) = 01000
T1ME IN2+ FE3e H2508
(MINS) (KG=MOL/M3) (KG=MOL/M3) (KG=MOL/M3)
1,00 W 283E"01 +763E 00 +317F 00
5400 +895€£=01 +568€ 00 +337€ 00
10.00 s142€ 00 +483E 00 +333€ 00
20,00 +220E GO »328€ 00 «339€ 00
30,00 «259F VU +252F 00 2 344E 00
40400 1285€ 00 +188E 00 +367E 00
FINAL EXTENT X =) = 0+3330
FINAL AREA (H2/KG) = 181460
TOTAL DRY RES]IDUE (KG) = 0,0678
SULPHUR EXTRACTED (KG) = 0+0090
MEASs INTL RATEKGMOL/MIN M3) = +305€E=-01
HEAS. INTLe ZN2* [KG-MOL/M3) 2 0.0000
TABLE J 41
SPHALERITE LEACHING IN ACIDIC Fcz(soa)a
FXPERIMENTAL RUN NO 2
SPHavs TYPE LEACHED a Pa
SIZE FRacTION X100 (M) = =17,5¢ 12,7
TEMPERATURE (K} = 323,00
STIRRER SPEED (RPN) = 8U0,0
INITIAL FE3e (KUL"MOL/M3) = (0.1868
INITIAL H2504 (KG*"MOL/M3) = 04,0622
INITIAL AREA (M2/KG) = 42040
INITIAL SOLIDS MASS (KG) = 0s0200
TIME IN2* FE3+ H2504

(MINS) (KG=MQOL/M3) (KG=MOL/M3) (KG=MOL/M3)

5:00 v612E702 +139E 00 W 6530=01
15.00 v122€-01 s117E 00 W 643F~01
30,00 +200E=01 s 104E 00 s663E~01
60400 »320£°01 s 734E=01 W6T73E~01

FINAL EXTENT X =) E 0.1810
FINAL AREA (M2/XG) = 6380.00
TUTAL DRY RESIDUE (Kg) = 00161
SULPHUR EXTHRACTED (KG) = 00011

MEASe INTL RATLKGMOL/MIN M3) 3 0213 =02
MEASs INTLs ZN2* (KG-MUL/M3) ® 0.0030
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TABLE J 42

SFIALERITE LEACHING IN ACLIDIC PEH(UOU))

SXPERIMENTAL RUN 0. [
obZAL 1YPE LEACHED -
TEMPERATURE (K) =
SITRRER SPEED (RPM) = £00.0
FEZ+ (KG=-MOL/M3) = 0.1432
HZ504 (KG-MOL/M3) = 0.0633
IKITIAL AKEA (M2/KG) = 2630.0
INITIAL SOLIDS MACS (KG) = 0.02
TIME ZN2+ FE3+ 12504
(VINS) (KG=-MOL/13) (KG=MOL/MZ)  (KG-MOL/M3)
1.0 L 1438E-01 <113E 00 .055
6.0 .248€E-01 .820E-01 .053
15.0 «351%E-01 .570E-01 .05k
25.0 .4092E-01 -4E0E-01 ¥.-Be
FINAL EXTENT X (x) = 0.2392
FINAL AREA (M2/KG) = 1365.0
TCTAL DRY RESIDUE  (KG) = 0.0141
SULPHUR EXTRACTED  (XG) = 0.0012

MEAS. INITIAL RATE (KG-MOL/MIN M3) = 23.75 x1072

TABLE J 44

SPHALERITE LEACHING IN ACIDIC FE2(S04)3

EXPERIMENTAL RUN ND 2 71

SruALe TYPE LEACHED = BOH

TLMPERATURE (K) = 323,00

STIRRER SPEED (RPM) = 80040

INITIAL FE3+ (Ku™MOL/M3) = 0.+2901

IRITIAL H2504 (KG=MOL/M3) = (041112

INITIAL AREA (M2/KG) = .720040

INITIAL SOLIDS MASS (KG) = (040500
TIME IN2* FE3» H25048
(MINS) (KG=woL/MI) (KG=MOL/M3) (KG=MOL/M3)

5:00 $203E°01 2252E 00 +104E 00

15,00 +338E-01 «224FE 00 +105€ 00
30400 W428E=U1 +206E 00 +106E 00
60,00 s627E=V1 W1 74E 00 2 104E 00
95400 W 7T60E=01 +145E 00 NsDs

FINAL EXTENT X (=) = 0.1280

FINAL AREA (H2,/KG) = 7610400

TOT&L DRy RES]IDUE (KG) = 040371

SULPHUR EXTRACTEU (KG) .= 040018

MEAS. INTL RATEIGHOL/MIN M3) = +900E~02

= 040000

MLASe INTL» ZN2+ [KGMOL/HM3)

TABLE J 46
SPHALERITE LEACHING IN ACIDIC FE2(S04)3

LXFERIMENTAL AUN N0 = 80

SPFHALs TYPE LEACHED = BDH

TEMPERATURE (K) = 343,00

STIKRER SPEED (RPM) = 800.0

INITIAL FE3+ (KUL=MOL/M3) = 042919

INITIAL H2504 (Ku=MOL/M3) = 0.1071

INITIAL AKREA (M2/KG) = 720040

INITIAL SOLIDS MASS (KG) = 0.0200
TIwmt IN2* FE3e H?2S04
(MINS)  (KG=MOL/M3) (KG=MDL/M3) (KG=MOL/M3)

5400 +321£7V1 0235€ 00 «106E 00

15.00 e532£°01 «192€ 00 +110E 00
30,00 685601 +165€ 00 +110€ 00
45,00 +809¢701 »127E 00 1110 00
60400 WB67E~V1 1106E 00 NsDs

FINAL EXTENT X =) n 0+8670

FINaL AREA (M2/KG) = 8858,00

TUTAL LRY RESIDuUC (KG) = 0:0122

SULPHUR EXTRACTEQD (KG) = 0.0024

MEAS W INTL RATFAKS-MOL/ZMIN M3) = +116E=01

MEASs INTLs ZNZ2* (KG-NOL/M3) = 0.0000

TABLE J 43
SPHALERITE LEACHING IN ACIUIC FL2(SU4)3
EXPERIMENTAL WUN HU. = 117
SPHMELs TYPE LEACHLD s yMPR
TLMPERATURE (x) = 318400
S1IkubH SPEED (HPM) = A00.0
INITIAL FE3de (KULTMOL/M3) s  0s3NnA0
INITIAL H2504 (KG™MUL/M3) = N.D.
INITIAL AnEA (M2/KG) = 2630.0
INITIKL SULIDS HASS (KG) & 0.0200
TImt IN2* FE3s H2504
(MINS)  (KG=MQL/H3) (KG=MUL/H3) (KG=MOL/M3)
2430 W263E701 «256E 00 NeDs
8.50 303601 «248F 00 NsDe
19,00 W408E=V] 1227€ 00 NeDe
FLINAL EXTENT X =) = 045600
FINAL AREA (M2/KG) = 982.30
ToTaL DRY WESTDUL (KG) = 0.0105
SULPHUR EXTHACTED (KGg) = 00034

MEAS. INTL RATEKGHOL/MIN M3) = 240 x103

TABLE J 45

SPHALERITE LEACHING IN ACIDIC rcz(soa)a

EXPERIMENTAL RUN NQOs a

SFHALs TYRPE LEACHED = BDH

TEMPERATURE (K) = 383,00

STIkPLR SPLED (RPM) = 80040

INITIAL FE3+ (KOU=MUL/M3) 3 041832

INITIAL H2504 (XKG=MUL/M3) = 040633

INITIAL AREA (M2/KG) = 720040

INITIAL SULIDS MASS (KG) ® 040200
TIut IN2* FE3e H25048
(MINS)  (KG=MOL/M3) (KG=MOL/HM3) (KG=MOL/M3)

5,60 1936Vl «106E 00 W612F=01

15400 W 3U3E=UL +868E=01 +633E=01
30,00 W451E=0 T 1 698E=01 162TE=01
45,00 1526E=V1 252BE=01 1622€=01
60400 1598E=V1 +233E%01 W643E=01

FINAL EXTENT X =) = 042932

FINAL AREA (M2/KG) = 8260400

SULPHUR EXTRACTED (KG) = 040014

FLASs INTL RATEKGHMOL/MIN 43) = 1600E£=02

MEAS. INTLs ZN2+ (KG-MOL/M3) a2 040000

TABLE J 47
SPHALERITE LEACMING IN ACIDIC FE2(S04)3
EXPERIMENTAL RUN RO = 72
SPHALs TYPE LEACHED = BDOH
TEMPERATURE (K) = 353,00
STIRRER SPEED (RPM) = 800.0
INITIAL FE3e (KG™MOL/M3) = 045802
INITIAL H2504 (KG=MOL/M3) = 0.2235
INITIAL AREA (42/KG) = 720040
INITIAL SOLIOS MASS (KG) = 0.0500
Tiwtk . IN2* FE3» H?S04
(MIND)  (KG=MOL/M3)  (KG=MOL/M3) (xG=MDL/M3)
5400 W117E WO +365€ 00 1227E 00
1500 «151E VO 2»249F 00 «234F 00
25.00 W181E VO «197E 00 +238E 00
40400 2223 VO «141F 00 NaDso
650400 $242E 0O «109E 00 237 00
FINAL EXTENT X (=) = 048710

FINaL AREA (M2/KG) =- 5265400
TUTAL DRY RESIDUL (KG) = 040321
SULPHUR EXTRACTED (KG) = 0+0089

MLAS. INTL RATHKGMOL/ZHIN M3) L] +600E=01
MLAS. INTLs ZNZ* {KG-MOL/M3) = 0,0000



APPEDNDTIX K

TABULATED EXPERIMENTAL RESULTS

FOR __THE _ OXIDATION _OF H,S_ BY Fe '

1IN THE ABSENCE AND PRESENCE OF

SPHALERITE OR ACTIVATED CHARCOAL

The procedure adopted for processing this type

of data is described in section G. 3.

Note that the same experimental run numbers
are presented on the tables in Appendix I for the
sphalerite dissolution reactions which generate
H,S, as are presented in this appendix for the

2
results of oxidising H,S thus generated by Fed* .
[~
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TABLE K 1 TABLE K 2
. » M2y IN AGUENUS H25U4 FE3+ UXIDme UF 125 In AQULOUS H2508
Ei;[H?:éﬂ?ALULUN NUis ] 217 EXPLHIMENTAL RUN NU» = 217
3 S s » TYPE PRLESENT = NO sutIps
Seutt e TYPERRERRNL . Q?Ciﬁtln 1:::}uATJZé (k) = 318,00
TewrERATURE 00,00 STINKER SPEED (kPH) = 1000,00
STIHHER SPEED (RFM) = 1000, I .
3+ (KG=uGL/M3) = 0.0143 INTTIAL FE3+  (KGTHOL/W3) = 0.0286
INTTEAL LS (KG=HUL/M3) = 0450 INIVIAL H2S04 (KG=tulL/M3) = 0,50
INTTIAL neshd g 0,00 AL SULIDS Axba (M2/m3) = 0400
TUTAL SULIDS AwEA (42/M3) = v 00 TUTAL SoL .
. 040000 INITIAL SuLlod (KG) = 0000
INITIAL S0LIOS . UE AP PA MI/KG=MOL) =  cog
KDEXP ((PA WageiuaLY 6836 s Ccoa marreompL) = 1508700
KkDCaALC (KPA M3/KG=MQOL) = 1569.00 rHEﬁL% lrflKEK;?rgn/;}) "k 074}
INITIAL st(mecﬂ(xc-nog/ﬁi) = 0.0414 %Y;élA‘ P:;;” ‘“2;5. ’ i
TIut PH2S ZN2+ - <
(MInS) (KPA) (KG=MOL/H3) (KINS) (KPA) (KG=MUL/M3)
0400 28,38 NoDs 0.00 19.&1 Nels
1,00 21.62 NeDs 0«50 Zolbz :.3.
2+00 20485 NeDa 3100 W63 WD
3,00 20.08 NeDe 2+00 2451 NeDe
5.00 19469 NeDs Jeou 1466 NaDs
10.00 19411 NiDe 5.00 0:8% NeDo
1000 0.08 NeDs
MEASs INTLs RATE (XPA/MIN) B =15.4424 15.00 =012 NeDe
MEASs INTLe RATE (KPA/KIN) = =32,7191
TABLE K3 TABLE K4
FE3+ OXIDNs OF H2S IN AGUEDUS H2SO4 fE3+ UXIDN. OF H2S IN AQUEDUS H2SD4&
EXPERIMENTAL RUN N0 = 216 EXPERIMENTAL RUN NOW = 216
SPHALs TYPE PRESENT S NO SoLIDS SPHAL. TYPE PRESENT ] NO soLlIps
TEMPERATURE (K) = 318400 TEMPERATURE (x) = 316,00
STIHRER SPEED (RFM) = 1000,00 STIKRER SPEED (RPM) = 1000,00
INITIAL FE3s (KG=MOL/M3) = 0.0143 INITIAL FE3+ (KG=MOL/M3) = 0.0286
INITIAL H2SQ& (KG=M{UL/M3) = 1.00 INITIAL H2S504 (KG=MDL/M3) = 1,00
TOTAL SOLIDS AHEA (M2/M3) = 0.00 TOTKL SOLIDS AkLa (M2/M3) = 0,00
INITIAL SOL!DS (KG) = 60,0000 INITIAL SOLIDS (KG) = 0+0000
KOEXP CkPA M3/KG™MOL) = 113%.0 KCEXP (KPA M3/KG=MOL) = 1118.0
KBCALC (KPA M3/KG=MOL) = 1654400 KDCALC (KPR M3/KG=MDL) = 1654,00
INITIAL H2S(measKKG-MOL/M3) = 0.0255 INITIAL H2S(calc)(KG-MOL/M3) = 0,01838
TIME PH2S N2+ TIME PH2S IN2*
(MINS) (kPA) (KG=HOL/M3) (MINS)  (KPA) (KG=HMOL/HM3)
0,00 28.95 NeDs 00U 20454 NeDs
1.00 26472 NeDs 1.00 16493 NoDs
2.00 25,48 NaDe 200 14463 NyDs
5400 2345 NeDs 5400 11629 NeDa
10.00 22.01 N+D, 10,00 8,99 NeDs
15.00 2154 NaDs 15.00 7.84 NeDos
20.0u 21416 NeDs 20100 7.14 NeDs
25,00 20465 NeDo 25400 664 NeDs
30400 20454 NeDs 30400 6:18 Na«Do
MEASe INTLs RATE (kPA/MIN) =2.6171 MEASe INTLs RATE (KPA/MIN) = =5.,1478

TABLE K5
FE3+ OxION. OF H2S IN AQUEQUS H2S04
EXPERIMENTAL RUN NO. =

SPHALs TYPE PRESENT =
TEMPERATURE (x) =
STIRRER SPEED (RPM) =
INITIAL FE3s (KG=MOL/M3) =
INITIAL H2504 (KG=MOL/M3) =
TOTAL SOLIUS AnEa (Mp/u3) =
INITTAL SaLIDS (KG) =
KDEXP (KPA M3/KG=MOL) =
KUCALC (KPA M3/KG=40L) =
INITIAL H2SImeas) (KG-MOL/M3) =
TIutE PHZS In2e
(MINS)  (KPA) (KG=mMOL/MD)
00U 268495 NaDs

1.00 28418 NeDs

2.00 27.72 NsDs

S5:0U 26427 Nells

10400 24475 NeDa

20400 22.86 NeDs

30.00 21477 NeDa

404,00 21,23 NeDs

MEAS. INTLs RATE  (kPA/MIN)

218

ND sOLIDS
- 318,00
1000,00
0.0143
2.00
0.00
0.0000
1120.0
1824,00
0.0258

“0,6485)

FE3+ O

TABLE K6

XIDN. OF H2s

EXPERIMENTAL RUN NQOs =

SPHAL .
TEMPER
STIRKE
INITIA

TYPE PRESENT

ATURE
R SPEED

L FE3+ (RG=nuL/M3)
INITIAL H2S0# (nG=MUL/M3)

(K)
(RPM)

TOTAL SULIDS Axbka (M2/M3)
INITIAL SOLIpS (Kg)
KUEXP (KPA M3I/KG=MUL)
KDCALC (KPA M3/XG=HOL)
INTTIAL H2tleale) (XG-MOL/M3)
TIME PH2S IN2+
(MINS)  (KPR) (KG=MOL/M3)
0.00 21,23 NeDs .
1.00 19,430 NeDs
200 17457 NsDs
5.00 14428 NaDs
1000 11420 NeDo
20,00 8s11 NeDe
30400 6056 NeD.
MEASs INTLe RATE  (KPA/MIN) =

IN AQUEDUS H2504

218

NO soLIDS
318,00
1000,00
0.0286
2,00
v,00
0,0000
1137.0
1824,00
0.0187

~1.,54L
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TABLE K7 TABLE K8

FEL3* NXIDNs OF H23 IN AUUENUS H2SUA FF3* OXIDN. gF H2s IN AQUEOUS #2504
ExPERIMENTAL Nud RO ] 172 EXPLRIMENTAL HUR HQso [ 172
SPHALe TYPE PRESENT . EPTL SFHAL. TYPE PRESENT - VHREH
TEMPERATURL (K) = 318,00 TEMPERATURE (K) = 318,00
STIHRER SPEED (RPu) = 1000,00 STIWKER SPEED (pPM) = 1000400
INITIAL FE3+ (KG=MUL/M3) = 040055 INITIAL FE3e UKG=MUL/H3) ® DaU138
INJYIAL H2504 (RG=ndL/M3) = 0.4L8 INITIAL H2S0Ua (KGeMOL/M3) = 0.48
TOTAL SOLIDS AREA (M2/M3) = 22972,59 TOTAL SOLIUS ARREA (M2/M3) = 22972459
INITIAL SOLIUS (KG) = 00100 INITIAL SQLIDS (KG) = 0.0100
KDEXP (KPA M3/KG=MQL) = 1698,00 KOEXP (KPA H3I/KG=MQL) = 1698,00
KDCALC (KPA M3/KG=MOL) = 1569,00 KDCALC (KPA H3/KG=MOL) = 1569400
TIME  PH2S IN2+ TIHE PH2S IN2+
(MINS) (KPA) (KG=MOL/M3) (MINS) (KPA) (KG=mMOL/H3)

0400 11.04 1791E702 . 0200 be28 +875E=02

1.00 993 NaDe 1400 6411 NaDa

2:00 9.66 NaDo 2.00 4,97 NsDs

3.00 9.31 NoDs 5,00 3.00 NaDa

5400 8.83 NeDe 10.00 1.64 NeDa

10,00 8435 NaeDo 15.00 1.17 NeDo»

15,00 8426 NeDo 20400 1.23 '978E=02
20400 8432 NeDo

) MEASs INTLe RATE (KPA/HMIN) = =1.992a
MEASs INTL. RATE (KPA/MIN) = =0,7110 =

TABLE K9 TABLE K 10

FE3* OXIDNs OF H2S IN AQUEOUS H2S504 FE3* DXIDNs OF H2S IN AQUECUS H2503
EXPERIMENTAL RUN NOW = 176 EXPERIMENTAL RUN NOs s 176
SPHALs TYPE PRESENT = VHMWRM SpHALs TYPE PRESENT a VHMWBM
TEMPERATURE () s 318,00 TEMPERATURE (K) = 318,00
STIKRER SPEED (RPM) = 1000,00 STIRRER SPEED (RPM) = 1000400
INITIAL FE3+ (KG=MOL/M3) = 010055 INITIAL FE3+ (KG=MUL/M3) = 040138
INITIAL H2504 (KG=MOL/M3) = 0.97 INITIAL H2504 (KG=MOL/M3) = §'97
TOTAL SOLIDS AkEa (M2/M3) = 19154435 TOTAL SOLIDS AREA (M2/M3) = 19155,35
INITIAL SOLIDS (kG) = 0.0100 INITIAL SOLIDS (KG) = 0+0100
KDEXP (KPA M3/KG=MOL) = 1698400 KOEXP (KPA M3/KG=MOL) = 1698,00
KDCALC (KPA M3/KG=MOL) = 1654,00 KDCALC (KPA M3/KG=MOL) = 1654,00
TIME PH2S IN2+ TIME PH2S N2
CHINS)  (kpA)Y  (KG= MDL/M3) (MINS)  (KPA) (KG=MOL/NM3I)

0400 17.52 NeDo 0,00 15.21 «140E*01

1400 17415 NeDe 1,00 13483 NeDoa

2+00 16486 NeDo 2.00 12.81 NeDo

2400 16.86 NoDs 5.00 10+99 NoDs

5400 1617 NoDa 1o.00 9430 NeDs
10400 15.56 NeDo 15.00 8439 NeDa

, 20,00 7491 *153E-01
MEASs INTLs RATE (KPA/MIN) = =0,3667
. MEASs INTLe RATE (KPA/MIN) = =1,2804

TABLE KM TABLE K 12
FE3* O0XIDNe OF H2S IN aQUEOUS stoa FE3* OXIONs Of n2S IN AQUEDUS stgu

EXPERIMENTAL RUN NOU» L 75 EXPERIMENTAL RUN NQ»

SPHALs TYPE PRESENT = VMWEM SPHALs TYPE PRESENT ] VHWBM
TEMPERATURE (Ky = 318,00 TEMPERATURE (k) = 318,00
STIRRER SPEED (RPM) = 1000,00 " STIRRER SPEED (RPH) = 1ooo.oo
INITIAL FE3+ (KG=MOL/M3) = 040055 INITIAL FE3*  (KG=MUL/M3) = o.o{aa'
INITIAL H2S04 (KG=MOL/M3) = 1,95 INITIAL H2804 (hg=MOL/M3) = 1.95
TOTAL SOLIUS ARba (M2/M3) = 13393450 TOTAL SOLIDS AxEa (M2/M3) = 13393,50
INITIAL SOLIDS (kg) = 0s0100 INITIAL SOLIDS (Kg) = 00100
KDEXP (KPA M3/KG=MOL) = 1792.,00 KOEXP (KPA M3/KG=HOL) = 17;21 0
KDCALC (KPA M3/KG=MQOL) = 1824,00 KDCALC (KPA M3/KG=MOL) . 15?4.80

- ]
TIME PH2S Zn2+ 11
E HE  pH2S +

(MINS) (KPA) (RG~MOL/M3) (MIND)  (KPA) (KGE:SL/H3)

0400 33,03 NeDs 000 30.27 1235E=01

2+00 32430 NeDo 2.00 27 .66 NolDo

5.00 3157 NeDo 5400 24497 NoDs
10100 3073 NeDs 10000 2220 NaDs -
15,00 30027 NsDs 15,00 21.05 NeDs
10400 30427 NeDo 20400 20482 NeDs

MEASs INTLs RAYE (KPA/MIN) =  =0,2037 MEASs INTLs RATE (KPA/MIN) =  =1,1504
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TABLE K 13 TABLE K 14

FE3+ OxI0He UF H2S IN AQUEOUS H2S504 FE3+ Ox1UNe OF 125 IN AQUEQUS H2SUQ
EXPERIMENTAL HUN NOa = 200 EXPLHIMENTAL RUN NOS = 200
SPHALs TYPE PRESENT = ROH SPHAL. TYPE PRESENT L BDH
TEMPERATURL () . 318,00 TEMPERATURL (x) " 318,00
STIKRER SPEED (kpM) = 1000,00 SYIHHER SPEED (RPM) = 1000,00
INIVTIAL tE3e (KRG=MUL/M3) = 0sU057 INTTIAL FE3e  (KG=HOL/M3) = 0+0143
INITIAL H?2SO4 (AG=niL/M3) ® U,48 INTTIEL HR2S504 (kGHUL/M3) w 0.48
TOTAL SOLIUS AREA (M2/M3) = 24273,42 TOTAL SOLIUS Arba (M2/M3) »  24273,42
INITIAL SOLIDS (KG) = 020040 INITIAL SuLIDS (KG) = 000040
KOEXP (KPA M3Z7KG=HpL) = Nl KDE P (KPA H3I/KG=M{L) = NsD,y
KDCALC (KPA M3/KG=MOL) = 1569,00 KDCALC (KPA M3/KG=MOL) = 1569,00
T1ME PH2S ZN2+ TIut PH2S N2
(HINS)  (KPA) -(KG=MOL/M3) (MINS) (KPA) (nG=MOL/M3)

0400 10647 e8B8E=02 0,00 797 ¢967E=02

1.00 9,68 NeDs . 100 6401 NeDs

2.00 9420 NaDs 2+00 4.71 NeDo

5400 8449 NaDo 3.00 3.82 NeDs
10,00 8420 NeDos 5,00 | 2.78 NeDs
14420 8.07 *967€=02 104,00 1¢63 NeDs

15400 1+38  +110E=D1
MEAS. INTLe RATE (KPA/MIN) = =0,9196 )
. . MEASe INTLs RATE (KPA/MIN) = =2,1301

TABLE K 16
TABLE K 15 FE3+ OXIDNs OF 2S5 IN AQUEOUS H2S04
FE3+ Qx10Ne QgF H2S IN AQUEOUS 2304 EXPERIMENTAL HUN ND# ] 199
EXPERIMENTAL RUN NOe = 199
; SPHALs TYPE PRESENT = BDH
SPHALs TYPE PRESENT = BOH TEMPERATURE Ry 318400
TEMPERATURE (K) = 318,00 STIKRER SPEED (RPM) = 1000,00
STIRKER SPEED (RPM) = 1000,00 INITIAL FE3+ (KG=MOL/M3) =  0.0286
INITIAL FE3+r UnG=MUL/M3) = 040143 INITIAL 12504 (KG=MOL/M3) = 0,96
INITIAL H2S04 (KRG=MOL/M3) = 0.¢6 TOTAL SOLIDS AnEA (M2/M3) = 18614,80
TOTAL SOLIDS AkEA (M2/M3) = 18614.80 INITIAL SOLIDS (Kg) = 00040
:gé‘;‘L 50%;32 M:/Kc(§83> = z.goao KDEXP (KPR M3/KG=MOL) = NeD,
X - = el N b
KDCALC  (kPA M3/KG=MOL) =  1658.00 KOCALC  (KPA nIFARIILD-S SR
TIME  PH2S N2+
TIME  PH25 Zngs (MINS)  (KkPA)  (KG=MOL/M3)
(MINS)  (KPA)  (KG=MOL/M3) 0000 19,30 +192E=01
0,00 26468  +179E=01 1,00 16481 NeDo
1e00 24490 MeDs 2400 14.09 N«Ds
2,00 23455 NiD. S.00 10481 NeDo
S5.00 21454 NsDs 10.00 8e49 HaDe
10,00 19496 NeDs 15400 7236,  NuDu
15,00 1930 NeDo 20.00 6:49 “NoDo
25.00 18461 NeDs 25,00 S.68 NeDs
30.00 18.92 +192E=01 30400 5.02 2211601
MEASs INTLs RATE (kPA/MIN) = =1,7062 MEASs INTLs RATE (KPA/MIN) =  =3,6055
TABLE K 17 TABLE K 18
FE3* OXIDN. OF H2S IN AQUEQUS H2SU4 FE3* OxIDNe OF H2S IN AQUEQUS H2S0D4
EXPLRIMENTAL RUN NO. = 201 EXPERIMENTAL RUN NDs = 201
SPHAL. TYPE PRESENT = BOH SPHALs TYPE PRESENT = BOH
TEMPERATURE (k) = 318,00 TEMPERATURE (kY = 318,00
STINRER SPEED (RPM) 3 1000.00 STIRRER SPEED (RPM) = 1000400
INITIAL FE3e (KG=MOL/M3) = 0+0143 INITIAL FE3* (KGMOL/M3) = 040286
INITIAL H2SD4 (KG=MUL/M3) = 1,95 INTTIAL H2504 \AG=WUL/M3) = 1,95
TOTAL SOLIOS ARELA (M2/M3) =  9809,135 TOTAL SOLIDS AREA (M2/M3) =  9809,35
INITIAL SOLIDS (kG) = 040040 INITIAL SOLIDS (Kg) = 040040
XDEXP (KPA M3/KG=MOL) = Nel), KDEXP (KPA M3I/KG=MOL) = NeDs
KDCALC (KPA M3/KG=MAL) = 827,00 KDCALC (KPA M3/KG=HMOL) ®=  1827,00
TIME  PH2S N2+ TIME  PH2S IN2+
(MINS)  (KPA)  (KG=MOL/M3) (MINS) (XPA) (KG=MOL7M3)
0400 45.67 «285E-01 0500 33,28 $290E~01
1.00 43490 NeDeo 1.00 30.50 NoDo
2400 842439 NeDo 2400 28445 NeDo
5.:00 39.57 NaDos 500 24480 N.Ds
10,00 36498 °  N4Ds 10,00 20485 NeDs
20400 34,05 Nl 20400 17457 Na.D»
3000 33420 €290E=01 30400 15436 NeDa

MEASs INTLs RATL (KPA/MIN) = =1,7179 MEAS. INTLs RATE (KPA/MIN) = =3,0186



TABLE K18

FE3+ OxIDNs OF
EXPERIMENTAL HUN NQs
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HZ2s IN AQUENUS H2SUS

SPHAL. TYPE PRESENT
TEMPERATURE
STIHRER SPEED
CINITIAL FE3+
INIYIAL H2504
TUTAL SOLIDS AHEA (M2/M3)

(K)
(RPM)
(KG=u0L/M3)
ChGenlL/M3)

INITIAL SOLIULS (KG)
KOEXP (KPA MI/ZKG=MQOL)
KDCALC (KPA M3/KG=HMQOL)
TIME PH2S In2e
(MINS) (KPA) (KG=MOL/M3)
0,00 15413 NeDs
1400 14.09 NeDs
2,00 13,13 NeDo
3.00 12.35 NeDs
MEASs INTLs RATE (KPA/MIN)
TABLE K 21

FE3+ OXIDNs

201

BOH
318400
1000,00
0e02R6
1,95
9342,9?
0+0040
NeDs
1827,00

= *1,1000

OF H2S IN AQUEDUS H2S04

EXPERIMENTAL RUN NO»

SPHALs TYPE PRESENT

TEMPERATURE
STIRRER SPEED

INITIAL FE3#

INITIAL HZ2Sg4
TOTAL SOLIDS AREA (M2/M3)

(KG=MOL/M3)
(KG=mDL/7H3)

(%)
(RPH)

INITIAL SOLIDS (KG)
KDEXP (KPA M3I/KG=HOL)
KDCALC (KPA M3/KG=MOL)
TIME PH2S INZ2+
(MINS)  (KPA) (KG=MOL/M3)
0400 10.87 +968E=02
1.00 8466 " NoDe
2400 7.45 NoeDo -
3:00 6472 . N.Ds
5,00 5465 NaDs
10,00 4,09 NsDs
15.00 3457 NeDs
20+00 3.67 NeDoe

MEASs INTLs RA

170

VMZCR
318,00
1000.00
0.0138
0.L5
17851025
0.0100
1861.00
1569.00

TE  (KPA/MIN) = =2,4968

TABLE K 23

FE3+ OXIDNs OF H2S IN AQUENUS M2S04
EXPERIMENTAL RUN NOe = 168
SPHAL TYPE PRESENT a VMZCR
-TEMPERATURE (x) = 318.00
STIHHER SPEED (RPH) = 1000,00
INITIAL FE3+ (KG=MOL/M3) = 040055
INITIAL H2S04 (KG=MOL/M3) = 0.87
TOTAL SOLIDS AREA (#2/M3) = 5795.32
INITIAL S50LIDS (KG) = 00050
KDEXP (KPA M3/KG=MQOL) = 1698,00
KDCALC (KPA M3/KG=MOL) = 1654,00
TImE PH2S INZ2+
(MINS)  (KPA) (KG=MOL/MI)

0s00 17042 v121E"01

1.00 17.10 NoDos

200 17.00 NoDo

5:00 16,63 NeDs
10.00 15.17 NoeDs
15+00 14.79 NoDo

MEASe INTLe RATE  (RPA/MIN) = =013938

FE3® OXIDNe

TABLE K 20

LXxPERIMENTAL KUN NOs =

SEHAL s

L

t d

| 3

INITIAL FE3« =
INIT1AaL HZsna (KGg=mOL/M3) =
n

-

=

-

TOTAL SOLIUS AwbEa (M2/M3)

INITIAL SOLIDS (FG)

KDEXP (KPA M3/KG=MOL) =

KOCALC (KPA M3/KG=MOUL)

TIME PH25 INZ+

(MINS) (KPA) (KG=MOL/HM3I)

0400 13416 NaDe

100 1231 NaDos

2.00 11.68 NeDo

5.00 . 11.148 NaDs

8.00 10.87 NeDs

10s00 10:92 NsDo

MEASe INTLs RATE (KPA/MIN) =
TABLE K 22

FE3*+ OXIDNs

TYPE PRESENT
TEMPERATURE
STIKKLR SPEED

(K}
(RPH)

(KG=MUL/M3)

EXPERIMENTAL RUN NOs =

UF H2S IN AWUEQUS H2504
70

1

VMZCR
318,00
1060,00
040055
0,68
17851,25
00100
1861,00
1569,00

=0.,8255

OF H2S IN AQUEQUS H2S04

170

VMZCR
318.00
1000.,00
0+0138
0.48
17851.25
040100
1861400
1569.,00

=0.8148

168

YMZCR
318,400
1000,00
0+0138
0.97
4795432
0:0050
1698,00
1654,00

SPHAL. TYPE PRESENT =
TEMPERATURE (x) =
STIRRER SPEED (RPM) =
INITIAL FE3+ (KG=MOL/M3) =
INITIAL H2S04 (KG=MOL/M3) =
TOTAL SOLIDS AREA (M2/M3) =
INITIAL SOLIDS (KG) =
KUEXP (KPA M3/KG=HOL) =
KOCALC (KPA M3/KG=MOL) =
T1ME PH2S IN2+
(MINS) (KPA) (KG=MOL/HI)
00U 3.67 +103E=01
1.00 2.55 NeDe
2:00 1.98 NeDo
3.00 1.58 NsDs
4,00 1.36 NeDos
5.00 127 NeDs
6400 1419 NeDs
MEASs INTLs RATE (KPA/ZMIN)
TABLE K 24
FE3+ OXIDNe OF H2S IN AQUEOUS H2SO04
- EXPERIMENTAL RUN NQ» =
SPHALs TYPE PRESENT =
TEMPERATURE (K) =
STIRRER SPEED (RPM) =
INITIAL FE3e (KG=MOL/M3) =
INITIAL #2504 (KG=MOL/M3) =
TOTAL SOLIDS AREA (M2/M3) =
INITIAL SOLIDS (KG) =
KDEXP (KPA M3/KG=MOL) =
KDCALC (KPA M3/KG=MOL) =
TIME PH2S IN2+
(HINS) (KPA) (KG=MOL/M3)
0400 14,79 +120£=01
100 13.48 NoDo
2.00 12,66 NoDs
500 11.10 NoeDs
10,00 960 NeDo
“15.00 8460 NeDa
20s00 764 NsDo
25,00 720 - NsDs
MEASs INTLs RATE  (KPa/MIN)

=1.032%
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TABLE K 25 ‘ TABLE K 26

FE3* UXIDNS OF ¢
LXStHTH;g;ALDNuz?Su{N AquEuS Hfzgn FE3+ NXIENs OF H2S IN AGUENUS H2S04
LXPERIMENTAL RUN NDe n 174
SPHALs T
TE:PERATJ:E Prbo L (K) : 3::288 SPHALs TYPE PRESENT n VMZCR
. . -
STINRER SPEED (REM) = 1000400 FARHITH ATURE oy, MEshee
INITIAL FE3s (KG=MOL/M3) = 0,0138 TIRKER SPRED e !
INITIAL HZ2504 (KG=MOL/M3) = 0.97 INITIAL FE3e IXG-MOL/M3) = 040055
TOTAL SOLIDS AKEA (M2/m3) x  4795,32 INITIAL HZsnd (KGwTRZEET ® R
INITIAL SOLIDS (Kg) = 000050 TOTAL SULILS AKEA (M2/M3) = 89B0.71
KDE XP (KPA M3/KG=NOL) = 165800 INITIAL SOLIDS _(KG) 2 040100
KDCALC  (KPA M3/KG=HDL) =  1654,00 KDEXP (KEA HHGEIANA O iR
v KDCALC (KPA M3/KG=MOL) = 1824,00
TIME  PH2S IN2s
(MINS)  (KPA (KG= TIME PH2S IN2e
0:00 6,97 v gerERAT (MINS) (KPA) (KG=MOL/M3)
1.00 6,53 NeDo . 0400 404+33 +275E=01
2400 6420 NeDs 2:00 39,95 Naolle
5400 Se42 NeDs : 4400 39456 NeDs
16400 4451 NeDs 6:00 39418 NeDs
8,00 38480 NeDo
MEASe INTLs RATE (KPA I - 10,00 38.53 NoeDo
* /MIND = 043385 16400 36.88 NsDos
HEASs INTLs RATE (KPA/MIN) = =041853
TABLE K 27 TABLE K 28
FE3+ OXIDN. OF H2S IN AQUEQUS H250a FE3+ LXIDNe OF H2S IN AQUEDUS H2504
EXPERIMENTAL HUN NOs - 0= 174 EXPERIMENTAL RUN NO» = 175_
SPHALs TYPE PRESENT . VMZCR SPHAL. TYPE PRESENT = VMZCR
TEMPERATURE (K) = 318,00 TEMPERATURE (k) = 318,00
STIKRER SPEED (RPM) = 100000 STIKRER SPEED (RPM) = 1000,00
INLTIAL FE3+ (KG=MOL/M3) = 0.0138 INITIAL FE3+¢ (KG="MOL/M3) = 0«0138
INITIAL H2504 (KG=MOL/M3) = 1.94 INITIAL H2504 (KG=MOL/M3) = 1.94
TOTAL SOLIDS ArREA (M2/M3) =  8980.71 TUTAL SOLIDS AREA (M2/M3) = 8980,71
INITIAL SOLIDS (KG) = 0.,0100 INITIAL SOLIDS (KG) = 0:0100
KDEXP (KPA M3/KG=MOL) =  1861,00 . KDEXP (KPA M3/KG=MOL) = 1861400
KDCALC (KPA M3I/KG=MOL) =  1824.00 . KDCALC (KPA M3/KG=MOL) =  1824.00
TIME  PH2S IN2+
TIME  PH2S IN2e N2+
(MINS)  (KPA) (KG=HOL/M3) (HINS)  (KPA)  (KG=MOL/M3) -
0,00 30486 NoDs 0400 26481  4277E=0)
1.00  35.03 NoDe 2.00 25.01 NuDs
2.00  33.76 NeDe 4,00 23472 NoDs
5.:00 31.42 NeDos 6400 22478 NeDo
10,00 28.89 NeDe 10400 21.2a NeDs
15.00 27.54 NeDse - 15400  19.97 NoDs
20,00 26493 NaDe _ 20400 19409 NeDe
25,00 26481 NeDe 30000 17490 °  N.Ds
30.00 26481 NeDo . 35.00 17.90 NeDs
MEASs INTL. RATE (KPA/MIN) =  =1,2047  MEAS. INTLe RATE  (KPA/MIN) = =0,8032
TABLE K 29 ' TABLE K 30
FE3+ UXIDNe -OF H2S IN AQUEOUS H2S0a FE3* OXIDNe OF H2S IN AQUEQUS H2504
EXPERIMENTAL RUN NQe = 171 EXPERIMENTAL RUN NDo n 171
SPHALs TYPE PRESENT e VMPR SPHALs TYPE PRESENT = VMPR
TEMPERATURE (K) = 318,00 TEMPERATURE (k) = 318,00
STIKRRER SPEED (RPM) = 1000,00 STIRKRER SPEED (RPM) = 1000,00
INITIAL FE3+  (KG=MOL/M3) = 040055 . INITIAL FE3+ (KG=MOL/M3) = 040138
INITIAL H25Q4 (KG=MUL/M3) = UL INTTIAL H2S04 (RG=pDL/M3) = 0.48
TOYAL SOLIDS ANLA (M2/M3) = 17649,56 TOYAL SULIDS AREA (M2/M3) = 17649,56
INITIAL SOLIDS (kg) = 0.0100 INITIAL SULIDS (KG) = 040100
KDEXP (KPA M3/KOG=MOL) = 1308400 RDEXP (KPA M3/KG=MOL) = 1308,00
KDCALC (KPA M3/KG=MOL) = 1569,00 KDCALC (KPA M3/KG=MOL) a 1569,00
TIME  PH2S Zn2s ' TIME  PH2S IN2e
(MINS)  (KPA) (KG=MOL/M3I) (MINS) (KPA) (KG=MOL/M3)
0400 Bed5  #754E%02 0.00 5.72  +826£=02
0+33 672 NyDe 0433 3.73 NeDo
0466 6405 NeDs 0.66 2486 NeDe
1,00 576 Nale 1,00 1.59 NeDs
2,00 S«67 NeDs 2,00 0,31 NoDeo
3.00 Se&7 NeDo 3,00 0,00 NeDo

) 5400 0.00 NoDos
MEASs INTLs RATE  (KPA/MINY = ~8,4506

MEASe INTLs RATL (XPA/MIN) = =*5.7230
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TABLE K 31 |
FE3* UXIONs UF m2S In AQUEOUS H25U4
EXPERIMFENTAL HUN KU» - 169
SPHALs TYPE PHESENT L] VHPR
TEMPERATURE (K} L] 318,00
STINKER SPEED (ppu) = 1000400
INITIAL FE3e (KG=MOL/M3) = 040055
INITIAL H2404 \RG=HUL/M3) = G.57
TOTAL SOLIDS ANEA (M2/M3) ® 20646H,23
INITIAL SOLIDS (rg) = 0s 0GRS50
KDEXP (KPA H3I/KG=M{JL) = 1696,00
KDCALC (KPA M3/KG=MUL) = 1654,00
TImME PH2S IN?*
(MINS)  (KPA) (KG=MUL/HI)
0400 16.28 +115€=01
1.00 14,40 NeDs
200 13.70 Ni.Ds
3.00 13.31 NaDos
4400 13.13 NeDs
5,00 13.07 NeDe
MEASs INTLs RATE (KPA/MIN) = =2,7373
TABLE K 33
FE3+ OXIONs OF H2S IN AQUEQUS H2S04
EXPERIMENTAL RUN NO» =z 101
SPHAL. TYPE PRESENT = vIBR PR
TEMPERATURE (x) = 318,00
STIKRER SPEED (RPM) = 800,00
INITIAL FE3+ (rGg=mOL/M3) = 040045
INITIAL H2S504 (KG=MUL/M3) = 0.95
TOTAL SOLIDS ArEA (M2/Mu3) = 35267428
INITIAL SOLIDS (KG) = 040200
KDEXP (KPA M3/KG=HOL) = 1561.00
KUCALC (KPA M3/KG=MOL) =" 1654400
TIME PH2S IN2+
(MINS) (KPA) (KG=MOL/H3)
0.00 20430 »214E 02
0433 17418 NeDso
066 16,08 NeDo
1+00 15440 NaeDo
MEASs INTLe RATE (KPA/MIN) & =24,9872
TABLE K 35
FE3¢ OxIDNe OF H2S IN AQUEQUS H2S04
EXPERIMENTAL RUN NQs = 173
SPHAL TYPE PRESENT = VMPR
TEMPERATURE (K) = 318,00
STIKRER SPEED (RPM) = 1000,00
INITIAL FE3+ (KG=MUL/M3) = 0:0055
INITIAL H2504 (KG=MOL/M3) 2 1.95
TOTAL sSOLIDS AnEA (M2/M3) = 4547458
INITIAL sOLIDS (KG) = 0+0100
KNE XP (KPA M3/KG=MOL) = 1850400
KDCALC (KPA M3/KG=MQOL) = 1824400
TIME PH2S In2e
(HINS)  (KPR) (KG=MUL/M3)
0.0V 2748 s242E=01
033 34067 NaDs
0+s66 34.11 NoDo
1.00 33.82 NaDoa
2400 33476 NaoDo
4400 33.88 NeDs
6200 33+92 NoDoa
MEASe INTLs RATE (KPA/NIN) = =“8,4506

FE3+ OXIDNH. U
LXPERIMENTAL

SPHAL »

TEMPERATURE
STIKKER SPEED
INITIAL FE3»

INITIAL SOLIDS

KUEXP
KDCALC

TImME
(HMINS)
0400
1.00
2s00
3000
5400
10.00
15,00
20400
25400

TABLE K 32
£ 25 IN AGUEDUS
HUN ND» s
TYPE PRESENT .
(K) '
(RPM) =
(KG=HUL/H3) =
INITIAL H2S04 (KGmMUL/M3) =
TOVTAL SOLIDS ARLA (M2/M3) »
{KG) »
(KPA H3I/KG=MUL) =
(KPA MI/KG=HOL) =
PH2S - IN2®
(KPA) (KG=uUL/K3)
13.16 o }16E=01
11.24 NeDs
1040 NeDs
.87 NeDs
9410 NeDo
7478 NeDs
7.01 NeDs
629 NoDo
5.81 NaDo
5,38 NsDs

30-00

MEASe INTLe RATE (KPA/MIN) =

H2504
169

VMPR

318,00
1000,00
0,0138
097
4514,41
0:,0050
1698.,00
1654,00

=2¢6413

TABLE K34

FE3* OXIDNs« OF H2S IN AQUEOUS H2504
EXPERIMENTAL RUN NQ» = 101
SPHALW TYPE PRESENT = vigr PR
TEMPERATURE (K) = 318,00
STIKRRER SPEED (RFM) = 800,00
INITIAL FE3¢ (KG=MOL/M3) & 020049
INITIAL H2S04 (KG=MOL/M3) = 0.95
TOTAL SOLIDS AREA (M2/M3) = 35267,28
INITIAL SOLIDS (KG) = 040200
KDEXP (KPA HM3/KGMQL) = 1561,00
KDCALC (KPA M3I/KG=MOL) = 1654400
TIME PH2S IN2e
(MINS)  (KPA) (KG=MUL/M3)

0+00 16424 2220E=01

033 13:43 NsDs

0+66 11493 NeDs

1.00 1137 NoeDs

MEASs INTLs RATE (KPA/MIN) = =12,8059%

TABLE K 36

FE3* 0xIDNe OF H25 IN AQUEDUS H2S504

EXPERIMENTAL KUN

SPHAL

TYPE

TEMPERATURE

STIRRER SPEED

INITIAL FE3e

INJTIAL H2SN4 (KG=MDL/H3)
TOTAL SOLIDS AREA (M2/M3)
INITIAL SULIOS

KDFXP (K
KDCALC (K
TIME PHZS

(MINS)  (KPA)
0,00 33492
0433 32425
0s66 31,42
1.00 30.486
2+00 30436
3.0 30436
5.00 30446
MEASs INTL

NU» =

PRESENT
(K)
(RPM)
(KG=MOL/M43)

(KG)
PA M3/kG=HOL)
PA M3/KG=MOL)

IN2¢ _
(KG=MOL/H3)
NeDs
NeOo
NaDa
NeDso
HaDa
NaDs
NeDa-

RAYE  (KPA/MIN) =

173

VHPR

318,00
1000,00
0+0055
1.95
8547,58
00100
1850,00
1824,00

=5.,5988



TABLE K 37
FE3® OXIUN

EXPLFIMENTAL RUN NQs - 173 LXPERIMENTAL HUN NQ, u 173
SPHALs TYPE PHRESENT u VMPR SPHALs TYPE PHESENT . VHPR
TEMPERATURE (k) n 318,00 TEHPERATURE (%) » 318400
STIRKfR SPEED (Apn) = 1000,00 STIKRER SPEED (kFM) = 1000,00
INITIAL FEJe (KG=MUL/M3) = 0.0138 INITIAL FEJ+ (KG=MUL/M3) = 0+0121
INITIAL HZ2508 (AG=MuL/43) = 1,55 INITIAL H2504 (XG=MUL/M3) = 1,95
TUTAL SULIDS AKEA (M2/43) = AS47,58 TUTAL SOULIDS ArEA (M2/H3) = B547,58
INITIAL SOLIDS (kG) = 0,0100 INITIAL SULIDS (kG) = 040100
KDEXP (KFA M3/Kii=MyL) = 161,00 KUEXP (KPA M3/KG=HUL) = 1861,00
KDCALC (KPA M3/KG=MOL) = 1824,00 KUCALC (KPA M3I/KG=HOL) = 1824,00
TIME ~ PH2S INZ2* TIME PH2S IN2*+
(MINS) (KPA) (KG=MOL/M3) (HINS)  (KPA) (XG=MOL/M3I)
0400 30436 «245E=0% G400 20459 +245E=01
0450 27471 NeDs 0433 168,82 NeDs
1400 26431 NaDs 0466 18413 NeDo
2400 24,45 NeDo 1,00 17.73 NeDs
3400 23,07 NeDe 2.00 16477 NeDo
5+00 21440 NoDs 5.00 15615 NeDo
800 20453 NaDoe 10.00 13.58 NeDoe
15.00 12446 NeDs
MEAS. INTLs RATE (KPA/MIN) = =7,6B82a 20400 12.23 NeDo
HMEASe INTLs RATE (KPA/MIN) = =5.2816
TABLE K 39 TABLE K 40
FE3+ OxIDhe OF H2S IN AQUEOUS H2504 FE3+ OxIDNe OF H2S IN AQUEOUS H2504
EXPERIMENTAL RUN NO» = 222 EXPERIMENTAL KUN NO» 2 220
SPHALs TYPE PRESENT H NO sOLIDS SPHALs TYPE PRESENT = ACT+ CHAR»
TEMPERATURE (K) = 298,00 TEMPERATURE (K) = 298.00
STIKRER SPEED (RPM) = 1000,00 STINRER SPEED (RPM) = 1000,00
INITIAL FE3+ (KG=MOL/M3I) = 00491 INITIAL FE3s (KG=NMOL/MI) = 040491
INITIAL H2504 (KG=MOL/M3) = 1.00 INTTIAL H2S500 (KG=u(L/M3) = 1.00
TOTAL SOLIDS AREA (M2/M3) = 0,00 TOTAL SOLIDS AkEA (M2/M3) = 0,00
INITIAL SOLIDS (KG) = 0.0000 INITIAL SOLIDS (KGg) = 040030
KDEXP (KPA M3/KG=HMQOL) = NeD, KDEXP (KPA M3/KG=MOL) = NeD,
KDCALC (KPA M3I/XKG=MQL) = 1225400 KDCALC (KPA M3/KG=MOL) = 1225.,00
TIuME PH2S IN2+ T1ME PH2S N2+
(MINS) (KPA) (KG=MOL/M3) (MINS) (KPA) (RG=4OL/MI)
0s00 26121 N.Dos . 0.00 26,77 NeDa
1.00 2347 NasDs 1400 19,16 NeDo
3,00 20.39 NsDa 2:00 16.07 NeDs
5.:00 18436 NeDe 3.00 14411 N.Da
10400 15.28 NeDo 4400 12.63 NsDs
15400 13:53 NeDo S.00 11.50 NeDo
20400 12417 NoDo T.00 9.66 NeDs
30.00 10.62 NeDo 10.0C 8405 NeDs
10.00 978 NsDe 154,00 6481 NeDo
20,00 S5.51 NeDo
MEASs INTLe RATE (KPA/MIN) = =~3,4299 25400 4490 NeDeo
30400 4473 NaDo
MEASs INTLs RATE (KPA/NIN) = =9,2102
TABLE K 41 TABLE K 42
FE3* OXIDNe OF H2S IN AQUENUS H2504 FE3* OxIpNs OF H2S IN AQUEDUS H250a
EXPERIMENTAL RUN NOW - 221 EXPCRLMENTAL RUN NQe a 223
SPHALs TYPE PRESENT = ACT. CHAR. SPHALs TYPE PRESENT = ACT. CHAR.
TEMFERATURE (x) = 298,00 TEMPERATURE (n) = 298400
STIKRER SPEED (RPM) = 1000.00 STIKRRER SPEED (RPH) = 1000+00
INFTIAL FE3+ (KG=MOL/M3) = 040491 INITIAL FE3+ (KG=MOL/M3) = 0+0491
INITIAL H2SQ6 (RG=MOL/M3) = 1,00 INITIAL M2508% (KG=mOL/M3) = 1,00
TOTAL SaLIns anEa (M2/m3) = 0.00 TOTAL SOLIDS AREA (M2/M3) = 0400
INITIAL SOLIDS (KG) = 040100 INITIAL SOLIDS (KG) = 0.0200
KDEXP (KPA M3I/KG=MOL) = NeD, KUEXP (KPA M3/KG=MQOL) = NoDo
KUCALC (KPA M3/KG=MOL) = 1225400 KDCALC (KPA M3/KG=MOL) =2 1225.00
TIME PH2S IN2 ¢ TIME PH2S IN2*
(MINS)  (KPA) (RG=MOL/M3I) (MINS)  (KPA) (KG=HOL/MI)
0.00 26435 NsD« 0400 26485 NaDo -
0450 16482 NeDo 025 16.28 NeDo
1,00 13.21 NoDs 0450 134340 Nale
2,00 94,92 NeDo 1400 10:42 NaOs
3,00 8430 NaDs 2,00 8,3a Nells
4,00 I&LY] NeDa 3.00 7.48 NsDo
5400 6495 NeDs a.00 65.92 NoDs
740U 6.248 NeDo 5.00 6454 NyOe
10s00 Si66 NeDo 7.00 5493 Nils -u
15,00 5415 NeDo 10400 Sua7 Nels
20v00 4s8q NasDs 15.00 4a76 Nale
£5.00 4460 NeDo
MEAS. INTL. RATE (XPA/MIN) m  =52,999g
MEASs INTL. RATE  (RkpA/MIN) = =22,330a
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UF H2S IN AQUEOUS H2S50a

TABLE
FE3* OXIUNs

K 38
OF H25 IN AQUEQUS H2504
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APPENDTIX L

TABULATED EXPERIMENTAL RESULTS

FOR LEACHING UNDER CASE (iii) CONDITIONS

( [Fe2*) ¢ [H;S0,] £0,1)

This type of data was qualitatively interpreted

as discussed in section G. 4.



TABLE L1

EXPLRIMENTAL RUN WU =

A 101

180
SPHALERITE LEACRING In ALUEOUS

H2504

SPHALs TYPE LEACHED = yMwiHirFE3e gt tz0)
TEMPLKATURE (x) = 318.00
IRITIAL HASS (KG) = U,0100
STINRER SPEED (RPM) = 100040
INTTIAL H2S04 (KG=MUL/M3) = 0.5000
INITIAL FE3s  (RG=MOL/M3) = 0,0138
SPFC+SURFACE AHLA (M2/kg) = 3272.0
KUCALC (KPA M3/KG=MOL) = +1569E 04
TIME PH2S IN2+
(MINS) (KPA) (KG=MyL/H3)
1.00 0.00 0294E=02
500 000 +550E=02
15,00 0.00 «592E=02
62.00 000 «601E=02
90.00 0+00 «604E=02

TABLE L 3
EXPERIMENTAL RUN NDe = _178

SPHALERITE LEACHING IN AWUEQUS H2SQ4

SPHAL s TYPE LEACHED = VMWEMBFE3satt=0)
TEMPERATURE (K) = 318.00
INITIAL MASS (KG) = 0.,0100
STIKRER SPEED (RPHY = 1000.0
INITIAL H2504 (KRG=MUL/M3) = 11,0000
INITIAL FE3s (KGg=MOL/M3) = 0.0275
SPEC.SURFACE AREA (M2/KG) = 3272.0
KkDCALC (KPA M3/KG=MOL) = .1654F 04
TIME PH2S IN2+

(KINS) (KPA) (KG=MOL/M3)

1,00 144 NaD,

5,00 3.07 1878E=30

10.00 0405 NeD,

15,00 0.00 NoD,

30.00 0438 2 120E~01

45,04 0+84 0329E=29

60400 1.58 132001

60400 2478 +145€=01

TABLE L S
EXPERIMENTAL RUN NOW m 210

SPHALERITE LEACMING IN AGUEGUS H2504

SPHAL. TYPE LEACHED

TEMPERATURE (K)
INITIAL MaSs (KG)
STIKRER SPEED (3Py)

INITIAL M2S04 (Kg=mUL/u3)
SPEC«SURFACE AREA (M2/KG)
KDChLC (KPA M3/KG=MQL)
INITAL FEJ. {KG-MOL/M 3)
TIME PH2S INZ+
(MINS) (KPA) (KG=MOL/M3)
025 0s53 NolDo
0450 050 NeD,
1400 0434 «600E=02
5.0V 0407 «110E=01
10,00 V.00 NeD,y
15,00 0.05 W17%E=01
30400 0.36 4 205E=01
45400 0+82 s 215€=01
60,400 1s10 W 210E=01
75:00 1449 1216L=28

VMuGMeFE3+at t =0)
3168400

U.0100

100040

1.0000

3272.0

11654 04

0,0570

TABLE L 2
LAPLRIMENTAL KUK Hi, -
SPHALEKITE LEACHTHN

177
IN AGUEQUS H2S508

SPHALs TYPE LEACHE, a VHrAMeFE I+qt t=0)
TEWPERATURE LK) = 318400
1N TTAL HASS (#G) = 0.,0100
STIitkER SPEED (kFM) = 1006040
INnITIAL nH2504 (KG=mLL/M3) = 1,0000
INITIAL FE3s  (RGe=mUL/M3) = 0,0138
SPECeSUHRFACE AREA (M2/KkG) ® 327240
KDCALC (KPA M3/KG=HDL) = +1654F 04
TIML PH2S Inze
(HIND) {KPA) (KG=MUL/M3)
1.00 3.7% w430E=02
5400 4.90 o 7T65E=02
10400 5.28 «9UBE=02
21,50 7.49 J115E=01
30.00 B+93 2 118E=01
45,00 10.47 «131E=01
60,00 11.43 HeDs
75.00 12429 +164E=01
’ TABLE L 4
EXPERIMENTAL HUN NQ» = 179

SPHALERITE LEACHING IN AQUFOUS H2S04 .

SPHalLe TYPE LEACHED
TEMPERATURE (K)
INITIAL MaASS (KG)
STIRRER SPEED (RPM)

INITIAL H2SD4 (RG=40L/M3)
INITIAL FE3+ (Ka=u0L/M3)
SPECSSURFACE AnEA (12/KG)

KODCALC (KPA M3/KG=MOL)
TIME PH2S INZ*
(MIND) (KPA) (KG=40L/43)
0.33 0e67 Nels 5
%1 0.72 NeDe
1400 0523 +535E=02
2,00 0.26 HsDa
5,00 0610 W 981E=02
17.00 0.00 782029
25200 000 NeDo
30,00 0.00 - 2217E=01
45,00 0200 NaDo
60.00 0400 ¢259E=01
TABLE L 6
EXPERIMENTAL RUN NOe 2

SPHALERITE LEACHING IN

YMWRKFE34at t =0)
318400

0,0100

100040

140000

0.0550

327240

+1654F 08

181

SFHALs -TYPE LEACHED =
TEMPERATURE (x) =
INITIAL MaSS (KG) =
STIHER SPEED (rPM) =
INITIAL HM2504 (KG=MOL/M3) =
INITIAL FE3+ (KRG=MOL/M3) =
SPEC«SURFACE ARLA (M2/KG) =
KDCALC (KPA M3/KG=MOL) =
TIME PH2S IN2 ¢
(MINS) (KPA) (KG=HOL/M3)
033 3:00 NaDo
0:66 4430 NeD,
100 5022 W617€=-02
2400 6438 NaD,y
6400 7:61 #»102E=01
10.00 de45S Nabo
15,00 1064 »133E=01
30,00 15«44 W 173E=01
15,40 18.52 179€=01
a0 00 20436 NiD,

AQUEQUS H2Sp4

VMHBMprE3oqQ|=m
318400

00,0100

10000

2.0000

0,0138

3272.0

+1824F 04



TABLE

LXPERIMENTAL RUN NO
SPUALERITE LEACHING
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L7

182
IN AQUEQUS H25n4

TABLE L 8

EXPERIMENTAL HKHUIW NOs =
SPRALERITE LEALHING

212
IN AQUEQUS H2504

SkuALs TYPE LEACHED 1 YMuHMrAeCoeatt=0}
TEMPERATURE (K) = 318.00
INTTIAL MASSIsphal.} (KG) s U,0100
STINRER SPLED (KPM) = 100040
INITIAL H2504 (KG=MUL/M3) = 1.0000
SPECSSURFACE AREA (M2/KG) = 327240
INTL. ACT. CHARCOAL [KG) = 00050
KDCALC (KPA m3/KG=MpL) s 41654g 08
TIME PH2S INZe
(MINS) (KPA) (KG=HOL/M3)
1,30 7+11 W T70E=02
5400 11:62 +104E=01
10400 13.25 NeD,
15.00 18402 +128E=01
30400 15017 «144E=01
MEASURED (DP/DB1)0 (KPA/MIN) = 9422
FITTED (DP/DTI0  (KPA/MIN) = 9.87
MEASURED (P)EQ (KPA). 2 15,86
FITTED (P)EQ (KPA) = 15,40
TABLE L g
EXPERIMENTAL RUN NGO = 183
SPHALERITE LEACHING IN AGUEOUS H2S5pa
SPHALs TYPE LEACHED = VHMWRMsFE+ACat t=0 )
TEMPERATURE (K) = 318.00
INITIAL MASS (KG) = 0,0100
STIKRER SPEED (RPM) = 100040
INITIAL H2S04 (KG=MOL/M3) = 11,0000
SPEC+SURFACE ArEA (M2/KkG) = 3272.¢0
KDCALC (KPA M3/KG=MOL) = +1654¢ 04
TIME PH2S IN2e
(MINS) - (KPA) (KG=MOL/H3)
Ue33d 1.08 NeDao
0.66 1.31 NeDW
1,00 1434 W433E~02
2,00 1515 NaD,
5,00 1.97 W 765E=02
10,00 4,99 2 107E=~01
30400 7425 1 128E~01
45,00 8460 s141E~01
INTL,ACT.CHARCOAL K6) = 00050
TABLE L 11
EXPERIMENTAL RUN NQO. = 214

SPH&LFRITE LEACHING IN AQUEQUS H2S04

SPHAL. TYPE LEACHED e
TEMPERATURE (K) =
INITIAL MASS (KG) =
STINRER SPEED (REM) =
INITIAL H2504 (KG=MUL/M3) =
INITIAL FE3+ (KG=MDL/M3) =
SPEC SURFACEAREA  (M2/KG) =
KDCALC (KPA M3I/KG=MOL) &
TIME PH2S IN2+
(MINS)  (KPA) (KG=MOL/M3)
1.0 0 5,997 «10°
5.0 o] 11,77940°
15.0 0 1728607
300 0 21, 4931073
45,0 0 21,952 »107
60,0 0 22 411 o3

MASS OF ACT CHARCOAL = I[kg) =

VM R4 FE3+ACT,.CHAR )
318400
040100
1000.0
1,0000
0.0573
3272,0

91654 'E 04

-0.02

SPHALs TYPE LEACKED 2 VMwHMleACaatt=0)
TEMFERATURE (k) = 318,00
INITIAL MASS (KG) e 0,0100
STIKHRER SPEED (RPM) = 100040
INITIAL H2306 (KG=MOL/M3) = 11,0000
SPECsSURFACE Anta (M2/KG) = 327240
INTL.ACT, CHARCOAL {KG} = 0.0100
KDCALC (KPA M3/KG=HMOL) = +Y653f 048
TIME PH2S IN2e

(MINS) (KPA) (KG=MOL/M3)
0450 3:94 NaD,
0.80 5195 o 737E=02
2400 9.03 NeD,
5.00 11-62 »119E=201

10400 1291 1134€=01

20,00 14.21 145201

3000 1487 NeD,

40,00 15427 0 155E=01
MEASURED (DP/DTI0  (KPA/MIN) = 10485
FITTED (DP/DT)0  (KPA/MIN) = 11430
MEASURED (P)EQ (KPA) s 15,27
FITTED (P)Ea (KPA) = 15410

TABLE L 10
EXPERIMENTAL RUN NO« = 215

SPHALERITE LEACHING

IN AQUEDUS H2SnA4

SPHAL. TYPE LEACHED = VMWHM+FEI+ACT. CHAR)
TEMPERATURE (K) = 318400
INITIAL MASS{sphal ] (XG) = 040100
STIRKER SPEED (RPM) = 100040
INITIAL H2504 (KG=MDL/M3) = 11,0000
INITIAL FE3+ (KGg=MOL/M3) = 0,0573
SPECSURFACE AREA (M2/KG) = 3272.0
KOCALC (KPA M3/KG=MJOL) = +165a8F 04
TImt PH2S IN2+
(MINS) (KP&) (KG=HMDL/M3)
1.0 0 6.062x10"
5.0 0 11,473x103
15.0 0 18.051 x1G2
30,0 0 22,793 4073
45.0 0 23.56 x10°
60,0 0 23,925 107
MASS OF ACT. CHARCOAL  lkg) = 0,01
TABLE L 12
EXPERIMENTAL HUN NO& = 184

SPHALERITE LEACHING

IN AQUEQUS H2S04

SPHALs TYPE LEACHED = VMWRMMSUL e att=0)
TEMPERATURE (K) = 318400
INITIAL MASS (KG) = 0,0100
STIRRER SPEED (RPM) = 100040
INITIAL H2S504 (KRG=MGL/M3) = 1,0000
SPEC+SURFACE AKLA (M2/KG) = 327240
COEXP (KG=RUL/M3 Kpa) =  o7320£=03
KODEXP (KPA M3/KG=MOL) = +1669F 04
KDCALC (KPA M3/KG*MOL) = +1654F 04&
INTL, SO POWCER ADDED KG ) = 0.0100
TImt PH2S IN2+ IN2+/PH2S
(HINS) (KPA) (KG=MUL/M3) (KG=MOL /M3 KPA)
0450 4461 Nellso NaDeo °
1420 8e8i3 1696E=02 «788£°03
5100 18:40  4110E-01 7626703
164,00 17,29 s11at=01 W650E703
3000 18483 Nol o NuDs
45400 19,21 W 1818=01 W 733E%03
MEASUREL (DP/DT)O  (KPA/MIN) = 15,36
FITYED  (UP/LTI0  (KPA/MIN) & 12,30
MEASURED (P)EQ (Kpa) x 19,21
FITTED (P)ta (KPA) = 19,50



TABLE L 13

EXPLRIMENTAL HUN N0 .

188

SPHALERITE LEACHING IN AGUECUS #2504

Vuwiih2ZNerEgtt= 0)

A 103

ExptRIN

TABLE L 14

FRTAL HUH NUS = 20
SPHALTRITE LEACHING In AQUEGUYS H2504

7

SPHALs TYPL LEACHED ] SHHAL . TYPE LEACHED s VMZCRWFE3eqrt=0)
TEMPEHATURE (K)y - ®» 318,00 TEMPLERATUKRE tr) = 318400
INITLAL MASS (KG) = 0.0100 INITLIAL HASS (KG) = 040100
STIRKER SPEED (HPM) w 10000 STIKRER SPEED (RFM) = 100000
INTTIAL H2508 (XKG=MUL/M3) = 11,0000 INITIAL H2504 (KG=MUL/M3) = 14,0000
SPEC«SURFACE ARLA (M2/KG) = 327240 INITIAL FE3e (KG=MUL/M3) = 0,0287
KDCALC (KFA M3/KG=MOL) = 1654 04 SPECSURFACE ArEA (M2/KG) = 270000
KDCALC LKPA M3/KG=HOL) = «1654F 04
TIME PH2S N2+
(HINS) (KPA) (KG=MUL/HM3)Y ( TIME PH2S IN2+
0433 0.48 NeD, (MINS)  (KPA)  (KG=MUL/M3)
066 0e57 NeDo 0450 1692 Nela
1.00 089 - 1299€=01 1.00 2454 W475E=02
2.00 0435 NaDs 2.00 2.88 NeDs
3.00 Oe¢ld NeDo . 3,00 2.84 NeDs
5.00 0.06 NeDs 600 2453 1 962E=02
10,00 0.00 NeDs 10,00 1498 NeD,
20.00 0.00 1419E=01 15400 1446 s 128E=01
40,00 0,00 «434E=01 20,00 1646 NeDs
60400 Oe24 s465E=01 25,00 1046 Nele
60400 0467 NeDs 30,00 1:65 ¢145€=01
90,00 075 «499€£=01 40,00 2469 NaDso
INITIAL ZN2» (KG-MOL/M3} = 00299 gg:gg ::Ig "Z?E:OI
INITIAL FE3. IKG-MOL/M3) = 0.0550 100400 7.68 NeDeo
105.70 8.07 «180E=01
TABLE L 15 TASLE L 16
EXPERIMENTAL RUN ND. 211 EXPERIMENTAL RUN NQe T 206

SPHALERITE LEACHING IN AQUEQUS H2504 SPHALERITE LEACHING IN AQUEOUS H2504

SPHAL. TYPE LEACHED

TCMPERATURE
INITIAL MASS
STIKRER SPEED

INITIAL H2508 (KG=MOL/M3)
INTTIAL FE3«
SPECSSURFACE Anba (M2/kg)

(KG=MOL/M3)

(K)
(KG)
(RPM)

KDCALC (KPA M3/KG=MOL)
TIME PH2S N2+
(MINS) (KPA) (KG=MOL/M3)
050 0+84 oD
1:00 1+05 +525€=02
5.00 1413 «106E=01
10.0v 1.13 NeDao
1470 119 «168E=01
29.80 134 «208E£=01
45.00 1:54 e 226E=01"
60,00 376 1236E=01
TABLE L 17
EXPERIMENTAL RuN NU. =

VM2CKleF E3+at t=0)}
318400

0.0100

100040

1.0000

0.0573

270040

+1654F 04

208

SPHALERITE LEACHMING IN AQUEDUS H2SD4

SPHAL,

TYPE LEACHED

TEMPERATURE
INITIAL MASS
STIRRER SPEED

INITIAL H2504 (KG=MUL/M3)

INTTIAL FE3e

KUCALC

TIME
<UMINS)
0:50
1425
2.00
7400
15,00
€0.70
40,00
20,00
60400

PH2S

(KPR)
0.79
1406
0e¢91
0.58
0.55
Oeu8
0.79
079
Ve79

(KG=MOL/H3)
SPECSURFACE ARLA (M2/KG)
(KFA

(k)
(KG)
(HPM)

M3I/KG=M(OL)

IN2+
(KG=MUL/MI)
NeD,
«809E~02
NeDo
s 123E=01
Nela
0 216E=01
«259E=01
Nalle
12081E-01

BOH(FE3+att=0}
318.00

0,0040

1000.0

1.0000

0,1146

720040

1 1654F 08

BDHFEI* att = 0)

318400
0.0040
1000.0
1.0000
0.0287
720040
+1654F 04

09

VMPRI#FE3*qatt=0

318400
0,0100

SPHAL. TYPE LEACHED =
TEMPERATURE (K) =
INITIAL MASS (KG) =
STIKRER SPEED {RPH) =
INITIAL H2SN& (KG=MOL/M3) =
INITIAL FE3+ (KG=MOL/MI) =
SPECSSURFACE ANEA (M2/XG) =
KOCALC (KPA M3/KG=MOL) =
TIME PH2S IN2+
(MInS) (KPA) (KG=MDL/MI)
1,00 2.50 0 326E=02
2400 3.78 NoD,
3.00 4,37 NeDs
5.00 4280 +888E=02
10.00 4480 +128E=01
13.00 8476 NeDo
15400 486 NeDe
20.00 517 N+D,
25400 5.72 NeDs
30400 6:82 «178E=01
40.00 8.83 NeD,
60.00 1124 «202E=01
TASLE L 18
EXPERIMENTAL RUN NQe = 2
SPHALERITE LEACHING IN AQUEQUS H2504
SPHALs TYPE LEACHED
TEMPERATURE (x)
INITIAL MASS (KG)
STIRRER SPEED (RPM)

INIVIAL H2504

SPECeSURFACE Anbta (M2/KG)
(KPA M3/KG=MOL)

INITIAL FE3+
KUCALC

TIME PH2S
(HINS) (KPA)
1460 0413
500 0.38
10.00 0260
19.50 0e77
30,00 0.88
39.70 1030
20.00 2434
60,00 3,99
70,00 5.60
8000 6491
Y0.0U 7488

(RG=MOL/MI)
(RG=MOL/M3)

[ T T TR S "R TR 1}

IN2+
(KG=HOL/MI)
1579£=02
»785E 01
NeDoW
W B61E=02
NeDo
1852E=02
NoD,
1999L~02
NaDs
Nl
+120E=01

1000.0
1.,0000
0,0143
2630.0
s 165aF 04
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TABLE L 19
EXPLRIMENTAL RUN NQ» = 205
SPHALERITE LEALHING IN AGUEQUS H2SN4

SPHAL. TYPEL LEACHED = VMPR+FEIsql 1:0)
TLMPERATUKE (K) x 318,00
INTTTAL MASS (KG) = U,0100
STIRRER SPEED (RFH) = 1000.0
INITIAL HM2504 (KG=MOL/M3) 21,0000
INITIAL FE3+ (KG=M{L/M3) = (0287
SFECsSURFACE AREA (M2/KG) = 263040
KDCALC (KPA MI/KG=#OL) =  41654F 04
TIME PH2S IN2*
(MIND) (KPA) (KG=MUL/M3)
1,00 0,10 «S59BE=02
Se00 019 +973E=02
20,00 Os44 «138E%01
30,00 0456 «140E=01
6000 1431 s181£=01

Y0.00 160 «139€=01
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APPENDTIX M

LIST OF TABLES AND FIGURES

LIST OF TABLES

Summary of nomenclature used to define the models
corresponding to cases (i), (ii) and (iii) of

proposed mechanisms 1 and 2.

Summary of case (i) ( [Fe3+k): [H,80,], = 0)

models for mechanisms 1 and 2.

Summary of case (ii) ( [Fe3+]o: [H,50,] = 1,8)

models proposed for mechanisms 1 and 2.

Summary of abbreviations and descriptions of

sphalerites used in this thesis.

Average chemical analyses of sphalerites used in

this study.

Summary of initial conditions and results for

experimental leaching runs using VMWBM sphalerite.

Summary of initial conditions and results for

experimental leaching runs using VMZCR sphalerite.

Summary of initial conditions and results for

experimental leaching runs using VMPR sphalerite.

Summary of initial conditions and results for

experimental leaching runs using BDH sphalerite.

Summary of initial rate results for leaching with

and without HES initially present.

Summary of pre-exponential constants AR and
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3.12

313

3.14

315

3.16
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L.1p

A 106

activation energies E, representing the origin

and slope of the lines appearing on figure 3.13.

Summary.of pre-exponential constants Ag calcu-

lated using equation 3.40.

Summary of constants appearing in the general

initial rate leaching equation 3. 41.

Summary of conditions and initial rate results for
WBM and VMWBM sphalerites leaching under case (ii)

conditions.

Summary of conditions and initial rate results
for BDH sphalerite leaching under case (ii)

conditionse.

Summary of leaching conditions and initial rate
results for ZCR and VMZCR sphalerites leaching

under case (ii) conditions.

Summary of conditions and initial rate results for
PR and VMPR sphalerite leaching under case (ii)

conditions.

Summary of activation energies B, and pre-exponen~
tial constants Ap for the indicated best fit lines
for leaching various sphalerites under case (ii)

£ (Fed+| .
conditions ( [Fe o ¢ lHESOq]o} 1,8)
Concentrations of major impurities (copper and

iron) are also summarised.

Summary of concentrations of major impurities
(Cu and Fe) and A(D) for the indicated

sphalerites.

Determination of ¢4(X) for VMWBM leaching

results reported in table J.9 .

Determination of 'bh(X) for VMWBM leaching
results reported in table J.10.
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L. 2a

hk.2b

4.3

23

S5.h

25

5.6

57
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Determination of ¢l+(x) for VMWBM leaching

results reported in table J.5.

Determination of $L+(X) for VMWBM leaching
resulted reported in table J. 4.

Sample calculations for determining P(x)
and k 4z of equation 4.5 at different values
of X.

Summary of initial experimental conditions and

rate of homogeneous oxidation of H_,S by Fel*

2
(with no solids present at all) .
Summary of initial experimental conditions and
rate of oxidation of HyS by Fed* in the presence
of VMWBM sphalerite solids.

Summary of initial experimental conditions and
rate of oxidation of H2S by FeJ* in the presence
of BDH sphalerite.

Summary of initial experimental conditions and
rate of oxidation of H2S by Fel* in the presence
of VMZCR sphalerite.

Summary of initial experimental conditions and
rate of oxidation of st by Feo*t in the presence
of VMPR sphalerite.

Summary of the arithmetic mean and standard
deviation of the (ho)exp’ and (ho)mod and

(W values presented on tables 5.1 to 5.5,

Summary of experimental conditions for VMWBM,
VMZCR, BDH and VMPR sphalerites leaching under

case (i) and case (iii) conditions.

Summary of experiments in which WBM, ZCR and PR
sphalerites were leached in H2804.

Summary of conditions and results of oxidising

HoS8 by Fed* in aqueous HpSOy, in the presence of
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6.3

II1
I.68

J.1
J. 47

K.1
KI 42

L.1
L.19

343
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various nmasses of activated charcoal.

Summary of conditions for experiments in which
VMWBM sphalerite was leached with and without

Fe3+ or activated charcoal present.

Summary of results for the determination of

reactor gas cap volume v

g1
Tabulated experimental results for leaching

under case (i) conditions ([Fe3+% :[H2S04h3= 0,0)

Tabulated experimental results for leaching

. . . . + -
under case (ii) conditions ( [Fe3 % .IHESOAkyh 1,8)

Tabulated experimental results for the oxidation
of HES by Fe3* in the absence and presence of

sphalerite or activated charcoal.

Tabulated experimental results for leaching under

case (iii) conditions ( [Fe3+lo 2 [HpS0Ll = 0,1)

LIST OF FIGURES

Initial rate versus total initial area for VMWBM

and VMZCR sphalerites.

Initial rate versus total initial area for the
VMPR and BDH sphalerites.

Initial specific rate versus initial H2S04

concentration for the VMWBM and VMZCR sphalerites.

Initial specific rate versus initial Hasoq

concentration for the BDH sphalerite.

Initial specific rate versus initial Hasoq

concentration for VMPR sphalerite.

Initial specific rate versus initial zinc ion
concentration for the VMWBM, VMZCR and BDH

sphalerites.
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Initial specific rate versus initial zinc ion

concentration for the VMPR sphalerite.

st partial pressure versus time for VMWBM
sphalerite without and with Has initially
present.

HsS partial pressure versus time for BDH
sp alerite leaching without and with Has

initially present.

H,S partial pressure versus time for VMZCR
sphalerite leaching without and with H,S

initially present.

H,8 partial pressure versus time for VMPR
sphalerite leaching without and with HS

initially present.

Initial specific rate versus initial H5S

concentration for VMPR sphalerite.

Arrhenius plot demonstrating the effect of
temperature on the goreward rate constants for

the VMWBM , VMZCR] and BDH sphalerites.

Comparison between initial rate values calculated
using equation 3. 41 with experimental and fitted

initial rate values for the VMWBM sphalerite.

Comparison between initial rate values calcu-
lated using equation 3. 41 with experimental
and fitted initial rate values for the VMZCR

sphalerite.

Comparison between initial rate values calcu-
lated using equation 3%. 41 with experimental
and fitted initial rate values for the VMPR

sphalerite.

Comparison between initial rate values calcu-

lated using equation 3. 41 with experimental
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Figure

and fitted initial rate values for the BDH

sphalerite.

2.18 Arrhenius plot demonstrating the effect of
temperature on kqg (as defined by equation
2. 44 ) for the WBM, VMWBM and BDH sphalerites.

3.19 Arrhenius plot demonstrating the effect of
temperature on kqg (where kqg is defined by
equation 3. 44 ) for ZCR and VMZCR sphalerites.

3.20 Arrhenius plot demonstrating the effect of
temperature on kqg (where kqg 1s defined by
equation 3. 44 ) for the PR and VMPR

sphalerites.

3.21 Mean diameter D versus rate constant ratio
A(D) (where A(D) is defined by equation
3. 45) for the WBM, VMWBM and BDH sphalerites.

3. 22 Mean diameter D versus rate constant ratio
A(D) (where A (D) is defined by equation
3. 45) for the ZCR and VMZCR sphalerites.

3.23 Mean diameter D versus rate constant ratio
A(D) (where A (D) is defined by equation
3.45) for the PR and VMPR sphalerites.

3.24 Comparison of best fit Arrhenius plots
presented on figures 3.18 (WBM and BDH) ;
3.19 (ZCR) and 3.20 (PR).

3.25 Comparison of best fit A(D) versus D curves

off figures 3.21, 3.22 and 3. 23.

L, Comparison of active site area ratio functions
Y, (XD, Y, (XD, wB(X) and ), (X) with
414 (X) values calculated for WBM and VMWBM

sphalerites leaching under case (ii) conditions.

k.2  Example of graphically determining ¢4(X) and
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k 1z solutions to equation 4.5 for VMWBM
sphalerite leaching under case (i) conditions

at two different 1Hﬂ0 values.

4.3  Example of graphically determining ¢[+(X) and
kqz solutions to equation 4.5 for VMWBM
sphalerite leaching under case (i) conditions

at two different temperatures.

L.t  Example of graphically determining ¢1+(X) and
k43 solutions to equation L,5 for VMWBM
spalerite leaching under case (i) conditions
with two different masses of sphalerite initially

present.

4.5  Summary of W1+(X) versus X solution values

shown on figures 4.2 , 4.3 and L. 4 .

L,6 Summary of k43 versus X solution values shown

on figures 4.2, 4.3 and 4.4 .

4,7  Comparison of all case (i) ¢L+(X) versus X
data (from figure 4. 5) with all case (ii) WL+(X)

versus X data (from figure 4. 1)

4.8 Reverse rate constant ratio Q(X) wversus X
for VMWBM sphalerite leached under case (i)
conditions. Q(X) is defined by equation 4. 10 .

4.9 Arrhenius - type plot illustrating the effect of
temperature on the reverse rate constant k13 for
VMWBM sphalerite leaching under case (i)

conditionse.

k.10 Comparison of calculated Yy (X) versus X
values for the VMZCR sphalerite (leaching under
case (i) and case (ii) conditions) and for the
ZCR sphalerite (leaching under case (ii) conditions)
with the functions wq(X), ¢2(X) g ¢3(X) and
Yy, (XD,
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Rate curve for ZCR sphalerite leaching under
case (ii) conditions, demonstrating the effect
of removing the sulphur from the particles at

.X = 0’490

Comparison of reverse rate constant k13
calculated for VMZCR sphalerite (using data
reported in tables I13 and I 15) with the
best fit k13 curve (off figure 4. 6) for
VMWBM sphalerite.

Comparison of calculated lpq(X) versus X
values for the PR and VMPR sphalerites leaching
under case (ii) conditions with the functions

b0, b, (), W0 ama W 0.

Reverse rate constant values k13 calculated

for BDH sphalerite leaching under various case (i)
conditions (using equation 4. 5 with the
assumption that @(X) varies according to the

shrinking core model equation 4.2).

Comparison of w4(X) versus X values for BDH
sphalerite leaching under case (ii) conditions
with the functions 1, (x), wa(x), wB(x) and

Comparison between ), (X) versus X best fit and
calculated curves for each of the sphalerites
presented previousiy on figures 4.7, L4.10,

4o12 and 4.15.

H,S oxidation rate constant (kv ) versus
2 Lo’exp
[H,80,10 - (ho)exp was calculated using the

Verhulst model as expressed by equation 5.3,

H28 oxidation rate constant ratio (o (defined
by equation 5.5 ) versus the total VMPR

sphalerite surface area A present.
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Figure
5.%a Comparison between case (i) and case (iii)
& 5.3b experimental (zn?*] and PHgS leaching results
for VMWBM sphalerite.

5.4  Effect of initial (Feo*] on the amount of znet

produced from VMWBM sphalerite during different

time intervals.

5.5a Comparison between case (i) and case (iii)
& 5.5b experimental [Zn2+l and PHES results for VMWBM

sphalerite at different 1H2504h) values .

5.6a Comparison between case (i) and case (iii)
& 5.6b experimental [Zn2+]and PHgS leaching data
for VMZCR sphalerite.
5.7a Comparisoﬁ between case (i) and case (iii)
n;2+ ] P

& 5.7b experimental [Z and “HpS leaching data

for BDH sphalerite.

5.8a Comparison between case (i) and case (iii)
% 5.8b experimental (Zn°Yl
for VMPR sphalerite.

and FH,S leaching data

g . 2+ P
5.9a Comparison of the experimental |Zn” ]and “HyS
& 5.9b rate curves for the VMWBM , VMZCR, VMPR and

BDH sphalerites leaching under case (iii)

conditionse

6.1 S.E.M. photograph of unleached WBM sphalerite.

6.2 S.E.M. photograph of unleached ZCR sphalerite

particles.

6.3 S.E.M. photograph of CC1l, washed leached ZCR

sphalerite particles.

6.4 S.E.M. photograph of unleached PR sphalerite

particles.

6.5 S.E.M. photograph of CG].L+ washed leached PR

sphalerite particles.
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6.7

6.3

6.9

6.10

6.11

6.12

613

6.14

6.15

6.16

617

6.18
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S<E.M. photograph of the unwashed surface of a

single leached PR pérticle.

S.E.M. photograph of

sphalerite particle.

SeEeMo photograph of
sphalerite particle.

S.E.M. photograph of

particle.

SeE.M. photograph of
single ZCR particle.

S.E.M. photograph of

an unwashed leached PR

a CCly washed leached PR

an unleached ZCR

sphalerite

the unwashed surface of a

the (}014 washed

a ZCR sphalerite particle.

Se.Ee.M. photograph of

sphalerite particle.

S.E.M. photograph of

sphalerite particle.

0.M. photograph of a

sphalerite particles.

O.M. photograph of a

sphalerite particles.

O.M. photograph of a

sphalerite particles.

O.M. photograph of a

sphalerite particles.

O.M. photograph of a

surface of

an unwashed leached WBM

a (1014 washed leached WBM

polished section

polished section

polished section

polished section

polished section

single ZCR sphalerite particle.

of WBM

of ZCR

of PR

of PR

of a

Plot of IZn2+] versus elemental &° recovered,

demonstrating tie stoichiometric production of

during the leaching of the various sphalerites

under case (ii) conditions.
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6.22

6.23
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6.25

6.26

6.27

6.28

6.29

6.30a
& 6.30b
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Experimental rate curves for leaching wvarious
size fractions of WBM sphalerite under case (i)

conditions ( [Fe?™] & [H,S04l, = 0,0)

Experimental rate curves for leaching various

size fractions of ZCR sphalerite in Hasol+ .

Experimental rate curves for leaching various

size fractions of PR sphalerite in H2304 .

Comparison of the leaching rate curves for the
-17,0 + 12,0 pm size fraction of WBM, ZCR
and PR leaching in Hasoq.

Comparison of rate curves for WBM, ZCR and
PR sphalerite ( =17,0 + 12,0 pm size fraction)

leaching under case (i) conditions.

Experimental rate curves comparing the dissolution
of iron during the leaching of PR, ZCR and WBM

sphalerites ( -17,0 + 12,0 pm size fraction) in
Comparison of zinc and iron dissolution rate curves

for PR and VMPR sphalerites leaching in HESO4 .

Comparison between zinc and iron dissolution rate

curves for VMPR sphalerite leaching in H2804.

Comparison of the selectivities associated with
the dissolution of zinc and iron from three sizes
of PR sphalerite, and from VMPR sphalerite
leaching in Hasoq.

Demonstration of the catalytic effect of activated
charcoal on the oxidation of HBS by Fe3+. The
initial oxidation rate ratio (O™ 1is defined by

equation 6.5.

Comparison of experimental [Zn2+] and PHES rate
curves for VMWVM sphalerite leaching in Ho80y
without and with Feo™ and/or activated charcoal

initially present.
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Figure
6.31 Experimental lZn2+l rate curves for VMWBM

sphalerite leaching in HZSOL+ with sufficient
Fe3+ initially present so that no PHES is
detectable, and with activated charcoal present.

6.32 Comparison between the [Zn2*) and Pst rate
curves for ball milled (WBM) and vibratory
milled (WVM) sphalerite leaching under case

(i) conditions.

6.%% Comparison between the specific surface areas of
WBM and WVM sphalerites.

6.34 Plots of case (ii) leaching data for BDH, VMWBM,
and VMPR sphalerites.

6.35 DPlots of case (ii) leaching data for WBM, ZCR and
PR sphalerites.

A.1 Schematic diagram of leaching apparatus.
A.2 Overall view of leaching apparatus.
A.3 Close-up view of the reactor bowl and head.

E.1 Effect of temperature on the distribution
coefficient Kp for st dissolved in water.
E.2 Plot of (Cp) (where (Cp) = FH,S / zn*)
* D exp D exp 2
versus time for various sphalerites leaching under

case (i) conditionse.

E.3 Plot of experimental HES distribution coefficient
(KD)exp versus [H2804% .
E.4 Arrhenius - type plot demonstrating the effect of

temperature on the HES distribution coefficient Kp .

Fo1 Comparison of specific surface areas of PR and ZCR
sphalerites before and after acid pre-treatment,

with A, values calculated for solid spheres.

Fo.2 Comparison of the specific surface area of WBM
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Figure

sphalerite before and after acid pre-treatment
with AO calculated for solid spheres using

equation Fe. 2

=

.3 Comparison of the ratios A, (for a sphalerite)
to A (calculated for solid spheres) for the
ZCR, PR and WBM sphalerites.

F.bt Comparison between experimental and calculated
fractional area remainder 1 versus extent leached

X results.

F.5 Fractional area remainder versus the extent

of reaction X for PR sphalerite.

F.6 Fractional area change 1 versus extent leached

X for ZCR sphalerite.

.7 Examples of plotting A' versus X for PR

and ZCR sphalerites, and of measuring dA' from
dX
the slopes of the best fit lines.

aa'

F.8 <x_  Versus D for PR and ZCR sphalerites.

H.1a Comparison of PHZS versus time rate curves at

different stirrer speeds for VMWBM sphalerite.

H.1b Comparison of PH28 versus time rate curves at
different stirrer speeds for VMPR sphalerite.
H.1c Comparison of PHZS versus time rate curves at

different stirrer speeds for BDH sphalerite.

H.2a Plot demonstrating the effect of M, on the

PHES versus time rate curves for VMWBM

sphalerite.

H.2b Plot demonstrating the effect of My on the PHZS

versus time rate curves for BDH sphalerite.
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