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ABSTRACT

Conventional processes for the production cof zinc
from its sulphide ores have become progressively
unsatisfactory owing to the increased complexity of
processing low grade ores and environmental pollution
problems. As an endeavour to develop a new process, an
intensive study was made on the properties of zinc in
agueous sulphurous acid media. The use of sulphur dioxide
for precipitating zinc in the form of a sulphite salt was
investigated as a potential hydrometallurgical purification
or selective extraction process. Thermodynamic Pourbaix
and solubility diagrams were developed, from experimental
and published data, for the Zn«»S-—SO2
temperatures up to 200°C. Kinetic leaching experiments were

~H20 system at

performed on an iron-free synthetic sphalerite powder by
injecting mixtures of sulphur dioxide, oxygen and nitrogen
into a stirred slurry of the material in water. Ferric
sulphate and sulphuric acid were used as secondary reagents.
In the absence of iron and sulphuric acid, sphalerite
decomposed by an oxidative dissolution process to form the
tetrathionate ion as the principal sulphur product. 0Oxygen
had no role in the dissolution process. In the presence
of dissolved iron, however, oxygen was active in the
decomposition and the mechanism was dependent on the SO/O2
ratio of the gas mixture. At mole ratios below 0.5, the
leaching proceeded by acidic decomposition and hydrogen
sulphide was evolved. At 802/02 mole ratios above 0.5,
elemental sulphur was formed and the oxidation of hydrogen
sulphide in-situ was postulated to occur by the
Wackenrhoder reaction, or by a mechanism involving the
F@HSO32+sp@cies shown to be present in the medium by the
thermodynamic study. The production of elemental sulphur
did not impede the reaction kinetics and the process was
observed to be surface reaction controlled. The Pourbaix
diagrams developed in this work aid in the development of
effective process strategies and reveal sulphur dioxide to
be an attractive reagent for the leaching of zinc sulphide

in an ambient temperature and pressure process.
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PREFACE

The work reported in this thesis was carried out in
the Hydrometallurgical Laboratories of the Department of
Chemical Engineering in The University of Sydney, between
May, 1980 and July, 1984. It is the original and
independent work of the author except where specifically
acknowledged in the text. Neither this thesis, nor any
part of it, has been previously presented at this or any
other University.

The thermodynamic potential -pH diagrams of the
Zn-50,-H,0, metastable S—H20 and Zn-S-SOz-HZO systems at
temperatures of 25°C to 200°C, and the Fe—S—SOZ—HZO system
at 25°C,are original and previously unpublished. The
incorporation of the tetrathionate species into the
metastable S-H,0 system, and of the iron bisulphite species
into the Fe-5-50,-H,0 system, are the original work of the
of the author. These diagrams were developed by the author
from experimental solubility measurements and from the
thermodynamic data available in Kao (1979), Naumov, et al
(1974) and Wagman, et al (1982). A computer program
package, described by Linkson, et al (1979), was used
by the author to aid in the calculation of the
thermodynamic equilibrium relationships.

The experimental apparatus, including the reactor
lid and sample collection device, was designed and
commissioned by the author. Fabrication of the reactor
lid and impeller assembly was carried out by the technical
staff of the Chemical Engineering Workshop. The
experimental procedure was developed by the author.

A method for the guantitative estimation of the
tetrathionate species in sulphur dioxide leach liguors
was developed largely through the work of M. Josephson
in the Department of Chemical Engineering.
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CHAPTER ONE

INTRODUCTION AND LITERATURE OVERVIEW

1.1 INTRODUCTION

Historically, the processing of lead-zinc sulphide
ores has involved the roasting of high grade ores or
concentrates to form a metal-oxide calcine. The roasting
process traditionally is followed by either a reduction
with coke in a blast furnace, or by acid leaching of the
calcine and subseguent electrowinning of the metal
values., The smelting of sulphide minerals generates flue
gases which contain sulphur dioxide in concentrations
ranging from 0.5 to 10 percent. The detrimental effect
that releasing these sulphur dioxide laden gases into the
environment had in the early days of smelting practice
can be witnessed around the world in such areas as
Sudbury, Ontario and Queenstown, Tasmania. Fortunately,
much of this problem has been alleviated through the
introduction of strict pollution control regulations.
Conversion to sulphuric acid, generally, is the most
common method of recovering the sulphur in waste gas.
However, recent environmental legislation continually
becoming more stringent, now requires even further
treatment for the disposal of acid plant tail gas.

The capital and operating costs of a smelter and the
associated dust collection and acid production
facilities are extremely high. Although much of the
acid generated in an operation can be recycled to
on—-site hydrometallurgical operations or used in
fertilizer manufacture, the handling, storage and
transportation of sulphuric acid for sale or disposal can
be very costly. These costs are especially high when
such operations are located in remote areas.



Currently, the worldwide increase in demand for
resources coupled with the depletion of high grade,
massive ore bodies has stimulated the development of
technology to process low grade, highly disseminated and
mineralogically complex ores. The McArthur River deposit
located in Australia is, in particular, a very large
lead-zinc sulphide deposit with a very complex and fine
grained mineralogy. Attempts to develop suitable
metallurgy for this ore, since its discovery in 1955,
have not been successful (Anon., 1977). The extremely
fine grain size and intimate mixture of minerals prevents
the achievement of gsufficient liberation for an effective
differential sulphide flotation. The close association
of zinc and iron sulphides in the McArthur River ore
leads to the formation of a significant quantity of zinc
ferrite in roasting operations. Consequently, production
costs are increased and there is a loss in zinc recovery
due to the formidable nature in the treatment of these
ferrite compounds.

Research interest in recent years, therefore, has
been directed toward the removal of sulphur dioxide from
smelter gases. An attractive means would be the
conversion of sulphur dioxide to the inert form of
elemental sulphur. Even more desirable would be the
elimination of the need for a roasting step altogether by
direct oxidation of the sulphides in aqueous media. The
oxidation of sulphide minerals by oxygen in an aqueous
medium is thermodynamically favourable., However, at
ambient temperatures and pressures the oxidation suffers
from slow kinetics. Reasonably high rates of leaching
are only obtained in autoclaves at elevated temperatures
and high oxygen pressures. An elevated temperature and
pressure process, however, is very capital intensive.
This greatly increases the overall cost of the operation.
Additionally, in the case of highly disseminated ores
such as the McArthur River ore, oxygen pressure leaching
of lead-zinc concentrates leads to the formation of



lead djarosites. This in turn, creates a formidable
problem in the final recovery of the lead content.
Consequently, there is an industrial need for
research to be carried out in the area of sulphite
chemistry for two major reasons. Firstly, it is no
longer acceptable to deposit sulphur dioxide laden waste
Jases from smelters into the atmosphere. The technology
for the elimination of these contaminant gases must be
developed. Secondly, the mineral resources of the earth
are being depleted of their high grade, coarse dgrained
components. Present technology cannot satisfactorily
refine all of the very fine grained and highly
disseminated complex ores which remain. Therefore, the
technology to process these remaining resources must be

developed, because, they will need to be mined in the
future.

1.2 LITERATURE OVERVIEW

The usefulness of sulphur dioxide as a
hydrometallurgical reagent has been demonstrated in the
literature. Variocus researchers have shown that it can
function as an oxidizing agent, a reducing agent or a
precipitant in an aquecus solution. However, relatively
few studies with sulphur dioxide have been concerned with
the methods of extraction of zinc from sulphide ores.
Table 1 lists the pertinent works which use sulphur
dioxide or sulphite chemistry as the basis for a proposed
process.

The two studies by Nobbs and Linkson (1981), and
Parker and Muir {1981l) both demonstrate the utility of
sulphur dioxide as a precipitant and as a reducing agent.
Various copper sulphite salts are precipitated with
sulphur dioxide from impure copper solutions and, in both
of these processes, the salts are subsequently reduced to
metallic copper. The sulphite component of the salt is
consequently oxidized to the sulphate state.

Sudderth, et al (1978) investigated the production of



TABLE 1

AREAS OF RESEARCH UTILIZING SULPHUR

DIOXIDE IN ZINC AND SULPHIDE ORE PROCESSING

RESEARCH FUNCTION OF AUTHOR TOPIC
AREA SULPHUR DIOXIDE
Copper Precipitant, Nobbs & Two-stage process for recovery
Extraction Reducant Linkson of metallic copper from
(1981) sulphite leach liguors.
Copper Reducant Parker Recovery of copper powder
Extraction & Muir fram concentrates using
(1981) sulphur dioxide.
Zinc Chemical Sudderth, Selective extraction of zinc
Extraction  Reagent et al from bisulphite leach liquors
{1978) using solvent extraction.
Zinc Oxidant Adams & Ieaching of sulphide
Concentrate Matthews concentrates at atmospheric
Leaching (1981) pressure using sulphur
dioxide/oxygen mixtures.
Zinc Oxidant Tiwari The kinetics of oxidation
Sulphide (1976) of zinc sulphide and hydrogen
Leaching sulphide by sulphur dioxide
in agqueous sulphuric acid.
Zinc-Lead Chemical Esdaile  Treatment of McArthur River
Concentrate Reagent, & Walters ore by dissolution and
Treatment Precipitant (1969) precipitation of various
metal sulphites.
Sulphur Chemical Johnstone Recovery of sulphur dioxide
Dioxide Reagent & Singh from waste gas by reaction
Recovery, (1940) with impure zinc sulphite.
Zinc Oxide Production of pure sulphur
Treatment dioxide and zinc oxide by

sulphite calcination.



a pure zinc sulphate solution suitable for electrolytic
reduction of zinc from impure sulphite-bisulphite leach
liquors. The selective solvent extraction of zinc from
an impure sulphite-bisulphite medium containing iron was
found to be superior to the selectivity obtained from a
sulphate medium. A process for zinc recovery was
proposed comprising the lieaching and solvent extraction
cf zinc in agueous sulphur dioxide media. Final zinc
production by electrolysis could then proceed unhindered
by dissolved iron.

The investigation by Adams and Matthew (1981) and
that by Tiwari (1976) illustrate the oxidizing properties
of sulphur dioxide. Adams and Matthew studied the
leaching of zinc sulphide concentrates with mixtures of
sulphur dioxide and oxygen in an agqueous medium. Tiwari
studied the oxidation kinetics of synthetic zinc sulphide
and hydrogen sulphide by sulphur dioxide in a sulphuric
acid mediumn.

Esdaile and Walters (1969) have conducted a pilot
scale investigation of a scheme for the treatment of
McArthur River ore using sulphite chemistry. Several of
the dissolution and precipitation steps tested appeared
feasible, however, sufficient purity of the product
solution could not be obtained for the electrolytic
production of zinc.

Johnstone and Singh (1940) conducted a thorough pilot
plant investigation on the recovery of sulphur dioxide
from waste gases by precipitation of zinc sulphite. This
was followed by calcination of the dried solid to give
pure sulphur dioxide and zinc oxide for recycle. Much
data are presented on the design of flash calciners for

zinc sulphite in this early work.



1.3 OBJECTIVES OF WORK

Despite its dominant position in the industry, the
electrolytic process for the winning of zinc has some
well recognized problems as previously outlined. 'The
incentive to develop new technology or to modify the
existing practice is provided by an increasing necessity
to process low grade ores of complex mineralogy. soaring
enerqgy costs and the implementation of strict pollution
standards. Since few comprehensive studies exist on the
application of sulphite chemistry to the extraction of
metals, a proliect was undertaken to examine the use of
sulphur dioxide gas in the extraction and recovery of
zinc from its sulphide ore. The scope of this thesis,
therefore, includes a study of the leaching of zinc
sulphide in agueous sulphur dioxide media and the
properties of the resulting leach liquors.

Very little fundamental quantitative information is
available on the =zinc sulphite system for use in the
formulation of process strateqgy. This work was aimed at
evaluating and extending the available thermodynamic data
for use in the construction of stability diagrams. These
concise and convenient diagrams, it was envisaged, would
highlight the features of the zinc - sulphur dioxide -
water system, and therefore, identify the conditions for
mineral decomposition and solids precipitation. Such
information would provide a sound basis for the proposed
experimental investigation. Consequently, the resulting
dissolution kinetics and extent of reaction data would
allow the formulation of a process for the direct
dissolution of zinc sulphide in aqueous sulphurous acid
media at atmospheric pressure, followed by precipitation
of any insoluble species from the resultant leach

liquors.



CHAPTER TWO

THERMODYNAMICS OF THE ZINC-SULPHUR DIOXIDE-WATER SYSTEM

The industrial application of hydrometallurgy over a
span of several decades has evolved a great variety of
processing schemes whose operational practices have
become a well established art. However, in many cases
the understanding of the fundamental chemical principals
involved in governing the operation of those processes is
limited. Hydrometallurgical operations can be
conveniently c¢lassified into three major areas:
specifically, the dissolution of the desired element from
a solid, purification of the resulting leach ligquor and
finally, the recovery of the desired element from the
purified pregnant liguor. The study of thermodynamics
makes it possible to define the egquilibrium state in each
of these three heterogeneocus chemical processes and to
predict how this equilibrium will shift by changing
conditions such as temperature, pressure, concentration
and pH, etc. Consequently, knowledge of the physical
chemistry of heterogeneous agueous solutions has rapidly
advanced with the appearance of vast quantities of
theoretical and experimental thermodynamic data.

2.1 LITERATURE REVIEW

The copious gquantities of available thermodynamic
data have been considered so indigestible that many
workers, with a few notable exceptions, have not been
prepared to utilize them. Pourbaix (1949) in a major
work, describes a method to condense this great volume of
data into concise and functional stability diagrams. The
resulting potential-pH (Eh-pH) diagram, as developed by
Pourbaix, represents one type of thermodynamic diagram
which describes the theoretical oxidation, reduction,
dissolution and hydrolysis reactions occuring in



heterogeneous agueous solutions. Pourbalix (1966) also
published an atlas of metal-water Eh-pH diagrams for all
of the more common metal-water systems at 25°C.

The sulphur-water system as first published by
Valensi (1950) shows only three sulphur valence states to
be stable at room temperature. These stable species of
sulphur are sulphate—-bisulphate, elemental sulphur and
the sulphides (st,HS',S2‘). Valensi, in the same
paper, also published an Eh-pH diagram incorporating the
metastable species of thiosulphate (H5203_,5203}3and
sulphite (HZSOB,HSOE,Sof_é while omitting the sulphate
species. This metastable sulphur-water diagram by Valensi
is reproduced on page 64 of the Pourbaix (1966) Atlas.

A diagram of this type permits the analysis of systems
where metastable species are formed and persist in
solution. Peters and Majima (1968) and Peters (1976}
later followed this idea by assembling together
metal-~water and sulphur-water diagrams and incorporating
into them the metal sulphide species. The resultant
Eh~-pH diagrams were used to study the solution properties
of several sulphide minerals. Table 2 presents a summary
of some of those researchers who have contributed to the
development of the metal-sulphur—-water, potential-pH
diagram.

The reaction of a sulphide with agueous sulphur
dioxide solution was shown by Thorne and Roberts (1948) to
yield finely divided elemental sulphur. However, it is
recorded in Schroeter (1966) that this reaction also
produces a complex distribution of sulphur compounds.

This complex mixture of sulphur oxyanions produced by the
reaction of hydrogen sulphide with aqueous sulphurcous acid
is known as Wackenroder's Solution. The preparation,
composition and properties of Wackenroder's Solution is
discussed in detail by Debus (1888).

A metastable sulphur-water diagram such as the one
presented by Peters {(1976) can define the conditions under
which such species might form. The capability of

predicting intermediate reaction products and metastable



TABLE 2

REPORTED STUDIES ON POTENTIAIl~-pH THERMODYNAMIC DIAGRAMS

AUTHOR

Pourbaix
{(1949)

Valensi
{19507

Garrels & Christ
{1965)

Pourbaix
{1966)

Burkin
(1966)

Peters & Majima
{1968)

Biernat & Robins

{1969)

Lowson
(1971)

Biernat & Robins
{1972)

McDonald, et al
(1972)

Ferreira
(1975)

Peters
(1976)

SUBJECT OF RESEARCH

Described the method of constructing
potential-pH diagrams.

First to publish the sulphur-water diagram
and to produce the metastable sulphur-water
system.

Combined metal-water diagrams with the
sulphur-water diagram for interpreting
geological systems.

Published an atlas of metal-water stability
diagrams to the interpretation of leaching
characteristics.

Applied metal-sulphur-water diagrams to the
interpretation of leaching characteristics.

Applied metal-sulphur-water diagrams to the
interpretation of leaching results for
various metal sulphides. Constructed iron-
sulphur-water diagrams at elevated
temperatures up to 200°C.

Presented potential-pH diagrams for the
sulphur—-water system at temperatures up to
300°cC.

Compiled the available methods of
extrapolating thermodynamic data to
elevated temperatures for the construction
of Eh -pH diagrams.

Presented potential-pH diagrams for the
iron-water and iron-sulphur-water systems
at temperatures up toc 300°C.

Presented potential-pH diagrams for the
water and water-copper systems at elevated
temperatures.

Presented potential-pH diagrams for the
sulphur-water, copper-sulphur-water and
iron-sulphur-water systems at temperatures
up to 150°C,

Described thermodynamically feasible
decomposition paths for several sulphide
minerals using metal-sulphur-water
potential-pH diagrams.



species aids in the identification of the mechanism of a
chemical reaction between a mineral and its agueous
environment. As Peters (1976) points out, there are four
types of media in which a sulphide mineral can decompose.
These four media types are:
1) Oxidizing sclutions, where the sulphide is oxidized to
elemental sulphur or sulphate.
2} Strong acid solutions, leading to hydrogen sulphide
evolution and dissolved metal ion.
3) Reducing solutions, where an aqueocus sulphide is
produced (H2S,HS or S2-) and metal or metal ions
are formed.
4) Strong basic solutions, leading to sulphide ions and
metal hydroxides in solution.
The metastable Pourbaix diagram shows directly the
reaction products that can form when any of the four
solution conditions listed above are applied to sulphide
mineral systems.

The Pourbaix Atlas (1966) contains diagrams for the
zinc-water system at 25°C. However, an investigation of
the dissolution of zinc sulphide and other metal sulphides
in aqueous sulphurcus acid requires a more complex
diagram. Preliminary experiments have shown that zinc
sulphite can precipitate from sulphurous soclutions
containing zinc. Consegquently, in any equilibrium
compilation, this solid, as well as zinc sulphide, zinc
hyrdoxide and elemental zinc, must be considered. Despite
the knowledge for a century of the formation of solid zinc
sulphite {Heuston, 1890), very little quantitative
information is available on its properties. The
incorporation of zinc sulphite into the =zinc-water system
will define the conditions for precipitation and stability
of this salt in sulphur dioxide media. Similarly, the
incorporation of zinc sulphide into the zinc-water system
will predict the plausible dissolution routes for the
mineral in a sulphite medium. Peters (1976) has
incorporated zinc sulphide into the zinc-sulphur water
system. However, Peters (1976) only considered the
sulphate species and neglected the sulphite and other



metastable species. Therefore, any compound of sulphur
which may form by the reaction of aguecus sulphur dioxide
and zinc sulphide must be considered for a comprehensive
diagram.

Generally, there is a lack of thermodynamic data for
ionic species at temperatures other than 25°C, Many
recent hyrdometallurgical schemes, however, have employed
high temperatures and pressures to overcome kinetic
difficulties. Hence, it 1is desirable to have diagrams
available which depict the equilibria at elevated
temperatures where many of the applications may be of
interest. Table 2 also lists the major works on high
temperature stability diagrams. Lowson (1971) has
compiled most of the available methods for extrapolating
thermodynamic data to elevated termperatures. These
methods have been employed by other researchers such as
Peters and Majima (1968), McDonald, et al(1972) and
Ferreira (l1975) to construct diagrams up to 200°C for the
systems involving iron, copper, sulphur and water.

Biernat and Robins (1972) have constructed stability
diagrams up to temperatures as high as 300°C for the
systems invelving iron, sulphur and water. Studies on the
zinc-sulphur-water system, however, are very limited. The
utility of high temperature egquilibrium diagrams in
process studies has been demonstrated. It is important to
note however, that the potential-pH diagram depicts only
thermodynamic feasibility and cannot be used to predict
the velocity of attaining the equilibrium state.

2.2 DEVELOPMENT OF THE POTENTIAL -pH DIAGRAM

2.2.1 Mathematical Development

The general equilibrium equation representing
electrochemical reactions in agueous solutions containing
a metallic species is given by

pAg + cHY + ne- = gBp + mH20 (1)
when written in the form of a reduction. Ag and Bp are



the particular metallic species where p and g define the
number of metal atoms associated with each species.
Equation (1) can be written in the more concise form

Lv, My - ne. = 0 (2)
where n is the number of electrons, 1 an identification or
index of a species, and xithe stoichiometric coefficient of
species My . V. is positive for product and negative for

i
reactant species. Thus for Equation (1)

"\}Aq = -Ps '\)H+ = -C, Vv =g, V = m

where p, g, ¢ and m are positive integers.
Electrochemical reactions are brought about by the

coupling of two electrodes at which takes place  reduction
and oxidation, respectively. It is generally convenient
to consider any electrochemical reaction as part of a
galvanic cell made up of one electrode where the reaction
of interest takes place and the other a reversible
reference electrode. The reversible reference electrode
defines a state of the thermodynamic equilibrium against
which all reacticns are measured. The reaction for any
reference electrode can be written as

IV o Mref_ne— = 0, (3)
Then the overall reaction for the galvanic cell
considered \is

E\)- M.n - Z\)

i My ref M = 0 (4)

ref
A general electrochemical reaction, ZwiMi—ne“ = 0,
is in equilibrium if the difference between the potential ¢
of the electrode on which this reaction is taking place
and the potential ¢,gf of the reference electrode
has a fixed value. This eguilibrium value is given by
= - 4G

¢ Crer = RT (33

where AG is the chande in the Gibbs free energy for the

overall reaction, defined as



86 = vy 8Cg y3 "IVier 8Cf rer (6)
A A i
Gf,i and Gf,ref are the free energy of formation of
species Mi and Mref respectively. F is the Faraday
constant, egual to 96487 coulombs/mole. G—a is called

ref
the electrode potential, with respect to the reference

electrode used.
If the reference electrode used is the standard
hydrogen electrode (SHE), i.e.,
+ -— — —
2H + 2e = Hz(g) (aH+ = PH2 = 1)

then, ¢ref = ®SHE = 0 by definition and ¢_¢SHE = Eh.

Eh is defined as the electrode potential relative to the
SHE. Equation (6) then becomes, for the case of the

general electrochemical reaction of Equation (1),

A = -
G (pAGf’Aq CAGfIH+ + qAGf,Bp + m&Gf’HZO)
n
(nAGf’H+ + 5 AGf'Hz) . (7)
The free energy of formation, AGf j+ can be related to the
I [=]
standard free energy of formation, AGf i and the activity
¥
of species i, ays by
A AG.
Gf,i = Gf,i + RT 1n a; -

For the general electrochemical reaction (1), then

AGf,Aq = AGf,Aq + RT 1n aAq
AG = G2 + RT 1n a
f,Bp f,Bp Bp



and for the standard hydrogen electrode, with the

reaction,
+ -
2H + 2e = H2 (aH+ = PH = 1) {8}
2
[+]
AGf,H+ = AGf,H+ + RT 1ln aH+ = AGf,H+
AG = AgS + RT 1n P, = AG. .
f,H2 f,H2 H2 f,H2
Then, Equation (7) gives
A = —pA o _ _ o ] o
G p Gf,Aq (c n)AGf,Hz -+ qﬂGf,B + mAGH o
p 2
anpamHzo
+ RT 1n S . (9)
a Aqa gt

If the standard Gibbs free energy change for the overall

cell reaction is defined as

ﬁGo = &G; (products) - AG; {reactants)
= -pbG: rGe D ace rG.
= “PAGg pq ~ (own) 8Gg 4 = 3 ®f,u, * 9 Gf,Bp
+ mAGf’H o ’ (10)
2
Equation (9) can be written as
g9
a a .0
B
AG = AG° + RT 1n P2 | (11)
apg @ gt
Combining Eguations (5) and (11) vields
a4 a"
B H,O
Eh = - 28 _RL,., p 2 (12)
nk nF 5P a +
Ag B
ad
_ _ Ag RT Bp 2 RT 1
Eh——F—'ﬁ?— o -.303I—1§C H——-ﬁm noay o -
& aq 2



Equations (10) and (13) form the working relation for the
calculation of Eh. If Equation (10} is used to calculate
AGofrom thermodynamic AG; data, Equation (13) yields Eh as
a linear function of pH for the reaction studied, at a
gpecific temperature and a given ratio of activities.
Examples of these calculations are presented in detail in
appendix 3.

Each line defined by Eguation (l13) represents
equilibrium coexistance between two species, or in the
case of the general electrochemical reaction of
Equation {1), the species Ag and Bp. One of these species
becomes energetically more favourable over the other when
this line is crossed., Each line therefore delineates a
boundary between two adjacent areas on a diagram. If the
generated lines for all possible equilibria in the system
under study are plotted on the same diagram, there will be
competing equilibria and the elimination of some species
as thermodynamically unstable will result. By elimination
of lines or parts of lines which have no significance, a
composite diagram which shows the relative areas of
predominance for the various species is obtained. The
thermodynamic significance of such an area is that the
species predominant in it has the lowest Gibbs free energy
of any species in the system and is therefore the most
stable.

Two special cases of Equation (13) are to be noted.
When no oxidation or reduction is involved but hydrolysis
occurs, n is equal to zero. Thus, AG equals zero by

Equation (5) and Equation (1ll) reduces to

AG° = -RT 1n K ad,
m -RT 1In __.p_._.E____ . (14)
a“pq ayt

The lines generated, in this case, are parallel to the Eh
axis. PFor oxidation or reduction with no hydrolysis,
¢ in Equation (13) is equal to zero and the lines are
parallel to the pH axis.

Since pure solid species by definition have an

activity equal to one, the boundary between two solid



species as given by Equation (13) is fixed., It is
convenient to define the boundary between two dissolved
species as the line corresponding to egual activities of
those species. In the case of one solid- one dissoclved
species, the boundary must be defined in terms of some
arbitrary activity of the dissolved species. 1In
hydrometallurgical applications, contours corresponding to
activities of 100 and 103 mol dm—3 are usually

drawn on the same diagram. These activities relate to the
approximate concentrations of metal species in pregnant
leach liguors and barren raffinate solutions common to
hydrometallurgical operations, respectively. Such
processes would include electrolytic tank houses,
cementation and precipitation operations along with ion
exchange or solvent extraction plants.

2.2.2 Stability of Water

The lines corresponding to the oxidation and
reduction of water are usually included in the final
composite diagram. The electrode reactions are (see

Appendix 1): +
Reaction 64, 2H + 2e = H

Reaction 65, o

S 2
5 + 4H + de” = H20
representing the reduction and oxidation of water
respectively. At 25°C, Equation (13) yields the

following lines:

Eh = -0.0592 pH ~-0.02%5 log PH2
Eh = 1.228 - 0.0592 pH + 0.0148 log Po, -

For PH, = 1 atm and P02 = 1 atm these equations become:
Eh = -0.,0592 pH

Eh = 1.229 - 0.0592 pH.
The region enclosed by these two lines corresponds to an
equilibrium pressure of hydrogen and oxygen less than
1l atm. Hence, this represents the area of thermodynamic
stability of water under a pressure of 1 atm and at a
temperature ©of 25°C.



2.2.3 Elevated Temperatures

Eguations (10), (13) and (14) derived above are
applicable at any temperature and pressure. All that is
reguired for the generation of a stability diagram is
sufficient thermodynamic data. However, thermodynamic
data for species in agueous solution at temperatures other
than 25°C are scarce. Generally, high temperature data
must be estimated using extrapolation techniques. A number
of such techniques have been proposed and these are
summarized by Lowson (1971). The various estimation
technigues, particularly the "Correspondence Principal"”
proposed by Criss and Cobble (1964) are referred to in the
next section {(2.2.4) and within the sample calculations of
Appendix 3,

The calculation of Ehg (the electrode potential with
" respect to the SHE at temperature T} from Eguations (10)

Q
£,T
formation at temperature T) be known for all species of

and (13) reguires that G (the standard free energy of

the electrochemical reaction under study. The Gibbs free

energy of a chemical reaction at a temperature T is related

to that at 25°C by the eguation
o

AGT = AG298 - 68298 (T-298.15) +

AC_ d(ln T
p (In T)

o T
I - I
2098.15 2Cp AT = T %98, 15

(17}

The derivation of Equation (17) from basic thermodynamic
relations is given by Linkson, et al (1979). This egquation
can be simplified by using average values of heat capacities
over the range of 25°C to T. If the average heat capacity
values are incorporated, Eguation (17) in the case of a

formation reaction of a species from its elements reduces to

[+] _ O (3 =] T
8Gg p = BGg 5gg 7 ASg 59g{T=298.15) + AC, ¢ |59g
T
(r-298.15 — T 1n m) - (18)
< [+ .
Thus, AGf'T can be calculated from ﬁGf,zgs with the

appropriate entropy and heat capacity data. Subsequently,
EhT is found for the reaction of interest from Equations
(10) and (13). Additionally, it is important to note that



in this work all electrode potentials at elevated
temperature, Ehgq, are measured relative to the SHE at

that same temperature.

2.2.4 Thermodynamic Data

The thermodynamic data available in the scientific
literature are, in general, given at a temperature of
25°C. The only data required for the construction of a
potential-pH diagram at 25°C are free energy of formation
values for each species to be included in the diagram.
Tables 3 through 7 inclusive list the free energy data for
the relevant species of zinc sulphur, iron, lead and
water, respectively, at 25°C, This data is used directly
in the construction of Eh-pH diagrams at room temperature.
The general source of these data is Wagman, et al(1982).
Data obtained from alternative sources are indicated in
Tables 3 through 7 inclusive by a footnote in parenthesis.
The appropriate data sources are referenced in the
footnotes. In the case of the metal sulphite salts
listed, the free energy of formation was determined
experimentally. The experimental determination of the
free energy of formation of these salts is the subject of
Chapter Three.

The calculation of free energy of formation data at
elevated temperatures requires the use of room temperature
free energy, entropy and heat capacity data. These data
at 25°C are also listed in Tables 3 through 7 inclusive,
The absolute entropy, S°, are calculated from the
conventional entropy, $°, in a manner defined by Criss and
Cobble (1964). The method of calculation is presented
with the sample calculations in Appendix 3. Since entropy
and heat capacity data are generally scarce for ionic
species, various established estimation technigques have
been employed to approximate these data where they are
otherwise unavailable. The estimation technigues used are
indicated in the footnotes to the tables.

Table 8 presents the thermodynamic data extrapolated
to elevated temperatures for the zinc-metastable sulphur-



TABLE 3

THERMODYNAMIC DATA FOR SPECIES OF ZINC

298.15 K (25°C) and 0.1 MPa (1 bar)

o o] =0 [ ]

AGS s 5 co
Species kJ mol”™ ! g mo1"tk7! J mol 'k ! 7 mo1 k™
Sclid Species
Zn (C) 0. * 41.63 41.63 25.40
€-Zn(0H) , (C) ~555.07 81.6 81.6 72.4
ZnS0,+2%H,0(C)  -1256. (1) 206.3 (2) 206.3
ZznS (sph) -201.29 57.7 57.7 46.0
Dissolved Species
zn?* (aq) -147.06 -112.1 -153.9 46.
ZnoH' (aq) -330.10 81.6(3) 60.7
zZn(OH) 5 (aq) -522.73 0. (3) 0.
Zn (OH) 3 (aq) -694.22 144. (4) 165.
Zn (OH) £~ (aq) -858.52 61.9(4) 104.

* Defined reference state

(1) Experimentally determined from solubility data.
(2) Entropy estimated by the method of Latimer (1951).
(3} Entropy estimated by the method of Cobbkle (19533).

(4) Entropy estimated by the method of Couture and Laidler
(1957).
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TABLE 4
THERMODYNAMIC DATA FOR SPECIES OF SULFUR
298.15 K (25°C) and 0.1 MPa (1 bar)
AGE s© g°
Species kJ mol t 3 mol k™Y 7 mol ikl J mo17tk7?
Solid Species
S (rhombic) 0. * 31.80 31.80 22.64
Dissolved Species
S0, (aq) -300.676 161.9 161.9 105. (1)
HSO3 {aq) -527.73 139.7 160.6 -69.9 (1)
502" (aq) -486.5 -29. 12.8 -268. (1)
HS,0, (ag) -614.5
5,027 (aq) -600.3 92. 134.
5,02~ (aq) -1040.4 257.3 341.0 -67.8
H,S5,0, (ag) -526.2(1) 242.2(1) 242.2 173. (1)
HS,02~ (ag)  -523.6(1) 162.8(1) 183.7 -84.9 (1)
szog- (aq) -513.8(1) 37.2(1) 79.1 -300. (1)
H,S (aq) -27.83 121. 121. 132, (1)
HS™ (aqg) 12.08 62.8 83.7 -141. (1)
X (aqg) 85.8 -14.6 27.2 -400. (1)
Gaseous Species
s0, (g) -300.194 248.22 248.22 39.87
H,S (g) ~33.56 205.79 205.79 34.23
* DpDefined reference state
(1) bata obtained from Naramov, et al (1974).



TABLE 5

THERMODYNAMIC DATA FOR SPECIES OF TRON

295.15 K (25°C) and 0.1 MPa (1 bar)

AGZ s® g° cg
Species kJ mol” % J mol k™! 3 mo17 k™! g mer" k7!
Scolid Species
Fe (C) 0. * 27.28 27.28  25.10
Fe (OH) , (C) ~486.5 88. 88.
Fe (OH) , (C) -696.5 106.7 106.7
FeS, (py) ~166.9 52.93 52.93  62.17
a-FeS (C) -100.4 60.29 60.29 50.54
FeSO,-3H,0(C) =-1306. (1)
Dissolved Species
Fe?t (aq) ~78.90 ~137.7 -179.5 33.1 (2)
FeOH' (ag) -277.4 -29. -49.9
Fe (OH)S (aq) -459.2(2)
Fe(OH)g (aqg) -614.9
Fe (OH) 2% (aq) -769.7
ret (ag) -48.5 -315.9 -378.6 24.7 (2)
Feor?" (ag) -229.41 ~142. -184.
Fe (OH) ; (aqg) -438.0
Fe(OH)§ (aq) -659.3
Fe (OH), (aq) ~843.9 (2)
FeHSO; (aq) -615.8 (3)
FeSO; (aq) -599.2 (3)
FeHSO3 ' (aq) -543.2 (3)
Feso; (aq) -532.1 (3)

* Defined reference state

(1) Experimentally determined from solubility data.

{2) Data obtained from Naramov, et al (1974).

(3) Data calculated from formation constants given by RKao (1979).
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TABLE 6

THERMODYNAMIC DATA FOR SPECIES OF LEAD

298.15 K (25°C) and 0.1 MPa (1 bar)
o o ~o o

AGf 5 S Cp
Species xJ moi”} J mol k™1 J mol k™1 g mo1" k™!
Sclid Species
Pb (C) D. * 64.81 64.81 26.44
PbOz (C) -217.33 68.6 68.6 64.64
Pb(OH]z (C) =~452.2
Pbs (galena) -9g8.7 91.2 91.2 49.50
PbSO3 (C) ~541. (1}
Dissolved Species
b2t (aq) -24.43 10.5 ~31.34 -52.7
PboHT (ag)  -226.3

Pb(OH)§ (ag) -452.2
Pb(OH)g (ag) -575.6

* Defined reference state

(1) Experimentally determined from

solubility data.



TABLE 7

THERMODYNAMIC DATA FOR SPECIES OF WATER

298.15 K (25°C) and 0.1 MPa (1 bar)

AGS s 5° c®

P
Species xJ mol ! J mo1” k™1 J mo1 1x~1 J mol 1K™
Agueous Species
HZO (L) —~237.129 69.91 69.91 75.291
Y (aq) 0.* 0. -20.92 0
OH  (ag) ~157.244 -10.75 10.17 -148.5
Gaseous Species
02 {g) 0. * 205.138 205.138 29.355
H2 (g} 0. * 130.684 130.684 28,824

* Defined reference state
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water system. The averade heat capacity data were
calculated by integrating known heat capacity functions
over the given temperature ranges where possible.
Otherwise, the average heat capacity was estimated as
explained in the footnotes. The Correspondence Principle
of Criss and Cobble (1964), in most cases, was used to
estimate these average heat capacity values. Table 8 also
presents the free energy of formation data calculated by
Equation (18) at four elevated temperatures. The method
of entropy estimation, heat capacity extrapolation and
calculation of high temperature free energy data are

explained with sample calculations in Appendix 3.

2.3 THE POTENTIAL-pHE DIAGRAM

The equilibria existing between agueous ionic species
and crystalline solids in the zinc~water, sulphur-water
and iron-water systems have been evaluated using Equation
({13) and the thermodynamic data in Tables 3 to 8
inclusive. The equilibrium between each pair of species
in a system establishes a single chemical reaction. A
complete list of all the possible equilibrium reactions
between species of the zinc—~sulphur-water system is given
in Appendix 1. The corresponding potential-pH activity
relationship obtained from Equation (13) for each reaction
is presented in Appendix 2. Aappendix 2 lists the
resultant Eh-pH equations for the zinc-sulphur-water
system at 25°C plus four elevated temperatures (60°C,
100°C, 150°C, 200°C). The potential-pH activity eguations
which subsequently appear as lines on the Pourbaix
diagrams are identified by the corresponding reaction
number found in Appendix 1 placed adjacent to the line.

2.3.1 The Zinc-Water System

The diagram constructed for the =zinc-water system
which corresponds to the simple type of Eh-pH diagram
found in the Pourbaix (1966) Atlas, is presented in



Figure l(a). This potential ~pH diagram summarizes all

the reactions that can occur between the wvarious zinc species
in an aqueous environment. Z2inc metal, crystalline zinc
hydroxide, the agqueous species Zn2+ ion and its

hydrolysis components 2ZnOHT, Zn(OH)>%, Zn(OH)3~

and Zn(OH)42~ are the species considered for this

diagram. Contour lines corresponding to three different
activities o©of the dissolved species (100,10-3,

10-3 mol dm=3) in eguilibrium with zinc metal and

zinc hyrdoxide, are shown in Figure 1l(a). Since a barren
liguor 1is usually defined as having a dissolved species
activity of 10-3 mol dm~3, it can be seen from this

diagram that zinc hydroxide is precipitated from solution in
the pH range of approximately 7 to 13. Below this range =zinc
hydroxide will dissolve as zné* in acid media.

Similarly, in the alkaline range of pH zinc hydroxide is

in equilibrium with soluble zinc species in the form of
Zn{OH)3~. Ultimately at high alkalinity, =zinc hydroxide
will dissolve as 2Zn(OH)a2-. Figure 1 also shows that

as the pH of a 1 mol dm~3 Zn2+ liquor is raised by

adding alkali, zinc hydroxide will begin to precipitate at a
pH of approximately 6. The solution, as the pH continues to

3 mol am™3 an+

rise, will be essentially barren with only 10
remaining at a pH of approximately 7.

Figure 1l(b) represents another form of solubility
diagram which gives a more quantitative assessment of the
solubility of a solid metallic species and the
corresponding concentration of the dissolved species in
equilibrium with it. The solubility of zinc hydroxide,
it can be seen, passes through a minimum of approximately
10-5-7 mol dm~—3 (0.14 mg dm~3) of soluble
zinc in the pH range of 9 to 1l. In this minimum
sclubility range, the predominant form of dissolved zinc
is the agueous complex Zn(OH)gO.

The relationship between Figure 1(a) and Figure 1l{(b)
is demonstrated by the dashed arrows superimposed on these
figures. The 109 and 1073 mol dm—3 activity
contours, Lines 9 and 13 in Figure 1{a), each correspond
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to a point on the solubility curve in Figure 1l{(b) at the
same dissolved zinc activity. The amphoteric nature of
zinc is quantified in Figure 1(b) where zinc hyrdoxide
redissolves at high pH. The extent of dissolution of the
zinc hydroxide and the species resulting can be read
directly from Figure 1l(b).

Pourbaix diagrams show directly the relative nobility
of metals, Noble metals such as gold or platinum are
predominant over a large portion of the stability region of
water. Zinc cannot be classed as a noble metal since as
Figure l(a) shows, it has no predominance within the
stability limits of water. 1In fact, Figure 1l(a) shows zinc
to be a very active metal that is not thermodynamically
stable in water. 8Since the reduction potential for zinc
described by Lines 1, 3 and 7 lies well below the lower
stability limit of water, it can be concluded that any
attempt to reduce 2n2+ from solution to metallic zinc
will result in the generation of hydrogen gas. However,
the success of the industrial electrolytic zinc process has
shown this conclusion to be invalid. The zinc electrode,
fortunately, has a large associated hydrogen overvoltage
due to the high activation energy required for nucleation
of hydrogen gas on the zinc surface. This saving kinetic
feature of the electrolytic process allows efficient
cathodic deposition of zinc contrary to the thermodynamic
findings. Thus, the thermodynamics of an agueous system
must ultimately be considered in conjunction with the
process kineties. The thermodynamics of the zinc system
allow assessment of the feasibility of certain interactions
and provide guidelines to an experimental investigation.
However, the thermodynamics must then be considered along

with the appropriate measured kinetics.

2.3.2 The Sulphur-Water System

Figure 2 presents the stable sulphur-water eguilibria
as given in the Pourbaix (1966) Atlas. This diagram shows
that ultimately over long periods of time, bisulphate,
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sulphate and the agueous sulphides (HgS(aq),HSﬂ,SQ')

are the only species ©of sulphur that can exist in true
equilibrium with elemental sulphur in an aqueous medium.
Generally, this has been the diagram appropriately used in
hydrometallurgical studies. However, the present study
involves injection of sulphur dioxide gas directly into
heterogenous adgueous media containing metals and minerals.
In the absence of any strong oxidizing agents, sulphur
dioxide is guite stable in such media., Therefore, a better
representation of the characteristics and properties of
sulphite media are obtained by considering the eguilibria
between the metastable sulphur species.

2.3.3 The Metastable Sulphur-Water System

Figure 3 presents the metastable sulphur-water diagram
obtained by considering all the equilibria between the
sulphite species, elemental sulphur and the sulphide
species. This diagram is quite similar to the stable
sulphur-water diagram but with the sulphites occupying the
upper portion of the diagram rather than the sulphates.
Early in this century it was discovered that the reaction
between agueous sulphur dioxide and hydrogen sulphide
produces a complex series of oxygenated sulphur anions
known as Wackenroder's Solution (Schroeter, 1966;

Debus, 1888). Conseguently in an effort to summarize the
complex chemistry of this system, a stability diagram was
constructed incorporating all of the sulphur species known
to exist and for which, free energy of formation data are
available. Figqure 4 shows the metastable sulphur-water
diagram resulting from the incorporation of all the sulphur
species listed in Table 4.

The Eh-pH diagram presented in Figure 4 was
constructed by considering all the possible equilibria
between the species of sulphur with a sulphur valence state
from +4 to -2. This includes sulphur dioixde (+4), the
sulphur oxyanions, elemental sulphur and the sulphides (-2)

respectively. Thus in both Figure 3 and Figure 4, the
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most stable valence of state of sulphur (sulphate, with the
lowest Gibbs free energy) has not been considered and the
pseudoequilibria at higher free energy states than true
equilibrium are shown. It can be seen in Figure 3 that the
species which exist in metastable equilibrium with sulphur
and the agueocus sulphides {HZS(aq),HS_,SZ-) are agueous
sulphur dioxide and its hyrdolysis component species

HS03~ and S032-. Additionally in Figure 4, the
tetrathionate (S40¢2~) and thiosulphate (S50
species appear.

3 )

Figure 3 is drawn for a total sulphite activity of
1.0 mol dm—3. The predominance areas occupied by each
sulphite species define the pH ranges over which each
hydrolysis component has the highest activity. The
vertical boundaries {(Lines 51 and 52} define the pH at
which the two competing species have equal activities.
Aqueous sulphur dioxide, SOs(aqg), is predominant at a pH
less than 1.76. Bisulphite, HS0O3~, has the highest
activity in the pH range of 1.76 to 7.22 and sulphite,
8032—, is likewise predominant above the pH of 7.22.
Figure 4 is drawn with two different activity levels shown
for the ionic sulphur species. The bold lines represent a
total dissolved sulphur activity of 1.0 mol am—3 and
the light lines represent an activity of 0.1 mol &m—3.

Situated between the predominance areas of the
sulphite species and elemental sulphur are the regions of
stability of two metastable sulphur oxyanions,
tetrathionate and thiosulphate. It can be seen from the
diagram that thiosulphate (S2032~) is not stable
below a pH of approximately 5.5. Thiosulphate, below this
PH, will disproportionate to elemental sulphur and
pbisulphite by the reaction

82032~ + H* = 8° + HSO03~

A reaction of this type has been previously reported by
Valensi (1950) and Debus (1888). However, Figure 4 shows
that, under slightly oxidizing conditions in acidic media,
thiosulphate should form tetrathionate by the reaction of
Line 60 which is,



S40g%~ + 2e~ = 285032-,
The appearance of a predominance region for the
tetrathionate species among the metastable equilibria of

the sulphur-water system has not previously been reported.

2.3.4 The Zinc-Sulphur Dioxide-Water System

A number of diagrams have been constructed to consider
the consedguences of adding sulphur dioxide to the agqueous
zinc~water system. These diagrams show the effect of
superimposing the predominance regions of various sulphur
compounds on the zinc-water system. Figure 5(a), a
zinc-sulphur dioxide—-water Eh-pH diagram at 25°C,
represents the simplest of these combined diagrams. The
stable crystalline sulphite salt of zinc, ZnSO3.2%Hzo,
has been incorporated this diagram. Since there is no
existing thermodynamic data available in the literature for
this sulphite compound, the Gibbs free energy of formation
was determined experimentally through solubility
measurements. A detailed discussion of the solubility
measurements carried out on zinc sulphite can be found in
Chapter Three.

Figure 5(a), which was derived from Figure 1l{(a), along
with Figure 5(b) conveniently describe the characteristics
of zinc in sulphite media. Figures 5{(a) and 5(b) are both
drawn with a total sulphite activity of 1.0 mol dm~—3
which corresponds, approximately, to a saturated solution.
The predominance region of zinc sulphite, as shown in Figure
5{a}, intrudes into a portion of the predominance areas of
both 2Zn2* ion and zinc hydroxide. If sulphur dioxide
is bubbled into a slurry of zinc hydroxide suspended in
water, the slurry will become acidic and as Figure l(a)
shows, the hydroxide will dissolve. Upon subsegquent
neutralization of the media, a precipitate of zinc sulphite
is formed as predicted by Figure 5(a). This precipitation
of zinc sulphite from acidic media containing =zinc, or
pregnant zinc leach liquors, occurs at a much lower pH than
the precipitation of zinc hydroxide. As Figure 5(b) shows,
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the maximum depletion of zinc from agueous media by
precipitation of zinc sulphite is nearly as great as by the
precipitation of zinc hydroxide. The minimum sclubility of
zinc sulphite in a solution, with a total aqueous sulphite
activity of 1 mol dm~=3 occurs in the pH range of
approximately 7 to 8. The aqueous zinc activity in this
range of maximum depletion is 10-5:1 mol a&m—3

(0.53 mg dm~3), whereas, the zinc activity by
precipitation of zinc hydroxide is only slightly less at
10~5+7 mol dn~3 (0.15 mg dm—3). '

The precipitation of the zinc sulphite is demonstrated
in Figure 5(a) to be a feasible purification step in the
hydrometallurgical processing of zinc. For example, an
impure zinc hydroxide or zinc oxide calcine could be
upgraded by the use of sulphur dioxide. The impure
material could first be slurried in water and dissolved by
injecting sulphur dioxide gas. From the resulting liguor,
a pure zinc sulphite salt could be precipitated and
filtered leaving the contaminates in the barren liguor.

The sulphite could then be calcined to produce a purified

zinc oxide and sulphur dioxide for recycle.

2.3.5 The Zinc-Sulphur-Sulphur Dioxide~-Water System

The standard Pourbaix diagram is sufficient to give an
appreciation of the eguilibria involved in the study of
metals, oxides and calcine materials in agueous media.
However, the study of mineral systems, most notably the
sulphides, regquires the construction of a more complex
diagram to represent the equilibria involved. Figure 6
presents a diagram which was developed by superimposing the
zinc—-sulphur dioxide-water system of Figure 5(a) over the
metastable sulphur-water diagram of Figure 3 and including
one additional phase, the mineral sphalerite (ZnS). This
complex diagram will be referred to in this work as the
Zn-5-5S07-H20 system. A diagram of this type aids in
determining the feasible hydrometallurgical dissolution
paths of the mineral in aqueous sulphur dioxide media and
allows a valuable insight into the possible reaction
mechanisms.
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The diagram of the Zn-5-S505-H20 system presented

in Figure 6 shows the four routes available for the

dissolution of sphalerite in sulphurous acid media. They

are as follows:

1.

In strong acid scolutions, sphalerite can decompose to
zn?* ion with the evolution of hydrogen sulphide.

The contours represented by Line 31 of Figure 6
indicate the possible degree of dissoclution of
sphalerite as a function of pH by this mechanism.

It is known that sphalerite reacts incompletely in
very strong sulphuric acid solutions. The extremely
low pH required prevents complete dissolution, 1In
sulphurous acid solutions alone, this reaction can
occur only to a very limited extent. The equilibrium
PH of a saturated solution of sulphur dioxide under
atmospheric pressure 1is in the range of 1 to 2, which
yvields a corresponding small dissolution of
sphalerite.

No practical application of the reactions represented
by the lower limits of the sphalerite predominance
region are known {(Peters, 1976). Lines 41, 42 and 43
indicate that zinc sulphide will decompose under
sufficiently strong reducing conditions to metallic
zine and a sulphide species. However, in acidic media
this boundary (Line 41) lies far below that for the
reduction of water. Tt is highly likely that the
hydrogen overvoltage on the zinc or mercury cathode is
too low to prevent the decomposition of water with
hydrogen evolution. This is especially true in the
presence of all the impurities introduced by the
concentrates which can lower the overvoltage. The
reduced difference in voltage between the InS-Iin
boundary {(Line 43) and lower water stability limit at
high pH values makes it possible for reductive
decomposition to occur at a mercury cathode. However,
there would have to be a market for the alkaline
sodium sulphide solution produced.



3. The sphalerite boundary represented by Line 40
indicates that sphalerite can decompose into Zn(OH)f_
and S2- ions under very alkaline conditions.

However, the existing technology for the electrolytic
production of 2inc, which occurs in neutral to acid
solutions, restricts the practical application of this
reaction. Additionally, the pH required for this type

of process is inaccessibly high.

4. The upper left hand portion of the Zn-8-503-H50
diagram indicates several possible mechanisms for the
decomposition of sphalerite under neutral to acid and
oxidizing conditions. It can be seen in Figure 6 that
below a pH of 2, ZnS is unstable above a potential of
0.2 to 0.3 volts (depending on concentration) at
Line 32. Under slightly oxidizing conditions,
sphalerite can be oxidized to form Zn2+ and
elemental sulphur. This is c¢onsistent with the known
processes for acid pressure leaching of zinc
concentrates with oxyden at elevated temperatures and
pressures which are known to yield elemental sulphur
(Forward and Veltman, 1959; Stanczyk and Rampacek,
196l1l; Scott and Dyson, 1968; Dewing and Cochran, 1978;
Veltman and Bolton, 1980; Belton et al, 1981; Dewing
et al, 1982). If the stable sulphur-water equilibria
are considered, as in Figure 2, the bisulphate and
sulphate species predominate in the entire region above
elemental sulphur. Therefore above a pH of about 2 and
in an oxidizing medium, sphalerite will decompose to
zn2+ and S042™ ions in an oxygen acid
pressure leaching process.

The complex diagram in Figure 6 was utilized to this
point only to predict the end products of the decomposition
of sphalerite when placed in a certain type of medium. No
predictions have been made for how the media itself will
subsequently be altered. However, Figure 6 does elucidate
the interplay between sphalerite and the aguecus sulphurous
acid medium. The top left corner of Figure 6 shows that
sulphur dioxide can act as an oxidizing agent on sphalerite.



Suppose, that sulphur dioxide gas is injected into a slurry
of sphalerite suspended in water. Since the predominance
region for agquecus sulphur dioxide lies at a higher
potential than that of sphalerite, the mineral phase is
being subjected to an oxidizing and acidic environment.

The agueous sulphur dioxide will act as an oxidizing agent
and be reduced to elemental sulphur by the reaction
corresponding to Line 44, The sphalerite will be oxidized
to zn2+ ion and elemental sulphur by the reaction
corresponding to Line 32. Thus, both phases react toward
the eqguilibrium condition in the area bounded by Lines 32
and 44. Therefore, Figure 6 demonstrates the thermodynamic

basis for the oxidative dissolution of sphalerite in

agqueous sulphurous acid media. The reactions for the
decomposition predicted by Figure 6 are:

znS = Zn2+ + §° 42e- 32
and SOz ({aqg) + 4H* + J4e- = S° + 2H9»0, 44

to yield a corresponding overall reaction
ZnS + 0.5805 + 2B* = 2n2+ + 1,5S° + H30.

A second reaction path yielding the same overall
reaction as discussed above also is predicted in Figure 6.
If an acid decomposition ©of sphalerite occurs by the
reaction corresponding to Line 31,

ZnS + 2H* = Zn2+ + HsS (aq), 31
then agqueous hydrogen sulphide will be produced within the
leaching medium. The presence of sulphur dioxide in the
leaching medium will result in the oxidation of hydrogen
sulphide to elemental sulphur by the reactions
corresponding to Lines 44 and 47.

S0z (ag) + 4H + 4e~ = S° + 2H,0 44

HaS {ag) = 8° + 2HY + 2e— 47

The overall reaction corresponding to this segquence of
reactions is the same as the oxidative dissolution
discussed above. However, it is to be noted (as previously
outlined) that this second reaction path requires a very
iow pH for dissolution to occur with any appreciable

concentration of zinc present.



2.4 HIGH TEMPERATURE POTENTIAL-pH DIAGRAMS

The utility of potential-pH diagrams in describing and
predicting the characteristics of hydrometallurgical
processes at room temperature has been demonstrated.
Modern hydrometallurgy in many cases has moved toward the
use of elevated temperature processing to achieve kinetic
efficiency. The extention of the potential-pH diagrams
initially established for 25°C to higher temperatures is
the most efficient way to obtain direct information on the
feasibility of a high temperature process. The various
potential-pH diagrams of the zinc and sulphur systems at
25°C have been developed. Also, the obstacle of obtaining
reliable high temperature thermodynamic data has been
surmounted by employing the various extrapolation
techniques of other researchers. The free eneragy of
formation ©of all the species of zinc and sulphur, appearing
at least in the room temperature metastable diagrams, have
been calculated at elevated temperatures as described in
Section 2.2.3. This calculated thermodynamic free energy
data is listed in Table 8. Hence, Equations (10),(13) and
{l14) were subsequently used to calculate the Eh-pH
relationships at elevated temperatures. These eguations
are compiled along with those for 25°C in Appendix 2.

The first and most apparent effect that raising the
temperature has on Eh-pH diagrams is the change in shape of
the water stability region. The overall size of this
region decreases with temperature under 1 atm pressure of
hydrogen and oxygen. Aalso, the reduction and oxidation
reactions of water become more highly pH dependant at
elevated temperatures. This effect was most recently
demonstrated by Pourbaix and Yang (1981) who also show the
influence of temperature on the neutrality of water. The
pH of neutrality of water decreases from 7.00 to 5.85 as
the temperature increases from 25°C to 300°C, passing
through a minimum wvalue of 5.74 at 225°C.

Figures 7 and 8 present the potential-pH diagrams of
the zinc-water system at 100°C and 200°C respectively.
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It can be seen in these diagrams that temperature does not
have a significant effect on the hydrogen overvoltage
required to reduce zinc from sclution at temperatures up to
200°C. The range of pH for stability of zinc hydroxide is
reduced along with an overall shift in all the stability
regions toward more acidic media. The expansion of the
stability regions of the complex zZinc ions in agqueous media
at higher temperatures is not unusual. These effects form
the basis of "hydrothermal precipitation” as proposed by
Kwok and Robins (1973). A solution containing zinc in a
mild acidic media can precipitate zinc hydroxide upon
heating. This is shown by the shift of the eguilibrium
lines between 2Zn2* ion and zinc hydroxide to the left
{toward lower pH) with an increase in temperature.

Figures 9{(a), 10{a} and ll(a) present the zinc-sulphur
dioxide—-water system at temperatures of 60°C, 100°C and
200°C, respectively, with a total sulphite activity of
1.0 mol. dm—3. Figures 9(b), 10(b) and 1l1l{(b) show the
corresponding diagrams at a total sulphite activity of
0.1 mol dm—3 respectively. It can be seen in these
diagrams that like the zinc-water system, the stability
region of the complex zinc ions expands and that for =zinc
hydroxide contracts with increasing temperature. All of
the egquilibria between the zinc species moves toward more
acid media while the egquilibria between the aqueous
sulphite species slides toward greater pH values.
Conseguently, the stability region of zinc hydroxide
intrudes into the zinc sulphite stability region with
higher temperatures and the zinc sulphite predominance
region 1s subsequently reduced. Comparison of Figure 5(a)
with Figures 9(a), 10(a) and 1ll1(a) reveals that heating an
acid medium containing zinc and sulphite ions up to 100°C
will result in hydrothermal precipitation of zinc sulphite
instead of zinc hydroxide. BAbove 100°C, there is a
reversal of this trend shown by Lines l4(a) and l4(b}) and
the sulphite becomes more soluble with further heating.

The precipitation of zinc sulphite from solutions
containing zinc and aguecus sulphur by heating the solution
below 100°C was experimentally observed by Esdaile and

v Walters (1969).
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Figure 12 presents the high temperature (200°C)
eguivalent of Figure 5(b). Figure 12 is drawn for two
different total sulphite activities. A total sulphide

3

activity of 1.0 mol dm ° is shown by the bold lines and

the light lines represent an activity of 0.1 mol dm °.
This diagram shows more clearly the intrusion of zinc
hydroxide into the stability region of zinc sulphite at
high temperatures and the overall size reduction of the
zince sulphide predominance region. This observation from
Figure 12 is important to note since the solubility product
of zinc sulphite decreases at high temperatures. Eguation
A.2.14(c) (Appendix 2) shows that the solubility product of
zinc sulphite decreases {i.e., log Kep becomes more
negative) with increasing temperature. However, Figure 12
shows that the equilibrium reaction of Line 14{(c) is not a
relevant reaction under these conditions. Line 14(c) does
not appear in the diagram due to the shift of the stability
regions of the complex zinc ions toward more acidic media
at high temperatures. Consequently, Line 15(b) represents
the relevant reaction, and the solubility product of zinc
sulphite increases at the elevated temperatures.

Figures 13, 14 and 15 present potential-pH diagrams
of the zinc-sulphur-sulphur dioxide-water system at
temperatures of 60°C, 100°C and 200°C respectively. These
diagrams show that the area of stability of zinc sulphide
in agueous media contracts with increasing temperature along
with the general shift of all zinc equilibria toward more
acidic media. The potential required for the oxidation of
sphalerite in acidic media remains relatively constant with
increasing temperature. Additionally, the extremely high
acid strength required for direct acid dissolution of
sphalerite is somewhat reduced at elevated temperatures.
However, the pH required for such a process still remains

very low.
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CHAPTER THREE

SOLUBILITY QF ZINC SULPHITE IN THE ZINC-
SULPHUR DIOXIDE-WATER SYSTEM

The aim of the work in this chapter is to
investigate the properties of zinc sulphite in an
agqueous media and to present, in a concise form, its
solubility in an agqueous environment. It is expected
that such data will allow rationalization of the
scattered and meagre literature information.
Subsequently this data will permit the prediction of the
conditions necessary to achieve a given degree of
depletion of zinc from solution by precipitation of the
insoluble sulphite. The first task then, was to obtain
a reliabhle value for the standard free energy of
formation of zinc sulphite, so that a model for its
solubility can be devised in the form of phase

diagrams.

3.1 BACKGROUND AND AVAILABLE LITERATURE DATA

Although a process for the preparation of
crystalline zinc sulphite salt was first recorded more
than a century ago, little information is presently
available on the physical and chemical properties of
this material. The meagre data available in the
literature for the solubility of this salt can
ultimately be traced to the original publicaton of
Heuston and Tichborne (1890). This paper describes the
use of zinc sulphite as a non-poisonous, non-irritative,
antiseptic surgical dressing. The sulphite of zinc is
stated in this work to be a stable compound with the
composition of ZnS03.2H30, Furthermore, the salt is
reported as very insoluble in water, being scluble in
that medium only to the extent of 0.16 percent.

More recently, Johnstone and Singh (1940) have made
a study on the use of zinc sulphite in the recovery of



sulphur dioxide from waste gases. This study was
concerned with the filtering properties of zinc sulphite,
and therefore, the crystal habits of this salt were
investigated. It was reported that precipitation of
Zzinc sulphite from mixtures of zinc oxide and sodium
sulphite can yield at least four types of solid
compounds depending on the sulphur dioxide to sodium
ratio employed. The four compounds include a basic
sulphite, 2Zn0:2ZnS03-3H20, two hydrated sulphite

forms, 2ZnS03°2H20 and ZnS03-2.5H20, plus a

double salt with sodium Na2803'3ZnSO3'4H20. A

powder diffraction pattern for each of the compounds was
also supplied, but no line identification or indexing
was reported.

Another recent study by Feitknecht and Schindler
(1963) summarizes the methods of expressing and
determining the wvarious solubility constants for metal
oxldes, hydroxides and basic salts. These researchers
carried out a very careful experimental study of the
solubility of zinc hydroxide in conijunction with an
analysis of all of the available solubility data. Five
crystalline and one amorphous forms of zinc hydroxide
are listed. The most stable hydroxide form is the eta
phase (¢ -Zn{OH)2). Zinc oxide is stated by Feitknecht
and Schindler (1963) to have the same solubility as
E~Zn{OH)72 within experimental error, and the latter
seems to be the stable phase at 25°C. Since the
hydrometallurgical processes dealt with here take place
in agueous solution, thermodynamic data for the
€ -Zn(OH)» phase was consequently selected for use in
this present work.

A review of the X-ray diffraction patterns listed in
the Joint Committee on Powder Diffraction Standards (JCPDS)
card file reveals that it is possible to produce zinc
sulphite in various crystalline forms. Six powder
patterns are listed for various hydrates of =zinc
sulphite: one pattern for each of the ZnS03
(anhydrous), ZnS03:0.5H20 and 2nS03+H20 forms
Plus three patterns for the ZnS03-2.5H50 phase.



It was decided, in view of the imprecise and
divergent nature of the available data, to investigate
the crystal structure and habits of precipitated zinc
sulphite. The prepared zinc sulphite then would be used
for subsequent solubility measurements to obtain the
required free energy data.

3.2 DETERMINATION OF THE FREE ENERGY OF FORMATION OF
ZINC SULPHITE

The free energy of formation of zinc sulphite was
experimentally determined by studying the equilibria of
the following reactions:

zn?t + HsO 4+ 2%H,0 = ZnSo

.2%H.0 + HT (14b)
24 23 37l

in + 803 + 2%H20 = ZnSOB.Z%HZO (l4c)
Two different methods were employed. The first method
involved the measurement of the potential of a zinc
electrode immersed in a medium consisting of
crystalline zinc sulphite suspended in an aqueous
solution of sodium sulphite. The second method involves
suspending crystalline zinc sulphite in sulphite
solutions of various concentrations. The solubility of
the s0l1id was directly measured by analysing solution
samples for dissolved zinc and sulphite content as the
equilibrium of Reaction 14(b) was established.

3.2.1 Preparation cf Zinc Sulphite Powder

Crystalline zinc sulphite powder was prepared for
these experiments by dissolving analytical reagent grade
zinc oxide ({see Appendix 4) in a saturated solution of
agqueous sulphur dioxide. A rigorous effort was made to
eliminate all extraneous dissolved gases from the
solution by using distilled, deionized, boiled water
purged with high purity nitrogen gas during cooling.

The so0lid zinc sulphite then precipitates from the zinc
bisulphite solution upon removal ©of the excess agqueous



sulphur dioxide. Sulphur dioxide removal was
accomplished by reducing the partial pressure of sulphur
dioxide above the solution. This action effectively
increases the pH of the solution yielding precipitation
of the solid salt from a supersaturated solution. This
principal is well illustrated by Figure 5(b} (Chapter Two)
where an increase in pH yields precipitation of the
sulphite at Line 14(b) i.e., Reaction 14(b).

3.2.2 BElectrochemical Measurement

The first method of studying the various equilibria
of Reaction 14 utilizes the Princeton Applied Research
Corporation (PARC) model K47 corrosion cell system.
Approximately 10 grams of crystalline zinc sulphide was
suspended in 700 ml of 0.010 molar sodium sulphite
solution. The sulphite solution was prepared with Merck
sodium sulphite reagent (see Appendix 4) and distilled,
deionized, boiled water. The one litre reaction vessel was
thermostatically maintained at (25X O.l}oc, magnetically
stirred and purged with high purity nitrogen gas. The
potential of a zinc metal electrode, freshly polished
with 1200 grit abrasive paper, was measured relative to
saturated calomel electrode via a Luggin capillary.
Potential measurements were made with the PARC model 173
potentiostat/galvanostat at various times while the system
approached eguilibrium. The solution pH was measured
after the zinc electrode had attained a steady state
potential.

The steady state potential of the zinc electrode is
a measurement of the equilibrium zinc ion activity in

the solution by virtue of Reaction 3:
zn?t + 27 = zn (c). (3)

The zinc ion activity is therefore related by
Equation (12) {(Chapter Two} which in this case is,

RT 1
E = E° - —/— 1ln —— (12)
nF
aZn2+

where E is the measured potential and E° = 0.763 wvolts



(Latimer, 1952) both relative to the standard hydrogen
electrode. E°®° represents the potential of the
electrochemical Reaction 3 in the standard state of
azn2+ = 1. The potential of the saturated calomel
electrode (SCE) with respect to the standard hydrogen
electrode (SHE) is +0.242 volts (Latimer, 1952).

A series of four experiments were carried out as
described. The results, which show a high degree of
reproducibility, are shown in Table 9., Using the mean
result for test nos. T-1, T—-2 and T-3, the cell veoltage
obtained relative to the standard hydrogen electrode
(SHE) 1is:

Esue)™ E(sce)t E(measured)

= +0.242 ~ 1.073

= ~0.831 + 0.005 volts
The corresponding zinc ion activity, calculated from
Equation (12) for the conditions of this experiment, is

agp2*t = 0.005 £ 0.001 mol dm—3.

3.2.3 Calculation of AG®f for Zinc Sulphite

The overall free energy change, AG, of a chemical
reaction which has attained a steady state dynamic
equilibrium is defined to be zerc. At steady state
then, Equation (11} (Chapter Two) simplifies to
Equation (14).

G°® = -RT 1In K (14)
For the case of Reaction 14 (c)atequilibrium,
Zn2+ + 5032~ + 2%H30 = ZnS05.2%H,0 (14c)

Equation (14) can be written as
4G° = RT 1n Kgp

= RT 1n ag o+ a5032— (19}
where Kgp represents the solubility product of zinc
sulphite and AG®° is the standard free energy of the
reaction. If the activities of the zinc ion and
sulphite ion species are measured for Reaction l4(c) at
equilibrium, then the standard free energy of the
reaction, AG®, can be calculated from Eguation (19)}.



MEASURED POTENTIAI OF A ZINC ELECTRODE IN

TABLE 9

SULPHITE MEDIA

Test Temp. NapSO3 Time to E Total pH
No. deg.c Concen- Steady measured Sulphite
g- tration State Volts Concen-
mol dm~ > Hours tratlo?B
mol dm
T=1 25 0.01 3.5 -1.078 6.77
T- 25 0.01 2 -1.068 0.0191 6.28
T-3 25 0.01 3.5 -1.073 0.0200 6.31
T-4 25 0.05 3 -1.125 0.0573 7.36
TABLE 10

CONSTANTS FOR THE DEBYE-HUCKEL EXPRESSION AT 25°C

CONSTANT VALUE
A 0.509
B 0.328 x 10”8
a% 2+ 6 x 10°
in 8
dsog— 4.5 x 10
8
dHSO; 4—-4.5 x 10
8
dNa 4-4.5 x 10
SOURCE : Garrels and Christ, 1965, pp. 61-63.



Consequently with a value for AG®°, the standard f{free
energy of formation of zinc sulphite can be calculated
using the free energy data in Tables 3, 4 and 7 with

Equation (10). Eguation (10) written for Reaction l4c is:

o

°© © [ )
AG =AG - A A - - A
£,2nS05. 2%H 0 Gg,zn2+ f,s05° 2% f,m,0 (10)
The measurement of the zinc ionic activity, aZn2+ , has

been described in the previous section, 3.2.2. The
sulphite ion activity must now be found from the
experimental data in Table 9.

The activity of an ionic species, i , in solution is
related to its concentration,mj, by the equation:

_ (20)
ay Yimy

where, Y, is the activity coefficient of species i. The
activity coefficient of a species is given by the
"
Debye-Huckel expression: a, 2 ok
i
- log Y, = —x
1+d; BI (21)

where,zj is the charge on the ionic species and d; is
related to the diameter of the ion in solution. The
values for the constants A, B and dj, relevant to the
present study, are listed in Table 10. A comprehensive
list of values of &; can be found in Kielland (1937)

or Garrels and Christ (1965). Also, the ionic strength
of a solution, I in Equation {(21), is given by,

- 2%
I = (Im, z;2) (22)

The total sulphite concentration data given in Table 9
represents the measurement of Cp using the
idiometric titration described in Appendix 5.2. Cg,
defined here as

C, = [H,S0,(ag)]+[HSO; (50,7

T 1 (23)
is the sum of the concentrations of each of the sulphite
species. However in the experiments of Table 9, the
concentration of the H2S03 (aqg) species is
negligible in the near neutral pH media shown. The Cr

measured then represents,



Cp = [HSO3~] + [S0327] (24)
The egquilibria existing between the sulphite and
bisulphite species is given by Reaction 52 as,
HSO3= = S032- + Ht, (52)
The equation corresponding to Reaction 52
{Equation A.2.52) in Appendix 2 yields the ratio of
sulphite to bisulphite in a solution ©f measured pH. At
[50,°7]
pH = 7.22 + 109 S (A.2.52)
{HSO3-] |
Using the data in Table 9, Equations (20), (21},
(23) and (A.2.52) can be solved for the sulphite ion
activity by iteration. Such an iterative method would

25°C the equation is:

begin by assuming all activity coefficients egqual to
one. The concentrations and activities of all species
are then found with Eguations (20) and (A.2.52). The
ionic strength of the media is then calculated by
Equation (22). Finally, the activity coefficient of all
species are found from Equation (21) and a new iterative
cycle is begun. Using this method of analysis, the data
in Table 9 yvields for the solubility product of =zinc
sulphite:

RKsp T 2zn2+ 350,27
0.005 x 0.0017 (mol dm—3)2
(8.5 ¢ 0.5) x 10-6 mol?2 dm—6
or, log Kgp = -5.06 £ 0.05
Equations (19) and (10) then yield the standard free
energy of formation of zinc sulphite. At 25°C this

value 1is:

AG = -1256 *+ 4 kJ mol !

o
f,ZnSO3.2%H20

3.2.4 Solubility of Zinc Sulphite by Direct

Measurement

The second method of studying the equilibria of
Reaction 14 involves the direct measurement of the zinc
and total sulphite concentration of a medium in which
Reaction 14(b) has attained a steady state equilibrium.
This involved the same procedures as the preparation of



zinc sulphite powder in Section 3.2.1. Analytical
reagent grade zinc oxide was dissolved in a solution of
pure water saturated with sulphur dioxide. Crystalline
zince sulphite was forced to precipitate from the
solution by the removal of the excess sulphur dioxide,
as was explained in Section 3.2.1. The removal of the
excess sulphur dioxide was achieved by connecting the
erlenmeyer flask, containing approximately 500 ml of the
zinc bisulphite solution, to a water aspirator vacuum
pump. The solution was magnetically stirred and the
flask was submerged in a water bath thermostatically
controlled at (25 +0.1)°C. After a period of time
ranging from 18 to 240 hours, the vacuum was
disconnected, the pH was measured and the solution was
quantitatively analysed for zinc and total sulphite
concentration. The methods of analysis are described in
appendix 5. By varying the initial quantity of zinc
oxide dissolved into solution from 2.0 to 14.0 grams,
the equilibrium of Reaction 14 (b) was established at
several different zinc ion concentrations and pH values.
The crystalline zinc sulphite formed in the experiments
was of very high purity since the only components
entering the system were pure zinc oxide, sulphur
dioxide and purified water. This material, upon
removing the vacuum, was rapidly filtered, washed with
acetone and allowed to air dry.

The crystalline zinc sulphite powder produced in
this manner was used, additionally, to measure the
solubility of the salt by direct dissolution in water.
Approximately 10 grams of the salt was suspended in
500 ml of distilled, deionized, boiled water in a oOne
litre glass reaction vessel purged with high purity
nitrogen gas. This reactor, fitted with a two blade
paddle stirrer and ground glass fittings, was placed in
a water bath thermostatically controlled at
(25 +0.1)°C. The solution pH in the reaction vessel
was continuously monitored. Solution samples were
withdrawn at 2 hour intervals for analysis of zinc and



total sulphite concentration. Six experiments were
performed at 25°C in this manner. All six experiments
vielded an identical result for the equilibrium pH, zinc
concentration and total sulphite concentration measured
by the analysis techniques described in Appendix 5.

This highly reproducible data is tabulated in summarized
form in Appendix 7 along with all the other experimental
data resulting from direct solubility measurements on
crystalline zinc sulphite. This entire set of
experimental data is also plotted in Figure 16 and is

discussed in the following section.

3.2.5 Discussion of the Zinc Sulphite Solubility

Measurements

Figure 16 presents a graph of the zinc activity -pH
equations of Reactions 1l4(a), l14(b) and 14(c) of
Appendix 1 as indicated. The zinc sulphite egquilibria
shown in Figure 16 closely resembles that shown in
Figure 5(b) of Chapter Two. Figure 5(b) was constructed
with the total sulphite species activity fixed at
1.0 mol dm—3. Figure 16, on the other hand, is
drawn assuming a fixed ratio of total sulphite activity
to zinc activity. The dissolution equilibria reactions
of zinc sulphite shown in Figure 16 are:

Zn§+ + S0,(aq) + 3%H,0 = ZnSO;.2%H,0 + 2H' 14(a)

+ ———

an + HSO, + 2%H,0 = ZnS0,.2%H,0 + Ht 14 (b)
+ -

zn<t + 3032 + 25H,0 = ZnS0,.2%H,0 . 14 (c)

A simplified form of the equations from Appendix 2 for

these reactions at 25°C are:

pE = 1.95- log (Zn2+) - 0.5 log n 14 (a)
pH = 2,13- 2 log (Zn2+) - log n 14 (b)
log (zn?*) + 0.5 log n = -2.53, 14(c)

where n is defined as the ratio of the total sulphite
activity to the zinc activity. The bold lines (l4(a),
14{b) and 1l4(c)) in Figure 16 are drawn assuming that
the zinc activity equals the total sulphite activity
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(L.e., n=1). The light line for Reaction 1l4(b) is drawn
assuming the bisulphite activity to egqual twice the zinc
activity (i.e., n=2). These three lines then represent
the solubility of zinc sulphite as a function of pH. It
is important at this point to recall, however, that
these equations are based on the thermodynamic data
derived from the results ©f the electrochemical
measurement of the solubility of zinc sulphite as
described in Section 3.2.3.

Superimposed on Figure 16 are the data points
obtained from the solubility measurements on zinc
sulphite. The numerical data for these measurements
tabulated in Appendix 7, show that the ratio n in most
cases has a value between 1.5 and 1.8. The only species
present in solution for the conditions of these
experiments are zinc ion and aqueous sulphur dioxide.
Under edquilibrium conditions, therefore, the solution
must establish electroneutrality by the following ionic
charge balance,

2[zn2+] + [H*] = [HSO03~] + 2[S032-].
Since the equilibrium pH in all cases lies well within
the predominance regions of both the 2n2+ ion and
the bisulphite species, the charge balance indicates
that the bisulphite concentration must be approximately
equal to twicethe zinc ion concentration. The observed
ratio for n (1.5 to 1.8) supports this conclusion.
Ionic effects such as the possible formation of a
complex zinc-bisulphite ion can account for any apparent
deviation from the above charge balance.

The line of best fit by the least-squares method of
linear regression for the thirteen data points plotted
in Figure 16 1s shown by a dashed line in the same
figure. A high degree of correlation was found for this
linear regression. The correlation coefficient obtained
was 0.995., The equation of the best fit line calculated
in the form of Equation 14(b) given above is:

pE = 2.13 - 2.02 log(zn®t) - 1log 1.72
which, within experimental error, is an exact fit of



Equation 14(b) with the ratio n egqual to 1.72. The
calculated bisulphite to zinc ion concentration ratio of
1.72 is in very close agreement with the observed
experimental ratios given in Appendix 7.

The measurement of the solubility of zinc sulphite
in water by chemical analysis, therefore, directly
confirms the results obtained by electrochemical means.
Thus, the calculated free energy of formation of
crystalline zinc sulphite has been derived and
substantiated by two completely different measurement
techniques,

A study of the physical properties of a precipitated
compound naturally should include an investigation into
the crystal structure of such a material. A preliminary
investigation revealed that various hydrates of zinc
sulphite could be formed by precipitating the salt from
a solution at various temperatures. Since the
thermodynamic data was desired at 25°C, the study of the
crystal structure of zinc sulphite is limited to the
material precipitated at that temperature.

Figure 17 presents two scanning electron microscope
photographs of zinc sulphite at a magnification of 470X.
The top photomicrograph (a) shows the freshly
precipitated crystalline material after being filtered
and dried in a vacuum desiccator. This photograph shows
the precipitated material to be well developed crystals
with the majority being at least 30um in the shortest
dimension. The bottom photomicrograph (b) shows the
same material after being subjected to a solubility
experiment where the crystals were suspended in water
until dissolution equilibrium was achieved. This
photomicrograph shows evidence of the original crystal
structure remaining intact, but, with dissolution and
reprecipitation having occured.

Table 11 presents a chemical analysis of the zinc
sulphite material before and after the solubility
experiment along with theoretical analysis for

ZnSOg.Z%Hzo. Zinc and sulphite were quantitatively



(a) Freshly precipitated zinc sulphite

{(b) Material remaining from solubility experiment

FIGURE 17 SEM photomicrograph of zinc sulphite



TABLE 11

CHEMICAL ANALYSIS OF CRYSTALLINE ZINC SULFPHITE

Precipitated Zinc Sulphite

Percent Weight Mole Ratio
Zn 34.0 1.00
s0,%” 40.8 0.98
H20 26.1 2.68

Material After Solubility Experiment

Percent Weight Mole Ratio
Zn 35.2 1.00
50,°” 39.5 0.92
H,0 25.3 2.61

Theoretical Analysis of ZnSO 2.5H,0

3 2
Percent Weight Mcole Ratio
Zn 34,32 1.00
5032' 42.03 1.00
H.O 23.64 2.50



analysed by the methods given in Appendix 5. The water
of hydration was assumed to make up the difference from
100 percent. The analysis in Table 11 shows that the
freshly precipitated material, within experimental
error, matches the theoretical analysis for
ZnS03.25H,0. It is possible that all of the

moisture may not have been removed from the solids by
the desiccator before analysis., This would account for
the slightly low assay for zinc and sulphite. The
analysis presented for the material remaining from the
solubility test shows an assay high in zinc and low in
sulphite compared to the theoretical analysis. This
suggests that some zinc hydroxide may have been
reprecipitated after the dissclution of zinc sulphite.
This conclusion is further substantiated by the ratio of
approximately 1.5 for bisulphite to zinc found in the
solution in equilibrium with the s0lid material. The
reprecipitation of zinc hydroxide following dissclution
of zinc sulphite is discussed in further detail in the
following section.

The crystal structure of zinc sulphite was
investigated by ¥X~-ray diffraction. The interplanar
spacing versus relative line intensity data is presented
in Table 12, This data was obtained on a Phillips
PW1050 x-raycdiffractometer using Cug, radiation
(A =1.541838A). Upon comparison with the diffraction
patterns in the Powder Diffraction File (of the JCPDS),
it was found that several of the diffraction peaks shown
in Table 12 matched various peaks in each of the
published diffraction patterns. No general agreement,
however, could be made with any single pattern contained
in the Powder Diffraction File.

The solubility of the crystalline zinc sulphite
precipitated from a solution containing zinc and agqueous
sulphur dioxide has been measured at 25°C and confirmed.
This data formed the basis for the calculation of the
thermodynamic free energy of formation of
ZnS503.2%H,0. Use of this molecular formula in the



TABLE 12

X-RAY DIFFRACTION DATA
FOR ZINC SULPHITE PRECIPITATED AT 25°C

Interplanar Spacing d Relative Intensity
g I/Ic
6.55 95
4.63 95
4.17 100
3.32 60
2.95 90
2.62 25
2.60 95
2.54 10
2.35 50
2.30 10
2.27 15
2.22 5
2.17 5
2.11 10
2.10 5
2.05 5
1.97 5
1.880 15
1.783 15
1.752 20
1.742 10
1.675 15

1.662 20



thermodynamic calculations is justified by the analysis
of the chemical composition of the precipitated zinc
sulphite material, Although the atomic structure of
this material could not be identified, its crystal
structure has been investigated and reported. It is
possible that the zinc sulphite precipitated at 25°C
could be composed of a mixture of various hydrate forms.
However, this ambiguity does not affect the construction
of Pourbaix diagrams since the free energy of this zinc
sulphite material was established by direct physical

property measurement.

3.3 CONGRUENCY OF SOLUBILITY

Eguilibrium solubility relationships between sclid
compounds and an aqueous medium can be described by a
number ©f methods. Most commonly and simply this is
achieved through the use o©of phase diagrams. One form of
such diagrams are presented in Figures l(b} and 5(b) of
Chapter Two. The principal variables of these two
diagrams are metal ion concentration versus media pH at
a constant activity of aqueous sulphur dioxide. Ricci
(1952) in a formidable treatise has given a thorough
mathematical description of the solubility relationships
that apply to generalized acid-base-water systems., The
principal variables used by Ricci (1952) are total moles
of acid versus total moles of base contained in a
system, The type of diagram developed from these
relationships elucidate physical properties of solid
compounds in an agueous medium that are not shown in the
diagrams of Chapter Two. The present section develops
these diagrams for the zinc-sulphur dioxide-water system,
in a simplified fashion, after Ricci's work. The
relevant material reqguired to investigate the solubility
in the zinc-sulphur dioxide-water system is presented

using the same notation as Ricci (1952).



3.3.1 General Diagrammatic Relatiocnships

The degree of solubility of metal hydroxides and
normal metal salts in the system acid-base-water can be
mathematically described in a quantitative manner by
fundamental relationships based on equilibria and
solution electroneutrality. The acid-base-water system
can be denoted by, in the case dibasic acids and
divalent bases, HpX-M(OH),-H20 respectively. The
symbol HoX represents a dibasic acid and M(OH)j is a
divalent base. Solutions of the two may form an
insocluable normal salt MX. Solubility relationships in
such a system can best be presented through edquilbrium
phase diagrams.

Figure 18 is a general schematic diagram of the
acid-base~water system. Plotted along the horizontal
axis is a which is defined as the number of moles of
the acid in the system whether or not completely
dissolved. The actual concentration of acid in the
solution is denoted by a. Similarly, b is the
number of moles of base plotted along the vertical axis
and b is the concentration of base in solution. §S3
and S, represent the agueous solubility of the base
and acid respectively. The curve Six is the
solubility of the base as acid is added to the system.
Conversely, the curve Syx is the solubility curve of
the acid as the base is added to the system. Point x,
therefore, is a hypothetical solution saturated with both
solids.

The area shown as L in Figure 18 is the set of all
solutions with unsaturated compositions. A system whose
composition lies in the area above the curve Six will
contain the solid base in equilibrium with a saturated
solution. The saturated solution will have a
composition corresponding to a point of curve S]1X that
lies vertically below the system composition. Likewise,
a system with a composition 1lying to the right of curve
Sox contains the solid acid in equilibrium with the
corresponding saturated solution on curve SX.
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FIGURE 18 Schematic diagram of the M(OH)2~H2X-H2O system.

FIGURE 19 Congruent and incongruent solubility relationships.



A system with a composition in the region between lines
ux and xXxv contains a mixture of both solids in
equilibrium with a solution of composition x. The
dashed line labelled b=a represents an equal
concentration of acid and base in a system.

Figure 18, however, represents only one specific
case. A solid salt of the acid and the basge, MX, may in
many cases precipitate from a solution saturated with
both acid and base. Figure 19 shows three possible
curves, labelled 1, 2 and 3, for the solubility of the
salt MX. Curve 3 is the case 0f the system shown in
Figure 18. The solubility of the salt MX exceeds the
solubility of the solid acid and so0lid base such that
the solution can never be concentrated enough to
precipitate MX. Either the so0lid base M(OH)> or the
solid acid H2X will precipitate first in preference to
MX. Curve 1, on the other hand, shows a system where
the salt MX has a much lower soclubility, The pure salt
placed in water will dissolve to an extent such that the
liguid will have the composition at point S. The branch
eS of Curve 1 represents the solubility of the salt in
an excess of base and branch Sf, its solubility in an
excess of acid., Point e is the solution saturated with
both salt and base, point £ is the solution saturated
with salt and acid while point S is the solution
saturated with salt.

The point labelled cyuax in Figure 19
represents the maximum concentration of the pure salt
dissolved into solution without precipitating either the
s0lid base or acid. If the solubility curve of the salt
cuts the b=a line above cpgyr Such as
Curve 2 in Figure 19, then the solid salt may exist as a
stable phase only when in equilibrium with a solution
containing an excess of acid (or base). The salt with
solubility Curve 2 is stable only along section e'f’
which has an excess of acid over the stoichiometric
ratio of a=b. The solution saturated with salt and acid
is point £'. Only dilute solutions of the salt, those



with concentrations less than cpzy are stable in

pure water, If a salt solution is allowed to evaporate
such that the salt concentration begins to exceed

Cmaxs the solid base will begin to precipitate,

As the evaporation continues, the composition of the
solution moves along curve Cpaxe' as the base
precipitates. The solid salt then precipitates when the
solution composition has reached point e'. Similarly,
if an excess of the so0lid salt is added to pure water,
equilibrium is established with not only the solid salt,
but with the base (hydroxide) phase as well. The
solution would establish, in this case, a composition of
e' at equilibrium.

A salt with a solublility curve resembling Curve 1 in
Figure 19 (i.e., a curve such that S8 is less than
Cmax) 1ls defined as being congruently soluble in
water. The stable segment ¢of its solubility curve
intersects the b=a line which represents the
composition of a pure salt. A congruently soluble salt
has several distinguishing properties. A saturated
solution in equilibrium with the solid salt only, can be
prepared from the so0lid salt and water without an excess
of either the acid or base. Evaporation of this pure
salt solution leads to precipitation of only the pure
salt. Furthermore, the solid salt may be washed with
water without decomposition.

A salt, on the other hand, with a solubility curve
such as Curve 2 of Figure 19 is defined as being
incongruently soluble in water. The distinguishing
factor of incongruency in Figure 19 is that the
b=a line intersects Curve 2 above cpax-.

That is, the segment of Curve 2 1in which the salt is in
stable equilibrium with the solution, does not intersect
the b=a line. 1If salt is added to the system

above Cpax the solid base will be precipitated. A
saturated solution of the salt is only possible in an
excess of the acid (or in an excess of base if x lies to
the left of b=a) along curve e'f', Additional



properties of an incongruently soluble salt are that the
evaporation of the pure salt solution leads to
precipitation of the s0lid base rather than the salt.
The pure salt solution can not be concentrated and the
solid salt can not be washed with water without
heterogenous decomposition resulting in precipitation of
the so0lid base.

Figures 18 and 19 are idealized schematic diagrams.
Most real situations encountered in the study of
hydrometallurgy or geochemistry, will have an acid,

HX, that does not form a solid and is completely
miscible in agueous solution. The curve 55X,
therefore, in most situations, does not appear in
diagrams at ambient temperatures and pressures. Figures
20 and 21 present diagrams that are more representative
of congruent and incongruent solubility, respectively,
for the normal salt of dibasic acids. The curve Sje
represents, in both figures, the solubility of the
hydroxide and the curve ef represents the solubility of
the salt. Point e is the solution saturated with both
M(OH); and MX and is the solution in equilibrium

with all system compositions (both solution and solids)
lying between lines ej and ek. The L+M{OH); and L+MX
phase fields lie adjacent to either side of the dual
phase field in both the congruent and incongruent
diagrams. The region marked L represents unsaturated

solutions.

3.3.2 Mathematical Development of Diagrams

The edquations necessary for the calculation of the
solubility curves are easily developed from solution
equilibria and electroneutrality considerations. The
symbols and notation used here are the same as that used
by Riceci (1952) for the ease of those readers wishing to
investigate this type of analysis in greater detail.

The first necessary eguation is the electroneutrality
balance where the sum of positive charges in solution
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FIGURE 20 Congruent solubility of a normal salt of dibasic acid.
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FIGURE 21 Incongruent scolubility of a normal salt of dibasic acid.



must equal the sum of negative charges:

[HY] +2[M2+]=[HX"] + 2([X2-]+[OH"]
Upon rearrangement,

[H+¥] - [OH]= [HX™]+ 2[X2-)]-2[M2+],
Ricci (1952) makes the following definitions:
a, the total concentration of acid in solution is given
by

a=[HpX]+[HX"]+[%x2"]

and b, the concentration of base in solution is given by

b= [M2+] .
Furthermore, a3 and o) are the ionization fractions
of the acid _ [X27]
o, - [HX"] and o, = =—=—=
1= 2 a

In some ©0f the equations it is convenient to define
[H¥] as simply H and [OH-] as OH. Combining the
definitions above, yields for the electroneutrality
balance
H—OH=aa1+2aa2—2b

or, H-0H=ahﬁ_+2a2}—2b. {(25)
The solubility product for the salt MX is

P=[M2+] [X27]

or, P= b a 0y {26)
The water equilibrium equation is

w=[H*] [OH~] (27)
or, W=H.0H

The equilibria of the dibasic acid involves two
ionizations. The first ionization reaction is
HoxX = HY + EBX~
where the ionization constant is defined as,
Ky = [HT]1[HXT]/[H,X]
and the ionization fraction is
%, = [HX"]1/a
The second ionization reaction of the acid is
HX- = Ht + x2- ,

where the corresponding relationships are
ko — 1x2711HY) [x°7]
2= [HX™] a
These relationships when combined yield for the first

and o =

ionization,
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1+[Hf]/Kl+K2/[H+} (28)
and for the second ionization,
a, = alkz/H (29)

The final relationship required for the calculation of
the complete solubility diagram is the solubility
product of the metal hydroxide or base. The
relationship is

P1=[M2+] [0H~] 2
or, P1=b x OHZ (30)

Three separate calculations are required to

completely identify plots such as Figures 20 and 21.
Equations (25) through (29) inclusive are all necessary
for the calculation of curve ef, the solubility of salt.
Solving Equations (25) and (7 through (30) inclusive
will yield the curve Sie which is the solubility of
the so0lid base. Point e can be located exactly by
solving all six equations simultaneocusly.

3.3.3 Calculation of Curve ef

The solubility of the salt MX can be calculated from
Equations (25) through (29) inclusive after a few
algebraic manipulations. The substitution of Equation
(27) into Equation (25) yields

W
Hﬁﬁ=a(x1=2x2)-2b

From Equation (26), p

bao
Elimination of a from these %wo gives,
HZpo p—bo yW=HPx | +2PHo 5~ 2b2Ha 5
Further, eliminating o4 with the use of Equation (29)
and rearrangement then vields
(P-bKg ) H2-2Ky (b2-P) H+bWK =0, (31)

Egquation (31l) represents the condition for a solution

a —J

saturated with salt MX. The system variables are b and
H while the rest are constants for a given system,
Egquation (31) can then be solved for H using a selected
value for b in the following manner:

(6%-P) + / (62-P) 2- (P /K ,-b) bW

H = {32}
(P/Kz-b)




The a value({s) corresponding to the selected value of b
can then be calculated as summarized in Table 13.
Following this method, a set of points (a,b) can be
calculated to establish the solubility curve ef of salt
MX.

Since Equation (32) is of the quadratic form,
several types of roots can be obtained. If for a
selected value of b two real positive roots are
obtained, then, the lower value of H can be interpreted
as the precipitation point of the salt MX as the acid
(a) is added to a solution with a M2+ concentration
of b. The higher value of H corresponds to the
redissolving of MX upon continued addition of acid a. If
Equation {(32) yields one positive root, then a
precipitate is obtained which never redissolves. If the
roots are complex or both negative, the selected value
of b is below a certain minimum value denoted in Figures
20 and 21 by point m. For normal salts of dibasic

acids, the point m will coincide with the point S or

Sinc.

3.3.4 Calculation of Curve Sle and Point e

The curve Sje can be established without any
further manipulation of Eguations {25) and (27) through
(30) inclusive. A method for calculating a point (a,b)
for a selected value of b is summarized in Table 13.
The point e can be calculated exactly using Equations
(25) through (30) inclusive. A combination of Equations
{25) through (29) inclusive yields as previously shown,

(P-bKy ) H2-2K, (b2-P) H+bwK=0. (31)
Substitution of Egquation (27) into Equation (30) gives,
b = P H?/W? (33)

Substitution of Eguation (33) into Eguation {(31) and
some rearrangement yields,

2nfp /w? + B3 -HW(1+PW/P K,) - 2pW? /P, = O. (34)
Equation (34) can be solved for H using an iterative
cycle. A procedure for calculating (a,b) for point e



TABLE 13

CALCULATION METHODS FOR SOLUBILITY DIAGRAMS

Solubility curve ef for salt MX

STEP OBJECTIVE EQUATION
1 Select b wvalue for point (a,b)

2 Calculate H wvalue(s) 32

3 Find Xq 28

4 Find X5 29

5 Calculate a value for point (a,b) 26
Solubility curve S,e for base M(OH)2
STEP OBJECTIVE EQUATION
1 Select b value for point (a,b)

2 Calculate QOH 30

3 Calculate H 27

4 Find X4 28

5 Find X, 29

) Calculate a value for point (a,b) 25
Composition of invarient point e

STEP OBJECTIVE EQUATION
1 Solve for H wvalue 34

2 Find OHR 27

3 Calculate b value for point (a,b) 30

4 Find X4 28

5 Find X5 29

& Calculate a value for point (a,b) 26



is summarized in Table 13. The point e thus calculated
corresponds to the intersection of curve Sje with

curve ef and represents the condition for equilibrium
with both the salt MX and base M{OH), phases.

3.3.5 Construction of Solubility Diaqraﬁs

A computer program, which employs the methods
outlined in Table 13, was used to calculate the
solubility diagrams for three systems. The well known
Ca(OH) 2-COp-H20 and Mg (OH)2-CO0p-H20 systems
were constructed along with the Zn{(OH)3-SO5-H50
system. Ricci (1952, p.412) has calculated the
significant points of the Ca{OH),~CO5-H50 and
Mg (OH) >-CO9-H920 systems and presents this data in
tabular form. However, Ricci (1952) does not construct
the diagrams. The complete solubility diagrams for the
calcium and magnesium carbonate systems are presented in
Figures 22 and 23. These diagrams are in close
agreement with the data presented by Ricci (1952). Figure
22 c¢learly shows calcium carbonate to be a congruently
soluble salt, whereas in Figure 23, magnesium carbonate
is an incongruently soluble salt. Ricci (1952), in the
schematic diagrams presented, used no scales on the
axis,. It was found however, that a logarithmic scale is
the most appropriate for illustrating the entire range
of concentration.

Figure 24 presents the solubility diagram for the
Zn{OH) 2-S02-H20 system. It can be seen that this
system closely resembles in form the Mg(OH),-CO5-H,0
system demonstrating that zinc sulphite is an
incongruently soluble salt. The incongruent solubility of
zinc sulphite, based on the analysis of incongruently
soluble systems by Riceci (1952), suggests several physical
characteristics for the behaviour of zinc sulphite in pure
water. First, pure zinc sulphite cannot be precipitated
from a pure water solution containing the stoichiometric

ratio of zinc to agueous sulphur dioxide. Concentration
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of such a solution by evaporation (or by boiling under a
vacuum) will result in the precipitation of zinc
hydroxide along with zinc sulphite. An excess of
sulphite over zinc is required to prevent precipitation
of 2inc hydroxide. Secondly, zinc sulphite salt cannot
be washed with water without heterogenous decomposition
resulting in preciptation of zinc hydroxide. A
solubility experiment, such as that outlined in Section
3.2.4, will result in reprecipitation of zinc hydroxide
following dissolution of the sulphite. The solution in
equilibrium with the solid material will subsequently
contain an excess of sulphite over the zinc
concentration.

The incongruent solubility of zinc sulphite
demonstrated in Figure 24 is directly confirmed by
experimental observation. As previously outlined, Table
11 shows, for the material remaining from a solubility
experiment, an assay that is high in zinc and low in
sulphite. Also, the solution in equilibrium with the
suspended zinc sulphite shows an excess of sulphite over
zinc, as expected from simple dissolution of the salt.
Therefore it is apparent, as expected from an
incongruently soluble salt, that zinc hydroxide was
precipitated at the expense of zinc sulphite. This is
necessary to achieve the excess of acid over the base
required for stability of the incongruently soluble zinc
sulphite salt. As a result of this deposition of zinc
hydroxide, the remaining material has the observed
deviation from the theoretical composition. Further
evidence ©of this zinc hydroxide deposition is also
shown, as previously mentioned, by the photomicrograph
0of the remaining material in Figure 17(b) which shows
zinc hydroxide precipitated on the original zinc

sulphite crystals.

3.4 DISCUSSICN OF THERMODYNAMIC PHASE DIAGRAMS

Chapter Two and Chapter Three present, in a concise
and convenient form, the thermodynamics of the zinc-



sulphur dioxide-water system with a detailed
investigation of the solubility of zinc sulphite in this
system. The importance of the wvarious types of phase
diagrams produced through this study is found in the
development of process strategy. All of the Pourbaix
diagrams presented, plus solubility diagrams such as
Figures 5(b), 12 and 24, allow precise prediction of the
optimum conditions for the precipitation of zinc
sulphite and the maximum depletion obtainable, from a
number of process variables such as temperature,
sulphurous acid concentration and media pH. The
relationship of zinc sulphite to zinc hydroxide under
these process variables is also precisely shown to allow
selective or coprecipitation of zinc sulphite as an
intermediate or final product in a metal extraction
scheme. The diagrams developed also add toc the
fundamental knowledge of the heterogeneous chemical
processes involved in hydrometallurgical processing and
facilitate the study of the leaching characteristics of
sulphite systems.

Figure 25(a) shows the type of data previously
available on sulphite systems. This diagram, reproduced
from the work of Esdaile and Walters (19%69), shows
experimental data on the solubility of zinc and other
metal sulphites in water. Information of this type,
previously the only information available, formed the
basis for process strategy development by Esdaile and
Walters. A diagram of equal value, constructed from the
recently available thermodynamic data of Linkson (1983),
is shown in Figure 25(b). This diagram, rapidly developed
from thermodynamic data 1like that of Esdaile and Walters,
shows the relative solubility of several metal sulphites.
However, these data are of a very limited nature.

They cannot predict the process conditions for
precipitation of metal sulphites and they give no
indication of the degree of depletion obtainable under
specific process conditions. Diagrams of this nature, in

reality, only depict a small part of the overall spectrum
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of information reguired to effectively evolve a process
scheme. Potential -pH and solubility diagrams, such as
those developed in this work for zinc, could easily be
constructed from the data used in Figure 25(b) for other
metal sulphites. Potential ~-pH diagrams and their
associated solubility diagrams summarize the entire
spectrum of process information. Shown clearly are the
conditions for selective precipitation or
coprecipitation of related phases. The residual metal
species concentration and form can be read directly from
these diagrams with the appropriate conditions to
achieve a given metal depletion from the parent liquor.
Such diagrams then facilitate the prediction of
selective precipitation of various metals as sulphites
under typical process conditions, and form an ideal basis
for effective process strateqy development.

The zinc sulphite precipitated in this work was
found to form coarse crystals with many desirable
properties. The precipitated material, it was found,
settled rapidly in its parent liguor and could be easily
filtered. Once separated from solution and dried, =zinc
sulphite is a free flowing, highly stable compound.
Precipitated zinc hydroxide, on the other hand, was
found to form a heavy gelatinous slurry which was very
difficult to filter. The maximum depletion of zinc from
solution by precipitation of the sulphite was found to
vield a residual zinc concentration of 0.53mg dam~3.
Since this maximum depletion is nearly as great as that
for zinc hydroxide, the precipitation of zinc sulphite
could have application in effluent water quality
control. The reduced reagent costs by precipitation of
zinc sulphite at a lower pH from acidic media than zinc
hydroxide, combined with the enhanced filtering
characteristics, makes zinc sulphite precipitation highly
desirable in such a process.

The potential use of zinc sulphite precipitation as
a hydrometallurgical process for the primary production
of zinc is very great. The sulphite could be produced



as a final product or as an intermediate form for
further treatment. Zinc, once separated in a sulphite
form, can be calcined to vield a high grade zinc oxide
product and sulphur dioxide for reuse, Selective
precipitation from other metals can be achieved by
careful pH control. Furthermore, a high degree of
selective extraction of zinc from a sulphite medium
containing iron can be obtained with the General Mills
Chemicals, Inc. sulphite process (Sudderth, et al, 1978).
Therefore, the selective extraction of zinc using
sulphite media is an attractive alternative to existing
hydrometallurgical processes. The use of scientific
data necessarily has an integral role in the development
of such a process. Conseguently, the careful selection
and use of the appropriate thermodynamic phase diagrams
will greatly aid in the development of complete
hydrometallurgical processing schemes,



CHAPTER FOUR

REVIEW ON THE LEACHING OF ZINC SULPHIDE

The chemistry involved in the leaching of metal
sulphide minerals is more complicated than that of
metallic elements or metal oxides owing to the complex
chemistry of sulphur and the great variety of reaction
products that can be formed. Table 14 illustrates +his
complex sulphur chemistry. Shown are the various
oxidation states that sulphur may obtain and the great
variety of sulphur oxyanions that can be formed in
leaching reactions. Consequently, progress toward the
understanding of sulphide leaching has been more limited.
A number of publications reviewing the present knowledge
and recent advances in sulphide leaching have been

presented.

Halpern (1857} reviewed some of the aspects of the
physical chemistry involved in leaching processes.
Foreward and Warren (1960) reviewed the extraction of
metals from sulphide ores by hydrometallurgical processes
and discussed the feasibility ©of a large number of
possible chemical lixiviants. Woodcock (1961l) discussed
various aspects of the oxidation of sulphide minerals
including crystal structure, lattice bonding and solution
composition. He also pointed out the various oxidation
products formed with reference to the kinetics of reaction

and rate limiting steps.

Peters and Majima (1968) discussed the physical
chemistry of leaching of sulphide minerals with the use
of thermodynamic phase diagrams. some of the complex
sulphur chemistry was elucidated and electrochemical
reaction mechanisms were postulated to explain their
kinetic observations. Wadsworth (1972) reviewed the
recent advances in the leaching of wvarious sulphide

minerals. Dissolution reactions of many sulphides and



TABLE 14

THE VARIOUS OXIDATION STATES OF SULPHUR

Anion Name Formula Sulphur Oxidation State
Permonosulphate 8052; +8
Dipersulphate 8208 +7
Sulphate SO, 2; +6
Dithionate 5206 +5
Sulphite 5032' +4
Trithionate 83062_ +3.33
Dithionite 52042: +3
Tetrathionate 8406 +2.50
Thiosulphate 52032m +2
Pentathionate 85062— +2
Sulphur S 0
Disulphide 82_ -1
Sulphide s52- -2



their electrochemical nature were discussed in detail.
The kinetics of several leaching systems were explained
using diffusion and electrochemical type models.

Dutrizac and MacDonald (1974) reviewed the leaching of
base metal sulphides by acidic ferric ion media.
Presented is a description of the preparation, re-
generation and properties of such a leaching medium along
with a discussion of several proposed commercial
processes. Peters (1976) discussed the chemistry and
applications of the direct leaching of sulphide minerals.
Thermodynamic Eh-pH diagrams were used to describe
feasible decomposition paths. Several recently proposed
hydrometallurgical processes are discussed with regard to

their scientific basis.

A review of these general papers elucidates several
points about the direct leaching of zinc sulphide.
Firstly, there are a wide variety of reagent systems that
can be applied to the oxidative or non-oxidative
dissolution of sphalerite. Secondly, the dissolution of
sulphide minerals exhibit many electrochemical
characteristics. Since natural sphalerite is a semi-
conducting mineral, it is likely that sphalerite
dissolution may display an electrochemical nature.
Finally, there are many types of kinetic models that may

have application in zinc sulphide leaching.

4.1 REVIEW OF LEACHING SYSTEMS APPLIED TO ZINC SULPHIDE

Table 15 presents a summary of the available work on
the chemical leaching of zinc sulphide. A great variety
of reagent systems, as shown in Table 15, have been
investigated by previous researchers. All reagent
systems employ the use of a strong acid, most commonly,
sulphuric acid and to a lesser extent, hydrochloric acid.
Combined with the acid, an additional oxidizing agent is
often used. Commonly, Fe3t ion or oxygen have been

applied as the oxidizing agent in these reagent systems.
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However, a limited number of studies have tested the
application of sulphur dioxide or chlorine gas as

oxidizing reagents.

Only one of the reagent systems listed in Table 15
constitutes a direct non-oxidative dissolution of
sphalerite. This study by Romankiw and de Bruyn (1964)
makes use of moderate to strong sulphuric acid solutions
in the direct acid dissolution of synthetic zinc
sulphide. The only form of sulphur resulting from this
dissolution is hydrogen sulphide. The production of
hydrogen sulphide by the non~oxidative decomposition of
sphalerite in strong acid solutions is one of the routes
available for the dissolution of this sulphide mineral, as
discussed in thermodynamic terms in Section 2.3.5. The
Eh~pH diagram of Figure 6 shows the maximum Zn2+ con-
centration obtainable in the leach liguor (Line 31) for a
given acid strength or pH. The other two studies,
Dewing and Cochran {(1978) and Dewing, et al (1982) which
employ only sulphuric acid as a reagent, use the acid in
concentrated form at elevated temperatures. Sulphuric
acid, under these conditions can act as an oxidizing
agent. Conseguently, the form of sulphur reported as a
reaction product in these two studies is elemental
sulphur.

The following nine studies presented in Table 15 make
use of hydrochloric or sulphuric acid with an additional
oxidizing agent, most commonly ferric ion. All of these
studies report elemental sulphur as the resulting sulphur
product. Again the Eh-~pH diagram in Figure 6 illustrates
this zinc sulphide decomposition path as described in
Section 2.3.5. Under acid and oxidizing conditions, Figure 6
shows that sphalerite can be oxidized to form Zn2+ ion and
elemental sulphur. The two studies by Scott and Nicol
(1978) and Verbaan (1980) both report hydrogen sulphide as
a decomposition product along with the elemental sulphur.

This demonstrates that the dissolution reaction mechanism



can be composed of a non-oxidative acid dissolution
reaction to yield hydrogen sulphide followed by
oxidation of the hydrogen sulphide to elemental sulphur
by reaction with the oxidizing agent.

Recently, much interest has been placed in the use
of sulphuric acid-gaseous oxidant reagent systems in
autoclave reactors at elevated temperatures and pressures.
Ten of the major studies in this area are presented in
Table 15, the majority employing oxygen as the oxidant.
As Table 15 shows, all of these studies report elemental
sulphur or sulphate as the primary product of sulphide
decomposition. The production of either elemental
sulphur or sulphate, depending upon the particular
leaching conditions, is shown in the Eh-pH diagram of
Figure 6. The leaching conditions and reactions pre-
dicted on a thermodynamic basis are discussed in
Section 2.3.5.

The intense research effort into the direct leaching
of zinc sulphide over the past 30 years, as summarized
in Table 15, has led to the development of only one
commerical application of these leaching systems.
Recently, the sulphuric acid-oxygen direct pressure
leaching process (Sherritt Gordon Process) has been put
into practice at the Cominco plant in Trail, B.C. This
autoclave process treats zinc concentrates in HZSO4/O2
solutions at a temperature of 150°C and an oxygen
pressure of 350 to 1000 kPa. Despite the high capital
cost of an autoclave process and the difficulty of iron
removal for zinc electrowinning, this process appears to
be economically feasible for the treatment of zinc
concentrates as reported by Veltman and Belton (1980}).

4.2 REVIEW OF ZINC SULPHIDE LEACHING WITH AQUEQOUS
SULPHUR DIOXIDE

Sulphur dioxide gas is a highly attractive and
readily available leaching reagent. If incorporated into



a direct sulphide leaching process, sulphur dioxide may
eliminate the necessity of using high temperature and
pressure autoclave eguipment. A process operating at
ambient temperatures and pressures would create great
savings in the required capital investment compared to

an autoclave process. The present research is intended
to develop the basis for an atmospheric pressure leaching
process employing sulphur dioxide as the principal
chemical reagent,

A very limited number of studies have been carried
out in the area of sulphur dioxide leaching of zinc
sulphide. The reported studies are presented in Table 15.
The earliest work applying the use of sulphur dioxide in
the direct leaching of sulphides, Sobol and Frash (1974},
demonstrates the potential use of sulphur dioxide in the
pressure leaching of nickel containing pyrrhotite con~
centrates. Elemental sulphur and sulphate are reported
to be the forms of sulphur resulting from the leaching
reaction. The formation of thiosulphuric acid is
theorized and a reaction mechanism is proposed based on
the Wackenroder Reaction. Furthermore, the dissolution
reaction is reported to display a "diffusion nature”.

A flowsheet is proposed for the production of elemental
sulphur, iron products and a non-ferrous sulphide

concentrate from this pyrrhotite concentrate.

Tiwari (1976) investigated the kinetics of oxidation
of zinc sulphide and hydrogen sulphide by sulphur dioxide
in agueous sulphuric acid. Under the conditions of
Tiwari's experiments, elemental sulphur is reported to be
the form of sulphur resulting from both the oxidation of
zinc sulphide and hydrogen sulphide. The stoichiometry
of the overall dissolution reaction was found to be,

2% 4 1%8° + H.O.

zns + 2HT + 50, (aq) = 2Zn N



The dissolution, it was demonstrated, proceeds by a two step

reaction process. Initially, the acid dissolution of zinc
sulphide occurs to produce hydrogen sulphide

zns + 28T = zn?t & H,S (aq) .

This is followed by the oxidation of hydrogen sulphide
by sulphur dioxide to form elemental sulphur.

H,S (aq) + %80, (ag) = 1%s°® + H,0.
The initial rate of dissclution was found to be directly
proportional to the hydrogen ion concentration. The
elemental sulphur produced was shown, under the conditions
of Tiwari's experiments, to form a tenacious film on the
zinc sulphide particles. A kinetic model was developed
for the leaching process on the basis that the film of
sulphur impedes further reaction by c¢reating a barrier on

the zinc sulphide surface through which reactants and

products must diffuse. The apparent activation energy of
the dissolution was evaluated to be 49.0 kJ mol-l below a
3

and 87.0

kJ mol""1 above an acid concentration of 3.0 mol dm”3.

sulphuric acid concentration of 0.45 mol dm™

The investigation by Tiwari (1976) into the kinetics
of hydrogen sulphide oxidation revealed that the reaction
between hydrogen sulphide and sulphur dioxide does not
occur in the gas phase at room temperature. However, it
proceeds at a very high rate on a wetted surface with the
production of a sulphur fiilm. The rate of reaction is
directly proportional to both the hydrogen sulphide and
sulphur dioxide concentration. Furthermore, the oxidation
rate reported was so great that the reaction between
hydrogen sulphide and sulphur dioxide could not be
considered as the rate controlling step of the zinc

sulphide dissolution process.

More recently, Adams and Matthew {1981) made an
investigation into the leaching of zinc sulphide con-
centrates with gaseous mixtures of sulphur dioxide and



oxygen at atmospheric pressure in agueocus solution.
Elemental sulphur and sulphate are reported as reaction
products. Since the sphalerite concentrates used in this
experimentation inherently contain iron, the leaching
media also contained both ferrous and ferric iron.
Subsequently, the iron was found to catalyze the
oxidation of sulphur dioxide by oxygen to produce
sulphuric acid. The stoichiometry of the overall
dissolution process was found in this study to be
represented by the following reaction:

+ 258° + H.SO

2ZnsS + 3802 + 2%02 + H20 = 2ZnSO4 250,

The authors proposed that the overall reaction was made
up of two competing reactions for the consumption and pro-

duction of sulphuric acid:

Q
2Zns + H2804 + 502 + 1%0, = ZZnSO4 + H20 + 2S

and 2802 + 02 + 2H20 = ZHZSOQ.

These two reactions account for the initial consumption
of acid followed by the generation of acid as observed
by Adams and Matthew during their experiments.

Adams and Matthew (1981) found their experimental
kinetic data to be chemical reaction controlled and to
fit a kinetic model based on the reaction of a shrinking
particle. No interference to the reaction by the
formation of a sulphur film was found in this
investigation. The activation energy for the
dissolution process was estimated to be 154.5 % 7.5 kJ
mol=l which is consistent with a chemically controlled
surface reaction.

This review has summarized the state of the
knowledge of the chemical leaching of zinc sulphide.
Despite the considerable number of investigations made
into the dissolution of zinc sulphide, few have studied
the use of sulphur dioxide as a lixiviant. Furthermore,

these studies present conflicting views on the



fundamental manner in which sulphur dioxide acts upon
zinc sulphide. The thermodynamic data and discussion
presented in Chapter Two of this work have laid the
foundation for an understanding of the possible phases
participating in the dissolution process. It remains
then, to incorporate these thermodynamic ideas into an
experimental study of the dissolution kinetics of the
sulphur dioxide leaching process and develop a kinetic
leaching model which will provide a basis for process
design.

4.3 DISCUSSION OF KINETIC MODELS APPLICABLE TC ZINC
SULPHIDE LEACHING

A number of descriptive kinetic models have been
applied to zinc sulphide leaching. They include classical
chemical reaction rate eguations, descriptive physical
rate models and models based on electrochemical
dissolution mechanisms. Although a generalized electro-
chemical kinetic model for sulphides has been described
by both Wadsworth (1981) and Hiskey and Wadsworth (1981)
and the electrochemical nature of sulphide dissolution has
been often suggested, no electrochemical models have been
reported specifically for zinc sulphide dissclution. The
models developed in leaching studies mainly consist of
chemical reaction rate equations or physical models such
as the shrinking core model.

The leaching of zinc sulphide in agueous sulphurous
acid consists of reacting finely ground particles, which
generally can be approximated as spheres, with reagents
dissolved in an agueous medium. As the leaching reaction
proceeds a residue or product layer, such as a f£ilm of
elemental sulphur, may be deposited on the zinc sulphide
particle surface. This residue lavyer, in effect, shields
the particle from its aguecus environment. Since
reactants and products must pass between the reacting



particle and the aqueous medium, the rate of the
dissolution reaction may be hindered. Also, as
dissolution proceeds, the unreacted core of the particle
shrinks in size and the net reaction surface area
decreases. This consequently affects the overall leaching
rate. These physical effects have been mathematically
analyzed for various ideal situations and are known
collectively as the shrinking core model. The complete
.development,of the shrinking core model has been well
documented: Habashi (1969), Levenspiel (1974), and is
summarized in Appendix 3.4 of this work.

Figure 26 illustrates the shrinking core model for
the reaction of spherical particles and presents the
resulting mathematical expressions. As Figure 26 shows,
there are five steps occurring simultaneously in a
dissolution process. These five steps are:

1. Diffusion of the dissolved reactant through the
solution film surrounding the particle to the
surface of the solid.

2. Diffusion of the reactant through the residue
layer to the surface of the unreacted core.

3. Reaction of the solid with the leaching reagent

at the reaction surface.

4. Diffusion of the reaction products through the
residue back to the exterior surface of the

solid.

5. Diffusion of the products through the sclution
film back into the bulk solution.

Any single step listed, could be the limiting factor in
the overall rate of dissolution.
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FIGURE 26.Shrinking Core Model for Reaction of a Spherical
Particle: after Habashi {(1969).
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Each eguation derived for the shrinking core model
relates the time (t) as a function of o, the fraction of
material reacted at that time. The other symbols shown
in Figure 26 are the initial particle radius (r ), the
molar density of the solid (p), a diffusion constant (kd),
a reaction rate constant (kr), the diffusivity (D}, a
reactant concentration (C) and a stoichiometry factor (b).
A possible expression describing the rate limiting factor
in the dissolution process is one of the egquations in
Figure 26. The rate controlling step is identified by
finding whether the appropriate function of o yields a
straight line when plotted against time for a given set
of experimental data.

Figure 26 presents the equations for two different
situations when overall rate of the dissolution process is
limited by diffusion through the solution film. The first
eguation applies to the situation where a product layer
forms as the reaction proceeds and the overall particle
size remains constant. The second equation applies to the
situation where no product layer is formed and the
particle decreases in size as the reaction proceeds. This
second situation is also known as the shrinking particle
model.

Two different expressions are presented in Figure 26
for product layer diffusion being the rate limiting step.
The first is an approximate solution derived by
Jander (1927) [Habashi (1969)p.154]. This expression was
derived for a thin film on a flat reaction surface and
applies only when the product layer is very thin compared
to the particle radius. The second expression is a
general solution developed by Crank (1957), Ginstling and
Brounshtein (1950) [Habashi (1969)p.156] and applies to
all situations when the change in volume of the particle
during the reaction is small. The final egquation in
Figure 26 is derived for the situation where the rate of
the chemical reaction, occurring at the surface of the

unreacted core, controls the kinetics of the dissolution
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process. A first—-order chemical reaction is assumed in
the derivation of this expression.

Industrial leaching of finely ground mineral con-
centrates generally takes place inclosed stirred tanks
with moderate agitation. If care is taken to design an
efficient gas dispersion system and if sufficient
agitation is supplied, the adverse effects of solution
diffusion c¢an be kept to a minimum. In laboratory
situations practically any degree of agitation can be
achieved and the effect of solution diffusion can be
eliminated. Generally then, there are two limiting
factors of a leaching process that have been considered
in the development of kinetic models, prcduct layer

diffusion and the rate of the digsolution reaction.

4.3.1 Reported Kinetic Leaching Models

A number of investigationsinto the kinetics of zince
sulphide leaching have attempted to develop or actually
report a kinetic model which describes the rate of
dissolution. Generally, the dissclution kinetics have
been described as being sulphur layer diffusion controlled
or reaction rate controlled. The shrinking core model,
in several instances, has been used to correlate
experimental data. However, a few studies report a
chemical reaction rate egquation which correlates the data.
Such rate equations provide a more exact description of
the rate controlling reaction than the shrinking core

model which assumes a first—-order irreversible reaction.

Although no mathematical models were developed,
Pawlek (19692) summarized some valuable kinetic inter-
pretations derived from his work on the pressure leaching
of zinc sulphide. Four important parameters in pressure
leaching were identified as follows: (1) the efficient
dispersion of gases; (2) the suspension of the solid;

{(3) the phase-boundary reaction, and (4) the removal of
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reaction products. The phase-boundary reaction was in-
vestigated and an electrochemical model was proposed in
which zinc sulphide reacts anodically according to the

reaction:

zns = 2Zn°t + S° + 2e .

The cathodic reduction of chemisorbed oxygen, the presence
of which may increase the number of charge carriers
within the zinc sulphide owing to its semi-conductor

properties, occurs by the reaction:

2HT + %0, + 260 = H.O0.

2 2

This semi-conductor model was tested by introducing

ultraviolet radiation inte the system which, in the case
of doped ZnS, showed an appreciable increase in the rate
of dissolution. The overall kinetics were not explained
on the basis of electronic conduction alone, indicating

that other rate processes were involved.

The initial dissolution of zinc sulphide was found to
result in the formation of hydrogen sulphide. A build up
of hydrogen sulphide severely retards the kinetics of
dissoclution. The following are proposed reactions for

the oxidation of hydrogen sulphide:

o
st + HZSO4 = H2803 =+ H20 + S
°
2H25 + 02 = 25 + 2H20
2- +

The first reaction occurs only in very high strength acid
solutions and the third reaction is favourable only at
high temperatures. The second reaction occurs only very
slowly and the problem is to accelerate it. The addition
of activated carbon was found to accelerate the kinetics
of dissolution of several sulphides. This was attributed
to an acceleration of the second reaction removing

hydrogen sulphide at an increased rate, thus limiting the
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back-reaction kinetics.

Barlier, Romankiw and de Bruyn (1964) investigated
the kinetics ©of dissclution of zinc sulphide in agueocus
sulphuric acid. The kinetics were found to be chemical
reaction controlled where the decomposition of synthetic
zinc sulphide proceeds by the reaction:

zns + 2T = zn®t 4 H,S.

If sufficient agitation is used to eliminate diffusion
effects, the overall dissolution rate may be expressed by

the relation:

d[2n2+

dat

= a_ k™1 - kr[Zn2+]% Pst%} (35)
where AO is the initial surface area of the zinc sulphide,
kf is the forward reaction rate constant and kr is the
reverse reaction rate constant. An activation energy of
46.4 + 4.1 kJ mol ! was determined for the dissolution
reaction and of 7.8 + 4.1 kJ molml for the reverse reaction.

Verhulst (1974) investigated the kinetics of
oxidation of hydrogen sulphide and zinc sulphide by
ferric iron in sulphuric acid solution. Like Romankiw
and de Bruyn (1964), Verhulst found the dissolution
kinetics to be chemical reaction contrclled. Moreover,
the rate of acid dissolution of zinc sulphide was found
to be represented by the same rate equation proposed by
Romankiw and de Bruyn (1964). However, the measured rate
was more closely proporticnal to the square root of the
surface area (AQ%) rather than the first power proposed
by Romankiw and de Bruyn (1964). A mechanism for the
acid dissolution of zinc sulphide in the presence of
ferric iron was proposed. This mechanism involved the
acid dissolution of zinc sulphide to produce hydrogen
sulphide followed by the reaction of hydrogen sulphide
with ferric iron.
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Scott and Nicol (1978) studied the kinetics of
leaching ¢f zinc sulphide concentrates in acidic solutions
containing ferric sulphate. This study showed that the
nature of the sphalerite significantly influences both
the rate of dissolution and the effect of solution
variables (Fe3t and H,50, ceoncentration) on the kinetic
behaviour. The authors concluded that it was not
possible for a single general mechanism to be derived for
the dissolution reaction that could be expected to apply
to any given concentrate. However, they proposed that
both non-oxidative and oxidative processes were operative

in the leaching system.

Verbaan (19280) followed up the work of Scott and
Nicol (1978) in a study on the leaching of sphalerite in
acidic ferric sulphate media in the absence of elemental
oxygen. Verbaan found a close correlation between the
rate of leaching of the sphalerite and the measured
electrochemical potential of the sclution (Eh). This was
regarded as evidence that the leaching mechanism was
electrochemical in nature. An empirical relation was
developed from the experimental kinetic data to describe
the rate of dissolution of sphalerite. The empirical

relation is:

d[an*]
dt

-57.64x10
RT

= 49.29 exp(

6

- [
)[MOAO(l XZn2+} 1
where M, and A, are the initial mass of sphalerite and
the specific surface area respectively and XZn2+ is the

fraction of zinec in solution.

Venkataswamy and Khangonkar (1981) studied the
ferric chloride leaching of sphalerite in the presence of
an organic solvent for sulphur. Their objective was to
ascertain whether the dissolution kinetics were reaction
controlled or product layer diffusion controlled. The
experimental kinetic data, obtained in both the presence

and absence of the organic solvent, was analyzed in terms
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of the shrinking core model. Since the organic solvent
should remove a sulphur product layer, it was expected
that in the presence of the solvent, the kinetics should
be chemical reaction contreolled. On the other hand,
without solvent, the diffusion through the product layer
should control the kinetics. Both sets of data showed

a high degree of correlation with both the chemical
reaction control equation and the product layer diffusion
control equation. Hence, no definitive choice of
mechanism could be made on the basis of this result. The
shrinking core model is valid only for a narrow range of
particle size. The diameter ratio of the upper and lower
limits must not exceed 2%. This study was performed with
a =200 mesh concentrate, the size range of which exceeded
the limit. The authors suggested that this large particle
size range may account for the ambiguous result.

Roth, et al (1981) also investigated the kinetics
of zinc sulphide dissolution in ferric chloride media.
Like Venkataswamy and Khangonkar (1981), Roth, et al
found a close correlation of the experimental kinetic data
with the product layer diffusion contrcl equation of the
shrinking core model. Roth, et al, however, did not
comment on the correlation of their data with the reaction
control equation. It was proposed that a film of
elemental sulphur was formed on the zinc sulphide during
its dissolution with ferric chloride. Inward diffusion
of the ferric ion through this layer was suggested by the
authors to be the rate controlling step. No justification
was given for this proposed mechanism. The activation
energy ©f the dissolution process was found to be

90.0 *+ 12.5 kJ mol t.

Mizoguchi and Habashi (1983) studied the agqueous
oxidation of zinc sulphide and pyrite by oxygen in
hydrochloric acid sclutions. Hydrogen sulphide was found
to be generated in the absence of oxygen. However, with
the introduction of oxygen, elemental sulphur was formed.
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The proposed oxidation reaction is

zns + 28 + %0, = zn?t + s° 4+ H,0
for which an activation energy of about 25 kJ mol ™ * was
found. Due to this low activation energy and a
dependence of the reaction on the stirring speed, the
authors proposed that the oxidation reaction was
diffusion controlled. The addition of pyrite to the
reaction increased the oxidation rate of the zinc
sulphide. The authors suggested that this was due to a
galvanic action in which pyrite acted as a cathode where
oxygen was reduced and zinc sulphide acted as an anode.

4.3.2 Models Applied to Sulphur Dioxide Leaching

Tiwari (1976), in his study on the kinetics of
oxidation of zinc sulphide and hydrogen sulphide by
sulphur dioxide in aqueous sulphuric acid, used Jander's
approximate solution for product layer diffusion control
to correlate his experimental results. Tiwari proposed
that the dissolution and oxidation ©of zinc sulphide by
sulphur dioxide in agueocus sulphuric acid proceeds by the

feollowing reactions:

zns + 28T = 2zn?t + H.S

2

=}

2z

H,S + %Ssz =

+ HZO

The acid dissclution of the zinc sulphide in the first
reaction produces hydrogen sulphide which is rapidly
oxidized by sulphur dioxide in the second reaction.
Elemental sulphur, subsequently, is deposited on the
particle surface creating a diffusion barrier. Tiwari
justifies applying Jander's approximation to the
correlation ©of his kinetic data by stating that most of
his experiments involwved less than 25 percent dissclution
cf the zinc sulphide, which resulted in less than

10 percent reduction in the size of the zinc sulphide
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particles. 1In other words, Tiwari implied that the
thickness of the sulphur film was small in comparison
with the size of the particles, as was reguired by the
Jander approximation. However, Tiwari showed that
Jander's approximation provided a better fit to the
experimental data than the more rigorous model of

Crank, Ginstling and Brounshtien when more than

50 percent of the zinc sulphide was dissolved. It is
inconsistent with the assumptions made, to apply the
Jander approximation to the results at this degree of
dissolution. An adherent sulphur film at this point could
no longer be thin compared to the radius of the unreacted
core. Above 50 percent dissclution the sulphur would no
longer resemble a thin film on a flat reaction surface
which is the initial assumption of the Jander
approximation. Therefore, it is difficult to conclude
that Tiwari's kinetic data validates a product layer

diffusion contreolled dissclution process.

Adams and Matthew (1981), in their study on the
leaching of zinc sulphide concentrates with sulphur
dioxide/oxygen mixtures at atmospheric pressure, also
found elemental sulphur to adhere to the zinc sulphide
particles. However, in contrast to the work of Tiwari
{1976), much evidence was presented by these authors
which demonstrates that the presence of the elemental
sulphur does not hinder the dissolution process. A
scanning electron microscope photograph was presented
clearly showing the deposited sulphur layer on partially
leached zinc sulphide particles. The sulphur deposit
shown had a porous, nodular structure that did not form

a cohesive layver and should not present a significant
barrier to diffusion of dissolved reactants or products.

Partially leached soclids, in another reported test, were
withdrawn from the reaction vessel at a point when no
further leaching was occurring. The elemental sulphur
was removed from the solids by carbon disulfide extraction

and the sulphur-free solids were then subjected to
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further treatment. The results indicated that

removal of the elemental sulphur did not lead to any
further significant attack on the partially-leached
solids. The experimental kinetic data presented in this
study showed a high degree of correlation with the
chemical reaction control equation of the shrinking core
model presented in Figure 26. These results supply
further evidence that the rate of the dissolution
reaction is the limiting step in this leaching process

and not diffusion through a tenacious sulphur £f£ilm.

Adams and Matthew alsoc conducted a few experiments
using an iron—-free reagent grade zinc sulphide material.
The reaction of the synthetic material was slow compared
to that for the naturally occurring zinc sulphide con-
centrates which contain iron. Very little elemental
sulphur was formed in the experiments with reagent grade
zinc sulphide but the eveolution of hydrogen sulphide was
guite evident. The authors suggested that iron present
in naturally occurring zinc sulphide concentrates has an
activating effect in the dissclution reaction and
proposed that ferric iron may act as an intermediate

oxidant by the reaction

+ H.S = 2t + 58° 1+ 2mT.

3+
€ 2

2F
However, in view of the adherence of elemental sulphur
to the reacting particles, the authors added that the

electrochemical formation of S° by the reaction

z2ns + 2Fe3t = zn?t 4+ 5° + 2re?”

is probably the dominant reaction occurring. In either
case, the authors suggested that these reactions may be an

oversimplistic assessment of the real situation.
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CHAPTER FIVE

EXPERIMENTAL, STUDY OF THE LEACHING OF
ZINC SULPHIDE WITH SULPHUR DIOXIDE

An experimental investigation was undertaken to
explore the kinetics of dissolution of sphalerite in
agueous sulphurous acid media. As highlighted in the
literature review of the preceeding chapter, a wide variety
©of zinc sulphide materials have been used in previous
leaching studies. These materials include natural ores,
commercial sphalerite concentrates, naturally occurring
pure sphalerite and synthetically prepared zinc sulphide
laboratory reagents. As reported, the nature and com-
position of these materials can greatly influence the rate
and the manner of the dissolution process. Naturally
occurring sphalerite intrinsically contains significant
gquantities of iron either in the form of non-liberated
iron sulphides or substitutional impurity atoms. Since
iron can have a major effect on leaching behavior, it was
decided to use in this study a high purity synthetic
sphalerite material. The use ¢f an iron-free sphalerite
is necessary to isolate and determine the role of iron in

the dissclution process.

Synthetically prepared laboratory reagent grade zinc
sulphide was obtained from several chemical suppliers
including BDH Chemicals Ltd., England, Ajax Chemicals Ltd.,
Australia and Fisher Scientific Co., U.S.A. Since it was
reported by Scott and Nicol (1978) that the structure of
the zinc sulphide, as well as its composition, may
influence the leaching behavior, an x-ray diffraction
pattern was obtained for each material. This revealed
the zinc sulphide supplied by each of the companies above
to be composed entirely or almost entirely of wurtzite,
the high temperature polymorph of sphalerite. It is

interesting to note at this point that, the zinc sulphide
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used by Tiwari (1976) in his leaching studies was a
reagent grade material supplied by Fisher Scientific Co.
and therefore, may have consisted mainly of wurtzite.
Tiwari (1976) did not report on the structure of his zinc

sulphide material.

A very high purity electronic grade zinc sulphide
powder was obtained from Ventron GMBH. This material
was shown by x-ray diffraction to be composed entirely of
sphalerite. Alsco, no iron could be detected in the
Ventron material by chemical analysis. Therefore, this
zinc sulphide possessed the desired properties and was
selected for use in the present experimental investigation.

1 was determined on

A specific surface area of 17.3 ng’
this material by nitrogen adsorption according to the
B.E.T. method. A particle size distribution for the
Ventron sphalerite is presented in Appendix 4 along with
the method of determination. The Ventron sphalerite used
in the experimental work was a very fine, free flowing
powder with approximately 90 percent of the mass lying in

the size range of 2 to 6 um.

Highlighted also in the literature review of the
previous chapter is the importance of proper reactor
design. Romankiw and de Bruyn (1964) state that
sufficient agitation must be maintained to eliminate the
effects of solution diffusion. Both Pawlek (1969) and
Adams and Matthew (1981) point out the importance of
efficient gas distribution in leaching systems employing
gaseous reactants. Pawlek states that the solids must be
well suspended so that the reaction can occur over the entire
surface of the particles. Furthermore, he suggests that the
gases must be well dispersed so that dissolution of the
" gas can occur over as great a surface area as possible.
Adams and Matthew add, that in systems using more than one
gas, the gases should be well mixed before entering the
reactor and that it is important to achieve a small bubble
size for efficient gas dissolution.
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Sixty preliminary two hour leaching experiments were
carried out in an all glass, one litre reactor with a
paddle stirrer. Although this exercise was useful in
developing the procedures and technigues to be used in
the experimental work, it was found impossible to
determine whether sufficient agitation and efficient gas
dispersion were occurring. Due to the vibrations incurred
in attempting to achieve high agitation in this leaching
reactor, much glassware was broken. Additionally, no
satisfactory sampling system could be devised without
opening the reactor to the atmosphere. Therefore, a
leaching reactor was designed and constructed to eliminate
all these experimental difficulties and yield reliable test
results. The design of this reactor system along with the
entire experimental arrangement is presented in the

following section.

5.1 EXPERIMENTAL APPARATUS

Figure 27 presents a schematic diagram of the
experimental leaching apparatus used in this study.
Specifications of the individual items of eguipment,
identified with a number in Figure 27, are given in
Table 16. The stirrer drive system consisted of a 250 W
electric motor coupled to a variable speed drive box.

Power was transferred to the reactor impeller through a
flexible drive shaft. The drive box was linked to the
flexible shaft via a v-belt and pulley arrangement as
shown. The drive system, in this manner, was capable

of operating the reactor impeller at speeds of 0 to 1500 rpm.
A tachometer directly coupled to the drive shaft was used
to monitor the exact impeller speed. The 1.6 m long
flexible drive shaft allowed the stirrer drive system to be
mounted on the laboratory wall outside of the exhaust hood,
away from the reactor and associated equipment. This
layout minimized the motor vibrations and any electrical

interference with the electronic equipment.
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TABLE 16

SPECIFICATICONS OF THE EXPERIMENTAL
EQUIPMENT SHOWN IN FIGURE 27

NUMBER DESCRIPTION

1 250W Electric Motor
Variable speed drive : ZERO-MAX model E-1

3 V-belt and drive pulleys, 76mm dia (drive box) to
20mm dia.

4 Tachometer: Auto Tempo Instrumentation Ltd., London

5 Flexible tcool shaft: Flexdrive Pty.Ltd., Sydney

6 Reactor 1lid, bearing and impeller assembly

7 Reactor, Pyrex glass, 1.3 litre, cylindrical,
flat bottom

8 pH probe: Phillips CH21 combination glass electrode

gﬁzwn Eh probe: TPS Ioncde, Brisbane, Ag/AgCl electrode

9 Sampling device with 100mm x 12mm test-tube

10 Condenser, exit gas stream, water cooled jacket

11 Baffle (1 of 4 shown only), TEFLON

12 Gas injection tube

13 Water bath

14 Water bath heater/stirrer: Braun Thermomix No.1441

15 PH meter: Orion Research model 611 digital
pH/millivolt meter

16 Eh meter: Anax pH/millivolt meter

17 Chart reccorder: Rikadenki Kogyo Model B-24

18 Flowmeters: Fischer and Porter 10A3237 Flowrator
{a), (¢}, {(e) flow tube: FP—%-ZO with ruby float
(b}, (d) flow tube: FP—%g—ZO with ruby float

19 Inlet gas bubblers

20 Water filled open manometer

21 Exit gas bubbler

gﬁzwn Thermometer (in reactor) 0-100°C glass/Hg

Not

Shown

pH and Eh probe protection shrouds (see Fig.30)
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Reagent gases were supplied to the reactor from
commercial gas cylinders. Industrial grade sulphur
dioxide and oxygen were used along with high purity,
oxygen—-free nitrogen. Flow rates of the individual gases
were measured with calibrated rotameters. Specifications
of these flowmeters are given in Table 16. The flow rates
were controlled by adjusting the regulators on the gas
cylinders and the needle valves on the rotameters. The
wide range of gas flow rates employed in the experimentation
required the calibration of two flowmeters for each gas as
shown in Figure 27. Rotameters with FP-1/8-20 tubes and
ruby floats were used to meter gas flow rates in the range
of 100 to 1000 cm3min_1. Alternatively, if flow rates in
the range of 15 to 150 cm3
lines could be switched to rotameters with FP-1/16-20

tubes and ruby floats. Hence, five calibrated flowmeters

min~! were required, the gas

were required to regulate any desired combination of the
three gases. All gas lines were Nylex 1/4 in. o.d. nylon
pressure tubing and all gas connections were made with

Swagelok stainless steel fittings.

The metered reagent gases were mixed and humidified
in sealed bubbler jars filled with distilled water as
shown. Oxygen and nitrogen were first mixed in one
bubbler before being mixed with sulphur dioxide in a
second bubbler. The mixed and humidified reagent gases
were then injected into the reactor media through the
gas injection tube as shown in Figure 27. A water filled,
U~tube, open end manometer was connected to the second
inlet gas bubbler to monitor the reactor back pressure.
The manometer also acted as a safety relief wvalve should
the reactor gas inlet or outlet become clogged. Unreacted
and product gases were vented from the reactor via a water
cooled condenser to minimize evaporative losses. The exit
gas stream, after passing through the condenser, was vented

to the exhaust hood as shown in Figure 27.

Figure 28 presents a detailed drawing of the reactor



i

= T
A Faler end cap
R — nylon grease cup
e T oil seal

ball bkearing

[

e — ] "
:Fﬁ Y dia. shaft
‘
2 ]
S o]
=r \
\
\
S
N
‘
\
\
‘
\ .
[~ No.52 O~ring
E‘E%V
Y7
'\‘_.'.
s
3v|
| ganad 4 -Zl-
6" -
-—-—-—-—-% dia. shaft
O

A

N R S

FIGURE 28. Reactor lid, bearing and impeller assembly.



- 117 -

lid, bearing housing and impeller assembly. All parts
shown, except the bearings and seals, were fabricated from
316 stainless steel stock material. Special care was
taken to ensure the bearing housing was completely sealed
from the reactor contents as the leaching media could
rapidly corrode the bearings. The inset rubber o-ring
formed a seat between the reactor lid and the wide, ground
glass lip of the reactor vesgsel. The reactor vessel
itself, was a cylindrical, flat bottom pyrex glass vessel
with a 1.3 dm3(litre) capacity. The lid assembly was held
in place on the reactor vessel by four screw clamps.
Several reactor access ports were provided in the 1lid.

The layout of the access ports and their function are shown

in Figure 29.

The three ports labelled (A) in Figure 29 were
designed to accommodate glass electrodes. Two of these
openings were used for the Eh and pH electrodes. The
third electrode port, used for charging material to the
reactor, was sealed during the experiments. The Eh and
pH electrodes were fastened to the 1lid by a cap and
protection shroud assembly which is illustrated in
Figure 30. The electrode is inserted into the reactor
through the central hole of the cap and shroud. As the
cap is screwed tight, the rubber o-ring, compressed
between the cap and shroud, grips the electrode and forms
a gas tight seal. This same design principal was used to
secure the thermometer to the reactor 1lid in port (D)
shown in Figure 29. Unlike the electrodes, however, a
shroud was not used to protect the thermometer.

The two reactor lid openings labelled (B) in
Figure 29 were drilled and tapped to accept the NPT thread
of a 3/8 in. Swagelok stainless steel tube to male pipe
connector. One of these two openings, being a spare, was
sealed off. The other opening held the exit gas stream
condenser in the Swagelok fitting. The condenser consisted
of a 25 cm length of 9.53 mm (3/8 in.) stainless steel
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tubing, through which the exit gas passed from the
reactor, with a 15 cm long concentric shell of 19.05 mm
(3/4 in.) tubing forming a water Jjacket. The exit gas
stream condenser can be seen in the photograph of the
reactor lid in Figure 31. Cooling water for the
condenser was provided by a tap water service. The water
was first circulated through a coil of copper tubing kept
in a bucket of ice before entering the condenser.

The remaining four openings in the reactor 1lid
labelled (C) in Figure 29, were made to accept 1/4 in.
Swagelok tube to male NPT stainless steel connectors. The
inside three openings were designed to accommodate gas
injection tubes, whereas, the perimeter opening held the
sample collection device. Since the reagent gases wexe
fed to the reactor premixed, only one gas inijection tube
was reguired and the other two openings were plugged. The
gas injection tube was fabricated from a 12.7 cm length of
6.35 mm (1/4 in.) stainless steel tubing butt welded to
the NPT end of the Swagelok fitting. The fitting was then
securely bolted to the reactor 1lid such that the stainless
steel tube protruded into the reactor and the Nylex gas
supply line could be connected to the Swagelck fitting
outside the reactor. The gas injection tube can be seen
in the reactor 1lid photograph in Figure 31. The lower end
of the gas injection tube was crimped creating several
outlet openings that were less than 0.5 mm in size. The
length of the injection tube was such that the outlet end
was 0.5 mm above the blades of the impeller. Consequently,
the reactant gas was injected into the reactor media at a

very small bubble size.

Figure 29 presents a detailed drawing of the eight
blade turbine impeller used as the agitator. The blades
and circular plate of the impeller unit were constructed
from 16 gauge 316 stainless steel sheet. All of the
various parts of the impeller unit were fastened together
by swaging. This eliminated the need for stainless steel
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welds which are susceptible to corrosion. The complete
impeller assembly was fastened to the stirrer shaft with

two titanium alloy set screws.

Figure 30 presents a drawing of the reactor baffles.
The baffles were carefully designed to fit with the
impeller inside the restricted space of the reactor.
Four baffles were used equally spaced around the reactor.
The baffles were cut from a 6 mm thick sheet of
polytetrafluorethylene (PTFE or teflon). Two retaining
strips, attached to the baffles by dovetail slots
(Figure 30) and dowel pins, held the baffles tight to the
reactor wall. The retaining strips were cut from a 3 mm
thick PTFE sheet to a length which fit neatly around the
inner circumference of the reactor wall. The baffle
assembly could easily be snapped into or removed from the
reactor as a single unit.

Figure 31 demonstrates the result of the efficient
design of the leaching reactor. The high speed photograph
shows the reactor charged with water operating under
typical experimental conditions. It can be seen that the
injected gas has a very small bubble size and is highly
dispersed. This indicates that the reactant gases are
dissolved, rapidly as possible, into the leaching media.
Also, strong vertical circulation currents can be seen
within the leaching media which are indicative of good

solids suspension within the reactor pulp.

Figure 30 presents a drawing of the device used for
extracting samples of the leach liguor from the reactor.
This device was quick and simple in operation as was
reguired by the high rate of sample collection. Also,
this apparatus allowed samples toc be colliected without
opening the reactor to the atmosphere. The sampling
device consisted of a 3.18 mm (1/8 in.} stainless steel
tube through which slurry samples were drawn from near
the bottom of the reactor. As shown in Figure 30, the
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test-tube holder, machined from nylon bar stock, seals a
test~tube to the end of the sampling tube when the holder

is tightly closed. Slurry is then sucked into the test-
tube as the plunger of the syringe is drawn back. The

screw tight design of the nylon test-tube holder facilitates
rapid changing of the test-tubes. Before drawing a sample,
all slurry was purged from the sampling tube by injecting

a small amount of air.

Figure 32 presents a photograph of the complete
experimental set-up. The reactor was immersed in a water
bath and kept at a constant temperature throughout an
exXperimental run. The water bath and reactor were
maintained at a preset temperature to within #0.1°C by a
thermostatically controlled heating and stirring unit.
This unit can be seen behind the reactor in Figure 32.
The Eh and pH of the leach medium were continuously
monitored and recorded throughout an experimental run with
the electronic equipment specified in Table 16. The Eh
and pH meters along with the strip chart recorder can be
seen in Figure 32. The entire experimental apparatus was
set up under a fume exhaust hood to minimize the noxious
effects of sulphur dioxide gas.

5.2 EXPERIMENTAL PROCEDURE

The experimental reactor and apparatus described in
the previous section were used to perform a number of
experiments on the dissolution of a fine sphalerite
powder suspended in water with mixtures of sulphur
dioxide, oxygen and nitrogen gases. Most of these
experimental tests were two hours in duration. Twenty
slurry samples were withdrawn from the reactor during each
test and analyzed to obtain kinetic dissolution data.

This section describes the procedures used to set up and
carry out a typical two hour leaching experiment.
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5.2.1 Starting a Leaching Test

The assembled reactor is placed in the constant
temperature water bath and connected to the stirring motor
3

of

distilled, deionized water measured in a volumetric flask

and gas supply. The reactor is charged with 600.0 cm

at room temperature. If sulphuric acid is to be added to
the leaching test, the appropriate volume of an acid stock
solution is first measured and added to the veolumetric
flask which is then made up to the mark with distilled,
deionized water. The appropriate gas flow is then
initiated and the bath heater and stirring motor are
switched on. The Eh and pH electrodes are then calibrated
and the strip chart recorder adjusted. The calibration
methods for the Eh and pH electrodes are presented in
Appendix 6. After the necessary adjustments have been
completed, the electrodes are inserted into the reactor

and the chart recorder is activated. Time is then allowed
for the reactor temperature to attain the desired value and
for both the Eh and pH to reach steady state values.

Steady state is usually attained within 20 to 30 minutes.
The Eh and pH cf the leach liguor are noted at this time.
If additional compounds such as ferric or ferrous sulphate
are to be added to the experiment, the appropriate quantity
of the sulphate salt is charged to the reactor at this time
and the stopwatch is started. At the end of 15 minutes,
the Eh and pH of the leaching medium are manually noted

and a 4 cm3 sample of ligquor is withdrawn from the reactor

2+ ion and total dissocolved iron

for analysis of Fe
concentration. At this point, the measured weight of zinc
sulphide powder to be leached is charged to the reactor
through a funnel in the side port and the stopwatch is

3 of water are added to

restarted. The remaining 100.0 cm
the reactor through the funnel to wash any remaining
solids into the reactor. The reactor is then gquickly

sealed and the sampling procedure is begun.
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5.2.2 Slurry Sampling

Slurry samples for zinc ion analysis initially are
withdrawn from the reactor at one minute intervals for
the first six minutes. The sampling interval is then
increased to two minutes and then five minutes through
the first one-half hour of the run. Thereafter, samples
are collected at 15 minute intervals for the duration of
of the run. Before a sample is withdrawn, a small
volume of air (approximately 1 cm3) is injected into the
reactor to purge all slurry from the sampling tube. The
sample is then sucked into the test-tube through air
displacement by drawing back the plunger of the syringe.
The Eh and pH readings are manually noted and recorded
as the sample is taken. The test-tube is then immediately
placed in a centrifuge and spun for approximately
15 seconds. The solids free liquor is then decanted
directly into a specimen tube for analysis. A 4 cm3
sample is taken when only a zinc analysis is required.
However, an 8 cm3 sample is extracted when other analyses

are desired.

5.2.3 Conclusion of an Experiment

At the conclusion of the run, all equipment is turned
off and the gas flow 1s stopped. The. reactor contents
are filtered on a Watman no. 40 filter leaf and the
filtrate is analyzed for H2804 and agqueous sulphur
dioxide concentration. The filtered solids are washed with
distilled water and allowed to air dry. The liquor samples
collected are then diluted as appropriate and analysed for
zinc ion concentration by atomic absorption spectrophoto-
metry (AAS). All of the analytical methods used for
guantitative determination of the concentrations of the
various species in the leach liguor are described in
detail in Appendix 5.
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5.3 EXPERIMENTAL RESULTS

Following the completion of approximately sixty
preliminary leaching tests, an experimental programme
was undertaken to explore the factors controlling the
kinetics of sphalerite dissolution in agqueous sulphurcus
acid. The preliminary tests were useful in developing
the apparatus and procedures described in the previous
sections, as well as, defining the basic experimental
conditions and parameters to be investigated. As already
noted, a high purity sphalerite powder manufactured by
Ventron GMBH was used as feed material for the leaching
studies. Two bulk samples of this material with different
lot numbers were supplied by the manufacturer.
Subseguently, twelve leaching tests (test nos. 62 through
73 inclusive) were initially conducted using lot no.
080581 with the remaining tests (test nos. 74 through 131)
using lot no. 031220608. The only difference between these
two samples was a slight shift of the particle size
distribution. The lot no. 080581 sphalerite powder had
a more coarse particle size distribution. A particle size
distribution and an assay for each lot number is presented
in Appendix 4. Consequently, the results of nine leaching
tests (test nos. 62 through 70 inclusive) conducted using
lot no. 080581 are reported in the results. Although these
nine tests cannot be directly compared with the rest of
the tests, independently they are informative and for this

reason are presented with the results.

The experimental programme, as it is presented here,
consists of several series of leaching tests. Each test
was designed to investigate the effect of changing a
particular leaching parameter or more closely define an
observation from a previous experiment. The test series
structure was adopted in order to most clearly present the
experimental results. However, the way in which the
programme was conducted did not correspond to this
structure. It evolved naturally by the examination of the
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data as it was gathered and the response of certain

definitive experiments.

All of the leaching experiments were conducted in an
identical manner as described in the previocus section.
Except where otherwise stated, the reactor in the basic
two hour leaching test, was charged with 30.0 g of Ventron

3

sphalerite powder and 700.0 cm™ of purified water. Thus,

3 (kg n~3) was used for the

a slurry density of 42.86 g dm
majority of the experiments. Likewise, the reactor
temperature was maintained at 60 * 0.1°C and the impeller
speed was 800 rpm in most cases. A mixture of sulphur
dioxide, oxygen and/or nitrogen gases were fed to the

3min~l. The

reactor at a total flowrate of 500, cm
composition of the reactant gas 1s reported in the results
as a volume percentage of each gas in the feed mixture.
For example, a gas mixture of 10 percent sulphur dioxide

and 90 percent oxygen is denoted by 10% 802/02.

The results of the experimental testwork are presented
in this section in tabular and graphical form. Each table
summarizes a test series. The percent zinc extraction
versus time data of each test in the series are plotted
in the corresponding graph. Percent zinc extraction is
defined here as the percent of the zinc available in the
sphalerite dissolved into solution. The calculation of
percent zinc extraction is described in detail along with
a sample calculation in Appendix 3.3 Stated at the head
of each table are the conditions used for each test in the
series. Contained within the tables are the particular
conditions of each test along with the zinc concentration
in the leach liguor and the percent zinc extraction at
both 30 minutes into the test and at the conclusion of
each test (2 hours). Aalsc, the concentrations of other
components of the leach liguor, such as sulphurous and
sulphuric acid, ferrous iron or tetrathionate ion,
analyzed at the conclusion of each test are listed. &
blank space in the tables indicates the analysis was not
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performed for that test. A dash (-) given for an analysis
in the tables denotes that no concentration was detected
for that particular analysis. Finally, the right hand
column of each table indicates whether elemental sulphur
was precipitated within the bubbler on the reactor exit
gas stream during a test or if the bubbler remained clear.
The formation of elemental sulphur in the exit gas bubbler
indicates that hydrogen sulphide was formed within the
reactor and swept away by the flow of gas through the
reactor during the test. The elemental sulphur is a
product of the reaction between sulphur dioxide and
hydrogen sulphide within the exit gas bubbler. A complete
set of kinetic data for each leaching test is tabulated

in Appendix 7.

The effect of the degree of agitation on the leaching
kinetics was investigated. The impeller and stirring
system was capable of being set at any speed between
0 and 1500 rpm (revolutions per minute}. It was found,
however, that below 200 rpm all of the solids were not
susp@nded'and the reactant gas did not appear to be well
distributed. Above 900 to 1000 rpm, the agitation became
so violent that some sclids were expelled from the reactor
through the exit gas condenser. Therefore, experiments
were conducted varying the impeller speed from 300 rpm to
800 rpm. The tests were run with 802/02 gas mixtures both
in the presence and absence of dissolved iron. The
results are shown in Figure 33 and Figure 34 for leaching
in the presence and absence of dissolved iron, respectively.
The corresponding data is summarized in Table 17.

Figure 33 reveals that the kinetics of sphalerite
dissolution with 802/02 mixtures in the absence of
dissolved iron are independent of the impeller speed in
the range of 300 to 800 rpm. However, Figure 34 shows
that the dissoluticon kinetics are dependent on the
stirring speed when the leaching is carried out in the
presence of dissolved iron. Conseguently, in an effort to
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minimize the obvious diffusion limitations at low impeller
speeds exhibited by the data of Figure 34, all experiments

were conducted at an impeller speed of 800 rpm.

The effect of temperature on the dissolution
kinetics was investigated in both the presence and absence
of dissolved iron. Figure 35 and Figure 36 each present
kinetic dissolution curves obtained at five temperatures
in the range of 25°C to 90°C. Figure 35 shows that in
media containing agueous sulphur dioxide only, the rate
of sphalerite dissolution increases slowly with temperature
up to 60°C and then rapidly decreases at higher
temperatures. The data corresponding to these experiments
are summarized in Table 18. It must be noted here that
these five experiments were conducted using the Ventron
sphalerite from lot no. 080581 having a large particle
size. Figure 36, on the other hand, shows the rate of
dissolution to increase with temperature from 25°C to
90°C in tests conducted with 802/02 mixtures in the
presence of dissolved iron. The data corresponding to
Figure 36 are summarized in Table 19. Figures 35 and 36
thus demonstrate the reason for conducting all other
experiments at a temperature of 60°C.

Table 20 summarizes a series of tests designed to
elucidate the role of oxygen in the leaching of
sphalerite with agueous sulphurous acid in the absence of
dissolved iron. Six tests were conducted using 802/02
and SOZ/N2 mixtures where the partial pressure of
sulphur dioxide in the mixtures was 0.50, 0.10 and 0.05 atm.
One test was also run using pure sulphur dioxide for
comparison. The resulting kinetic dissclution data 1is

plotted in Figure 37.

Table 21 summarizes a similar series of tests
designed to show the role of oxygen in the sulphurous
acid leaching of sphalerite in the presence of iron.
Ferric sulphate was added tc the leach ligquor at the start
of each test to yield a dissolved iron concentration of
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3.6 g dmma. Tests were conducted with 802/02 and

802/N2 mixtures at various sulphur dioxide partial
pressures. The resulting kinetic dissolution data are
plotted in Figure 38.

Table 22 summarizes a series of leaching experiments
employing a mixture ©f three gases, dencted with their
percentages by 502/02/N2. In this series of experiments,
the sulphur dioxide partial pressure was held constant
at 0.10 atm. Various oxygen and nitrogen flowrates were
then used to obtain the desired oxygen partial pressure
in the reactant gas. The experiments were designed to
evaluate the effect of oxygen in the dissolution of
sphalerite with 802/02 mixtures in the presence of
dissclved iron. The kinetic dissoclution data obtained

are plotted in Figure 39.

Table 23 summarizes a similar series of experiments
where the oxygen partial pressure was held constant at
0.30 atm. The sulphur dioxide and nitrogen flowrates
were then varied to obtain the desired sulphur dioxide
partial pressure in the reactant gas. This series of
experiments was designed to evaluate the effect of
sulphur dioxide in the 802/02 leaching of sphalerite in
the presence of dissolved iron. The resulting kinetic
dissolution data are plotted in Figure 40.

Table 24 presents a set of experiments which
elucidates the difference between initially adding

. . . +
soluble iron to an experiment in the form of Fe2 or

Fe3+. Contained in this table are two pairs of
experiments where one pair emploved a 802/02 mixture as
the reactant gas and the other pair used SO,/N,. One
test in each pair was run by initially adding soluble
iron in the form of ferric sulphate and to the other

test was added ferrous sulphate. Also, Table 24 presents
duplicate pairs of experiments which demonstrates the

typical reproducibility of the experimental work.

Since the presence of disscolved iron significantly
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affects the kinetics of leaching with 802/02 gas

mixtures, a series of tests were designed to evaluate

the effect dissolved iron concentration. Table 25
summarizes experiments conducted with various concentrations
of Fe3+, up to 20.0 g dm-3, added as ferric sulphate. The
corresponding kinetic data are plotted in Figure 41.
Ferrous iron analyses were performed on the leach liguor
at half hour intervals by the method given in Appendix 5.5.
The ferrous iron concentration at the conclusion of each
test is given in Tabkle 25, with the remainder of this data

tabulated in Appendix 7.

It was found in the preliminary studies that, under
certain conditions, quantities of sulphuric acid were
generated within the leaching media during the course of
the experiments. Consequently, an analysis scheme was
devised to guantitatively measure the acid generated at
the conclusion of each experiment. The method for
analysis of sulphuric acid in leach ligquors is presented
in Appendix 5.4. The guantity of sulphuric acid generated
during each experiment is included in all of the tables of
results in this section. Furthermore, a series of
experiments were conducted with a guantity of sulphuric
acid added to the leach media. Table 26 summarizes this
series of experiments. One experiment, test no. 122, was
aborted at 12 minutes into the run as stated. It was
evident that the 316 grade stainless steel impeller and
other internal reactor parts were being attacked by the
leach medium in this test. No damage to the reactor
stainless steel parts was apparent in any of the other
experiments. Figure 42 and Figure 43 present plots of the
kinetic data obtained from the tests with added sulphuric
acid.

Table 27 and Table 28 present two series of tests
designed to evaluate the hindering effect of the
accumulated zinc concentration in the leach medium on the
overall rate of dissolution. The tests presented in

Table 27 were conducted in agueous sulphur dioxide media
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in the absence of iron and are four of the tests performed
using the Ventron sphalerite from lot no. 080581l. The
kinetic data for these tests, two of which have

7.0 g dm-3 of Zn2+ ion added at the start of the test,
are plotted in Figure 44. Table 28 presents a series of
experiments with an initial qguantity of Zn2+ ion added at
concentrations up to 20 g dm_3. A 10% 802/02 gas mixture
was used in these experiments conducted in the presence
of dissolved iron. The resulting kinetic dissolution
curves are shown in Figure 45. Both Figure 44 and

Figure 45 demonstrate that an initial concentration of
dissolved zinc significantly hinders the dissolution
kinetics.

Table 29 summarizes a series of tests designed to
assess the effect of slurry density on the rate of
dissolution. Two of the testswere performed with half
the normal mass of sphalerite (15g ZnS) added to the
reactor yielding a slurry density of 21.43 g dm_S(kg m_3).
All other conditions were held constant. These tests
were conducted in the presence of dissolved iron using
802/02 gas mixtures. The resulting kinetic data 1is

plotted in Figure 46.

A single experiment was performed in the presence of
an organic scolvent for sulphur. Its purpose was to
determine if a product layer of elemental sulphur formed
on the sphalerite particles retards the rate of dissclution.

3 of xylene was added to a test

In this experiment, 50.0 cm
using sulphur dioxide gas only and in the absence of
agueous iron. If elemental sulphur is deposited on the
surface of the sphalerite particles and inhibits the rate
of dissclution, the xylene, being a solvent of elemental
sulphur, should remove this product layer and the rate of
dissolution should increase. The resulting dissoclution
curves obtained for two equivalent tests with and without

added xylene are presented in Figure 47.
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Figure 48 presents the percent zinc extraction versus
time data from a leaching test carried ocut to completion
over a 28 hour time period. Sulphur dioxide only is used
as a reagent gas in this experiment performed on
Ventron sphalerite from lot no. 080581 in the absence of
agqueous ircn. The concentration of the tetrathionate
species in the leach liguor was guantitatively analyzed
throughout the experiment and is alsco plotted in
Figure 48. The method of analysis of the tetrathionate
species is given in Appendix 5.3. As seen in Figure 48
the tetrathionate species was formed immediately at the _
start of the reaction and its concentration continued to
increase well into the test. At long times, when the
sphalerite dissclution reaction was nearing completion,

the tetrathionate concentration decreased.

Figure 49 presents the result of a two stage
leaching experiment also performed on Ventron sphalerite,
lot no. 080581, with sulphur dioxide gas only and in the
absence of dissolved iron. The first stage of this
experiment was conducted by the normal leaching test
procedure. The solid residue from the first stage leach
was filtered and washed with distilled water. The
washed solids were then returned to the second stage
leach. The second stage was begun with a fresh leach
liguor and conducted by the standard procedure. This
experiment was designed to determine if a product layer
of elemental sulphur is deposited on the sphalerite
particles and inhibits the rate of dissolution. If
diffusion through a layer of elemental sulphur on the
surface of the sphalerite particles controls the rate of
dissolution, it was expected that the second stage of
leaching would follow the dissolution curve projected
from stage one. Since a sulphur layer formed on the
sphalerite particles in stage one would not be removed and
would be present at the start of stage two, it was expected
that no increase in the rate of dissolution would occur at
the start of the second stage. The resulting dissolution
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curves of both stage one and stage two are shown in
Figure 49 along with the projected curve from stage one.
Figure 49 also shows the concentration of the
tetrathionate species as guantitatively analyzed during
both stages.

Another two stage experiment, test no. 105, was
conducted in a manner similar to test no. 63 shown in
Figure 49 using the same experimental conditions. The
second stage of test no. 105, however, was carried out in
a fresh leach liquor to which zinc sulphate was added. The
concentration of the an~+ ion at the start of stage two was
equal to that measured at the end of stage one. It was
found that very little additional disscolution of the
sphalerite occurred in stage two. The kinetic data for

test no. 105 is presented in Appendix 7.

A single experiment, test no. 128 was conducted to
determine if dissclved nickel could have the same effect
on the kinetics of dissolution as dissolved iron. The
result of test no. 128, which is compiled in Appendix 7
with all of the experimental dissoclution data, shows that
dissolved nickel at a concentration of 4.0 g dm_3 has no
effect on the rate of dissoclution.
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CHAPTER SIX

DISCUSSION OF THE KINETICS COF DISSOLUTION OF ZINC SULPHIDE
IN AQUEOUS SULPHUROUS ACID

The review on the present knowledge of the leaching of
sphalerite in Chapter Four highlights the numerous
proposals by previous researchers for a mechanism to
describe the kinetics of the sulphurous, ferric and
sulphuric leaching systems. Several of these previous
studies are built upon an experimental programme of limited
scope and conseguently many of the theories proposed
diverge in premise. The aim of the present chapter is to
shed more light on these proposed theories, elucidate the
true active role of each component of the sulphurous acid
leaching system and assess the kinetic aspects of the
overall leaching process. The considerable body of
experimental data presented in Chapter Five to describe
the dissclution of sphalerite in agueous sulphurcus acid

media will be used as the basis for this evaluation.

The experimental results are summarized in the
convenient form of Tables and Figures in Chapter Five.
The actual test number has been given with each result
reported and these correspond to the complete set of
experimental data compiled in Appendix 7. Approximately
sixty preliminary experiments were carried out, during
which ideas were formulated on what were the important
aspects of the leaching process to be investigated. The
experimentation sequence was altered several times from
its original plan as the knowledge of the leaching system
expanded during the experimentation. It is for this
reason then, that the test numbers appear to be completely
scattered when the results are assembled in a logical
fashion as in Chapter Five. The discussion of the results
in this chapter follows a logical seguence to the complete

description of sulphurous acid dissoclution of sphalerite
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and refers to the appropriate set of experimental results

presented in Chapter Five in evidence as reguired.

6.1 DISSCLUTION IN THE ABSENCE OF IRON

Table 20 presents a series of tests employing various
$0,/0, and S0,/N, gas mixtures as the leaching reagent.
Clearly, Table 20 demconstrates that the greater the partial

pressure of sulphur dioxide employed (P the greater

),
the rate of extraction. The correspond?gé kinetic plots
presented in Figure 37 reveal that the rate of dissolution
is identical whether oxygen or nitrogen is mixed with the
sulphur dioxide. Therefore, oxygen, in the absence of
dissolved iron, is not an active reagent in the dissolution
process. This effect is further demonstrated in Figure 42
for a sozjoz and 802/N2 mixture with added sulphuric acid.
Both oxygen and nitrogen act only as a diluent of the
sulphur dioxide gas. The rate of extraction is dependent
upon the partial pressure of sulphur dioxide only and not
the partial pressure of oxygen (or nitrogen) . Although,
as Table 20 shows, the Eh of the leach media increases as
the oxygen content of reagent gas increases, oxygen does
not act as an additional oxidizing agent in the leaching

system.

Generally, two reaction paths have been proposed to
describe the dissolution of sphalerite in aqueous sulphur
dioxide media. The acid dissolution path can be described
by the following reactions:

zns + 27 zn?t &+ H,S (31)

SO. + 2H.S = 2H,0 + 3s8°

2 2

where the second reaction is the sum of Reactions 44 and
47 of Appendix 1. As previously discussed in Chapter Two,
Figure 13 demonstrates that Reaction 31 reguires a high
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acid concentration to occur to any appreciable extent.

The injection of sulphur dioxide gas alone, or 502/02/N2

gas mixtures under atmospheric pressure into the leach
media, does not drive the pH low enough for this reaction
sequence to occur to any great extent. As Table 20 shows,
there is no visible evidence from the exit gas bubbler that
hydrogen sulphide is being evolved from the reactor in any
test using SO,, 802/02 or SOZ/N2 gases without added acid
or iron. Thermodynamically, Figure 13 predicts that
hydrogen sulphide should not be evolved since the acidity
of the leach media 1s not great enough. Experimentally,
there is no evidence that hydrogen sulphide is produced
since elemental sulphur is not found in the leach residues
or precipitated in the exit gas bubbler by the Wackenrhoder
Reaction. Therefore, in the absence of added sulphuric
acid, the acid dissolution of sphalerite in aqueous

sulphurous does not appear to occur to any great extent.

Tiwari (1976) proposed the reaction seguence discussed
above (acidic decomposition) for the dissolution of
sphalerite in agqueous sulphur dioxide media. However,
Tiwari carried out all of his experiments in the presence
of added sulphuric acid. Table 26 along with Figures 42
and 43 present several tests employing 802/02 and 502/N2
mixtures as the leachant with added sulphuric acid. It can
be seen 1in PFigures 42 and 43 that added acid accelerates
the leaching reaction. Table 26 demonstrates that hydrogen
sulphide is evolved from the reactor when sulphuric acid is
an additional reagent, since elemental sulphur is
precipitated in the exit gas bubbler. Therefore, in the
case of added sulphuric acid, the acid dissolution path
will become predominant, whereas, without the added acid

it occurs only to a minor extent.

The second reaction path that has been proposed
is the direct oxidation of zinc sulphide by the sulphur
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dioxide, represented by:

2ns = zn°t + s° + 28 (32)

%50, + 2HT + 26 = %8° «+ H,0 (44)

The Eh and pH of the leach media recorded during the tests
as shown in Table 20, fall in the proximity of Line 32 of
Figure 13 where the 2nS and an+ predominance areas meet
within the elemental sulphur region. Also, since no
hydrogen sulphide is detected as being generated in any
experiment without added acid, it is probable that the
reaction path predominating is the oxidative dissolution
path. Both reaction paths given above, however, lead to
the same overall reaction,

+ 2+

ZnS + %80, + 2H" = 2n + %S° + H,O .

2

The stoichiometry given above corresponds to the
overall reaction proposed by Tiwari (1976}. The elemental
sulphur produced in this reaction was proposed by Tiwari
to form a tenaciocus film of sulphur on the surface of the
zinc sulphide particles and restrict the dissolution.

The method used by Tiwari in his experimentation was gquite
different from the methods used in the present study.
Tiwari did not use a continuous flow of reagent gas
mixtures to the leaching vessel. Rather, Tiwari saturated
the leach media with a particular SOZ/N2 gas mixture and
then the gas flow was ceased before the zinc sulphide was
introduced to the leach media. Tiwari also added sulphuric
acid to the leach solution used in his kinetic studies.
Although the form o©of the experiments in the present study
is different to that used by Tiwari (1976), an
investigation was made to determine if a surface film of
sulphur is formed on the zinc sulphide during leaching and
if this product layer, if formed, contributes significant
resistance to the dissolution process.
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The residues of several of the tests presented in
Table 20 were analysed by energy dispersive x-ray
flucrescence spectrometry. Each residue, with up to
60 percent extraction, showed én assay that conformed
to only zinc sulphide remaining in the leach residue
without any additional elemental sulphur. Although no
elemental sulphur could be detected in the leach residues,
tests were carried out to determine if a sulphur product
layer could be inhibiting the rate of dissolution.

Table 17 and Figure 33 present a series of tests at
various impeller speeds using sulphur dioxide only as the
leaching reagent. The identical kinetic dissolution
curves cobtained for low to high agitation indicates that
the dissolution process is not controlled by mass transfer
in the agueous phase. Therefore, the rate of the
digssolution process must be controlled either by the rate
of the dissolution reaction or diffusion through a surface
product layer.

Figure 47 presents a comparison of two tests employing
sulphur dioxide only as the leachant. An organic solvent
of sulphur, xylene, was added to the leach pulp in one of
these two tests. If a layer of elemental sulphur is
deposited on the surface of the sphalerite particles and
restricts the dissolution kinetics, as proposed by Tiwari
(1976}, then the addition of the xylene would remove this
sulphur layer and the rate of dissolution should increase.
As shown in Figure 47, the rate of dissolution is
essentially identical, both with and without the addition
of the xylene. Therefore, this experiment demonstrates
that a tenacious surface layer of elemental sulphur is not

impeding the dissolution kinetics.

Figure 49 presents the results of a two stage leaching
experiment also designed to test if a sulphur product layer

is impeding the dissolution process. A sample of sphalerite

was leached with sulphur dioxide until about 50 percent of
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the material had reacted. The solid material remaining
was then filtered from the leach media and releached in a
fresh sclution in a second stage of leaching. If a
tenaciocus film of sulphur was formed on the sphalerite
particles in stage one and impeded the rate of dissclution,
then, this layer would be present at the start of stage two
and the dissclution kinetics should fcollow the curve
projected from stage one. As Figure 49 shows, the rate of
dissolution at the start of stage two does not follow the
curve projected from stage one but displays the same
behaviour as at the start of stage one. This result is
further evidence that the rate of dissolution of sphalerite
in agueous sulphurous acid media is not impeded by diffusion
through a tenacious sulphur film deposited on the particle
surface as proposed by Tiwari (1976). Furthermore, since
the kinetic dissolution curve of stage 2 is very similar to
stage 1, Figure 49 suggests that it is the rate of the
dissclution reaction, and the products formed in the agqueous
phase, that is contreolling the kinetics of the leaching

process.

The experimental results shown here, demonstrate that
elemental sulphur is not being deposited on the sphalerite
particles as a coherent tenacious film as a conseguence of
leaching in an agqueous pulp with sulphur dioxide.
Furthermore, the analyses fail to show the production of
any sulphur in the leach residue. Obviously, the sulphide
component of the sphalerite in this type of leaching
process must undergo a reaction and be produced in an
elemental, agqueous or gaseous form. A more in depth
investigation, therefore, was made on the thermodynamic
principles developed in Chapter Two to explore the possible
forms in which sulphur could be produced as a reaction
product.

Figure 50 presents an Eh-pH diagram constructed at
25°C from the superimposition of Figures 4 and 6 of
Chapter Two. As discussed in Chapter Two, Figures 4 and 6
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are original diagrams developed by the author from
experimental thermodynamic measurements (Figure 6) and
the recently available thermodynamic data of Wagman,
et al (1982). The incorporation of the metastable
polythionate species into the Eh-pH diagram of the
Zn-5S-50

The reactions of Figure 50 alsoc, have been extrapolated to

»,—H,0 system has not been considered in the past.

elevated temperatures and the results are shown in

Figures 51, 52 and 53. 8ince the bulk of the leaching

test work was performed at 60°C, Figure 51 best describes
the reaction products that should be formed in the leaching

process under study.

Figure 51 shows that within the Eh and pH region, where
the sulphur dioxide leaching of sphalerite occurs, lies a
region of stability for the tetrathionate ion, S4ngu.
Since the stable region of the tetrathionate species liesg
between the predominance areas of zinc sulphide and

sulphur dioxide and is superimposed by the predominance

area of the Zn2+ ion, Figure 51 predicts that the 5402-
and an+ species can be formed from a reaction between
sphalerite and sulphur dioxide. Furthermore, Figure 51

demonstrates that in the absence of any strong oxidizing
agents, the S¢3§—' species may exist in the leach media
as a metastable equilibrium species. Therefore, it has
been shown by Figure 51 that it is theoretically possible
that the tetrathionate ion may form as a product of the
leaching process under study in preference to the
formation of elemental sulphur. In order to test the
validity of the thermodynamic predictions of Figure 51, it
was necessary to devise a method for the quantitative
analysis of the tetrathionate species in leach liguors.
The analysis of polythionate mixtures, especially in the
presence of sulphur dioxide,is a difficult task, but a
method for the spectrophotometric estimation of
tetrathionate in the presence of sulphur dioxide was
developed from the work of Kelly, et al (1969) and

Nietzel and DeSesa (1955). This analysis scheme is
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presented in detail in Appendix 5.,3.

Figure 48 presents the results of a sulphur dioxide
leaching test carried out over a 28 hour period to
explore the formation of the tetrathionate species. The
tetrathionate ion concentration was guantitatively
measured throughout the duration of the test by the
method described in Appendix 5.3. This information is
plotted in Figure 48 along with the percent zinc extraction
data. As Figure 48 shows, the tetrathionate species is
formed in measurable guantities immediately at the start
of the experiment and increases in concentration for at
least 10 hours into the test. The greatest concentration
of tetrathionate in the leach media was measured at
10 hours into the run as the percent zinc extraction was
approaching 90 percent. The concentration of tetrathionate
may have exceeded the 66 g dm-3 measured at 10 hours in the
10 to 15 hour time period. However, no analysis was made
during this time interval. BAfter 15 to 18 hours of
leaching it became visﬁally evident that elemental sulphur
was being formed within the leaching reactor and was
adhering to the reactor baffles. After 24 hours of
leaching the tetrathionate concentration was again
measured as the percent zinc extraction was approaching
100 percent. The tetrathionate concentration after
24 hours was found to have decreased to 34 g dm—3, about
one-half the value measured at 10 hours. In addition to
the 28 hour test, tetrathionate is seen to form in all of
the experiments involving sulphur dioxide as the sole
reagent. Table 20 shows tetrathionate to be formed in all
cases with 302/02 and 502/N2 mixtures. The concentration
séog}' measured at the end of a two hour leaching test is
roughly proportional to the percent zinc extraction
obtained. Furthermore, tetrathionate was seen to form in
both the first and second stage of leaching in the two
stage experiment shown in Figure 49. The levels of
tetrathionate measured in the second stage compare very

closely with those measured at the same time period in



- 177 -

the first stage.

The results presented above demonstrate conclusively
that tetrathionate is a product of the dissolution reaction
of sphalerite in a sulphur dioxide medium. Since it was
concluded earlier that it is unlikely that sphalerite is
decomposing by acidic dissolution in the bresence of
sulphur dioxide only, the leaching reactions must involve
a direct oxidative decomposition of the sphalerite.

Figure 51 elucidates the reactions which may be
occurring. If sphalerite is being oxidized as already
suggested by the reaction at Line 32,

ZnS = zn?t + S° + 28 (32)

sulphur dioxide could be reducing to form the tetrathionate
via the reaction at Line 61,
-+

- o -
y iy — 1 2
?SOZ + ;H + 2e = ?8406 + 3H20 . (61)

However, by the stoichiometry of Reaction 61 the maximum
concentration of 840;b- that could form is 33 g dm_3.
Since in several experiments tetrathionate concentrations

well in excess of 33 g dm-3 and up to 66 g dm—3 were

measured, it is likely that S&DSM' is being formed in some
other reaction as well as Reaction 61. Furthermore, since

no sulphur was detected as being formed until after
15 hours of leaching, it is likely that Reaction 32 is not
occurring. From Figure 51 it can be seen that the two

following reactions could be operative,

3 _ 2+ 1 2- + 5 =
ZnsS + 7H20 = Zn + —8406 + 3H + ?e (35)
350, + 38T + 2& = 35,027 4+ 2H.0 (61)
2 2 4476 272

where sphalerite decomposes by oxidation to form the Zn2+
and s4ogb' species at Line 35 in Figure 51. Sulphur

dioxide functions as the oxidant in this process and is
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consequently reduced to 5405%' at Line 61. By the ,
stoichiometry of Reactions 35 and 61, a maximum 8406
concentration of 99 g dm“B could be formed in the leach
media. Additionally, no elemental sulphur is formed wvia
Reactions 35 and 61. Thus, the 28 hour leaching test
(test no. 62) and those tests given in Table 20
substantiate that sphalerite is decomposing in a sulphur
dioxide medium via Reactions 35 and é1. Furthermore,
shown in Figure 51 is a small rectangle surrounding a
segment of Line 35 near the intersection of Line 32 and
Line 35. All of the Eh and pH values, measured in the
leach media during all tests with the use of sulphur
dioxide only, fall within this rectangular region. This
indicates that the media Eh is being controlled by
Reaction 35 and that Reaction 35 is the predominating

reaction.

The experimental evidence demonstrates conclusively
that the tetrathionate ion {sdoéb') is the primary sulphur
product of the direct oxidation of sphalerite by sulphur
dioxide in the short term (at least up to 10 hours leaching).
After extended time periods (more than 15 to 18 hours),
elemental sulphur is formed within the leaching medium.
Since elemental sulphur is one of the ultimately stable
states of sulphur, thermodynamic considerations predict
that elemental sulphur must eventually be formed, as was
observed within the leach medium. There are a number of
reactions which could contribute to the observed formation
of elemental sulphur. One possibility is that in the
final stages of leaching, Reaction 63 could be working in
conjunction with or replacing Reaction 61.

2

- N - = °
5406 + 12H + 10e 48° + 6H20 (63)

The tetrathionate ion in this reaction is acting as an
oxidant and is being reduced to elemental sulphur. The
other and more probable possibility is that the
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tetrathionate ion could be disproportionating to

elemental sulphur and sulphur dioxide by the reaction

2= 4 am”

<
38° + 2H20 + 5802

which is the sum of Reactions 61 and 44 of Appendix 1.

Overall, the dissolution reaction of zinc sulphide
in a sulphur dioxide media by any of the reaction paths
discussed in this section ultimately adds up to be

znS + %50, + 207 = z2n®* + Zs° + H,O
which is the reaction proposed by Tiwari (1976). Tiwari
in his work, however, generalized from his limited
experimental results to conclude that elemental sulphur
was the primary dissolution reaction product. It was
found in this work that elemental sulphur is not an
immediate reaction product and does not contribute a
controlling factor to the dissoclution kinetics.
Furthermore, it was found that the tetrathionate ion is
formed as the primary product of the oxidation of
sphalerite by sulphur dioxide and that elemental sulphur
is formed only at extended time periods as the leaching
reaction is reaching completion.

The experimental evidence for the formation of the
tetrathicnate ion, together with the experimentally
measured media potentials and pH values being in agreement
with Line 35 o©of Figure 51, demonstrates a very good
correlation between the theoretical thermodynamic
fundamentals and actual experimental observations. The
thermodynamic diagrams developed in this work are based on
the experimental solubility measurements in the zinc
sulphite system and the available thermodynamic data.
Pourbaix diagrams were then constructed from this data
for the Zn-5-50,-H,0 system and the metastable S-H,0
system. Superimposing these two systems and extending
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the calculations to elevated temperatures led to the
development of the hybrid diagramof the Zn-5-50,~H,0
system with the polythionate species shown in Figure 51.
It was predicted with the aid of Figure 51 that the
tetrathionate species should be a product of the
dissoclution of sphalerite in a sulphur dioxide medium.
Subseguently, it was experimentally found, as expected,
that the tetrathionate species was formed as the primary
sulphur product in the dissolution reaction.

6.2 DISSOLUTION WITH 802/02/N2 GAS MIXTURES IN THE

PRESENCE OF IRON

Naturally occurring ores of sphalerite inherently
contain significant guantities of iron. This impurity
iron can occur both in the form of non-liberated iron
sulphides, such as pyrite or pyrrhotite, and substitutional
iron atoms within the sphalerite lattice. It was found in
the preliminary experimentation that the addition of a
soluble iron salt to an iron-free sulphur dioxide leach
medium can greatly increase the rate of dissolution of
synthetic zinc sulphide. Most of the leaching studies by
previous researchers, as shown in Table 15, have been
performed on zinc sulphide concentrates or in ferric
sulphate leach liguors. Various dissolution mechanisms
have been proposed in these previous studies to explain
the role of iron in the leaching process [Verhulst (1974},
Scott and Nicol (1978), Verbaan (1980) and Adams and
Matthew (1981)] but none have been supported by a great
deal of experimental evidence. Scott and Nicol (1978)
conclude that more extensive investigations with synthetic
materials of controlled composition and structure are
necessary before the mechanisms can be established more
firmly. The present discussion of the experimental work
is aimed at elucidating the actual function of iron in

sulphur dioxide leaching systems.
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Table 21 and Figure 38 demonstrate the effect of
adding ferric ion to sulphurous acid leach media as
compared to Figure 37 in the absence of any iron. As
Figure 38 shows, the addition of ferric ion to a leach
medium using a S0,/N, reactant gas mixture has little
effect on the dissclution kinetiecs. However, the addition
of ferric ion to a 502/02 leach media leads to a dramatic
increase in the rate of leaching by comparison with
Figure 37. Hence, it is obvious from Figure 38 that the
combination of a 802/02 gas mixture with the addition of
soluble iron is required to cobtain the highest rate of
leaching. This is in direct contrast to the result
obtained in the absence of iron where oxygen functions
only as a diluent of the sulphur dioxide gas. Generally,
two schools of thought have been progressively developed
by previous researchers to explain the role of iron in
studies using ferric leach media. These two proposed
dissolution processes are acidic disscolution and direct

oxidative dissolution.
The acidic dissolution of sphalerite in an acidic
ferric sulphate media has been proposed to proceed by the

following reactions,

ZnsS + 2H+

Zn + H,S (31)

3+ 2+ +

H.S + 2Fe S® + 2Fe + 2H .

2

As previously discussed, Reaction 31 regquires a strong
acid concentration. However, in ferric sulphate media,
the hydrogen sulphide produced in Reaction 31 will bhe
oxidized by the ferric jion. The removal of the hydrogen
sulphide from the leach media would pull the eguilibrium
of Reaction 31 to the right and increase the rate of
dissolution. This principle is also shown through the
rate expression developed by Romankiw and de Bruyn (1964).
The above mechanism was supported by Verhulst (1974), who
studied the kinetics of oxidation of hydrogen sulphide by
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ferric iron and Scott and Nicol (1978), who studied the
leaching of sphalerite concentrates in acidic solutions

of ferric sulphate.

Verbaan (1980), who followed up the study of Scott
and Nicol, presented evidence for the occurrence of
direct oxidative dissolution of sphalerite concentrates
in acidic ferric sulphate media. The dissolution via
this mechanism occurs by the feollowing two half-cell

reactions,

Anodic: Zns = zn?’ + S° + 268 (32)
Cathodic: Fe3t + & = Fe?”
. 3+ . 24+ .
The discharge of the Fe ion to Fe acts as the oxidant

in the type of system studied by these researchers.
Verbaan supported this mechanism on the basis of the close
correlation he found between the initial rate of
dissolution and the measured media potential which is
controlled by the Fe3+/Fe2+
dissolution mechanism regquires the sphalerite to be

couple. The direct oxidative

conductive. Pawlek (1969) discussed some conductivity
concepts with regard to the oxygen pressure leaching of
sphalerite and concluded, as Scott and Nicol (1978), that
both oxidative and non-oxidative processes are operative.

The oxidation of ferrous iron to ferric iron by
mixtures of sulphur dioxide and oxygen in agueous solution,
accompanied by the oxidation of sulphur dioxide to
sulphuric acid, has been known for some time. Keyes (1946}
and Karraker (1963) investigated this so called
"autoxidation process" for the production of sulphuric
acid from sulphur dioxide. More recently, Tiwari, et al
(1979) studied the oxidation of ferrous sulphate by a
mixture of sulphur dioxide and oxygen in solution. The

autocatalytic oxidation of ferrous iron by 802/02 gas
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mixtures was found to proceed by the reaction,

2+ " 3+ 2=
2Fe + 80, + 0, = 2Fe + SO4 .
The oxidation reaction is accompanied by a parallel and
simultaneous reaction catalyzed by iron,

Fe3+

2802 + O, A+ 2H2O = 2 H250

2 4

which produces sulphuric acid in the leach media.
However, an excess of sulphur dioxide over the
stoichiometry given in the above reactions leads to the
reduction of ferric iron by the following reaction,

3+

2Fe>t + s0 2+ 2= ¥

2 + 2H20 = ZFe + SO + 4H .
Therefore, if the leaching of zinc sulphide proceeds by
reaction with the ferric ion as in either of the
mechanisms discussed above, then, in the presence of

502/02 mixtures of the appropriate composition, it should
be possible to regenerate the ferric ion for further
reaction. Also, the regeneration of ferric iron should

be accompanied by the production of sulphuric acid.

This idea was suggested by Adams and Matthew (1981) who
studied the leaching of sphalerite concentrates by

sulphur dioxide and oxygen. However, no attempt was made
to unravel the role of the iron in their experimental
investigation. In light of these previous leaching
studies, the present experimental programme is designed to
investigate the role of each of the reactants in this
leaching system (i.e., 2nS, 502, 02 and Fe(ag)) and
elucidate which mechanisms are active under various

conditions.
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6.2.1 B80,/N, Mixtures in the Presence of Iron

The addition of the scluble salt, ferrous sulphate,
to a leaching test with a S0,/N, mixture has no effect
upon the leaching performance. As seen by a comparison
of test no. 82 (Table 20) with test no. 88 (Table 24},
the same result is obtained both with and without ferrous
iron added to a test using a 10% 802/N2 mixture. However,
the addition of ferric sulphate, which is soluble in
sulphurous acid media, to tests using $S0,/N, gas mixtures
leads to a small but significant increase in the rate of
dissolution. This result is clearly seen by comparing
the lower portion of Table 20 to that of Table 21. The
reason for this behaviour can be deduced from the overlay
to Figure 38. This overlay shows the Eh trace recorded
during the experiment. The media Eh at the start of the
tests with S0,/N, mixtures is initially high in the range
of 650 mv to 700 mv. As soon as the sphalerite is charged
to the reactor, the Eh rapidly drops indicating that the

Fe3+ in sclution is being converted to Fe2+. Some time
later in the test, the Eh attains a value in the 220 mvV
to 250 mV region indicating that all the F93+ has been

converted to Fe2+. This is confirmed by the ferrous iron

analysis given for test no. 93 in Table 24 which shows all
the iron to be in the ferrous state.

Initially, in a test with ferric iron added, the
dissolution could be occurring by the direct oxidative
decomposition of the sphalerite with the reduction of
Fe3* to Fe2+. Superimposed on this, leaching is probably
also proceeding by the mechanism described in the previous
section for dissolution in the absence of iron. This
mechanism then continues after the Fe3+ ion supply is
exhausted. In all cases when there is only Fez+ present,
the media Eh has a value in the 220 mV to 265 mV range
which corresponds to that observed for studies made in the

Fe3+

absence of iron. In those tests where was initially

added, a small amount of elemental sulphur could be seen
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adhering to the reactor baffles at the end of the run.

This also indicates that some dissclution has occurred by
direct oxidative dissolution. The tests shown in Table 21
performed with 100% S0, or 802/N2 mixtures show that
significant concentrations of tetrathionate ion are formed
in the leach media. This indicates that the sphalerite has

been undergoing decomposition by Reaction 35:

ZnsS + %H O 2+ b 62' + 3H+ + %e_ . (35)

i
o]
o
+
&
n

2

Therefore, the leaching of sphalerite by 502/N2 mixtures in
the presence of Fe2+ proceeds via the same mechanism as in
the absence of iron. The presence of Fe3+ increases the
extraction to a limited extent due to the additional direct
oxidation of the sphalerite by the ferric ion.

Since there is no evidence from the exit gas bubbler
that hydrogen sulphide has formed in any experiment using
302/N2 gas mixtures in the presence of dissolved iron, it
is reasonable to conclude that the acidic dissolution
mechanism is inactive. Additionally, the fact that very
little free sulphuric acid is present in the leach media
with 80,/N, gas mixtures, as shown in Table 21, would
suggest that the acidic disscolution mechanism is not

relevant under these leaching conditions.

6.2.2 B80,/0,/Ny Mixtures in the Presence of Iron

Table 2]1 together with Figure 38 demonstrate the
dramatic increase in the overall rate of dissolution
obtained when soluble iron is added to the leach media
where 502/02 gas mixtures are injected. Furthermore,
Table 24 demonstrates that this high rate of leaching is
obtained whether iron is added in the form of ferrous or
ferric sulphate. The Eh trace overlay to Figure 38 shows
that with the three reagents 802, 02 and iron present,
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the media attains, in most cases, a high potential in the
region of 650 mV to 700 mV. The high media Eh indicates
that the FeST/Fe?”
maintaining a large oxidizing potential in the leach

electrochemical couple is active and

media. TIf the ferric ion is acting as an oxidant in the
system,and is reduced to the ferrous state, then the ferric
ion is being regenerated through the autoxidation reaction,

2+ 3+ 2-
2Fe + 502 + 02 2Fe + SO4

since the media Eh remains high throughout the tests.

Tables 21, 22 and 23 show that in all cases the
leaching of sphalerite, with gas mixtures containing both
sulphur dioxide and oxygen in the presence of iron, leads
to the generation of significant concentrations (30 to
130 g dmm3) of sulphuric acid. The free sulphuric acid
data, listed in these Tables, were obtained by analysis at
the conclusion of a two hour leaching test, using the
method described in Appendix 5.4. As indicated, the
maximum concentration of acid produced during a leaching
test occurs with gas compositions of arocund 50%'802/02.
The amount of acid produced, as shown in Table 21, increases
with an increasing 802/02 ratio up to 0.5 and decreases at
the high 502/02 ratios. The production of sulphuric acid
within the leach media is further evidence that the
auntoxidation process is active and the ferric ion present
is catalyzing the production of acid by the reaction,

Fe3+

+ 2H20 = 2H, S0

2802 + O 280, -

2

Several of the tests presented in Tables 21, 22 and
23 show that elemental sulphur was precipitated in the
exit gas bubbler. This is evidence that hydrogen sulphide
was generated in the leaching reaction and swept out of
the reactor by the flow of gases to be oxidized,with sulphur
dioxide in the exit bubbler, by the Wackenrhoder reaction:
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50, + H

- o
2 s = 8° + H,O0 .

2 2

Therefore, it is apparent that the sulphuric acid produced
in the autoxidation process causes acidic dissolution of
the sphalerite by Reacticn 31

Zns + 2HT zn“’ + H.S . (31)

The observations made of the solution in the exit gas
bubbler are shown in the last column of Table 21.
Conseqguently, as shown in Table 21, hydrogen sulphide

is produced in the dissolution reaction and swept out of
the reactor in tests using 802/02 mixtures from 5 to 50%
sulphur dioxide.

Tiwari, et al (1979}, in their study of the oxidation
of ferrous sulphate in acid solution by a mixture of
sulphur dioxide and oxygen, make three points relevant to
the present study. Firstly, the greatest rate of ferrous
ion oxidation by 802/02 mixtures (at 72°C) occurs with a
3.8% 802/02 mixture. Secondly, a given 502/02 ratio
establishes in solution an equilibrium Fe3“{“/Fe2+ ratio.
The greater the 502/02 mixture, the lower the Fe3+/Fez+
ratio. The third point is that the rate of sulphuric acid
production is greater using a 802/02 mixture rather than
the same soz/air mixture. These authors, however, did not
study the rate of sto4 production as a function of the
sulphur dioxide partial pressure.

The Eh overlay sheets on Figures 38 and 39 show how
the media potential varies with time for each test
presented in these figures. The Eh values recorded, for
those tests using a 502/02 ratio at the low end of the

+ . .
2 ratic 1n

composition range, indicate that the Fe3+/Fe
the leach media is high. This is also confirmed by the
ferrous iron analyses given in Tables 21 and 22, The high

Fe3+/Fe2+ ratios obtained for the low 802/02 raticos, are in



- 188 -

agreement with the observation of Tiwari, et al (1979)
that the highest rate of Fe2+
a low (3.8% S0O,) 802/02 gas mixture. As seen in the over-

oxidation was cobtained with

lay sheet on Figure 38 for the low 802/02 ratios ranging
from 5% to 30% SOZ' the media Eh attains a value in the

650 mV to 700 mV region shortly after the start of the run.
The Eh throughout these tests remains at this level,
indicating that the iron is predominantly in the ferric
state. At a 50% 802/02 mixture, the Eh initially drops at
the start of the experiment but regains a high wvalue
toward the end of the run. Above a 50% 802/02 gas mixture,
the Eh is less than about 500 mV indicating that a low
Fe3+/Fe2+

observation confirms the proposal of Tiwari, et al (1979)

ratio is established. This experimental

that a high 802/02 ratio tends to be reducing to the

ferric ion by the reaction,

2re3t 4 S0, + 2H,0 = 2Fe?t 4 5042' + aut .

At 100% 502, the low Eh indicates that essentially all of

the iron is in the ferrous state. The media Eh in this
3+/Fez+

couple but by the interaction of sulphur dioxide with the

case no longer appears to be controlled by the Fe

zinc sulphide as in the case without iron present.
Therefore, it is seen in the present work that a given
802/02 ratio establishes in the leach solution a particular
Fe3+/Fe2+ ratio as was proposed by Tiwari, et al (1979).
The Fe3+/Fe2+
at the low end of the range and decreases as the proportion

ratio is the greatest at the low SO,/0, ratios

of sulphur dioxide is increased.

3+/ 2+

Since the Fe Fe ratio is the greatest when

leaching is carried out with gas mixtures of low 50,/0,
3+/Fez+

chemical couple is the greatest with these low S0,/0,

ratio, the oxidizing potential of the Fe electro-
ratios. However, it is clearly shown in Table 21 and
Table 23 that hydrogen sulphide is evolved from the
dissolution of the sphalerite and swept out of the reactor
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when leaching is carried out with mixtures of a low

802102 ratio. Therefore, for a concentration of
3.6 g <:'imm3 total dissolved iron present, the rate of the
reaction

H.S + 2Fe T = g° 4+ 2re?t &+ 2m"

2

is not great enocugh to completely oxidize all of the

3+/Fe2+

ratio is the greatest. Also by the same reasoning, since

hydrogen sulphide as it is generated when the Fe

copious quantities of hydrogen sulphide are being produced
under conditions-which yield the highest Fe3+/Fez+ ratio
(or oxidizing potential), the zinc sulphide is dissolving
by a non-oxidative mechanism and therefore, very little
decomposition by direct oxidation is occurring. Although
no attempt was made to guantitatively analyse the hydrogen
sulphide evolved from the leaching reactor, it appears
that the ferric ion is acting neither to directly oxidize
the zinc sulphide nor to rapidly oxidize in-situ the
hydrogen sulphide generated from the acid decomposition

of the sphalerite.

In summary then, for low 802102 gas mixtures, the
sulphuric acid produced through the autoxidation process
leads to the acidic decomposition of sphalerite by
Reaction 31

+ 2+

ZnsS + 2H = Zn + H.S (31)

2
with the accompanying production of hydrogen sulphide.

The Eh or media potential observed is the greatest at the
low end of the range of 802102 gas ratios. This shows

that under the conditions which yield the greatest
Fe3+/Fez+ ratios, the Fe3+ ion, at a total iron concen-
tration of 3.6 g dm—3, cannot oxidize the hydrogen sulphide
produced from the non-oxidative decomposition rapidly
enough to prevent it from being swept out of the reactor.

Therefore, the ferric ion, at a total iron concentration of
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3.6 g dm™ >, is not an effective in-situ oxidant of hydrogen
sulphide nor is it acting directly as an oxidant of zinc
sulphide.

The form or oxidation state of the dissolved iron,
from the foregoing discussion has an obvious effect on the
dissolution mechanism of sphalerite in agueous sulphurous
acid. Consedgquently, it is pertinent to consider the
formation of aqueous complexes of ferrous and ferric iron
in a sulphurous acid medium. Kao (1979) in his electro-
chemical study of the iron sulphite system, proposed the
formation of sulphite complexes of iron in solutions
reacted with S0,/0, gas mixtures. Kao electrochemically
measured and reported formation constants for the following
iron sulphite species: FeHSO32+, Fe803+, F@HSO3+ and
FeSOBO. The free energy of formation, calculated from the
formation constants given by Kao, for each of these complex
ions are presented in Table 5 (Chapter Two). Also,

Table 5 gives the free energy of formation of crystalline
iron sulphite, FeSOB.3H20, determined experimentally from
solubility experiments similar to those described in
Chapter Three for zinc sulphite. Figure 54 presents a
Pourbaix diagram of the Fe-S-80,-H,0 system at 25°C which
was developed from the thermodynamic data compiled in
Table 5. An Eh-pH diagram of the type presented in

Figure 54 1is previously unpublished.

Figure 54 shows that in a sulphurous acid medium
dissolved iron should in fact, as proposed by Kao (1979},
form several agueous complex sulphite species. Furthermore,
Figure 54 shows that in the pH range of about 0 to 2, dissolved
iron, in a sulphurous medium, will be present in the form of
the FeIéIiO:,,2+ and FeHSO3 3+

ions, respectively. Figure 54, however, is

drawn at a total sulphite activity of 1.0 mol dm—3. At a

2+

+ complexes rather than the Fe
and Fe
lower sulphite activity, the Fe3+/FeHSO3 boundary is

shifted toward the right. This is shown in Figure 54 by
the bold brocken line which represents the Fe

and Fe2+/FeHSO * boundaries at a total sulphite activity

3
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of 0.1 mol dm_B. Therefore, Figure 54 demonstrates that
within the range of pH measured in the leaching tests, the
dissolved iron species will actually be present as the

2+

complex ions,FeHSO3 and FeH803+,if the agueous sulphur

dioxide concentration is greater than about 0.05 mol dm_B.
Below this concentration the dissolved iron will he

present as the Fe3+ and Fe2+ ions.

Tables 21, 22 and 23 show that in leaching with
502/02 or 502/02/N2 gas mixtures in the presence of iron,
there is a significant increase in the concentration of
agqueous sulphur dioxide,in the leach media,when the
partial pressure of the sulphur dioxide in the gas mixture
is greater than about 0.5 atm. The aqueocus sulphur
dioxide concentrations presented in Tables 21, 22 and 23
were measured at the conclusion of the two hour leaching
tests by the analysis method given in Appendix 5.2.

Table 30 presents some additional experimental data on the
agueous sulphur dioxide concentrations present and the
gquantity of sulphuric acid produced in the leach media.
This data was obtained by analysing the leach media before
the zinc sulphide was charged to the reactor in the
standard start-up procedure described in Section 5.2.1.
Table 30, then gives the conditions present in the leach
media at the start of each of the tests given in Table 21.
As in Tables 21, 22 and 23, Table 30 shows also that there
is a significant increase in the concentration of agueous
sulphur dioxide present in the leach media with a sulphur
dioxide partial pressure greater than 0.5 atm. Also, the
sulphuric acid production increases with an increase in
the 802/02 ratio to a maximum at 50% S0,/0,. At a high
802/02 ratio, the sulphuric acid production decreases.
Therefore, Table 30 directly confirms the results given
in Table 21. Further evidence of the sulphur dioxide
concentration in the leach media was given by its smell.
The odour of sulphur dioxide could be detected in the
leaching media at the end of a test only when the S0,/0,
ratio was greater than 0.5.



- 193 -

TABLE 30

SULPHURIC ACID PRODUCTION WITH S05/05

MIXTURES IN THE PRESENCE OF IRON

Conditions: 60°C, 800 rpm, 3.6 g dm

gas flow = 500 cm® min~

AFTER 15 min.

1

OF REACTION

3

Fe

GAS H2804 Eh 503 _,
COMPOSITION g dm_3 mv pH mel dm
5% 802/02 20.3 1072 1.10 -

10% 802/02 17.1 1014 1.41 0.001
20% 802f02 31.3 940 1.29 0.004
30% 802/02 43.8 896 1.35 0.007
50% S02/02 58.7 852 0.93 0.014
70% 502/02 42.5 653 1.20 0.224

80% 502/02 17.9 590

1.39 0.295

3+

added
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The reason behind the large increase in the
agueous sulphur dioxide concentration of the leach media,
with 802/02 gas ratios above 50% Sozfoz,can be understood
when it is considered that, sulphur dioxide is consumed
in the autoxidation process both in the production of
sulphuric acid and in the oxidation of ferrous iron.
Sulphur dioxide, when leaching with the low 802/02 ratio
gas mixtures, is entirely consumed by the production of
acid and the oxidation of ferrous iron to maintain the
high Eh (high FeB+/Fe2+ ratios) shown in Table 21. The
production of acid increases with the sulphur dioxide
content as seen in Tables 21, 23 and 30 and consequently
all the sulphur dioxide is consumed. At the high 302/02
ratios, the production of acid decreases and the Eh drops

indicating that a low Fe3+/Fe2+

equilibrium ratioc is
established. Consequently, there is an excess of agueous
sulphur dioxide in the leach media with gas compositions
above 50% 802/02. Therefore, as demonstrated in Figure 54
the soluble iron in the leach media will be present in the
32+ and FeHSO3+ when a
reactant gas mixture with a 8S0,/0, ratio greater than

0.5 is used. Only with the high 502/02 ratios is the

agqueous sulphur dioxide concentration great enough to form

form of the agueous complexes FeHSO

these complexes.

Figure 38 shows that the overall rate of dissolution
of sphalerite with 802/02 mixtures in the presence of
soluble iron increases with the partial pressure of
sulphur dioxide up to 50% 802/02. The dissclution curves
are essentially identical for gas mixtures of 50% to 80%
502/02 and the rate decreases finally at a sulphur dioxide
partial pressure of 1 atm. The increase in the rate of
leaching with gas mixtures in the range of 5 to 50% 802/02
is directly linked to an increase in the rate of sulphuric
acid production. As the 802/02 ratio increases in this
range, the acid production increases and the rate of
dissolution increases. This observation is in direct

agreement with the rate eguation of Romankiw and
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de Bruyn (1964):

2+
afzn“" ] b 3

_ 41 _ 2+
2 = Ao(kf{H ] kr[z:z ] PHZS ) .

(35)

This equation describing the acid dissolution of sphalerite
shows that an increase in the hydrogen ion concentration
will lead to a greater rate of extraction. The appearance
of elemental sulphur in the exit gas bubbler indicates

that hydrogen sulphide is being evolved in the dissolution
process faster than it can be oxidized by the ferric iron
present. Since, as already shown, there is no residual
sulphur dioxide present to oxidize the hydrogen sulphide
when using the low 802/02 ratio gas mixtures, the Fe3+
ion is the only available oxidant in the system for
hydrogen sulphide. Combined with the observation that a
3+/Fe2+

in the solution for all tests with low 802/02 ratio gas

high constant potential (Fe ratic) is established
mixtures, it is evident from these facts, that the
predominant route for zing¢ sulphide dissolution is through
acidic decomposition accompanied by hydrogen sulphide
production, with the ferric ion acting as a catalyst for

the production of sulphuric acid.

The rate of the decomposition of sphalerite, as seen
in Figure 38, is essentially identical for 502/02 gas
mixtures, above 50% sulphur dioxide and at least up to 80%
sulphur dioxide,used together with dissolved iron as the
leaching reagents. The quantity of sulphuric acid produced,
however, significantly decreases above the 50% 502/02 mark
even though the rate of extraction remains high,as shown in
Table 21 and Table 30. Also,with gas mixtures above the
50% 802/02 ratio, hydrogen sulphide is not swept out of
the leaching reactor as evidenced by the clear exit gas
bubbler, shown in Tables 21 and 23, for those gas
compositions. It therefore may be postulated, that the
excess sulphur dioxide, shown to be available in solution
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when using S0,/0, gas mixtures at the high end of the
range, is able to increase the oxidation rate of hydrogen
sulphide. Furthermore, the reaction rate is rapid enough
to result in complete oxidation within the reactor vessel.
Conseguently, the removal of hydrogen sulphide from the
leach media, by oxidation with sulphur dioxide, allows the
leaching rate to remain high, although, there is less acid
present with the high 802/02 ratio gas mixtures. Such a
conclusion is also consistent with the rate equation
proposed by Romankiw and de Bruyn (1364) which was given
by Equation (35). This equation demonstrates that a
reduction in the partial pressure of hydrogen sulphide,
decreases the inhibiting effect of the reverse reaction,
leading to an increase in the rate of dissolution. Thus,
the rate of dissolution with 802/02 ratios greater than
about 0.5 is balanced between the decrease in sulphuric
acid production, and the increase in the rate of oxidation
of hydrogen sulphide by sulphur dioxide in the leach media.

The potential or Eh of the leaching media is
established at a low equilibrium wvalue, with the high
80,/0, ratio gas mixtures, as shown in the Eh overlay to
Figure 38. Furthermore, with the 802/02 mixtures greater
than 50% sulphur dioxide, the dissolved iron in the leach
media should be present as the bisulphite complex species
due to the available aqueous sulphur dioxide in the leach
media. Since the Eh is low in the region of 450 mV to
550 mV with the high S80,/0, gas mixtures, Figure 54
indicates that the FeHSOB+ ion is the predominant form of
dissolved iron.

Although no attempt was made to elucidate the
mechanism whereby hydrogen sulphide is oxidized in the
presence of relatively high levels of aqueous sulphur
dioxide, it is useful to note the possible routes.
Sulphur dioxide could be oxidizing hydrogen sulphide
directly via the multiple step Wackenrhoder reaction,

o <
ZHZS + 802 = 35 + 2H20
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within the leach media. Alternatively, hydrogen sulphide
could be oxidizing via a mechanism linked to the ferric
bisulphite species. A possible reaction path for the
oxidation of hydrogen sulphide is,

+

H,S  + 2FeHSO32+ - s°+2FeHso3+ + 2H

where the FeHSO32+ ion is regenerated by the reaction

2+ 2=

SO, + O. + 2FeHso.t = 2reHSO + S0, ]

2 2 3 3
None of the above reactions are necessarily elementary.
Thus, hydrogen sulphide could be oxidized by sulphur
dioxide, directly in the Wackenrhoder reaction, by a
combination of sulphur dioxide and oxygen indirectly via
the iron bisulphite complex species, or by a combination
of both.

The kinetic data presented in Figures 39 and 40
supplement and directly confirm the results shown in
Figure 3B. Figure 39, which is an extension of test no. 75
in Figure 38, shows the effect of reducing the oxygen
partial pressure by dilution with nitrogen at a constant
sulphur dioxide partial pressure of 0.10 atm. The data in
Table 22 and Figure 39 show that when the oxygen partial
pressure 1s decreased significantly, the production of
sulphuric acid is hindered and the rate of extraction
decreases. The results given in Figure 40 and Table 23 at
a constant oxygen partial pressure of 0.3 atm are very
similar to the results and trends observed in Figure 38 and
Table 21.

6.2.3 Variation of the Socluble Iron Addition

Table 25 and Figure 41 demonstrate the effect of the
dissclved iron concentration on the rate of dissolution
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in the leaching of sphalerite with a 10% 802/02 gas

mixture. As shown in Figure 41, the addition of a small
amount of iron (1.0 g dmﬂs) leads to a dramatic increase

in the rate of dissolution over that obtained in the

absence of iron. A greater rate of extraction is obtained
with further increases in the soluble iron addition
although, the effect is less pronounced at the higher levels
of iron (20 g am™3). As the Eh overlay sheet to Figure 41
shows, with any concentration of dissolved iron present,
the Eh is consistently in the 650 mV to 700 mV range
3+/Fe2+

established in the leach media. Since a low gas ratio of

indicating a reasonably constant Fe ratio is

10% 802/02 is used in this series of runs, a high
Fe3+fFe2+ ratio and high Eh are consegquently established
in each case with iron present. The greater the amount of
soluble iron present, the greater is the ferric ion
concentration which leads to a greater production of
sulphuric acid by the autocatalytic reaction. Table 25
indicates this trend, and the resulting increase of the
sphalerite dissolution rate with the higher acid
concentrations, corresponding to the higher soluble iron
additions, is shown by Figure 41.

The other factor contributing to the increase in the
rate of dissolution with a greater soluble iron addition
is the removal of hydrogen sulphide from the leach ligquor.
As shown by the last column in Table 25, a large quantity
of hydrogen sulphide is swept out ©f the reactor with
1.0 g dm-3 dissolved iron present, whereas, with 20 g dm-B
of dissolved iron, all of the hydrogen sulphide produced
in the dissolution reaction is oxidized within the reactor.
Furthermore, Table 25 shows that there is very little
sulphur dioxide present in the leach media in any of these
tests with a 10% 80,/0, gas mixture. It is probable then,
that the higher concentrations of Fe3+ ion, available with
a greater soluble iron addition, increase the rate of
oxidation of hydrogen sulphide and result in the higher

sphalerite dissolution rates obtained. At 20 g am™ > of
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dissolved iron, the complete oxidation of hydrogen sulphide,
as it is produced, and the high concentration of acid
produced, both contribute to the high level of sphalerite
dissolution shown in Figure 41.

6.3 ANALYSIS OF THE KINETIC DATA

The previous two sections of this chapter have
qualitatively developed, from the kinetic experiments, a
mechanistic picture of the fundamental processes involved
in the dissolution cf sphalerite in agueous sulphurous acid
media. The present section further develops these ideas by
guantitatively analyzing the kinetic data in terms of
generally accepted heterogeneous reaction models. In
general, the study of reaction rate data can provide two
kinds of information. Experimentation carried out on a
given system approximating conditions to be encountered
commercially, provide valuable engineering data, leading
from bench-scale to pilot tests and finally to full-scale
operation. Extrapolation of results of previous experiments
to new conditions is a economical substitute for complete
experimentation, the inconvenience and cost of which
normally precludes full-scale testwork. A more fundamental
benefit of the analysis of reaction rate data arises from
the interpretation of rates in terms of a mechanistic model.
The fundamental approach, with sufficient information,
inherently has the ability to predict results under a
variety of conditions as well as to indicate fundamental

concepts.

The majority of hydrometallurgical and pyrometallurgical
processes are heterogeneous, that is, they are characterized
by having an interface between the reactants. In the case
of the reaction ¢©f a solid mineral particle in an agueous
suspension, with a dissolved reactant, the interface is the
solid-ligquid boundary. A simple idealized model has been

developed for the noncatalytic reaction of particles in a
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surrounding fluid which seems to reasonably represent
reality in a wide wvariety of situations, Levenspiel (1972}.
In this unreacted-core or shrinking-core model, it is
visualized that a reaction first occurs at the outer
surface of a particle. The zone of reaction then
progressively moves into the solid and may or may not
leave behind a layer of completely converted product
material. Thus, at any time there exists an unreacted
core of material which shrinks in size during the reaction.
The shrinking core model was discussed in detail in the

literature review of Chapter Four.

Figure 26 of Chapter Four illustrates the shrinking
core heterogeneous reaction model. Indicated in the
diagram are five steps, any one of which could control
the overall rate o©f the dissolution process. These five
steps, as described in Chapter Four include, the diffusion
of reactant materials through the solution film and
product layer to the particle surface, reaction at the
particle surface and diffusion of the products back through
the residue layer and scolution film to the bulk fluid.

A mathematical expression relating the time, to the fraction
of the solids reacted at that time, for each situation where
film diffusion, product layer diffusion or the chemical
reaction are exhibiting control over the process, also is
presented in Figure 26. The derivation of these equations
describing the shrinking core model are summarized in

Appendix 3.4.

If a conceptual picture or model for the progress of
a reaction process corresponds closely to the processes
actually occurring in reality, then, the rate expression
of the model will closely predict and describe the actual
reaction kinetics. The assumptions of any model, however,
may not match reality precisely. As an example for the
shrinking core model, the reaction may occur along a
diffuse front rather than along a sharp interface between

the product layer and the unreacted solid. In the extreme
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case of a slow reaction of a fluid with a very porous
solid, the soclid reactant may be converted continuously
and progressively throughout the particle at all times.
This is known as the progressive-conversion model,
Levenspiel (1972). Thus, if the reaction is occurring
along a diffuse front, the kinetics may exhibit behaviour
intermediate between the shrinking core and the continuous
reaction models. Despite such complications Wen (1968)
and Ishida, et al (1971) conclude, on the basis of studies
of numerous systems, that the shrinking core model is the
best simple representation of fluid-solid heterogeneous
reaction systems.

6.3.1 Heterogeneous Reaction Model Analysis

Figures 33 and 34 show, as briefly discussed in the
previous two sections, that reactant diffusion through the
stagnant film of solution surrounding the zinc sulphide
particles does not significantly hinder the rate of
decomposition. At impeller speeds of 300 rpm to 800 rpm
the kinetic dissolution curves obtained in the absence of
iron are identical as shown in Figure 33. Thus mass
transfer in the aqueocus phase does not control the rate
of sphalerite decomposition by agqueocus sulphur dioxide in
the absence of iron. Figure 34, however, reveals that the
rate of dissoclution has some dependency on the degree of
agitation when leaching is carried out in the presence of
iron. The dependency upon stirring speed is significant
around 300 rpm, but, this diminishes to a negligible
effect at 800 rpm. It is highly probable that the
decreased kinetics at low agitation could be the result
of a slow mass transfer of sulphur dioxide or oxygen from
the gas phase to the liquid phase due to inefficient gas
distribution in the leach pulp at low impeller speeds.
Since all other experiments were carried out at an impeller
speed of 800 rpm, mass transfer effects in the aqueous
phase were minimal throughout the experimentation of the

present study.
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Figure 26 presents the conventionally accepted models
for the heterogeneous reaction of a particle in a fluid
medium. The experimental results have shown that solution
film dAiffusion is not a rate controlling process under the
agitation conditions used in the experimentation. The
Jander approximation for product laver diffusion control
shown in Figure 26 is applicable only to flat surfaces or
to situations where a residue film is very thin compared
to the curvature of the particle surface. Since many of
the leaching experiments were carried out to high degrees
of extraction, the general solution for product layver
diffusion control is more suitable for analysing the
experimental data than Jander's approximation. The
experimental data, therefore, were analysed 1n terms of
the generally accepted heterogeneous reaction models for
product layver diffusion control and surface chemical reaction
control which are presented in Figure 26. Analysis of the
rate data, in terms of the simple heterogenecus models,
suggested that the best representation of the reaction
process was the shrinking core model with a surface reaction

as the rate limiting step.

Figure 55 presents a plot ?f the surface reaction control
function of conversion, 1l-(1-a)3%, against time for the data
given in Figure 37. The fraction of the solid material
reacted at any particular time, o, is equivalent to the
fraction of zinc¢ extracted (zinc percent extracti?n le-z)
at that time. The numerical data for the 1l-(l-q)3 parameter
are compiled with each test in Appendix 7. Figure 55 shows
a good fit of the data, for the leaching of sphalerite with
302/02 gas mixtures in the absence of dissolved iron, to the
surface reaction control model for gas mixtures up to

50% 502/02.

Figures 56, 57 and 58 present plots of the lu(lwa)%
parameter against time for the leaching experiments using
various 802/02 and SOZ/OZ/Nz gas mixtures in the presence
of dissolved iron. The corresponding percent extraction

versus time data are plotted in Figures 38, 40 and 39,
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respectively. These figures show a good fit of the
experimental data to the surface reaction control model
for gas mixtures containing up to 40 percent sulphur
dioxide. At gas mixtures containing 50 percent sulphur
dioxide and above, the data no longer correlates with the
surface reaction control eguation, nor does it correlate
with the product layer diffusion control model. This
further demonstrates the obvious change in the mechanism
of dissolution, discussed in the previous section, for
leaching with a 80,/0, or 502/02/2\12 gas mixture of 50
percent sulphur dioxide or more. The lines of best fit
to the data, by the least-squares method; are shown in
Figures 55, 56, 57 and 58. The correlation coefficient
in each case was greater than 0.99.
=S

Figure 59 presents a plot of 1-(1-w)? against time for
leaching experiments using 10% 302/02 mixtures in the
presence of dissolved iron at wvarious temperatures. The
experimental data shows a good fit to surface reaction
contrcl model in the temperature range cof 25°C to 90°C.
At temperatures above 60°C, however, the data begins to
lose linearity above 70 percent zinc extraction. The lines
of best fit to the experimental data over the range
indicated, by the least-sguares method, are shown in
Figure 59. Again,a correlation coefficient greater than

0.99 was obtained in each case.

The experimental data presented in Figures 56, 57 and
58 were used to evaluate the order of the leaching reaction
with respect to sulphur dioxide, and the apparent activation
energy of the dissclution process in the presence of
dissolved iron. The eguation for a rate limiting surface
reaction for the shrinking core model was given in

Figure 26 as:

| bt

t = 1-{(1-a) .
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Collecting all of the constants into one apparent rate
constant vyields,

n 1
kt = k C t = 1-(1l-a)3

n
where Cg, is the total concentration of agueocus sulphur

dioxide a% defined by Equation (23) in Chapter Three. The

two apparent rate constants,k and kﬂ are related by

k = k ¢ .
502

Taking the logarithm of both sides of this equation yvields

lcg ¥k = 1log k + n log CSO2 .

Consequently, the slope of a plot of log k against

log CSo is egual to the order of the reaction with

respect to sulphur dioxide, n. Table 31 lists the apparent
rate constants, k, obtained from the slopes of the lines in
Figures 56 and 57 for leaching with 802/02 gas mixtures

and 802/30%02/N2 gas mixtures, respectively. Table 31

also gives the total sulphur dioxide concentrations in
water at the various partial pressures of sulphur dioxide
in the reagent gas mixture. This information is taken from
the experimentally determined sulphur dioxide solubility
plot in Figure 60(a). The sulphur dioxide solubility data
presented in Figure 60 was experimentally determined from
equilibrium measurements of total sulphur dioxide
concentration under the various conditions shown in the
diagrams. Figure 61(a) presents the resulting plot of

log k against log C for the two sets of data given in

Table 31. The datasggr leaching with S0,/0, gas mixtures
vielded a reaction order of n = 0.65. The best fit line to
the data by least-squares gave a correlation coefficient of
0.99. similarly, the data for leaching with 502/30%02/N2

gas mixtures gave a reaction order of n = 0.58 with a
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correlation coefficient of 0.96. Therefore, a reaction
order of about 0.6, with respect tc sulphur dioxide, is

indicated by the experimental data.

The apparent activation energy of the dissolution
process can be determined from the slopes of the lines in
Figure 59. However, the solubility of sulphur dioxide in
water changes by an order of magnitude over the temperature
range under study, as shown in Figure 60(b). Consequently,
an activation energy calculated directly from the rate
constant k, the slopes of the lines in Figure 59, would
also be incorporating the sulphur dioxide solubility
function with temperature. The rate constant k~, as it has
been defined, is independent of the sulphur dioxide
concentration and can be used to calculate the activation
energy independent of the sulphur dioxide concentration.
The Arrhenius equation, after incorporation of the rate
constant k~ becomes,

- - -E/RT
k ko e

Thus, the slope of a plot of 1n k  against the reciprocal
absolute temperature yields the activation energy of the
dissolution process, E. Table 32 lists the rate constant
k, from Figure 59, over the temperature range of 25°C to
90°C along with the corresponding sulphur dioxide
solubility from Figure 60(b). The rate constant k~ is
calculated in Table 32 for both cases where n = 0.65 and
n = 0.58. The resulting Arrhenius plot is shown in
Figure 61(b). An activation energy of 34.5 kJ mol~ ! and
32.4 kJ mol~ ! was calculated for n = 0.65 and 0.58,
respectively. Thus the activation energy of the dissolution
process is about 33 kJ mol”!l (8 k cal mol_l).

The effect of sulphur dioxide concentration and
temperature observed in the experimental data can be
incorporated into the surface reaction egquation of the

shrinking core model to yvield the kinetic expression,
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- 1
kr E

exp — Cq4 1t = 1-(1-a)3 . (36}

The observed reaction order, n, is about 0.6 and the

1.

activation energy is approximately 33 kJ mol” (8 k cal mol”
These two observations directly support the c¢onclusion that
the dissolution process is limited by the chemical reaction
at the zinc sulphide surface. A diffusion controlled
process would be expected, from Fick's first law of
diffusion, to have a first order dependence on the

reactant concentration. Thus, the fractional order
dependence observed experimentally supports surface
reaction control. Furthermore, the observed actiwvation
energy is of a magnitude more in keeping with a chemical
reaction controlled process than that for a diffusion

controlled process.

The reversible nature of the sphalerite decomposition
process is apparent in the experiments incorporating the
addition of scluble zinc to the initial leach reagent
liguor. The kinetic model can be modified by the
incorporation of a back reaction term such as,

1 darzn?*)

— +y 2+
= kf{H ] kr{st]EZn 1 . {37)

A dt

If the term kr[st][Zn2+} does not vary significantly then,
the general relationship found for the shrinking core model
is valid,and a linear relationship between 1-{(1-a)3 and t

is obtained. Throughout the experimentation, the hydrogen
sulphide generated was continuously purged from the

reactor system by a steady flow of inlet gas. Consequently,
the term kr{st][an

condition was generally realized.

+] was relatively constant and this
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The second term of Eguation (37), on the other handg,
may become significant when an appreciable quantity of
soluble zinc is added to the leach liguor initially. Such
an effect is shown in Figures 44 and 45, where the
extraction rate decreases with an increase in added socluble
zinc. The wvariation of extraction with the zinc sulphide
slurry density can be seen in Figure 46. This result can
be attributed to the initial increase in the bulk con-
centration of soluble zinc with high slurry densities,

thus, causing a decrease in the rate of extraction.

6.3.2 Electrochemical Kinetics

A guantitative description of the kinetics of
dissolution of sphalerite under various conditions has
been presented,with the aid of the shrinking core model
which incorporates both surface reaction and diffusion
control considerations. Although it is beyond the scope
of this thesis to present a full treatment, it is
informative to consider the surface reaction of being
electrochemical in nature and develop the mathematical
description in terms of electrochemical parameters.
Wadsworth (1981l) has reviewed such techniques in
considering the leaching of a number of minerals.

As an example, consider the dissolution of
sphalerite according to the tetrathionate producing
reaction

Zns + 3SO2 = Zn + 8
This reaction could be considered to be electrochemical
in nature with an anodic reaction,
24 2

4zns + 6H,0 = 4zn°" + 5,0.°7 + 1287 + 18e”
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and a cathodic reaction,

0.°" + 6H.0 . (61)

+ -—-
1zsoz(aq) + 12H + 18e = 384 6 5

The rate of the anodic reaction, R+ is given by

-

Ry = ka - ka CZn2+ CS4O62' CH+
and for the cathodic reaction
R. = k_C C.e+ - k. <C 5
C Lo 802 H c 5406 .

These rates can be expressed in electrochemical terms,
for charge transfer in simple reversible reactions, by
means of the Butler-Volmer eguation. This fundamental
egquation of electrodics relates the current density at

a solid solution interface to the established over-
potential. Thus, for a single electron transfer process,
application of this equation to the anodic and cathodic
reactions yields,

I = 18A_ FIlk ° (8 FE}
a a a exp a RT
—ka Cyp+ cs4062- Cy+ exp (- (1- Ba)i;T-)]
and
o~ FE
I = 18A_ FI[k c 2- exp(B
C C [ 5406 _RT
R+ ]

Several simplifying assumptions help in the development of
the rate equations. For example, if the anodic current
due to the anodic oxidation of ZnS is much greater than
the partial anodic current for the anodic oxidation of

54062- {i.e., both Ia and I fall within their respective
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"Tafel regions" and ka° > kao), kc° >> kc°3 and if
Aa = Ac = A, the following is obtained:
dN
_ ZnsS _ o (1-¢) ° ¢ ¢ P
——dt = Aka kc C502 CH+
where,
¢ = a
1+8,=B¢
Since,
1 Mans 1 4mpriar _ -t
A dt 4ﬂr2 at dt

where p is the molar density of zinc sulphide, the
above relationship becomes,

= C

dr _ o (1-0) °g b ¢
Pat ka kc CSO2 Ht -

Integration of this equation in the manner shown in
Appendix 3.4 yields,
1 o (1-¢) o¢ ¢ ¢ 1

———— —4 — — T
Y ka kc c502 cH+ t 1-(1-a) (38)

Thus, the electrochemical model yields the same format

as the shrinking core model expressed in surface reaction
terms. Additionally, the dependency upon the reactant
concentrations are inherently expressed by the
electrochemical approach.

The parameter ¢ is a function of Ba and Bar the charge
transfer coefficients, and this function is fractional.
For the case of symmetrical "charge transfer barriers",

By = Bc = 0.5 which yields ¢ = 0.5 and hence,
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Obviously then, this approach is consistent with the
experimental results and provides a means of analysing
the rate of dissclution in terms of an electrochemical
mechanism. Furthermore, the postulation of the surface
reaction rate limiting step being an electrochemical
reaction allows some of the kinetic parameters to be
obtained independently,using polarization techniques, as
discussed by Wadsworth (1981). The use of simplifying
assumptions other than those used %n this analysis results
in the same function of o, 1-(1l-a)38, with modified
expressions for the dependency on reactant concentrations.
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CHAPTER SEVEN

SUMMARY AND CONCLUSIONS

An intensive study was made on the properties of zinc
in agueous sulphur dioxide media. It was found that
zinc could be readily precipitated from a sulphur dioxide
solution as a sulphite corresponding to the composition
ZnSO3.2%H20 at 25°C. The precipitated material, when
filtered from its parent solution and dried, was a coarse,
well crystallized, free flowing solid which was stable in
air. The Gibb's standard free energy of formation of zinc
sulphite, determined experimentally by measuring the
solubility of the salt as a function of pH, is:

1

© -
AGf,ZnSO3.2%H20 -1256 % 4 kJ mol .

The experimentally determined free energy of formation for
zinc sulphite has been incorporated into the concise and
convenient form of a potential -pH diagram of the
Zn-50,-H20 system and extrapolated to temperatures up to
200°C.

The thermodynamic potential «pH diagrams developed in
this study for the Zn-S0,-H,0 system provide a basic
understanding and summarize the relevant chemistry to aid
in development of effective process strategies. These
diagrams, along with their subsidiary solubility diagrams,
allow prediction of the optimum conditions for the
precipitation of zinc sulphite and the maximum depletion
obtainable from a number of process wvariables such as
temperature, sulphurocus acid concentration and media pH.
At 25°C the maximum depletion of zinc from an agueous
solution by precipitation of the sulphite salt in the pH
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range of approximately 7 to 8 was found to yield a
residual zinc concentration of 0.53 mg dm~3. Since zinc
sulphite can be precipitated at a much lower pH than zinc
hydroxide from acidic media, the reduced reagent regquire-
ments for precipitation combined with the favourable
filtering and handling characteristics make zinc sulphite

an attractive alternative to zinc hydroxide production.

The phase and solubility relationships in the
Zn—SOZ—Hzo system were investigated by a method described

by Ricci (1952). It was determined in this investigation

that zinc sulphite is an incongruently soluble salt.
This implies several physical characteristics for this
salt in water. Pure zinc sulphite cannot be precipitated
from a water solution containing a 1:1 ratio of zinc to
sulphite ions. Concentration of such a soclution by
evaporation will result in the co-precipitation of zinc
hydroxide along with zinc sulphite. An excess of the
sulphite species over the zinc species is required to
prevent precipitation of zinc hydroxide. Also, zinc
sulphite salt cannot be washed with water without
heterogeneous decomposition resulting in precipitation

of zinc hydroxide.

The leaching of sphalerite in aqueous sulphurous acid
media was experimentally investigated in a 1.3 dm_3
stirred reactor system. The role of the various reagents
in the leaching process have been elucidated under a
variety of conditions. Emphasis was placed on exploration
of the key processes involved to expand the present
knowledge of sulphurcus acid reagent systems, along with
the development of a kinetic leaching model to form a

basis for process design.

The experimentation was carried out on a synthetically
prepared pure sphalerite in the form of a fine powder.
Sulphur dioxide, oxygen and nitrogen gases in various

mixtures were injected into the zinc sulphide-water slurry
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as the principal leaching reagents. Both ferrous and
ferric sulphate, as well as sulphuric acid in some cases,
were used as secondary reagents. It was found that in the
absence of dissolved iron or added sulphuric acid, the
dissolution of the sphalerite proceeded by an oxidative
dissolution process with the formation of the tetrathionate
species as £he principal sulphur reaction product. Oxygen
as well as nitrogen gases were shown to act only as
diluents of the sulphur dioxide and play no role in the
dissolution mechanism. Furthermore, the rate of reaction

was observed to increase with the sulphur dioxide partial
pressure.

The formation of the tetrathionate species as a
dissolution reaction product was thermodynamically
predicted from a Pourbaix diagram of the metastable
Zn-8-80,~H,0 system developed in this work. The tetra-
thionate ion was experimentally observed to form immediately
and continuocusly throughout the dissclution process. At
prolonged reaction times (greater than 15 hours) elemental
sulphur was observed to form at the expense of the
tetrathionate species. The reaction kinetics were observed
to be surface reaction controlled and the dissolution
process appears to occur by the reaction,

ZnS + 380, = 722t + 5 027

This reaction could be composed of the two following

electrochemical reactions,

- g _
Anodic: 2ZnS + — H,0 = zn°% + % §,0°7 + 3" + e

. + g - 3 2 3
Cathodic: 3SO2 + 3H + —e = : 5406 + " H20 .

The potentials and pH observed in the leach media support
these reactions on the basis of the thermodynamic diagrams.
At prolonged times tetrathionate may disproportionate to
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elemental sulphux by the reaction,

2- + o
28406 + 4H 38° + 2520 + 5502 -

The addition of sulphuric acid (20 g am 3) accelerated
the rate of dissolution and hydrogen sulphide was observed
to be swept out of the reactor by the flow of gases. This
observation indicates that with sulphuric acid added, an
acidic dissolution mechanism becomes active, whereby
hydrogen sulphide is produced by the reaction,

znS + 2% = zn®t &+ H,S .

In some cases elemental sulphur was found adhering to the
reactor baffles indicating that some of the hydrcgen sulphide

was being oxidized within the reactor by sulphur dioxide,

so, + 2H,8 = 2H

2 2 O + 3s8° .

2
The overall reaction indicated by either of the reaction
paths mentioned above is,

zns + %80, + 28" = zn®" 4+ Zs° 4 w0 .

The addition of a soluble form of ferrous iron to the
leaching media using sulphur dioxide alone or SOZ/N2 gas
mixtures does not alter the above mentioned dissolution
processes. However, the addition of ferric iron does
increase the rate of reaction to a limited extent. The
increase is probably due to the direct oxidation of the
sphalerite through the reaction,

2+ 2- + s

Anodic: Zns + iﬂzo = zZn“T + %S
2

Cathodic: Fe3+ + e~ = Fez+
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acting in conjunction with the tetrathionate producing
reactions which occur in the absence of iron. After
complete conversion of ferric to ferrous iron, the
dissolution proceeds via reaction with sulphur dioxide

to produce tetrathionate. This conclusion is supported

by the increased formation of the tetrathionate species

in the presence of sulphur dioxide and ferric iron without

the evolution of hydrogen sulphide.

It was observed that the reagent combination of
sulphur dioxide, oxygen and socluble iron leads to a
dramatic increase in the rate of sphalerite dissolution.
Identical results were obtained when soluble iron was
added either as ferrous or ferric ions. The high rate of
dissolution was attributed directly to the production of

sulphuric acid by the autoxidation process:

2+ - 3+ 2=
2Fe + 802 + 02 = 2Fe + SO4

Fe3+

280, + 0., + 2H20 = 2H250

2 2 4

where, 802/02 gas mixtures can oxidize ferrous iron to
ferric iron and are simultaneously catalyzed by the ferric
ion to form sulphuric acid. Sulphuric acid production was
observed to increase with an increase in the 802/02 ratio
of the reactant gas mixture to a maximum around 50% 802/02
and then decrease with greater 802/02 ratios. The rate of
dissolution of the sphalerite accordingly increased with
an increase in the 502/02 ratio of the gas mixture up to
50% 502/02 but, remained rapid and relatively constant for
gas mixtures with 50% 802/02 and up to at least B80% 802/02.
The rate of dissolution then decreased using 100% sulphur
dioxide. Two different modes of dissclution were concluded
to occur depending on the 802/02 ratio in the reactant gas

mixture.
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For 802/02 gas mixtures below 50% sulphur dioxide,
hydrogen sulphide resulted, due to the production of
sulphuric acid, and was swept out of the reactor by the
flow of gas. This indicated that the disscolution was
occurring by the reaction,
2+

in + H,5 -

zns + 287 5

H

The increase in the rate of extraction directly followed
the increase in sulphuric acid production with higher
50,/0, gas ratios up to 50% 502/02. Sulphur dioxide, it
was found, was completely consumed in the reactor vessel
by the production of sulphuric acid. A high Fe3%/Fe2*
ratioc was established in the leach media with low 502/02
ratio gas mixtures. Since hydrogen sulphide was carried
out of the reactor, it was concluded that the rate of
oxidation of hydrogen sulphide by the ferric ion at a
total iron concentration of 3.6 g am™3 was slow.

Hydrogen sulphide, on the other hand, was not swept
out of the reactor using 802/02 gas mixtures above 50%
sulphur dioxide. Sulphur dioxide was observed to be
3+/Fe2+

established. It is postulated that the available sulphur

present in the leach media and a low Fe ratio was
dioxide is able to increase the rate of oxidation of
hydrogen sulphide resulting in complete oxidation within
the reactor vessel. Conseguently, the removal of hydrogen
sulphide from the leach media by oxidation with sulphur
dioxide allows the rate of dissolution of sphalerite to
remain high, although, there is less sulphuric acid present
using 802/02 gas mixtures above 50% sulphur dioxide.

A thermodynamic Pourbaix diagram of the Fe-5-50,-H,0
system was developed in this work from experimental
solubility measurements on iron sulphite and from the data
of Kao (1979). This diagram predicts that dissoclved iron
will be present in the leach medium in the form of the

iron bisulphite complex ions, FeHSO32+ and FeHSO3+, rather



- 226 -

than Fe3+ and Fezt respectively, when leaching is carried
out using an 802/02 gas mixture with more than 50% sulphur
dioxide. Thus, the high rate of hydrogen sulphide
oxidation observed when leaching with 50,/0, gases with
greater than 50% sulphur dioxide can be directly attributed
to the sulphur dioxide available in the leach media.
Although no attempt was made to identify a specific
mechanism, two possible routes are indicated. Hydrogen
sulphide oxidation could be occurring directly by the

multi-step Wackenrhoder reaction,

= °
2H28 + 802 38° + 2H2O

or, via a mechanism linked to the ferric bisulphite species.
A possible reaction process is,
2+

S + 2FeHSO, = g° + 2FeHso3“" + 2H

+
H,

where the 2FeHSO32+ ion is regenerated by the reaction

+ 2+ 2~
SO2 + 02 + 2FeI—ISO3 = ZFeHSO3 + SO4 .
Therefore, the rate of dissolution with 802/02 ratios
greater than about 0.5 is balanced between the decrease in
sulphuric acid production and the increase in the rate of
oxidation of hydrogen sulphide by sulphur dioxide in the

leach media.

The kinetic data of the leaching experiments were
analysed in terms of the generally accepted heterogeneous
reaction models. The most suitable form of model appeared
to be the surface reaction control equation of the shrinking
core model. This applies to leaching carried out both in
the presence and absence of dissolved iron. The rate of
the dissolution reaction was found to be completely
independent of the reactor stirrer speed in the absence of
dissolved iron. In the presence of dissolved iron, reaction

rates were independent of the stirrer speed above 500 rpm.
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Consequently, all experiments were carried out at a stirrer
speed of 800 rpm to ensure minimization of mass transfer

effects.

The shrinking core model adequately describes the
dissolution rate for 802/02 mixtures up to 50% 802 in the
presence of scluble iron over the temperature range of
25°C to 90°C. The kinetics are determined by an
eguation of the form,

k n :

_r =E = 1-(1-0)?
[rop exp =T Csozlt 1-{1-o) .

The cobserved reaction corder with respect to sulphur
dioxide, n, is about 0.6 and the activation energy is
approximately 33 kJ molwl (8 kcal mol—l}. Therefore, it
can be concluded that the dissoclution rate of sphalerite
in agueous sulphurous acid is controlled by the rate of
the reaction at the zinc sulphide surface. This is
supported by: {1} the independence of the reaction rate
on the stirring speed, (2) the fractional order dependence
of the reaction rate with respect to the sulphur dioxide
concentration and (3) an apparent activation energy of

33 kJ mol™? (8 kcal mol™?l).
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APPENDIX 1

REACTIONS BETWEEN THE SPECIES OF THE Zn—-5-50,-H>0 SYSTEM

Zinc Species

1. Zn (OH) , = Zn + 2H,0
2a.  2ZnSO . 234H,0 + 28t + 2e = Zn + SO,(aq) + 33H,0
+ - _ -—
2b. ZnSOB. 2§H20 + H + Ze = Zn + H503 -+ 2&H20
— = 2-—
2¢c. ZnsO, . 23H,0 + 2e Zn + SO + 23H,0
3. zn°t + 2e = zn
4. ZnOH + H 4+ 28 = Zn + H,O
5. Zn(OH)z(aq) + 2H+ + 2e = Zn + 2H20
6. Zn (OH) J + 38T + 2¢ = Zn + 3H,0
2= + -
7. 2Zn (OH) + 4H + 2e = Zn + 4H,0
8a. Zns0, . 2§H20 = Zn(OH.)2 + Soz(aq) + 1&H20
- +
sb. ZnSO, . 23H,0 = Zn(OH), + HSO; + H + 1,0
_ 2— +
8c. ZnS0, . 234H,0 = Zn(OH), + SO  + 2H + iH,0
9. zn?”t + 2H,0 = 2Zn(OH), + 2u7
10. ZnoH* + H,O0 = Zn(OH), + g
1. Zn(OH)2 = Zn(OH)z(aq)
- - +
12. zn (OH) , + H,0 = Zn(OH); + H
- 2- +
13. Zn{OH)2 o+ 2H20 = Zn(C}H)4 + 2H
2+ +
l4a. Zn + SOz(aq) + 3§H20 = Zn503 .2§H20 + 2H
2+ - +
14b. Zn + HS0 + 2%H.0 = ZnSO. . 24H. 0O + H
3 2 3 2
l4ac zn’t + so?” + 23H.0 = ZnSO. . 24H.0
. 3 2 3" 2
+ +
15a. ZnOH + SOz(aq) + 2&H20 = 2Znso, . 2§H20 + H
+ p—
15b. ZnOH  + HSO, + 1§H20 = ZnSO3. 2§H20
+ 2- +
15¢c. ZnOH' + SO + H + 14H,0 = ZnSO, . 24H,0
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16a. ZnS0, . 2%H20 = Zn(OH)Z(aq) + SOZ(aq) + 1§H20
N - +
16b.  2ZnSO, . 24H,0 = 2n(OH), (aq) + HSO, + H' + 3H,O
2~ +
16c. znso3. 2&320 = Zn(OH)E(aq) + 805 + 2H +§H20
- +
17a.  ZnSO. . =
a n 03 2%H20 Zn(OH)3 + Soz(aq) + H + 5H26
- - +
7b. . =
17b Znso3 2§H20 + ino Zn(OH}B + Hso3 + 2H
B - 2~ +
17c. ZnSO3. 2§H20 + éHzo = Zn(on)3 + 803 4+ 3H
N 2- +
18a.  2ZnSO, . 23H,0 + #H,0 = Zn(OH), + SO,(aq) + 2H
B 2 - +
18b.  ZnSO, . 23H,0 + 13H,0 = zn(OH)) + HSO] + 3H
— 2w D +
18c.  2nSO, . 23H,0 + 13H,O0 = 2n(OH);~ + 027 + 4H
19. zns?t + H0 = znou' + B'
20. Zn2+ + 2H20 = Zn(OH)z(aq) + 2H+
21. znst + 3H,0 = Zn(OH); + 3t
2+ -
22. zn + 4H,0 = Zn(OH}i + aut
+ +
23. ZnoH + H,0 = Zn(oH),(ag) + H
+ - +
24. ZnOH + 2H,0 = Zn(OH)] + 2H
25, znou" + 3H,0 = Zn{OH)i- + 387
26. Zn(OH) ,(aq) + H,O = Zn(OH) + ut
27. Zn(OH) ,(ag) + 2H,0 = zn(0H)}2™ + out
28. Zn (OH) = + H.O = Zn(OH)2~ + H'
3 2 4
+ - 2+
29. ZnS0, . 2i8,0 + 6H + 4e = Zn + S + 5&520
30 4ZnsSO. . 23H.O + 12H  + 6e = azn®t 4+ 5,027 + 16H.O
- 3 2 a¢ 2
31. Zns + 2H+ = Zn2+ + HZS (ag)
32. Zn2+ + S + 2e = ZnsS
2+ + - '
33. Zn + Soz(aq} + 4 + 6e = Zns + ZHZO
34. znt + HSO, + s’ + 6e = ZnS + 3H,0
35, azn’t + 5402' + 126" + 186 = 4ZnS + 6H,0
36. ZnSOy . 2¥H,0 + eut + 6e = 2ZnS + 53H,0
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52.

53.

54.

55.

56.

57.

58.

59.
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Zn (OH) , + HSO + 747 + e

Zn(OH)2 + SO

:z.n(OH)ﬁw + S
zZns
zZns

zZns

3
D
3

2w

2 2=
Zn(OH)4 + SOB

+ 8H + 66

+ 1087 + 6e”

-+

au™

21—1+

+
H

-

2e

4H

©H

6H

BH

6H

2e

Zns + 5H_O
Zns + 5H. O
Zns + 7TH_ O
Zns + 4H,_ O
Zn + HZS(aq)
Zn -+ HS

Zn + S

Sulfur Species

+ de

+ de

+ de

+ 2e

+ 2e

+ 6Ge

+ 6be

+ 4de

i

H

HS + 3H20

2.—
s + 3H,0
- +
HSO; + H
2- +
+
503 H
rs” + HT
s 4w
8.0°" + 3H.0
2Y3 2
2.»
$,05 + 3HO
2s + 3H,0



61.

62.

63.

64.

65,

4502(aq)

4HSO3

2H

- 242

agt + ee”

8H+ + 6e

1207 + 10e”

D
S406
Do

5 0 + 6H20

476
48 + 6H20

Aqueous Species

2e

ant + 4e

+ 2H20
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APPENDIX 2

EQUILIBRIUM EQUATIONS FOR THE REACTIONS OF APPENDIX 1

REACTION

T(°C)

2a

2b

20

NOTE: R~

25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200

k2

o T S S S e T = T = T = T S S S T T WP

AEh

=B + CpH + D log R

B

-0.419
-0.4286
~0.430
-0.431
-0.430
-0.647
~0.624
-0.595
~-0.553
-0.505
-0.699
-0.694
-0.687
-0.681
-0.668
-0.913
-0.%843
-0.984
-1.041
-1.112
-0.762
-0.759
-0.755
~0.750
-0.747
-0.482
-0.516
-0.535
-0.556
-0.578

<

-0.0592
-0.0661
-0.0740
~0.0839
-0.0939
-0.0592
-0.0661
-0.0740
-3.0839
~-0.0939
-0.0296
-0.0330
~-0.0370
-0.0420
~0.0469

O O O 0O O O 0O 0

0
-0.0296
-0.0330
~-0.0370
-(.0420
—0.0469

*

|o

-0.0296
~0.0330
-0.0370
—-0.0420
=0.0469
~0.0296
-0.0330
-0.0370
-0.0420
-0.0469
-0.0296
-0.0330
-0.0370
-0.0420
-0.0469
0.0296
0.0330
0.0370
0.0420
0.046%9
0.0296
0.0330
0.0370
G.0420
0.0469

iw

SOZ(aq)
SOz(aq)
Soz(aq)
Soz(aq}
Soz{aq)
HSO,

HSO§

HSO3

3

HSO3

2=
2—
803

2-
803

2.......
803

2_
303
Zn2+

Zn2+

Zn2+

+
an

Zn2+

HSO

e

ZnOH
ZnOH
2n0H
ZnOH
Zn0OH

+

+ 4

= activity ratio, written in terms of species formula.



REACTICON

T(°C)

Sa

8b

8¢

25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
&0
100
150
200
25
60
100
150
200
25
60
100
150
200

O 0 Q0 0O 0 0 0 0O 00O o0 o000 o000 O ¢C o kR F P KFHE BB RRPB P 2 &2 B2 B &

- 244

Ity

-0, 251
-0.308
~-0.292
-0.270
~0.249
0.089
0.034
0.036
0.049
0.068
0. 466
0.431
0.476
0.547
0.644
7.71
6.00
4.4%
2.90
1.59
-9.47
-8.11
-6.97
-5.95
-5.06
~16.69
-15.66
-14.99
-14.52
~14.53
-11.60
~-10.08
-8.80
-7.59
-6.74

c

-0.0591
-0.0661
-0.0740
-0.0839
-0.0939
-0.0887
-0.0991
-0.1110
-0.1259
-0.1408
-0.1183
-0.1322
~0.1480
-0.1679
-0.1877

o

NN NN RN NN N R R R RO O OO

E2)

0.0296
0.0330
0.0370
0.0420
0.0469
0.0296
0.0330
0.0370
0.0420
0.0469
0.0296
0.0330
0.0370
0.0420
0.0469

R*
Zn(OH)z(aq)
Zn (OH) , {aq)
zn (OH) , (aq)
Zn(OH)z(aq)
Zn(OH)z(aq)
Zn(OH)g

Zn(OH)3

zn (OH) 5

Zn (CH)
Zn{OH)

3
3
Zn (OH) 2~
Zn(OH)i“
Zn (OH) 2~
Zn(OH)g:
zn{(OH) 7
S0, (aq)
Sozfaq)
Sozcaq)
Soz(aq)
Soztaq)

HSO

1w

HSO
HSO
HSO
H50

fwiwlwlw
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REACTION  T(°C) N B c D R*
10 25 0o  -2.13 1 1 ZnOH
60 o -2.72 1 1 ZnOH "
100 o -2.85 1 1 ZnoH T
150 0 -2.98 1 1 ZnOH "
200 o ~3.14 1 1 ZnOH T
11 25 0 5.67 0 1 Zn (OH) , (aq)
60 o 3.56 G 1 Zn(OH)z(aq)
100 0 3.70 © 1 Zn (OH) , (aq)
150 o 3.84 o 1 Zn (OH) , (aq)
200 0 3.87 0 1 zn (OH) , (aq)
12 25 o -17.16 1 -1 Zn (OH) 3
60 o -13.91 1 -1 Zn (OH) 3
100 0 -12.57 1 -1 zZn(OH) 3
150 o -11.43 1 -1 Zn (OH)
200 0 -10.62 1 -1 Zn(OH)S
13 25 0 -29.92 2 -1 Zn (OH) 5~
60 0 -15.92 2 -1 2n (OH) 2~
100 0 -24.48 2 -1 Zn(OH) 2~
150 0 -23.30 2 -1 Zn{OH)ﬁ-
200 0o -22.89 2 -1 Zn(OH)ﬁ‘
14a 25 0 -3.90 2 1 zn®* . 50, (aq)
60 0  -4.08 2 1 zn® . 50, (aq)
100 o -4.34 2 1 zn®* . s0,(aq)
150 ) -4.69 2 1 zn?t . 80, (aq)
200 60 -5.14 2 1 zn>t . SO, (aq)
14b 25 o -2.13 1 1 zn?* . HSOj
60 o -1.97 1 1 zn2*t . HSO
100 o -1.63 1 1 zn?t . HSO}
150 o -1.64 1 1 znZt . HSOJ
200 o -l1.68 1 1 zn?* . HSOj
14c 25 o 5.06 O 1 zn°t . 502°
60 0 5.58 0 1 zn2t . 502~
100 0 6.19 0 1 zn2t . 502~
150 0 6.93 . O© 1 zn2t . 502~
200 0 7.79 0 1 zn2t . 5027

3



REACTION

15a

15b

15¢

lca

16b

16¢

17a

T(°C)

25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
&0
100
150
200
25
&0
100
150
200
25
60
100
150
200

{3

OOOOOOOOOOOOOOOOOOOODOOOOOOOOOOOOOO

| o

5.58
3.29
1.62
-0.08
-1.55
7.34
5.39
4.12
2.97
1.92
14.56
12.94
12.14
11.54
11.39
13.37
9.47
8.16
6.74
5.47
15.14

11.67

10.66
9.78
8.93

22.36

19.22

18.69

18.36

18.40

24.87

19.92

17.04

14.34

iz.22

246

|y

0O 0 O O O M= BB -

o

T T T I T T o L e "

*
R

+

ZnOH .Soz(aq}

ZnOH

+

.Soziaq)

2nOH .SOz(aq)

ZnOH

ZnOH

FoOF O+

ZnOH . HSO

4

ZnOH' . HSO
ZnOH" . HEO

+

ZnCH . HSO

W iwlwitw

ZnOH . HSO

+ 4+
W

ZnOH .

1)
Q

znou™ .

0y,
C
wmummwwv
! 1

znout .

in
Q

znou’ .

w0
O

ZnoH' . 502~
Zn(OH)z(aq)
Zn(OH)z(aq)
Zn{OH)Z(aq)
Zn (OH) , (aq)
Zn(OH)z(aq)
Zn(OH)z(aQ)
Zn(OH)Z(aq)
zn {OH) , (aq)
Zn(OH)z(aq)
Zn(OH)z(aq)
Zn(OH)Z(aq)
Zn(OH)ziaq)
Zn(OH)z(aq)
zn (OH) , (aq)
Zn(OH}z(an

. HSOZ

-

-

.Soz(aq)
.Soz(aq)

Soz(aq)
Soz(aq)
SOz(aq)
SOz(aq}
SOz(aq)

3

H803

o~
HS 3

Zn(OH)3 .Soz(aq)

Zn(OH); . 50, (aq)
Zn(OH)3 .Soz(aq)
Zn(OH}3 .Soz(aq)
Zn(OH)3 .Soz(aq)



REACTION

T (°C)

17b

17¢c

18a

18b

18c

19

20

25
60
100
150
200
25
60
100
130
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200

|

0O 0 00 0O 0 00 00000 0 0 00 0 0 0 0 0 G 0O O 0 0o 0 o 0o e 0 0 o 0 O

|

26.63
22.02
19.54
17.38
15.68
33.86
29.57
27.57
25.95
25.15
37.63
31.93
28.924
26.21
24.49
39.39
34.03
31.44
29.25
27.95
46 .62
41.58
39.47
37.83
37.42
~-9.47
-7.36
=-5.95
-4.61
-3.59
17.27
13.64
12.50
11.43
10.61

247

T T T T R I S O =}

T

I
T T - T I

R
Zn(OH);. Hsog
Zn(OH)3 .HSO3
Zn (OH) 5 . HSO,
zn (OH) J - HSO,
Zn(OH)g .HSO3
Zn(OH) .so%'
zn (OR) . 5027
Zn (OH) 3 .sog'
Zn (OH)J - so%‘

Zn (OH) D . S02~

3
Zn(OH)ﬁ'.

Zn (OH) 2™ .
2n(OH) 2™ .
Zn(OH)ﬁ'.
Zn(OH)é:.
Zn(OH)4 .
Zn (OH) 2~ .
Zn(OH)ﬁ:.
Zn(OH)é .
Zn(OH)ﬁ“.
Zn(OH)%‘.
Zn(OH)é'.
Zn(OH}E“.
Zn(OH)ﬁW.

Zn(OH)i'.
2+

2+

ZnOH+/Zn
ZnOH1/Zn
ZnOH+/Zn2+
ZnOH+/Zn

2
ZnOH "' /Zn

2+

+

Zn(OH)z(aq

so._ {ag)

80_ (aq)

2
2
Soziaq)

Soz(aq)
SOZ(aq)

HSO3

3

HSOT
3

3

HSO;
S0%~
-

SO3

-
SO3

D
803

2
503

HSO

HSO

)on2+

Zn(OH)z(aq)/an+
Zn(OH)z(aq)/Zn2+
Zn(oa)?_(aq)/an+

Zn(OH)z(aq

J/Zn2+
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*

REACTION  T(°C) A B c D R
21 25 o  -28.77 3 -1 Zn (OH) 3/zn° *
60 0 -23.99 3 -1 Zn(OH);/an:
100 0 -21.37 3 -1 Zn (OH) 3/2n
150 0  -19.02 3 -1 zn (On) 3/2n°"
200 o  ~17.36 3 -1 Zn(OH);/Zn2+
22 25 o -41.53 4 -1 Zn(OH)ﬁ-/Zn2+
60 0 -36.00 4 -1 Zn(OH)ﬁ-/zn?‘+
100 o  -33.28 4 -1 Zn(0H>§‘/2n2+
150 0 30.89 4 -1 Zn(QH}i_/Zn2+
200 o -20.63 4 -1 Zn(onji'/2n2+
23 25 0 7.80 -1 1 Zn(OH)z(aq)/Zn0H+
60 o 6.28 -1 1 Zn (OH) ,, (aq) /ZnOH"
100 0 6.54 -1 1 Zn(QH)ziaq}/Zn0H+
150 0 6.82 -1 1 Zn(OH)Z(aq}/ZnOH+
200 o 7.01 -1 1 zn (OH) , (aq) /ZnOB"
24 25 o -19.29 2 -1 Zn(OH);/ZnOH+
60 0 ~-16.63 2 -1 Zn(OH);/ZnoH+
100 0 -15.42 2 -1 Zn(OH)E/ZnOH+
1506 o ~14.41 2 -1 zn (CH) S/ZnOH+
200 s} -13.76 2 -1 Zn(OH)E/ZnOH+
25 25 0 -32.05 3 -1 Zn (OH) 2~ /ZnoH"
60 0 -28.64 3 -1 Zn(oa)i“/Znon+
100 0 -27.32 3 -1 Zn(OH)g-/2n0H+
150 0 -26.29 3 -1 Zn(OH)ﬁ-/ZnOH+
200 0  -26.03 3 -1 Zn (OH) 2~ /ZnOH"
26 25 0 -11.50 1 1 Zn (OH) , (aq) /Zn (OH) |
60 0 -10.35 1 1 Zn(OH}z(aQB/Zn(OH)g
100 0 -8.88 1 1 Zn(OH)2(aq}/Zn(OH)g
150 0 -7.59 1 1 Zn (OH) ,, (aq) /2n (OH) 3
200 0 -6.75 1 1 Zn (CH) , (aq) /Zn (OH);
27 25 ) -24.26 2 1 Zn(OH)Z(an/Zn(OH)ﬁ_
60 0 -22.36 2 1 Zn(OH)z(aq)/Zn(OH)ﬁ'
100 0 -20.78 2 1 Zn (OH) , {aq) /Zn (OH) 3~
150 0 -19.47 2 1 Zn(OH)2(aq)/Zn(OH)i"
200 0 -19.02 2 1 Zn(Oszcaq)/Zn(onjﬁ-



REACTION

28

29

30

31

32

33

34

T(°C)

25
60
100
150
200
25
a0
100
150
200
25
&0
1co
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200

T O " T s = S - S =T - T B < B T L L o o
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|te

=-12.76
-12.01
~11.90
-11.87
-12.27
0.507
0.495
0.481
0.468
0.459
0.693
0.684
0.677
0.675
0.683
4.62
4.73
4.39
4.01
3.61
0.281
0.294
0.295
0.295
0.293
0.394
0.383
0.366
0. 345
0.323
0.411
0.406
0.397
0.387
0.377

10

I N

1
~-0.0887
«Q, 0991
-0.1110
-0.1259
-0.1408
~(.1183
-0.1321
-0.1480
-0.1678
~0,1877

2

o o0 0 O N N NN

o
-0.0394
~0, 0440
-0.0493
-0.0560
-0.0626
-0.0493
~0,0551
-0.0el7
~0.0699
-0.0782

-0.0148
-0.0165
-0.0185
~0.0210
-0.0235
-0. 0099
-0.0110
-0.0123
-0.0140
~0.0156

1

1

1

1
0.0296
0.0330
0.0370
0.0420
0.046°
0.0099
0.0110
0.0123
0.0140
0.0156
0.0099
2.0210
0.0123

0.0140
0.0156

*

R

Znioa)i"/Zn(OH)g

2= -
Zn(OH)4 /Zn(OH)3
Zn(OH}ﬁ—/Zn(OH);

Zn(OH)ﬁ‘/Zn(OH}

Zn(OH)ﬁ—/Zn(OH)

Zn2+
+
an
Zn2+
Zn2+
Zn2+
2+ 4
(zZn” ) .5,0
ot 4 476
{Zn y .85,0
4 46
2+
{(zn_ ) .8,0
24 4 6
{Zn=" } . 340
2+, 2
(zn~ ) .§,0
2+ 476
Zn .st(aq)
Zn2+ .st(aq)
24
Zn .st(aq)
+
an .H2S(aq)
2+
zZn .st(aq)
Zn2+
Zn2+
Zn2+
Zn2+
Zn2+
+
Zn2 . Soz(aq)
Zn2+. Soz(aq)
2+
Zn .Soz(aq)
Zn2+ .Soziaq}
2+
Zn .Soz{aq)
on®t . HSO,
zn’t . HSO]
Zn2+. HSOT
3
2+ d
Zn .HSO3
an*. HSOZ

3

3

3



REACTION

T(°C)

35

36

37

38

39

40

41

25
60
100
150
200
25
50
100
150
200
25
&0
100
150
200
25
&0
100G
150
200
25
60
100
150
200
25
60
100
150
200
25
&0
100
150
200

F H HF P PO RO 00 R B KHHBEHHE PR RMRPBRRMBMBEREPHFERMRB (A H H B

- 250

| =

0.345
0.34z2
0.333
0.322
0.311
0.432
0.429
0.419
0.410
0.404
0.525
0.517
0.505
0.4%94
0.483
0.597
0.600
0.604
0.613
0.631
0.892
0.886
0.206
0.939
0.989
i6.51
14.48
13.79
12.84
12.24
-0.899
-0.915
-0.918
-0.9218
-0.916

<

-0.0394
-0.0440
-(0.0493
~0.0559
-0.0626
-0.0592
-0.0661
-3.0740
-0.0839
-0.0939
-0.0620
-~0.0771
-0.0863
-0.0979
-0.1095
-0.0789
~(.,0881
~0.0987
-0.1119
-0.1251
-0.0986
-0.1102
-0.1233
~0.1399
-0,1564

-0.0591
-0.0661
«0.0740
-0.0839
-0.093%

D

G.0033
0.0037
0.0041
0.0047
0.0052

0

o

0

o

a
C.0099
0.0110
0.0123
0.0140
0.0156
0. 0099
0.0110
g.0123
0.0140
0.01l56
0.0099
0.0110
0.0123
0.0140
0.01l56
0.250
0.250
0.250
0.250
0.250
-0.0295
-0.0330
~0.0370
-0.0420
~0.0469

|%

2+ 4

{Zn

)

2+ 4

{Zn

2+.4

{Zn
(Zn
{Zn

2+, .4

HSO3
HSO,
HSO3
HSO3

HSOE

2 -
SO3
2
503

-
SO
3

22—
s
03

sog“
sog'
sog‘
sog‘
so%'
so%‘

)

4
2+)

)

.Zn(OH)ﬁ-
) zn (OH) 2*:
n(OH)4
Zn{OH)gj
- Zn (OH) 7

Zn(OH}z_. s

4

o i
Zn(OH)4

Zn(OH)i"
Zn(OH)Z"
Zn(OH)ﬁ'
st(aq)
H.S(aq)

H. 3 (aq)

H

S(ag)

H. S (aqg)

2
2
2
2

5

Z2-
2 -

s~

3
bS]

2 -
2-



REACTION

T(°C)

42

43

44

45

46

47

48

25
<10]
100
150
200
25
60
100
150
200
25
50
100
150
200
25
60
100
150
200
25
80
100
150
200
25
60
100
150
200
25
60
100
150
200

[+

T T T o T T SO I R o T e R e
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|w

-1.106
-1.135
-1.158
-1.193
-1.235
-1.488
~-1.530C
-1.564
~1.608
-1.654
0.450
0.427
0.401
0.369
0.338
0.476
0.462
0.448
0.433
0.420
0.583
0.586
0.596
0.613
0.642
0.144
0.138
0.132
0.127
0.124
~-0.062
-0.082
-0.109
~-0.148
~-0.195

<

~-0.0296
-0.0331
-0.0370
-0.0420
-0.0469

0

o

0

¢

o
-0.0592
-0.0661
-0.0740
-0.0839
-0.0939
-0.0740
-0,0826
-0.0952
-0.1049
-0.1173
-0.0887
-0.0991
-0.1110
-0.1259
-0.1408
-0.0592
-0.0661
-0.0740
-0.0839
~-0.0939
-0.0296
-0.0330
~0.0370
-0.0420
-0.0469

b

-0.0296
-0.0331
-0.0370
-0.0420
-0.0469
-0.0296
-0.0331
-0.0370
-0.0420
-0.0469
0.0148
0.0165
0.0185
0.0210
G.0235
0.0148
0.0165
©.0185
0.0210
0.0235
0.0148
0, 0165
0.0185
0.0210
0.0235
-0.0296
-0.0330
-0.0370C
-0.0430
~-{. 0469
~0.0296
-0.0330
-0.0370
~0.0420
-0.04869

m tn M W

Soz(aq)
SO, (aq)
Soz(aq)
SOz(aq)
S04 {aq)
HSO
HS0
HSO
HSO
HSO

WEWilwiwlwi
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REACTION T(°C) A B c D R
49 25 1 0.368  -0.0690 0.0099 soi'/ns"
60 1 0.363 ~-0.0771 0.0110 sog'/as'
100 1 0.361 -0.0869 0.0123 SO%'/HS—
150 1 0.359  -0.0979 0.0140 s027/HsS”
200 1 0.363  -0.1095 0.0156 SO%”/HS-
50 25 1 0.240  -0.0592 0.0099 so@“/s2'
60 1 0.232 -0. 0661 0.0110 so%-/sg“
100 1 0.224  -0.0740 0.0123 SO%-/Sz-
150 1 0.221 -0.,0839 0.0140 sog“/sz"
200 1 0.0223 ~0.0939 0.0156 soé‘/sz'
51 25 0 1.76 -1 1 1—15(:»’3',/5;02 (aq)
60 0 2.11 -1 1 HS03/50, (aq)
100 o 2.50 -1 l HSOS/SOZ(aq)
150 0 3.04 -1 1 HS03/S0, (aq)
200 ) 3.47 -1 1 HS0,/50, (aq)
52 25 0 7.22 -1 1 sog‘/Hsog
60 0 7.55 -1 1 sog*/ﬂsog
100 0 8.03 -1 1 so%‘/nso;
150 0 8.58 -1 1 503 /HSO,
200 0 9.47 -1 1 so%’/nsog
53 25 0 6.99 -1 1 HS™/H,S (aq)
60 0 6.67 -1 1 HS /st(aq)
100 0 6.50 -1 1 HS ™ /H,S (aq)
150 o 6.56& -1 1 HS /st(aq)
200 0 6.80 -1 1 HS /st(aq)
54 25 0 12.91 -1 1 52"/Hs'
60 o  11.95 -1 1 s2” us”
100 ) 10.98 -1 1 52~ /us”
150 0 9,89 -1 1 s /us”
200 0 8.92 -1 1 s2" /ms”
55 25 1 0.462  ~0.0592 0.0148 (Hsog)z/(szog‘)
60 1 0.417 -0.0661 0.0165 (Hsog)z/(szog')
100 1 0.388 -0.0740 0.0185 (Hsog)z/(szog-)
150 1 0.357 -0.0B39 0.0210 (Hso;)z/(s2o§')
200 1 0.319 -0.0939 0.0235  (HSO3) /(szog‘)
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T {=C)

56

57

58

59

60

61

62

25
&0
100
150
200
25
60
100
150
200
25
60
100
150
200
25
60
100
150
200
25
o0
100
150
200
25
60
100
150
200
25
60
100
150
200

T =T T R S I o e
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|

0.676
0.664
0.684
0.716
0.762
0.489
0.508
0.507
0.510
0.521
0.213
0.213
0.199
0.181
0.163
0.022
0.016
-0.004
-0,027
-0.047
0.024
-0.129
-0.211
-0.322
-0.459
0.539
0.504
0.464
0.413
0. 360
C.608
0.598
0.587
0.583
0.578

<

~0.0887
-0.0921
-0.1110
-0.1259
-0.1408
-0.0887
-0.,0991
-0.1110
-0.1259
-0.1408
=-0.0592
-0.0661
~0.0740
-0.0839
-0.0939
-0.0444
-0.0496
~-0.0555
-0.0630
~0.0704

G

O

O

0

0
-0.0349
-0.0441
-0.0493
-3.05860
-~0,08626
-0.0789
-0.0881
-0.0987
-0.1119
-0.1252

2]

0.0148
0.0165
0.0185
0.0210
0.0235
0.0148
0.0165
g.0185
0.0210
0.0235
0.0074
0.0083
0.0093
0.0105
0.0117
G.0074
0.0083
0.0093
0.0105
0.0117
0.0296
0.0330
0.0370
0.0420
0.0470
0.009%
0.0110
0.0123
0.0140
0.0156
0.0059
0,0110
0.0123
0.0140
0.0156

R®

(8027 %/(5,057)
(sog-}z/cszog-)
(sog“)z/(szog“)
(5027) %/ (5,02")
(5037)“/(5,037)
$,05”

2......
$50%

2~
S203

2_
$,05

2_
8203 .,
(5,0%7)/ (HS ™)
- 2
(5,027) / (HS )
- -2
(520§ y /{HS )
-2
(5.02~)/(HS )
2°3 _ 2
(szog‘}/cﬁs )
2~ 2- 2
(5,067) /(877
2_
{5203 1/ (8
2_.
(320g y/ (S
(520232 Y/ (s ;
(5,057)/ (s ;
2_ —
(5,02 )/<5203 )2
2= —
(540g 3/<szo% )
(5403-3/(52031
—-— 2__
cs4og )/(szo% )
(5,087)/(8,057)

2°3
(50, (aq) ) *
4

2

2

2=y
- 2
27y
2- 2
)
2.—

4
(Soz(aq)) /(sqo

(HSO3_)j/(S4D§-)

3-)4/(5406')
(Hso3“>4/(s4og*)
(3503‘34/(540%‘)
(HS0,7) "/ (5,027)

(HSO

/48,057)
(soz<aq>>4/<s4og'>
(50, (aq) )~/ (5,4027)
(s0, (aq)) ¥/ (5,027)
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T C)

&3

64

65

25
60
100
150
200
25

60

100

150

200

25
&0
100
150
200

HoOH OH P |3

[

b e
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| =

0. 396
0.381
0. 364
0.344
0.325

1.229
1.200
1.167
1.127
1.088

<

-0.0710
-0.0793
-0.0888
-0,1007
-0.1126
-0.0591

-0.0661
-0.0740
-0.083%9
-0.0939

-0.05921
-0.0661
-0,0740
-0.0829
-0.0939

2

0.0059
0. 00686
0.0074
0.0084
C.0094
0.029%6

0.0330
0.0370
0.0420
0.0469

0.0148
0.0165
0.0185
0.0210
0.0235



- 255 =~

APPENDIX 3

SAMPLE CALCULATIONS

A.3.1 ENTROPY ESTIMATION

The use of Equation (18) for the calculation of the
free energy of formation of a particular species at
elevated temperatures reguires a knowledge of the entropy
at 298°K, 5598' In the absence of such data this may be
estimated from one of several empirical eguations
describing the entropy correspondence between ions at
298°K,

Sclid Compounds

Latimer (1921) presented an equation for the con-
tribution of each element to the entropy of a solid

compound,

8598 = %R ln{atomic weight)- 3.93 J mol ikt

where R is the universal gas constant (8.314 J molleml).
Latimer (1951) later refined this approximation to take
into account the size and charge of the ions constituting
the solid and presented a table of entropies of the
elements in solid compounds at 298°K. Latimer (1951) also
prepared, from experimental data, a table of entropies of
negative ions in which the entropy value is modified by
the charge on the positive ion. Thus, the entropy of a
salt may be estimated by combining the values for negative
ions with the wvalues for positive ions. The entropies of
hydrates may be estimated by assigning the value

39.3 kJ mol k™! to the contribution of a mole of hydrated
water. The following calculation for ZnSOB. 2%H2O is

given as an example:
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ion contribution
an+ 45.6
3032" (for +2 ion) 62. 4
H.O 39.3 x 2.5

2

206.3 kJ mol tr™%

Anions

Couture and Laidler (1957) developed the following
empirical relationship for the entropy of oxy-anions,

455 72

nr

1.-1

= 168-23 Izl + % R 1In M - J mol K

5398
where n is the number of free oxygen atoms and r is egual
to {r12 + 1.40). The interatomic distance between the
central atom and peripherical oxygen atom in angstroms,
g is available from Wells (1949) or Pauling (1952) and
1.40A is the Van der Waals radius of oxygen. Therefore,

r represents the radius of a sphere which completely
circumscribes the anion and Z is the ionic charge. The
method of Couture and lLaidler was used to estimate the
entropy of the Zn(OH)3 and Zn(OH)i’ ions. The calculation

of the entropy of the Zn(OH)S ion is given as an example.

455 (1) 2

“H11)3.54

- - 3
S5gg (HZnOZ) = 168 - 23(1) + 5(8.314)1n(98.4)

- 74.1 J mol 1x71

(Zn (CH) ) = 298(H2n02) + 8298(H 0)

298
= 74.1 + €9.91

- 144 J mol k71
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Complex Ions

Cobble (1953)b has presented a method for estimating
the entropies of inorganic complex ions. It is applicable
to both negative and positive complex ions alike and a
treatment for nondissociated netural complex ions is also
n+ _.

fit well

into this treatment, whereas, they do not fit the methods

presented. Hydroxy complexes of the form M(OH)

for oxy-anions discussed above. The entropy, 3298’ is
given by the relationship,

So = 205 - 414 1z |f + n 298(H Q) J mollew1
12

298 r

where n represents the number of water molecules replaced
from the normal coordinated aguated ion by the complexing

agent. (Hzo) is the meolar entropy of water which at

o
~ S298 -1 -1 . . .

298°K is 69.91 J mol "K 7. ry, is the interatomic

distance between the central atom and the ligand and £

is a structural factor given by Cobble (1953)a. This

method was used to estimate the entropy of the znoH' ion

by the following calculation:

5298 = 205 - 414 &) (1.00) . (1) 69,01
(0.74+1.40)
1.-1

81.6 J mol K .

The method of Cobble (1953)b can be extended to neutral
species by the relationship,

e 1480

5298 = 552 - r:, + {H o} J mol K

298

A.3.2 HIGH TEMPERATURE EXTRAPOLATION

The calculation of the free energy of formation of a
species at an elevated temperature reguires the use of

average heat capacity data. Equation (18), in addition to
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the entropy of a species at 298°K, requires that the mean
heat capacity of the particular species over the temperature
range of 298°K to T be known or estimated. In the absence
of published data, heat capacity estimates may be made from
one of the following correlations.

Solid Compounds

Kopp's rule (1864) states that at room temperature the
sum of the heat capacities of the individual elements is
approximately egqual to the heat capacity of a solid
compound. Where Kopp's rule has been employed for the
estimation of heat capacity of solids, the estimated value
has been assumed constant over the temperature range of
298°K to T. The heat capacities assigned to each element

by Kopp are given below.

VALUES FOR KOPP'S RULE

Atomic Heat Capacity at 20°C J(<_:1-~~an:c»m)-:}"K-l
C 7.5
H 9.6
B 11.3
51 15.9
O 16.7
F 20.9
P or § 22.6
All others 25.9

ITons and Neutral Species in Solution

Criss and Cobble (1%64) derived a principal of entropy
correspondence for ions between different temperatures.
This "Correspondence Principal" states that a standard
state can be chosen at every temperature such that the
partial molar entropies of one class of ions at that
temperature are linearly related to the corresponding
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entropies at some reference temperature. Mathematically

this is represented by,

Criss and Cobble (1964) present a table of the constants
c and d for different icnic classes. Thus, the linear
correspondence of entropy for ions between 298°K and T
can be written as,

o —
ST = Cnp + dT 5298
where §° refers to the absolute ionic entropy. The

298 -
absclute ijonic entropy, §298’ is defined by Criss and

Cobble (1964) as,

-0 - d - -0 +

S298 = Sz9g T 2% Spgg(H)
where Z is the ionic charge of the species and §;98€H+)
refers to the absoclute entropy of at ion.
At 298°K, S2..(HT) = 20.9 J mo1 'k l. The average value

298
of partial molar heat capacity between 298°K and T from

basic relationships is,

-4 =]
=o {T Sp — Sogg
P 298 1In{T/298)

Combining the above eguations then yields,

= a, + b

e |T o
T r S29g -

C
P logg

The following values for the constants a and b are

reproduced from Criss and Cobble (1964).
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HEAT CAPACITY PARAMETERS

OH and Acid gt

T(°C) Cations Anions Oxy-anions Oxy-anions c T

a b a b a b a b P l29g

60 146 -0.41 192 -~0.28 531 1.%¢6 510 3.44 96

100 i92 -0.55 243 0.00 577 2.24 565 3.97 130

150 192 -0.59 255 -0.03 556 2.27 598 3.95 138

200 209 ~0.63 272 -0.04 607 2.53 636 4.24 146
Hence, the average value of the heat capacity of an ionic

species over the temperature range of 298°K to T can be
estimated up to 473°K from the above egqguation with the

given parameters.

Example Free Energy Calculations

Consider Reaction 4 of Appendix 1,

znoHt + Bt + 2

Zn + HLO

At 298°K, the free energy change of Reaction 4 is
(10) with the standard free

calculated from Eguation

energy of

298

0 + (-237129

92970 J mol

)

1

- (=~330100)

»

o

AG

formation data of Tables 3 and 7.

£,2noHY ~

- 0

Thu

AG®
f,H

Sy

+
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Equation (12) then yields the potential -pH relationship
given in Appendix 2,

1 1 -1

Eh,gg = - 92970 J mol -+ 8.314 J mol "K "~ 298 K 1 (znout) (HT)
2-96487 C mol” 296487 C mol™ 1

or,
Eh,qgg (VOolts) =-0.482 - 0.0296 pH + 0.0296 log (znoH™) .

The calculation of EhT at elevated temperatures,
similarly, requires that the standard free energy of
formation be known for each species cof interest at the
elevated temperature, T. Consider the zZnOH™T species as an
example. The formation reaction of the zno* species from
the elements is,

Zn + %02 + %HZ = ZnOI—I+ + e .

The standard reference state at all temperatures has been

defined as the standard hydrogen electrode which is,

+ —
H + e = %Hz .

The formation reaction with respect to the standard
reference state is, then, the sum of the above two reactions,
or

-+

Zn + %0, + H ZnoH' .

The standard free energy change of this formation reaction,
using the free energy data of Naramov, et al (1974) is,
1

=] -_—
&Gf,298 -333260 - 0 - %(0) - 0 = -333260 J mol .
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The entropy of the znoH™ species was estimated in the
8398 8l1.6 J mol_lK—l, or on the
absolute scale §;98 = 60.7 J mol 'k™l. The standard

entropy change of the formation reaction, using the data
of Tables 3 and 7, is

previous section as,

Asf,298 8l1.6 - 41.63 ~ %(205.138) - 0

= =-62.6 J mo].“lKW1 .

Using the Correspondence Principal of Criss and Cobble
{(1964), the average molar heat capacity of the znoH"

species between 298°K and 473°K is calculated as follows:

-
= 473

o l208 209 - 0.63(60.7)

= 171 J mo1 1x™1 .
The average molar heat capacities of all species of
interest can be calculated in this manner and compiled
as shown in Table 8. Using the data in Table 8, then,
the average heat capacity change of the formation reaction
between 298°K and 473°K is,

ATS 473 _ 191 - 26.15 - %(30.1) - 146
p.f (298 - -

~16.2 J mo1 tx~?

The standard free energy of formation for the ZnOH "
species at 473°K is then calculated using Equation (18),
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<]
AGY 473 = 333260 - (-62.6) (473 - 298.15)

473

+ (-16.2) (473 - 298.15 - 473 1n »ga 35)

-333260 + 10946 + 705

-321600 J mol ‘K%

The standard free energy of formation of all the species
of the 2n-5-50,-H,0 system at four elevated temperatures
were calculated in this manner and are compiled in

Table 8. The free energy change of Reaction 4 can then be
calculated with Equation (10) using the data in Table 8.
At 473°K the free energy change of Reaction 4 is,

(=]
AG473 = 0 + (-210040) - (-321500) - O

1

111460 J mol

Equation (12) then yields the potential -pH relationship
at 473°K as given in Appendix 2,

_ -1 -1,=1 o
Eh, ., = 111460 J mol“l , 8.314 J mol 'K _%?3I<ln (znoH*) (5%)
2: 96487 C mol 2-96487 C mol
oxr,
Eh (volts) =-0.578 — 0.0469 pH + 0.0469 log(znOHY).

The calculation of all the potential -pH relationships
presented in Appendix 2 for the anS~SOZ—H20 system were

accomplished in this manner.
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A.3.3 CALCULATION OF PERCENT ZINC EXTRACTION

Percent zinc extraction, as used in this study, is
defined as the percentage of the available zinc dissolved
into solution. In a standard two hour leaching experiment,
20 samples were withdrawn from the reactor each

containing about 4cm3

of slurry. After completing several
tests it was found that the average mass of soclids lost
through the extraction of samples was approximately

0.17g per sample. A formula for the calculation of

percent zinc extraction was devised to account for the

loss of solids and sclution from the reactor due to
sampling. Since the reactor in the standard test contained
700.0 em3 of water and 30.0g of Zns, the devised formula

is,

C(0.704-0.004n)
SEXTN . 100%
0.647(30.17-0.17n}

where C is the solution concentration of zinc in g dm“3

measured by AAS (Appendix 5.1) and n is the sample number.
0.647 is the mass fraction of zinc in the Ventron
sphalerite determined by repeated assays (Appendix 4).

For example if a zinc concentration of 0.80 gdm is
measured in the first sample taken at one minute in a
standard test, the percent zinc extraction is,

0.80 g dm > . 0.700 dm>

$EXTN . 100%
0.647 . 30.0g

2.9 percent extraction.

If a zinc concentration of 22.45 g dm_3 is measured after
120 minutes of leaching (i.e., sample number 20} the
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percent zinc extraction is,

22.45 g dm~ > . 620 dm>
SEXTN = . 100%
0.647 . 26.6g

= 80.9 percent extraction.

This method was found to account reasonably for the

losses incurred through sampling.

A.3.4 DEVELOPMENT OF THE SHRINKING CORE MODEL

A fluid-solid heterogeneous reaction may be
represented by the following reaction,

A{fluid) + bB{soclid) = Products .

The shrinking core model of the reaction process can be
visualized to occur by the five steps given in Chapter
Four. At times some of these steps do not exist.

For instance, if no solid product is formed by the
reaction, no product layer can be formed on the particle
surface. Consequently, product layer diffusion (Steps

2 and 4) does not apply, and this case is referred to as
the shrinking particle model. In the basic treatment of
the shrinking core model, conversion equations are
developed for elementary irreversible reactions and
Steps 4 and 5 do not apply. Therefore, the eguations of
Figure 26 are derived for each case in which Steps 1, 2

and 3, in turn, are rate limiting.

Whenever the resistance of the solution film is rate
controlling, the concentration gradient for the reactant
A is given by (Cz - O) which is the concentration of A in
the bulk solution less its concentration at the particle
surface. Based on the available surface area, s, which is



- 266 -

unchanging when a product laver is forméd, the rate of
mass transfer by the stoichiometry of the above reaction

is,

dt dnrr

If °g is the molar density of B in the solid, the above
equation becomes,

1 an 1 a(zvr?y ar  epr? ar
_ -8 _ e — B

s dt 4rx dr at r dt
o o

= b deA

Rearranging and integrating as unreacted core shrinks with

time,
2 r 2 t
- — [ r“dr = b k.C S dt
2 r da’aA o
r O
(@]
or
Pp ¥ 3
B
t = S [1m (=) 1]
r
3b k4Cp o

The time required for complete reaction, 1, is given

when r = 0, or

PR To

3b deA

The radius of unreacted core in terms of fractional time
for complete conversion is then,
: )

= 1 - (—) .
T T
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If o is defined as the fraction of the solid material

reacted, then

L 3 L 3 3 3

PR3 fo TPRTTY o 7T _ r 3

a o 3 = -—-—-——-——3 = 1 - (_)
r
pBiwro o ©
Therefore, t/7 = o and

3b k. .C

___.__D_‘A +t = .
P fo

This eguation represents the time, conversion relationship
when solution film diffusion is rate controlling.

Since the progress of the reaction is unaffected by
the presence of any surrounding layers in the case of
chemical reaction control, the quantity of material
reacting is proportional to the available surface of
unreacted core. Thus, based on unit surface area, the

rate of reaction is given by,

s a4t 4'nr2 dt dvr dt

where kr is the first-order rate constant of the surface

reaction. If Ng is written in terms of the shrinking

radius then,
1 d(%ﬂr3) dr 1 dr
p— p — e

2
—— py 4Tr° =-p, — = b k_C
4ryxy B dat dt éﬂrz B B dt T

Upon integration this eguation becomes

r _ t
~Pg .&O dr = b erA .% at
O 0
t = B (ro—r).
b k. C
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The time required for complete conversion, 1, is given
when r = 0, or

PrTo
b erA

The fraction of solid material reacted, o, as derived
above 1is,

The decrease in radius or increase in fractional conversion

is then,

t r -r r L
— = Q = ] = — =1 - (1‘@.)3
T r, r,
or,
b k._C 1
— XA - 1 - (1-a)F .
PO

This equation represents the time conversion relationship

when the surface reaction is rate limiting.

The situation in which resistance to diffusion
through the product layer controls the rate of reaction
requires a two-step analysis. First, the flux relation-
ships for a typical partially leached particle are
developed. Then, this relationship is applied to all
values of r by integrating r from r, to 0. The rate of
reaction of A at any instant is given by its rate of
diffusion to the reaction surface. The flux of A, QA,
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is constant at all radial positions, or

constant .

|

il
N
=
H
0

Ii

The flux of A in the product layer may be expressed by
Fick's law as,

where De is the effective diffusion coefficient.

Combining these two equations yields,

dNA 5 dc
— = 47r De —— = ¢constant .

dt dr

Integrating across the ash layer from r, tor gives,

dN dr
- —A 2 frr — = 4mD, ICO ac,
dt O r A
or,
dNA 1 1

dt r r

This expression represents the conditions of a reacting

particle at any time. As with film diffusion, N, can be

A
written in terms of r. Separating variables and integrating
then vields,
r 1 1 2 t
-0y % (= --=—)r" dar = b DC, [ dt
o r r
o
o PLT 2
r r
£t = —B2 (1 -30)%+2(4 7
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The time required for complete conversion is

2
PpTfso

6b DecA

The progression of the reaction in terms of the time
required for complete conversion is
+ r 2 r 3

= 1 - 3{(-—) + 2(—)

r
T s o

In terms of fractional conversion, o, the above egquation

becomes
t 2
— = 1 - 3(1-a)7% + 2{1l-w)
T
or
2Zb D C 2
eh - 1 - 24 - (1-a)
2 3
s Pm

This equation represents the time conversion relationship
when product layer diffusion is limiting the reaction
process.
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APPENDIX 4

MATERIALS AND REAGENTS

Sphalerite

Electronic grade zinc sulphide in the form of a
fine powder was supplied by VENTRON GMBH, D-7500
Karlsruhe -1. Two bulk samples of this material with
different lot numbers were supplied by the manufacturer.
Both samples were shown to be composed entirely of well
crystallized sphalerite by x-ray diffraction. Repeated
assays, by both the author and by other laboratories,
revealed both samples to be free of iron and have the
following composition:

Percent Mass

in 04d.7
5 35.0

A particle size distribution was obtained on each sample
with a SediGraph Particle Size Analyzer manufactured by
Micromeritics Instrument Corporation and are shown in the
following graphs. The sample with lot no. 080581 was
somewhat coarser, with a mean particle size of 4.4 um as
compared to lot no. 031220608 with a mean particle size
2g—1
was determined on lot no. 031220608 by nitrogen adsorption
according to the B.E.T. method. The majority of the
experimental work was carried out on the Ventron sphalerite
with lot no. 031220608.

of 2.2 ym. Also, a specific surface area of 17.3 m

Reagent Gases

All gases were supplied in commercial gas cylinders
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by CIG Ltd., Sydney. The sulphur dioxide used was
anhydrous purified industrial grade. The oxXygen was
standard industrial grade and the nitrogen was a high

purity grade.

Other Reagents

All other reagents used including ferric sulphate,
ferrous sulphate, zinc oxide, sodium sulphite, sodium
thiosulphate, zinc sulphate and sulphuric acid were
analytical grade reagents. '



- 275 -

APPENDIX 5

ANALYTICAL METHQODS

A.5.1 DETERMINATION OF ZINC AND IRON BY ATOMIC ABSORPTION
SPECTROPHOTOMETRY

Aliquots of leach liguor samples, or solutions from
equilibrium studies, were diluted with hydrochloric acid
as reguired and analyzed by atomic absorption
.spectrophotometry. The instrument used for analysis was
a Techtron Type AA-5 atomic absorption spectrophotometer.
Standard metal solutions, for calibration purposes, were
prepared from Merck analytical grade zinc metal and
Merck Titrisol standard iron sclution. The following

wavelengths and conditions were used to measure zinc and

iron:

Zinc Zinc Iron
Lamp Current ma 5 5 5
Slit Width um 100 100 50
Fuel/Support acetylene/air acetylene/air acetylene/air
Wavelength nm 213.9 307.6 248.3
Working Range Used 0.5~3ppm (LEOMB.Ogdmf3 5-20ppm

A.5.2 VOLUMETRIC DETERMINATION OF AQUEOQUS SULPHUR
DIOXTIDE AND THIOSULPHATE

The total concentration of agueous sulphur dioxide
{i.e., total concentration of all sulphite species) and
thiosulphate was determined using the iodometric titration
method described by Vogel (1961). In this method,
thiosulphate is oxidized by iodine in an acid medium to
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tetrathionate by the reaction,

and sulphite (i.e., S50,(ag), Hsog' and sog') is oxidized
to sulphate by,
2- 2

3 + 12 + H20 = S0 + 2H + 2T .

S0
The total equivalents of sulphite and thiosulphate are
determined by adding an aliguot of sample to an excess of
standard iodine solution. The excess iodine is then
determined by back titration with a standard thiosulphate
solution, using starch as an indicator. A second aliquot
can then be added to an alkaline solution o©of formaldehyde
to deactivate the sulphite. The solution is then
acidified and titrated with a standard iodine solution.
The difference in the two titrations represents the total
sulphite concentration. Since thicosulphate is unstable
in a low pH leach liguor, the second titration was seldom
carried out. Depending on the sulphite concentration
in the solutions being examined, 0.1N or 0.01N sodium
thiosulphate and iodine solutions were employed and the

aliguots varied from 1.0 to 50.0 cm3.

A.5.3 SPECTROPHOTOMETRIC DETERMINATION OF TETRATHIONATE

A method was required for the estimation of
tetrathionate in agueous sulphur dioxide leach liguors
to confirm the postulated formation of tetrathionate in
such leach ligquors. The formation of the tetrathionate
species from the decomposition of sphalerite in agqueous
sulphurous acid is predicted on a thermodynamic basis by
the Eh-pH diagram of Figure 51. A literature search
revealed a promising sensitive method for the estimation
of tetrathionate in a mixture with thiosulphate.
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Consequently, an investigation was made into its possible

application to sulphur dioxide leach liquors.

The spectrophotometric method described by
Nietzel and DeSesa (1953) and Kelly, et al (1969) is
based on the formation of thiocyanate from tetrathionate
by reaction with cyanide in an alkaline medium.
Subsequently, a red ferric thiocyanate complex is
developed with ferric nitrate and is read with a
spectrophotometer at 460 nm. Tetrathionate and
thiosulphate react with cyanide accerding to the following

reactions:
S 027 4+ 30N + H.0 = 8,027 + 502+ 2HCN + SCN~
4-6 2 273 4
2- - cu?* 2- -
S,04 + CN = SO0, + SCN

The first reaction occurs spontaneocusly at low temperatures
{approximately 5°C) while the second reaction occurs at low

temperatures in the presence of cupric ions.

The analysis method described by XKelly, et al (1969)
includes the estimation of the trithionate species. Since
the trithionate and thiosulphate species are unstable under
the acidic conditions of a sulphur dioxide leach medium, the
procedure was adapted for the estimation of tetrathionate
only. The matrix interference effects of sulphur dioxide,
zinc and ferrous ion were then evaluated in the modified

procedure.

As no tetrathionate standard was available, potassium
tetrathionate was prepared as described by Trudinger (1961).
This involves the reaction of sodium thiosulphate with a
KI/I2 solution and precipitation of potassium tetrathionate
with ethancl. Calibration standards for the spectro-

photometric method were made using a standard potassium
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thiocyanate scolution. Trial analyses with potassium
tetrathionate in a acidified solution showed a
quantitative recovery of the tetrathiocnate. No
interference effects from zinc or ferrous iron were
found. Sulphur dioxide, on the other hand, appears to
affect the analysis. It was determined, however, that
with a suitable dilution and using the method of standard
additions this interference affect was minimal. The
method used for spectrophotometric calibration and for
analysis of tetrathiconate is presented with a summary

of the reagents required.

REAGENTS

3

Potassium Thiocyanate: 1.000g KSCN diluted to 1.00 dm
with water. 1.00 cm® = 598 ug SCN .

Tetrathionate Solution: 0.6000 g K25406 diluted to
1.00 dm® with water. 1.00 cm® = 444.5 g S,0°"

- 2=

= 2,000 pmol $,40¢ .
NaH2P04-NaOH Buffer: A mixture of 0.2N NaCH and

0.2 M NaH2P04. PH approximately 7.4.

Cyanide: 0.1 M KCN in water.
Ferric Nitrate: 1.5 M Fe(N03}3 in 4 N HC104.

Dissolve 60.6 g Fe(NO3); . 9H,0 in a minimum amount of
water. Heat if necessary. <Cool and add 34 cm3 of
concentrated perchloric acid, HC104(70% w/w, s.g. 1.70)

and dilute to 100 cm3 with water.

PROCEDURE

1. To each of four 25 cm3 volumetric flasks add 4 cm3

of buffer.
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2. CALIBRATION: To three of the flasks add 0.200,
0.400 and 0.600 cm3 respectively of the standard

KSCN solution (eguivalent to 119.6 ug, 239.2 ug and
358.8 ug of SCN respectively). Add water to give
a total volume of 10 cm3. One volumetric flask is

used as a reagent blank.

ANALYSIS: To each of three flasks add the
appropriate aliquot of leach liquor containing
around 1 umol (224 nug) of S4C>2_ . To the three
flasks add, respectively, 0.0, 0.500 and 1.000 cm

of standard tetrathionate sclution (0.0 ug,

3

222.5 ug and 445 ug of S4Oé%_, respectively). The
fourth flask is used as a reagent blank. Add water

to give each flask a total volume of 10 cm3.

3. Cool the flasks to 5°C in ice water. Add 5 cm3
of 0.1 M KCN to each flask. Mix rapidly and maintain
the mixture at 5°C for 20 mintues.

4. Add 3 cmo

with continuous agitation. Warm each flask up to

of ferric nitrate solution to each flask

room temperature with constant shaking to redissolve

3

any precipitate. Make up to the 25 cm” mark with

water.

5. Read at once the ferric thiocyanate color which
develops at 460 nm in 1 cm cells in a spectro-
photometer against the blank.

The aliquot of sample taken in step 2 should contain

approximately 1 umol of séogb' for optimum sensitivity
in this procedure. It is recommended that for unknown
solutions, a run be first carried out to establish the
ievel of S4Oéb' present and then the method of standard
additions be applied to a suitable aliguot to minimize

matrix effects.
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The instrument used in the experimental work was a
Varian Techtron model 635 UV-VIS spectrophotometer. Small
volume aliquots were taken with a Gilson variable volume
pipette. The method of standard additions has been
described by Vogel (1961}).

A.5.4 VOLUMETRIC DETERMINATION OF SULPHURIC ACID

The concentration of sulphuric acid in leach ligquor
was determined by titration against sodium hydroxide.
To minimize interference effects, ferric iron was first
reduced by reaction with potassium iodide and then the
acid was titrated with 0.5 N NaOH using bromocrescl

green - methyl orange indicator.

Procedure

3

1. Pipette 20.0 cm~ of leach liguor into a tall beaker

3 with water.

and dilute to approximately 100 cm
2. Boecil gently on a hotplate for 15 minutes to
expel any 802.

3. Cool to ambient temperature. add a 50% W/V KI
solution drop by drop until no more iodine 1is
liberated and allow to stand for 10 minutes.

4. Add from a drop bottle a sufficient guantity of
10% W/V sodium thiosulphate solution to decolorize
the iodine.

5. Add 5 drops of indicator and titrate toc a green
end point with 0.5 N NaOH.

The 0.5 N NaOH soclution was calibrated against a Merck
Titrisol 9.808 g dm~3 standard H,S0, solution. The
indicator can be prepared in the following manner:
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triturate 0.1 g bromocresol green and 0.02 g methyl

3

ocrange in 2 cm” of 0.25 N NaOH in an agate mortar

and dilute to 100 cm3 with water.

A.5.5 VOLUMETRIC DETERMINATION OF FERROUS/FERRIC IRON

Ferrous iron was determined in sulphur dioxide leach
liguors in the presence of ferric iron by oxidation with
potassium dichromate. The method as described by Vogel
(1961) is based on the guantitative oxidation of ferrous

iron in cold acid solution (HC1 or H 304) to the ferric

2
oxidation state by potassium dichromate according to the
reaction
6re’’ + cr.02” + 1487 = eredt + 2c23% 4+ 7m0

277 2

In acid solution, the reduction of potassium dichromate
may be represented as:

3+

cr.02” + 14t + 6 = 2cr

20+ + 7H20

from which it follows that the eqguivalent weight is
one—-sixth the molecular weight, 294.2216 or 49.037. A
0.1 N solution therefore contains 4.9037 g dmw3 K2Cr207.
Either diphenylamine, or potassium or barium
diphenylamine sulphonate is employed as the internal
redox indicator. A slight excess of the oxidant (K2Cr207)
causes the indicator to change to an intense violet-blue
color. Since the standard oxidation potential of
diphenylamine and diphenylamine sulphonate are close to
the standard oxidation potential of the iron couple, it is
necessary to add POJ}- or F© to complex the Fe3+ causing it
to be more readily oxidized. This also serves to remove
the yellow color of ferric iron which would interfere with

the color change at the endpoint. Each 0.1 cm3 of a 0.5%
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indicator solution requires approximately 0.2 cm3 of
0.02 N oxidant and this correction should be made when
oxidants of this strength are used for titration. The
standard procedure given by Vogel (1961) was modified in
the present work since sulphur dioxide would also be

oxidized by the potassium dichromate.

REAGENTS

Potassium Dichromate: A 0.1 N K20r207 stock solution
was prepared as described by Vogel (1%61). This solution
was further diluted to a 0.02 N K,Cr,0, working solution.
Thus, 1.0 cm3 of the 0.02 N K20r207 solution equals

1.117 mg Fe?t.

Barium Diphenvlamine Sulphonate: 0.50 g of the reagent

3

is diluted to 100 cm” with water.

Sulphuric - Phosphoric Acid Sclution: 208 (V/V)

concentrated H,S0, and 20% (V/V) concentrated H3P04 in

water.

PROCEDURE

1. Pipette 4.00 em® of leach ligquor into a 125 cm3
Philips beaker with a magnetic stirrer. Add
100 cm® distilled water and 20 cm3 of the H2804/H3PO4
solution.

2. Place the beaker on a hot plate and introduce
nitrogen gas into the solution through a gas
sparger at a steady rate while stirring. Quickly

bring the solution to a boil for 7 to 10 minutes
to completely expel any residual SOZ‘

3. Cool the contents to room temperature in ice water
keeping the beaker covered by a watch glass or foil
to avoid contamination with air.
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4. Add 3 drops of the indicator solution and titrate
with 0.02 N K,Cr,0, to the first permanent
violet-blue endpoint. Subtract 0.2 cm3 from the
titre reading and calculate the mg Fe2+ in the
4.0 cm3 aliguot titrated by,

1 cm® of 0.02 N K,Cr,0, = 1.117 mg rel”t

The total iron c¢an then be determined by atomic absorption
spectrophotometry on an aliguot of the same sample.
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APPENDIX 6

Eh AND pH STANDARDIZATION

The pH measurement system used in the experimental
work consisted of an Orion Research digital pH/millivolt
meter, model 611 with a Phillips CHZ21 high temperature
combination pH electrode. The Orion meter, when properly
calibrated with a particular electrode, has an internal
temperature compensation, based on the resistance of the
electrode, that automatically adjusts itself to the
temperature of electrode environment. Therefore, accurate
pH measurements were obtained in the temperature range of
10°C to 90°C by standardizing the measurement system with
two NBS standard buffer solutions at 20°C and 60°C.

Vogel (1961) describes the NBS standard buffer soclutions
and their method of preparation. The two standards used
and their pH at various temperatures are summarized below.

VALUES OF pH FOR NBS STANDARD BUFFERS: VOGEL (1961)

TEMP.

oC 20 25 30 40 50 60 70 80 90

A 4.00 4.01 4.01 4.03 4.06 4.09 4.12 4.16 4.20
B 6.88 6.86 6.85 6.84 6.83 6.84 6.85 6.86 6.88

A KH phthalate, M = 0.05 mol dm‘3
B: KH,PO,, M = 0.025 mol dm >
Na2HPO4,M = 0.025 mol dmm3

M denotes molarity and the solvent is water.
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The solution potential or Eh was measured using an
Anax pH/millivolt meter with a 1.0 M KC1l, silver/silver
chloride platinum redox electrode. The potential of the
electrode was checked using Zobell solution as described
by Langmuir (1971). 2Zobell solution is composed of
0.003M potassium ferrocyanide and 0.003M potassium
ferricyanide in 0.1M KCl. The potassium ferrocyanide
and ferricyanide may be prepared as two separate solutions
and mixed in equal volumes as required. The potential of
Zobell solution with respect to the 1.0M KCl, Ag/AgCl
electrode is 192 mVv at 25°C, Langmuir (1971). If the
potential of the electrode is significantly different from
this value, all measurements must be adjusted by adding a
value dE to the measured potential where,

dE = 192 - EZ mv

if E, is the observed potential of the electrode in
Zobell solution. The potential of the Ag/AgCl electrode
varies with temperature. Since Eh is defined as the
potential with respect to the standard hydrogen electrode
at all temperatures, a value E must be added to the
measured potential to obtain the Eh. The potential of a
1.0M KCl, Ag/AgCl electrode relative to a standard
hydrogen electrode, E), is given below at various

temperatures as calculated from the data of Langmuir (1971).

TEMP °C 25 40 60 75 90
E” mv 237 227 215 206 196
As an example, consider a leach ligquor at 60°C. The

potential of the leach media is 365 mV as measured with a
1.0M KC1 Ag/AgCl electrode. This electrode at 25°C gave a
potential of 199 mV in freshly mixed Zobell solution.
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The Eh of the leach ligquor, therefore, is

-

Eh = + E + dE

EAg/AgCl
= 365 + 215 + {(~7)

= 573 mV .

Solution Eh was calculated in this manner throughout the

experimental work.
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APPENDIX 7

EXPERIMENTAL DATA

Solubility Data

The data below represents the sclubility of
ZnSO3‘2%H20 by direct measurement. Various guantities
of Zn0 were dissolved in excess agueous sO,.
Precipitation of ZnSO3-2%H20 occurred when the excess
SO, was removed. The feollowing data was measured when
egquilibrium was established after several hours in the
reactor.

ZnO Time Temp [Zn2+]_3 log,, 150571 _, Log,_ nz[so%‘]
g hrs °C meol dm [Zn” ] mol dm [803 ] pH TznZ+t]
10.0 18 25 0.315 -0.51 0.557 -0.25 3.12 1.77
5.0 240 25 0.130 -0.88 0.222 -0.65 3.68 1.71
6.0 40 25 0.191 -0.72 0.351 -0.45 3.36 i.84
3.0 25 25 0.0735 -1.13 0.115 -0.94 4.12 1.52
1.0 133 25 0.0400 -1.39 0.062 -1.21 4.49 1.55
8.0 120 25 0.142 =-0.85 0.255 ~-0.59 3.42 1.80
10.0 43 25 0.152 -0.82 0.278 -0.56 3.67 1.83
4.0 135 25 0.132 -0.88 0.241 -0.62 3.46 1.83
14.0 96 25 0.1¢8 -0.70 0.371 -0.43 3.48 1.87

The data below represents the solubility of ZnSOB-z%Hzo.
Crystalline zinc sulphite was suspended in water and allowed
to dissolve until equilibrium was achieved. The various
measurements were made as the solid approached eguilibrium
with the solution. The two experiments presented below

summarize six experiments performed in this manner.
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Time Temp [Zn®") _s log,, {so%‘}_a log,_ n=[E‘»C)g“]
hrs. °C mecl dm [Zn mol dm [8 3 ] pH m
2.5 25.9 0.0113 -1.95 0.0162 ~-1.79 5.93 1.43
14 25.0 0.0116 -1.94 0.0179 -1.75 5.86 1.54
16.5 25.0 0.0123 =-1.91 0.0179 -1.75 5.85 1.46
18.5 25.5 0.0123 -1.91 6.0182 -1.74 5.84 1.48
42 25.0 0.0127 -1.90 0.0185 ~1.73 5.84 1.46
138 25.2 0.0124 -1.90 0.0189 -1.72 5.81 1.52

25.4 0.0106 =-1.97 0.0151 =-1.82 5.99 1.42
4.5 27.0 0.0117 -1.93 0.0173 ~1.76 5.78 1.48

26.0 0.0117 -1.983 0.0175 =-1.76 5.74 1.50
50 25.2 0.0126 =-1.90 0.0190 -1.72 5.81 1.51
56 25.6 0.0129 -1.89 0.0192 -1.72 5.83 1.49
70 25.2 0.0126 ~-1.90 0.0188 -1.72 5.86 1.49
73 25.1 0.0127 -1.90 0.0192 -1.72 5.83 1.51
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Leaching Data

The following data represents the kinetic study on
the dissolution of sphalerite in agqueous sulphurous acid

media.
TEST 62
36.0 g ZnS 700 cm? H,0 60°C 800 rpm
50% S0,/0, at 500 cm? min~ !

TIME znéY | s 1 s5,0.%7
hours Eh pH g dm EXTN 1-(1-a)® g dm
0 328 1.3e —_— - ——

5 min. 276 1.41 1.62 5.8 0.020

10 min, 254 1.46 2.45 8.8 0.030 4.6
15 min. 251 1.47 3.07 11.0 0.038 5.8
20 min. 248 1.47 3.72 13.3 0.046 7.8
30 min. 241 1.43 4.45 15.9 0.056

45 min. 236 1.39 5.36 19.1 0.068

1 233 1.38 6.16 21.9 0.079

1% 230 1.33 7.67 27.2 0.1060

2 228 1.31 8.73 30.9 C.116

2% 226 1.28 10.08 35.5 0.136

3 225  1.27 11.30 39.7 C.155

3% 225 1.24 12.17 42.7 0.169 27.8
4 226 1.23 13.53 47.3 0.192

4% 226 1.20 14.74 51.4 0.214

5 226 1.19 15.65 54.4 0.230 39.5
5% 227 1.17 16.56 57.5 0.248

6 228 1.17 17.80 61.6 0.273

7 230 1.1e6 19.78 68.3 0.318 45.0
8 232 1.14 21.59 74.3 0.364

9 233 1.14 23.17 79.5 0.410 58.1
10 234 1.15 24 .75 84.7 0.465 66.0
12 235 1.17 26.86 91.7 0.564

15 234 1.20 27.91 95.0 0.632

20 234 1.22 28.44 96.5 0.672

24 231 1.24 28.96 28.0 0.729 33.5
26 229 1.23 28.96 98.0 0.729 37.0

28 229 1.23 28.96 98.0 0.729
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TEST 63

700 cm?
50% 802/02 at 500 cm?® min

HZO

STAGE 1 LEACH

2+

60°C
-1

800 rpm

TIME zn<" _, 2 54063;
hours Eh pH g dm EXTN 1-(1l-a) g dm
0 315 1.27 - - —-———
5 min. 259 1.25 1.65 6.0 0.020
10 min. 264 1.24 2.53 9.1 0.031 3.84
15 min. 2589 1.23 3.24 11.6 0.040 5.36
20 min. 257 1.22 3.78 13.5 0.047 7.20
30 min. 253 1.20 4.68 16.7 0.059
45 min. 247 1.17 6.00 21.4 0.077
1 243 1.14 6.73 23.8 0.087
1% 239 1.09 8.41 29.8 0.111
2 236 1.04 9.85 34.8 0.133
2% 233 1.00 11.35 40.0 0.157 24.5
3 232 0.97 12.61 44 .4 0.178
3% 231 0.93 14.24 50.0 0.206 31.3
STAGE 2 LEACH
So0lid residue from Stage 1, same conditions,
cumulative % EXTN.

0] 252 1.15 - - -
5 min. 264 1.22 1.88 56.8 0.244
10 min. 259 1.19 2.94 60.6 0.267 5.08
15 min. 256 1.19 3.78 63.6 0.286 5.88
20 min. 252 1.18 4.38 65.6 0.299 7.20
30 min. 244 1.16 5.23 68.6 0.320
45 min. 238 1.13 6.12 71.8 0.344
1 235 1.10 6.73 73.9 0.361
1% 232 1.12 7.81 77.7 0.394
2 226 1.12 8.53 80.2 0.417
2% 226 1.10 9.37 83.0 0.446 19.5
3 224 1.10 10.27 86.1 0.482
3% 224 1.09 10.63 87.3 0.497 25.6
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