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ABSTRACT.

Two distinctly dif ferent non-ferrous pyrometallurgical
processes were studied, namely the decoppering of lead and
slag cleaning. Both were subjected to computer modelling
based on coup]ed reaction multi-component transport control
theory described by Robertson et al.( Iron and Steelmaking,
Vol. 11, No.1, 1984 ). A significant extension to the theory
was added by considering the effect of diffusion in the solid
phase as being rate limiting. In each, relevent bench scale

experiments were carried out for comparison with model

predictions. Comparison with experimental results of other
authors was also performed. In all cases, good agreement was
achieved.

From this, the validity of estimates of mass transfer and
dif fusion coefficients input into the model has been
assessed,and the validity of a newly proposed mechanism for

decoppering reinforced.
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SECTION ONE.

THE REDUCTION OF NON-FERROUS

VALUES FROM SLAGS.



1.0 Introduction

1.1 Slag Cleaning

Reduction of non-ferrous metal values from slags is currently
the subject of considerable research and development efforts
in the extractive metallurgy industry. The growing
importance of such ‘"slag cleaning" operations can be
attributed to the following factors.

1) The widespread introduction of flash smelting of sulphides
and the trend to the production of higher grade mattes in the
copper and nickel industries have led to increased metal
losses to the slag phase during smelting. Furthermore,
efficient recovery of values from converter slags by slag
recycled to the smelting stage has also been effectively been
prevented, thus necessitating separate slag cleaning
treatments. Slag cleaning is also of crucial importance in
all proposed processes for continuous production of copper
and lead.

2) In many cases, recent attempts at the exploitation of
complex ores have involved the production of complex
multi-component slags that contain non—-ferrous values
demanding subsequent metal recovery procedures.

The technology, economics,and phyiochemical aspects of slag
cleaning have been considered in a number of recent

comprehensive review articles (1-3) .

In  pyrometallurgical
slag cleaning, two mechanisms of metal recovery can be

identified.



1) Chemical reduction of dissolved metal into either metallic
or matte phases by means of a reductant.

2) Physical settling of dispersed or entrained metal and/or
matte particles from the slag phase.

Electric furnaces heated via submerged electrodes , top blown
rotary converters, and Sirosmeit submerged combustion
reactors all have been employed for slag cleaning purposes.
Optimization of the reactor conditions and metal recovery in
such operations is obviously of prime importance in
determining their economic viability.

Slag cleaning by reduction of values into the metallic phase
will involve simultaneous oxidation into slag, reduction from
slag and volatilization of species from metal and slag
phases. Because of the complexity of the slags ( see
table(1) ) and the multi-component nature of the metallic
phases likely to be found in a slag cleaning reactor, at
present little understanding of the interaction of the many
coupled and competing reactions is held. Thus, it was
considered important to develop a multi~component model,
based» on presently available fundamental data of chemical
reactions involved.

The model specifically concentrates on conditions likely to
be encountered towards the end of a slag cleaning operation
where a copper rich metallic phase is in contact with an iron
oxide rich slag. Even wunder idealized representations of
such conditions, the model development process has
highlighted the lack of some essential fundamental data.

Insights into the values of this missing data were gained by



Table 1. Typical Analyses of Potential Slag for Slag
Cleaning Treatment. (Ref. (3) for Cu,Ni,and Pb; Ref. (1) for

Zn and Complex Materials.)

Primary Process Compostition ( Wt.% ).
Metal Source.
Extracted
Copper Cu Fe 8102
Flash 1-2 |30-45|25-40
Reverb .2-.7 |25-40|35-40
Electric|.3-.7 |30-40|32-40
Noranda 11 34 20
Convert. | 2-15 [35-50}{20-30
Nickel Ni Cu Co Fe SiO2 Cal MgOo
Flash
Inco 0.39 0.14] 0.18 | 37 38 2.4 -
Qutokump|.7-1.2 - 0.05 43 30 - -
Reverb. 0.2 0.1] 0.08 | 38 36 2.0 -
Electric|0. 16 - - 21 45 - 21
Lead Pb Cu Zn Fe 8102 Ca0
Blast Fur| 3-4 .2-.7| 10-12|25-30| 20-25| S-14
Electric 4 0.08 17 8 24 34
TBRC 1-2 - 15 | 22 23 20
Zinc Zn Pb Fe Mn 8102 Cao A1203
Fum. B.F. | 256.3 | 2.3] 22.0 | 3.0 | 20.8 14.0 | 5.9
Comp lex Cu Pb Sn Zn Fe SiO2 Ca0
To Metal |TBRC - 35 1.3 16 22 33 20
To Matte |TBRC 7.5 11.3 - 9.7 40 - -




studying simple systems related to slag cleaning conditions.
Experimental results published in literature (54) were
analyzed. Further experiments on simple systems not
previously investigated were also carried out to aid in
estimating the wunknown but essential fundamental data. These
estimates were implemented into the model,which was then
applied to complex slags to arrive at conclusions applicable
to industrial slag cleaning processes.

The model is, in its current state, not specific to any
particular reactor. The principles involved can be extended
with some modification to slag cleaning procedures involving
the production of either a matte phase or of both matte and
metallic phases. However, it should be noted that the
account is only taken of the chemical reaction of dissolved
metal in the slag as a means of slag cleaning. The physical
settling of the dispersed metal and matte particles requires
a separate model taking into account the effects of
slag, matte and metal physical properties ( such as
composition, viscosity, density, and interfacial tension },
the size of dispersed particles and the degree of stirring in
the cleaning operations. Ultimately, combination of such
models would be required for complete process modelling of

commercial slag cleaning operations.



1.2 Multi-component Transport Control Theory for Kinetics for
Coupled Metal/Slag/Gas Reactions

Robertson and co—workers(4) have presented a generalized
theory for the kinetics of metal/slag/gas reactions, taking
into account the coupled nature of such reactions, which may
be applied to ferrous and nonferrous systems. The theory
assumes that

1) the chemical reactions at the interfaces between the
metal, slag,and gas phases are rapid and equilibrated at any
time, and that

2) the reaction rates are determined by mass transfer
kinetics in metal, slag,and gas phases.

The *“thin film" diffusion model is applied where the bulk
phases are assumed to be well mixed and of uniform
concentration, whilst the gradient of concentration of the
species is confined to a thin film facing the interface.
Transport across such thin films is treated by defining mass

transfer coefficients for each species in each phase, the

value of which needs to be estimated, predicted, or
experimentally determined. Consideration of species flux
density equations, limitations of equilibria at interfaces,

and mass balances permit simultaneous solution of fluxes of

species to and from the interfaces at a given time. In
principle, if sufficient fundamental information is
available, chemical control of species reactions can be

accounted for by the incorporation of "pseudo" mass transfer

coefficients or functions for specific species by permitting



deviations from equilibrium to occur at interfaces. Models
based on this multi-component transport theory have been
developed for ferrous systems involving the simultaneous
desulphurization and dephosphorization of pig iron by Ilime

based fluxes(4_7) and the decoppering and detinning of pig

iron and liquid steel via sodium sulphide additions(s)
amongst other applications.

The purpose of this work was to investigate the possibility
of the application of Robertson’s multi-component transport
theory to process modelling of the reactions involved in the
reduction of non—-ferrous metals from both slags of commercial
interest and simple binary and ternary slags. As such, this

work represents the first application to a complex

non-ferrous system.

1.3 Idealized Slag Cleaning Conditions

1.3.1 Complex Slags

During the initial stages of industrial slag cleaning process
of the kind to be modelled, a solid iron metallic phase is
typically contacted with a FeO-—CaO—SiO2 based slag containing
metal values( typically Cu, Pb, 2Zn,and Ni). The process
proceeds via simultaneous oxidation of iron and dissolution
of FeO into the slag phase, reduction of metallic values into
a liquid metal phase and the vaporization of volatile
species( typically Sn0O, PbO, Pb, Zn, Cu). During this early
stage, the slags can be very concentrated in metal values and

may therefore contain two or more phases, although



little is known of either the phase relationships or the
solution thermodynamics of individual phases of such complex
systems. As a result of the oxidation and the reduction of
metallic values, by the later stages of the slag cleaning
process, a liquid metallic copper based phase will be in
contact with a slag dilute in non-ferrous metal values.
Simultaneous oxidation into slag, reduction from slag, and
volatilization will still be proceeding. This later stage of
a slag cleaning operation provides the most convenient
subject for process modelling and investigation as the
presence of a solid metallic iron phase and a concentrated,
possibly multi-phase slag are avoided. This stage is also of
the most immediate practical concern as the ultimate degree
of metal recovery and the time required to achieve such
recoveries are major factors influencing process economics.
However, in the 1long term, a complete understanding of slag
cleaning will require that account is taken of the earlier
stages of the process.

Idealized conditions meant to represent the later stages of
slag reduction were chosen for model development as follows.
The reaction between a copper based metallic phase dilute in
Fe, Sn, Ni, Zn, and Pb in contact with a silica—saturated
fayalite type slag containing dilute levels of SnO, CUZO,
NiO, 2Zn0, and Pb0O, shown schematically in figure(1), was
considered.

The developed model allows both direct contact between
metal/gas and metal/slag/gas. The respective direct

interfacial areas are required inputs. Because of



Figure 1. Schematic Diagram of Slag Cleaning Model Showing
Flux Densities, Interfacial Activities and Bulk
Concentrations.
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limitations in available thermodynamic data, the modelling
was limited to dealing with dilute solutions in metal and
slag phases where Henry’s Law can be considered a reasonable
approximation and the relationship between chemical activity
and species concentration can be estimated with some
confidence. This approximation was achieved by limiting all
non-ferrous oxides in the slag phase to mole fractions of
less than 0.05. In order, therefore, to keep the metal
values present at dilute levels on the liquid copper,
limitations were placed on the range of slag/metal volume
ratios that were investigated. For simplicity, the phase
densities were assumed to remain constant throughout the

process.

1.3.2 Simple Slags

Although  industrially encountered non-ferrous slags which
hold interest as feedstock to a slag cleaning process are
generally complex, studies of simple slag systems will give
insight into the more complex conditions. Toguri(54) has
studied the kinetics of reducing copper from an FeO--SiO2 slag
into a copper rich metallic phase containing iron at 1200°%.
These experiments were modelled using the method described
earlier and comparisons drawn with the experimental results.

A more complex system where the slag phase contained nickel,
replacing copper in Toguri’s slag, was studied in this work.
The constraints described in the previous section were also

applied to the models, namely restricting solutions to high

dilutions, limiting phase volume ratios and inputting

10



interfacial areas. In addition to the above assumptions, the
species in these particular simple systems display Ilittle

volatility, so metal and oxide volatilization was ignored.

1



2.0 Reactions at Interfaces and Mathematical Formulation

2.1 Metal/Slag Interface

It is assumed that coupled reactions of the type

tm1™

+ 2o (0) = [Mocr]S

occur, and are at equilibrium. The metallic [M]M components
as well as oxygen in solution in the metal are transferred to
and from the interfaces, as are the oxides [MOo_]Sdissolves in
the slag. Carbon/oxygen reactions at this interface are
neglected at this stage, but should be considered at some
later point in time, having a strong effect on the oxygen
potential. Effectively, it has been assumed that no
carbon, either from reducing gases or solid reductants, has
dissolved into the metallic phase. The dissolution of carbon
in the metallic phase can also cause further problems in
process modelling as it then permits the nuc'leafion of CO
bubbles in the metal phase. Robertson(4) has considered this
problem in his modelling of pig iron
desulphurization/dephosphorization and, in  principle, similar

approaches could be used here.

12



Reactions and Equilibria Equations

i+ Leo) = tvo_3°
Koo~  2moo” (3 - oz(bé'd) )
o = 1 o)

o p02(1/2) y 2%

™M T M M

%~ *0%

MO = Mo Mo
o (o8 o

Flux Equations

_ M/S M b_ i
JM = A ( kM ( ay aM)/ Iy
M/S M b i
JO = A o) kO ( aq- ao)/ %
S/G S i b
JMO = A o kMO ( auo ~ aMO)
o o o

Conservation Equations at Interfaces

Metals

13



Conservation Equations in the Bulk

MM
Jy = dxy/dt.C .V
_ MM
Jg = dxg/dt.cC .V
s S
Jyo = Pyo 7 At . C LV
(028 o

At time, t equals zero, all bulk concentrations are known.
Thus, all flux equations becomes functions of the unknown
interfacial activities only.

Substitution of equilibrium equations can eliminate one set

of interfacial activities a'; for example, and only introduce Po -
2

Substituting these modified flux equations into the metal
conservation equations, followed by some manipulation,
results in a set of equations giving interfacial activities

as a function of Substituting for interfacial

po M
2
activities into the oxygen conservation equation will result

in an equation in Po only. This can be solved numerically.
2

Having the interfacial oxygen potential, one can
back-calculate all other interfacial activities and thus
fluxes at that point in time. Making a quasi-steady-state
assumption, an incremental time step can be input into the
bulk conservation equations to arrive at new estimates of
bulk concentrations after this time interval. The entire
solution procedure can be repeated to advance through time.

An algebraic version of this explanation can be found in

14



appendix 1,Section(a).
2.2 Slag/Gas Interface

Two types of reaction occur at the interface. The first is
the same as at the metal/slag, only differing in that ,

(1) oxygen is present as a gas and not dissolved in the metal
phase, and

(2) metal, at a high activity is being produced by reduction.

The second type of reaction is the simple volatilization of

metal oxides to the gas phase.
Mo 15 = (Mo 1€
[0 [0

The solution technique for this interface is similar in
principle to the metal/slag interface method, differing in
only two ways,

(1)  Volatilization of oxides results in the conservation
equation being more complex, and

(2) there are no flux equations available for the fluxes of
metals being produced by reduction at this interface. Thus,
if reduction is occurring, the interfacial activities of the
metals must be set ( in our case, to unity ). Details of

this solution can be found in appendix 1,Section (b).

15



2.3 Metal/Gas Interface

Volatilization reactions of the following type only were
considered.

M = o0
Because of the reducing nature of the gas phases under
consideration, reoxidation of the metallic phase was not
included in this model.
This is a simple volatilization problem. Flux equations give
unknown interfacial partial pressures and activities, which
can be related by equilibrium equations. These equations are
not coupled, so solution is trivial. Details are shown in
appendix 1, Section(c).
A full listing of the FORTRAN coding is provided in appendix

(2).

16



3.0 Model Inputs

3.1 Thermodynamics

Standard Gibb‘s free energies of reaction (AGO) were taken
from Tur*kdogan(g), JANAF tab]es(m), Nagamor‘i(“) and are
summarized in table(2). Values for the activity coefficients
of species in metallic copper and silica-saturated F—'eO—SiO2

slags, collected from Iliterature and employed in the model,

are summarized in Tables (3) and (4) respectively.

3.2 Phase Densities

The metallic phase was assumed to have a constant density of
7500 kg.m—3 and the slag phase a constant density of 3500
kg.m~3. This is quite a reasonable assumption to use within
the model because it simulates the final stages of slag
cleaning where we would not expect to see very large changes
in bulk composition. However, larger composition changes
nearer the commencement of an industrial slag cleaning
process would invalidate this simple treatment, and require a

much more elaborate method to estimate phase densities.
3.3 Transport Properties
Transport properties in the metal and especially in the slag

phase are not well known. However, experience gained over

recent years from kinetic studies in a wide range of

17



Table 2. AG © Model Input (Ref. (9) unless otherwise stated).

O i
React ion AG (ca?)
cOo = C+ % 0, 27340 + 20.50T
co, = C+0, 94490 + 0.13T
CO+ 0. = CO -67150 + 20.37T
2 2 2
cu(l) + L o = cuo -14190 + 4.72T
4 2 0.5
cu(1) = culg) 73650 - 26.02T
Fe(1) + % 0, = Fe0 -61200 + 12.83T
Fe(1) + 20, = Fe0 -97290 + 30.00T
4 2 1.5
Pb(1) + é 0, = PbO(1) -43300 + 16.26T
Pb(1) = Pblg) 43490 - 21.54T
PbO(1) = PbO(g) 51270 - 28.69T
Ni(1) + % 0, = Nio(s) -60490 - 22.99T
sn(1) + % 0, = Sno(1) -62690 - 20.69T
sn0(1) = sno(g) 57990 + 32.27T
Zn(g) + é 0, = 2n0(s) -110000 + 47.40T
zn(1) = Zn(g) 28230 - 23.96T

18

ref. (10))

(ref(11))



Table 3. Activity Coefficients at Infinite Dilution
(7,) in Liquid Copper.  Ref(12)
0 0 )
Metal RT In Ty (cal) Iy 1300 °C/1573K
Fe(1) 9300 - 0.41T7 15.95
Ni(1) 2340 2. 11
Pb{1) 8620 - 2.55T 4.37
Sn(1) -8900 0.058
Zn(1) -5640 0. 165
Table 4  Activity Coefficients at Infinite Dil( 7&0 } in
o
FeO—SiO2 Slags. Ref(13)
) 0 )
MOU ’JMO ¥ 1300 C/1573K
o
)
Cu0 (n ¥y = 3.0 3.0
©.5 o _ 3050
NiO(s) 109103'0 =5 - 1.31 4.26
PbO(1) ¥y = 0.07 0.07
o _ 8800 _
Sno( 1) 109107 =7 5.70 0.78
o _ 400
Zn0(s) Iog107 =7 1.80

In FeO - 8102 saturated a

FeO

(n

19

= 0.4

(Richardson (14))




pyrometallurgical systems enable fairly confident order of
magnitude estimates of the required mass transfer
coefficients. More accurate predictions of mass transfer
coefficients of individual species are likely to be
unreliable.

Mass transfer coefficients implemented in the simulation of
the bench scale were more closely determined. Having
collected information relating composition of the phases as a
function of time, and having reasonably confident estimates
of all other physical and chemical parameters, we are able to
match predicted rates of reaction with observed rates to
determine the mass transfer coefficients applicable to these
circumstances. It must again be noted that these mass
transfer coefficients are effective values, being defined as
a parameter to describe movement of species to,across and
away from phase boundaries, and have little bearing on the
more rigorously defined transfer coefficients of ideal
species travelling in perfectly homogeneous fluids with
perfect interface contact and instantaneous reaction at these
interfaces. Thus, these experimentally values are particular
to the experimental conditions.

In industrial practice, fhe actual mass transfer coefficients
achieved will be a function of the type of reactor employed,
the mixing conditions achieved in the process and the slag
and metal compositions.

Available data on mass transfer coefficients of species in

(1,13,15)

liguid copper and fayalite type slags indicate

comparable values in the range of D = 107" to 107> cm.s with
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the metal phase diffusion coefficient normally a small but
not insignificant amount larger. In any given phase, all
species have initially been assumed to have the same mass
transfer coefficient.

To minimize running time of the developed computer program,
consideration of the gas phase was simplified by setting the
slag/gas interfacial oxygen potentials. This  procedure
effectively assumes infinitely large oxygen gas phase mass
transfer coefficients. The model can easily be developed to
account for significant gas phase mass transfer resistances
by numerical solution of the interfacial oxygen potentials
from known bulk gas compositions and gas phase mass transfer

coefficients.

3.4 Interfacial Areas and Phase Volumes.

As with the mass transfer coefficients, the interfacial areas
present during industrial slag cleaning will be dependant
upon the type of reactor employed and the mixing conditions
achieved. For the simulations relating to the bench scale
experiments, a planar interface between the slag and metal,
which maintains perfect contact at all times, was assumed.
This is justified by considering the large density difference
between the two phases, and only the configuration where no
stirring other than convection is occurring, as is the case
of an unstirred radiation-heated crucible as wused in all
experiments considered. To arrive at the actual estimates

used, the description of apparatus and burden given by Toguri
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was used to calculate the interfacial areas of his
experiments, whilst direct measurement was possible on the
crucibles and burdens was possible in this current work.
Estimates were used for modelling of industrial slag cleaning
process  simulations, these values being widely varied
according to the process under consideration. Ultimately,
for full process simulation, a mixing model must be employed

to estimate the interfacial areas.
3.5 Comparison with "Real" Conditions

The idealized conditions chosen for this, an initial computer
modelling  development, contained some @ serious limitations
compared to the real conditions they were meant to represent.

These are discussed below.

3.5.1 Metallic Phase

The activity coefficients given 1in table (3) strictly only
apply in dilute binary solutions of metallic copper (Henry’s
Law). An extension to slightly more concentrated and
multi~component solutions can be made by use of interaction
coefficients collected and compiled in table(5). In reality,
however, final metal analyses in pilot plant slag cleaning
trials indicate that the final metal phase can be typically a
concentrated alloy of Cu-Sn-Pb or Cu-Sn-Ni containing 2Zn, Ni,
Pb, and Fe at dilute levels. Some measurements“s’m) of Cu,

Sn, and Pb activities in liquid ternary Cu-Sn-Pb alloys are

available, but extrapolation would be required for
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Table 5. Interaction Coefficients for

Copper at 1300°C  (Ref. (12))

i _ dny
€45 T §FN
Fe _
SFe_ 5.7
Ni

€ ... = unknown
Ni

Pb

ePb_ -2.7
Sn _
esn— 10
Zn _
eZn_ 4.0
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application to slag cleaning conditions. It would also be
necessary to estimate coefficients of 2Zn , Ni,and Fe when
present in Cu-Sn-Pb on the basis of their known activity
coefficients at infinite dilutions in Cu, Pb,and Sn. A
recent review of the phase diagrams and thermodynamic
properties of ternary copper systems highlights the lack of
fundamental data for some of the ternary systems liable to be
of interest to slag cleaning operations, not even taking into
account the wuncertainties involved in considering higher

component concentration systems of real concern.

3.5.2 Slag Phase

In reality, the slag phase present in actual slag cleaning
operations will be in the complex FeO - Fe O - Al O - Si0
, 2°3 2°3 2
system, rather than the simple FeO - SiO2 saturated fayalite
type slags. There are some limited data available (Floyd and

(1 . (20)

Mackey °,Rankin and See on the effect of Ca0 and A1203
on slag component activities but these refer mainly to Fe and
Cu oxides. Activity/composition relationships for components
such as Zn0O, Sn0O, Ni0O, and PbO in these slags are not well
known. The absence of such data seriously hinders the
prediction of the potentially beneficial effects of flux
additions on slag cleaning performance.

In the application of the model the iron oxide activity

( )} has been held constant in the bulk slag. This

%e0
consideration effectively assumes that the slag is always

silica saturated, that there 1is an available reservoir of

SiO2 to instantaneously maintain the conditions of silica
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saturation as more iron is oxidized into the slag phase, and
that the reduction of other metal oxides does not produce
changes in the iron oxide activity. An estimate of the value

(14)

of can be made on the basis of available data for

%e0
the simple binary FeO - SiO2 s]ags(aFeo = 0.4).

Although we are setting the activity of FeO to a constant
value to reflect silica saturation, this simplification must
be used in combination with allowances for the presence of
both ferric and ferrous oxides. The oxygen transfer rate
into and out of the slag phase to the gas phase is likely to
be governed to a large extent by the rate at with FeO and
Fe20:3 can arrive and leave the slag/gas interface.
Similarly, the rate at which iron can enter the slag from the
metallic phase to alter the bulk slag oxygen potential will
be governed by ferric and ferrous oxide diffusion.
Ohguchi(S) ignored the effect of Fe3+ when  modelling
dephosphorization / desulphurization.

The presence of Fe3+ in the slag encountered in processes
subject to very to moderately low oxygen potentials ( eg.
ironmak ing, dephosphorization/desulphurization) may not be
significant, but the relatively 1less reducing atmospheres
found in slag cleaning causes a significant concentration of
Fe3+ to be present.

The model defines diffusing species in the slag phase as
metal oxides (MOG) only. Thus, in its current form,
diffusion of free ijonic Fe cannot be directly accounted for.

This may be a serious oversight, but can be partially

countered by allowing rapid FeO1 5 movement if it becomes
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apparent that correction is required.
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4.0 Experimental Procedure and Results

A series of experiments were performed to study a system in
which a nickel laden fayalite slag was brought into contact
with a liquid copper-iron solution to measure the kinetics of
nickel removal from the slag and iron pick-up by the slag.
The experiments were designed to conform as closely as
possible to those performed by Toguri(54), varying only in
that the fayalite slag was contaminated with nickel in our
experiments rather than copper as in Toguri’s. This meant
that we can make direct comparisons of results, producing
good estimates of the mass transfer parameters by finding

those which apply well to both sets of experimental results,

all other process parameters being held constant.

4.1 Production of Master Alloys and Slags

4.1.1 Alloy Production
A quantity of electrolytic pure iron powder(93.98 wtZ%Fe) was
placed into a 250ml alumina crucible. On top of the powder,

a 1 kg block of electrode purity copper(939.999 wt%Cu) was

placed. The crucible was placed into a graphite susceptor,
which in turn, was placed into a large ceramic holder. The
assembly was inserted into the induction coil of a
Leybold-Hereaus vacuum induction furnace. The pressure was
gently lowered to 10—‘5 atmospheres, then the chamber
back-flushed with nitrogen. It was then re-evacuated and
sealed. The low oxygen potential was sought to avoid
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oxidation of the Fe powder which was expected to float to the
surface of the melt, and to avoid decomposition of the carbon
susceptor.

The temperature was raised to 1400°C and held for 15 minutes.
Virtually no oxide was formed on the surface, that being
present probable surface oxidation on the original additives.
Induction stirring was considerable, the melt surface being
highly domed while the electrical field was present. The
molten alloy was now cast into a thermally massive room
temperature steel mould to ensure rapid solidification, the
ingot shape being bars approximately 15mm in diameter and
150mm in length.

These bars were sectioned at regular intervals, each section
weighing about 20g, polished and micro-inspected to check for
homogeneity. The specimens were then sent for chemical
analysis via atomic absorption spectrometry to further check
for homogeneity and to ‘determine accurate composition. The

analytical results are shown in table(6).

4.1.2 Slag Production

The aim was to produce a uniform batch of silica—saturated
fayalite type slag containing approximately 4 wtZ%  Ni.
Stoichiometric quantities of Fe, Fe203, and SiO2 powder were
mixed together along with sufficient NiO to obtain the
required composition. The powder was uniformly mixed and
carefully placed in a 500ml pure silica crucible, which was
then slid into a Jlarger graphite crucible that was to act as

a susceptor for the induction heating. The assembly was
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Table 6. Chemical Analyses of Master Alloys and Master Slag.

Master. Samp le. Wt% Cu Wt% Fe Wt% Ni
Cu-Fe Alloy | I(a) - 4.01 <0.005
(b) - 4.02 "
(c) - 3.96 "
Average - 4.00 "
I1I(a) - 2.36 "
(b) - 2.31 "
(c) - 2.29 "
Average - 2.32 "
II1(a) - 0.10 "
(b) - 0.13 "
(c) - 0.12 !
Average - 0.12 "
Slag | Slag(a) 0.01 - 3.92
(b) 0.01 - 3.74
(c) <0.01 - 3.64
Average <0. 01 - 3.77
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placed into the furnace mentioned above. The chamber was
gently evacuated so as to avoid any loss of powder due to
“dusting”(as the air departs from between the powder
particles, it can carry particles with it). Nitrogen
back-flushing was again carried out, then the temperature was
raised to 1350°C and held for 30 minutes. It was necessary
to shake the crucible to cause the slag to slop about to get
all the powder to collapse into the melt and be dissolved.

The furnace was allowed to cool, more powder was added, and
the melting procedure was repeated to ensure sufficient slag
was produced. After final cooling, the crucible was broken
away from the slag, the slag crushed and milled and sent for
analysis. The results of this analysis of a few random

powder sample are shown in table(6).

4.2 Slag Cleaning Experiments

Slag cleaning experiments were designed to be as similar as
possible to those of Toguri‘'s so that direct comparison of
results could be carried out. However, some small changes
were implemented to improve on Toguri‘s rig. In his
experiments, slag and metal were added to the crucible at
room temperature, then heated to the reaction temperature.
This means that the time at which reaction commenced(t=0) is
somewhat imprecise. Obviously, it is desirable to have the
time at which the reaction starts well known. To minimize,
but not eliminate, this problem, the current apparatus allows

the metal phase to be heated to 1000°C before it is added to
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the slag phase which is already at the reaction temperature.
In this way, the metallic phase was completely liquid within
a few seconds of the addition and the melt back to the

desired reaction temperature within a few minutes.

4.2.1 Experimental Apparatus

The apparatus used for the ©present study is shown
schematically in figure(2). A mullite reaction tube, 75mm
internal diameter and 1000mm in length was placed in a
vertical Jlanthanum chromite resistance furnace with P.D.I.
control. Water cooled aluminium end caps, specially
developed for these experiments, sealed both ends. Through
the bottom cap, a hollow IAP(Impervious Aluminized Porcelain)
closed end tube was inserted, closed end uppermost,up the
centre of the reaction tube through a sliding seal that could
be clamped to hold the tube in place and centrally aligned.
On the end of this tube was placed an alumina crucible
support on which rested the silica crucible. Little
interaction was ever seen between the crucible, support,and
tube because of poor surface contact. An alumel/chromel
thermocouple was inserted up the inside of the tube to
continuously monitor temperature. Gas was introduced through
a port in the bottom cap. Through the top cap, another IAP
closed end tube was mounted similar to the bottom. This tube
had holes drilled in its end to facilitate the attachment of
the copper alloy pellets with a very small length of pure Cu
wire. The temperature profile of the furnace showed a

uniform hot =zone at the reaction temperature of 95mm in
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Figure 2. Slag Cleaning Experimental Apparatus. -
Vertical Mullite Tube Resistance Furnace
With Facility to Add and Remove Crucibles
Through the Bottom and Add Samples From
the Top. P.I.D Temperature Control. Two Stage
Gas Mixing Provides Accurate p02.
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length with temperature variation of less that +/- 1°. The
oxygen potentials for this study were obtained by use of a
mixture of CO and C02. Gas flows were regulated by manometer
type venturi flow meters. Gases were dried with self

indicating silica gel.

4.2.2 Experimental Procedure

Fayalite type slag containing nominally 4 wt¥%Ni was placed in
a pure silica crucible(99.999wt%8102) which was, in turn,
placed on an alumina support. The support was lifted into
the pre-heated hot zone by sliding the IAP tube up through
the end seal. The atmosphere, which was initially argon, was
now switched to the required CO/CO2 mixture. Five minutes
after the crucible was transferred, the metal pellet was
lowered from the top to a location where it was heated to 1000°C.
This took 10 minutes, by which time the crucible temperature
had settled to 1200°C and the slag was completely molten.
The pellet was then lowered into the melt and the suspension
tube withdrawn. After the desired reaction time, the
crucible and mount were rapidly Jlowered to a quench zone.
The crucible fractured during cooling. Metal and slag were
easily separated manually, but much greater care was required
to avoid fine shards of crucible becoming entrained in the
slag sample.

The iron and nickel content of the copper and the copper and
nickel content of the slag were analysed by atomic adsorption
spectrometry. Total Fe and silica contents of the master

slag were analysed by titration with K2Cr207 and
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gravimetrically respectably.

4.3 Results

The nickel content of the master slag was found to be 3.77wt%
and the iron contents in the master alloys were analysed to
be 4.00, 2.32, and 0.12 wt% . The experimental results are
summarized in table(7).

A rough mass balance on nickel was performed for each sample.
The .final mass of metal and slag could not be easily
measured. while separation of the metal from the slag and
crucible was simple, the slag and crucible were strongly
fused together. Assuming only small changes in metal and
slag masses took place, the final concentrations gave mass
balances within experimental and analytical error limits. A

sample calculation is shown below.

Initial Nickel Mass = Init.Wt% Ni in Slag x Init. Slag Mass

100

(Taking as an example the reaction at 5 x 10_11 atm.,0.12

Wt%Fe in Alloy, reacted for 20 mins.)

(3.77 Wt% Ni x 5.00 g )/100

1]

0.1885 g

1l

Final Nickel Mass ( Final Wt% Ni in Metal x Final Metal

Mass

+ Final Wt% Ni in Slag x Final Slag Mass )

/7 100

R

( Final Wt% Ni in Metal x Init. Metal
+ Final Wt% Ni in Slag x Init. Slag Mass )

/ 100
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Table 7. Experimental Conditions and Results.  Initial
Iron Content of Alloy, Oxygen Potential in the Gas Phase,
Initial Phase Masses, Reaction Time and Chemical Analyses

of Final Slag and Metallic Phases.

Wt% Fe Po Time. | Alloy| Slag |[Wt% Ni|Wt% Cu|Wt% Fe|Wt% Ni
in 2 Mass Mass |in in in in
Alloy |[(atm.) |(mins)| (g) (g) Slag |Slag |Metal [Metal
0.12 5.0 x 0 - - 3.77 0.0 0.12 0.0
10—11 20 16.13 5.0 1.48 1.50 0.49 0.64
40 15.22 5.0 0.90 2.10 0.025] 0.90
90 17.15 5.0 0.28 2.01 0.020f 1.03
240 20.18 5.0 0.31 1.97 0.010] 0.9
0 - - 3.77 0.0 0.12 0.0
10—7 20 20.39 5.0 1.01 1.47 0.04 0.63
. 40 21.17 5.0 0.89 2.50 0.01 0.59
90 20.43 5.0 0.61 2.70 0.01 0.80
240 20.86 5.0 0.52 1.82 0.01 0.79
2.32 |5.0 x 0 - - 3.77 0.0 2.32 0.0
10—11 20 17.29 5.0 0.60 0.10 0.85 0.80
40 19.16 5.0 0.13 0.21 0.71 0.91
90 18.54 5.0 0.01 0.29 0.70 1.01
240 16.20 5.0 0.03 0.30 0.70 1.10
-7 0 - - 3.77 0.0 2.32 0.0
10 20 20.44 5.0 0.77 0.28 1.51 0.64
40 20.72 5.0 0.22 0.33 1.01 0.90
90 20.13 5.0 0.10 0.28 0.39 0.90
240 18.89 5.0 0.03 0.35 0.50 1.05
4.00 |5.0 x 0 - - 3.77 0.0 4.00 0.0
10—11 20 19.53 5.0 1.00 0.038 2.29 0.61
40 15.96 5.0 0.20 0.16 1.55 1.02
90 16.14 5.0 0.01 0.18 2.01 1.20
240 18.01 5.0 [<0.01 0.14 2.01 1.1
_7 0 - - 3.77 0.0 4.00 0.0
10 20 21.44 5.0 0.50 0.20 2.25 0.80
40 20.82 5.0 0.08 0.30 1.96 0.87
g0 16.08 5.0 0.01 0.15 2.00 1.20
240 18.90 5.0 0.01 0.20 2.58 1.05
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( 0.64 Wt% Ni x 16.31 g

+ 1.48 Wt% Ni x 5.00 g ) / 100

0.1784 g

This represents a 5.4 7% error. Note that the slag mass is
very likely to be greater than 5.0 g due to crucible
dissolution. This would further reduce the error. If the
slag mass was, say, 5.5 g , the error becomes only 1.4 %.
Larger errors were appaﬁent when the nickel concentrations in

the slag were high, which is where the calculation is most

sensitive to the assumption of constant slag mass.
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5.0 Model Output

5.1 Modelling Strategy.

The first step taken was to develop the general model,
capable of simulating mass transport to, across, and away
from the metal/slag, slag/gas, and metal/gas interfaces for
up to 10 species. The input parameters of this model were
set to describe the experimental conditions described by

Toguri (54) .

Fine tuning of the model ( that is adjusting the
mass transfer coefficients within reasonable limits to give
good agreement with observations) was carried out. This
"fine tuned" model was then used to predict the results of
the current experiments. wWhen reasonable to excellent

agreement was found, further modelling of more complex

systems was undertaken.

5.2 Application of General Model to Toguri Experiments.

Figures (3) and (4) show the output of the general model when
provided with parameters describing the experiments performed
(54)

by Toguri and co-workers . A very high level of agreement

can be seen, the points being experimental results, the Ilines

are the model output. The mass transport model provides as
comparable agreement with observation as the ‘"step-wise"
equilibrium model applied by Toguri. However, the current

model removes the need to define and set "rate constants" for

oxygen, copper and iron transfer between phases, although it
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Figure 3(a). Copper Reduction Rate Using

Wt% Cu In Slag

Wt % Iron in Alloy

Cu -Fe Alloy Under a pO2 of 107

atm.in Fayalite Slag at 1200°C.
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Figure 3(b). Iron Transfer In Cu- Fe Alloy

Under a pO2 of 10 7 atm.in
Fayalite Slag at 1200°C.
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Figure 4(a). Copper Reduction Rate Using
Cu-Fe Alloy Under a pO2 of 5x10

Wt % lron in Alloy

Wt% Cu In Slag

-1

atm in Fayalite Slag at 1200°C.
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Figure 4(b). Iron Transfer in Cu-Fe Alloy
Under a pO2 of 5x1 0 Matm. in
Fayalite Slag at 1200°C.
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is necessary to define mass transfer coefficients.
Nonetheless, a general feel for these mass transfer
coefficients is held, whilst the values of the rate constants
are not directly related to any physically measured value.
Values of the various mass transfer coefficients used to give
the above agreement with experiment are given in the listing

of the input file in Appendix(3).

5.3 Application of the General model to the Current
Experiments.

Now that the model was tailored to the exper;imental
conditions of Toguri‘s study, it was only necessary to
estimate a small number of values to simulate the current
experiments, al other parameters being the same.
Specifically, these parameters were,

1)Mass Transfer Coefficient of Ni in the metallic phase
(1.5x10—5 cm/s)

2)Mass 7 Transfer Coefficient of NiO in the slag phase
(1.0x107° cm/s)

3)Activity Coefficients of Ni and NiO (2.11 and 4.26
respectively)

Figures(5) and (B8) show the model output again as lines,
whilst points represent the results of analysis of samples
produced by the current series of experiments. Values of the
mass transfer coefficient of Ni in the metallic phase and NiO
in the slag phase, along with all other values are again

given in the input file listed in Appendix(3).
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Figure 5. Nickel Reduction Rate, Iron Transfer Rate ,
Nickel Pick-Up Rate, and Copper Pick-Up Rate.

p02=10" T atm.

Metal Mass Trans. Coeff. = 1.5 x 105 cm/s.
Slag Mass Trans. Coeff. = 1.0 x 10 "cm//s.
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Cu-Fe Alloy in Fayalite Slag.

o Lot o 1 o 1 o 4 o 1 5 1 5 1 31 s

4.0
354 -
eo  3.04 -
= . i
2 954 =
k= 1 -
—_ 2.0 B
Q - =
5
2154 -~
z. ] I
R 1049 B
2 054 A —x |
0.0 - \L'-'-l a |
— T
0 30 60 90120150180210240
time (min)
b) Iron Transfer in Cu-Fe
Alloy in Fayalite Slag
50 ' T I T A R | L 1 51 3
. 451 g
g; B L
i 4.0 ] t [
3.5 \ -~
£ 1 3 -
3.0_ ‘ =
= E L
Sas4 A L
: i N g ‘\ﬁ---—--—--—— "
&Q 2.0 4 == A =
= 1.5 o E
* o] e -
0.5 - Py * r
004 "w-wr— s |
L LA DL BELN BNLBN BELEN LA LN ELEN B

0 30 60 90 120150180210240
time (min)

Wt.% Copper in Slag.

Wt.% Nickel in Alloy.

o
o

o
=)

d)

o o) — —
[=,) oo o N
) L

o
~

) Nickel Pick-up Rate Using Cu-Fe
Alloy in Fayalite Slag.

14 21 1 e 1, 1 o 1. 1,1 .1 91,

A

“\m.:n.m.m.m.m.m.m.ln.m.n'
A

£ |
£

LIS UL Duy BB S ENS ShR BN NN BN SN BN SENL NN B

0 30 60 90 120150180210240

time (min)

Slag Copper Pick-up Rate Using
Cu-Fe Alloy in Fayalite Slag.

I U SR BN BTSN S U B B Y

3.0

2.5

2.0

1.5 -

-

1.0 -

0.5

0.0

1 H‘f--,‘--------‘ i

T 1 Tl Yl rTrTrrTrrrrrirs

0 30 60 90 120150180210240

time (min)

1. Cu- 0.12Wt% Fe Alloy (Calculated)
(Experimental)

| "
[T LT P ITITTITY ]
o L]
- e ew mm

A

41

2. Cu- 2.32W1% Fe Alloy (Calculated)

(Experimental)

3. Cu-4, OOWt% Fe Alloy (Calculated)

(Experimental)



Wt% Nickel in Slag
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Figure 6. Nickel Reduction Rate, Iron Transfer Rate ,
Nickel Pick-Up Rate, and Copper Pick-Up Rate .
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5.4 Application of the General Model to Hypothetical Slag

Cleaning Conditions.

Now that reasonable estimates for mass transfer coefficients
of some species are known, a much more complex system can be
modelled with cautious confidence.

The general model is capable of producing an output of the

following parameters,

bulk and interfacial species activities and
concentrations for metal, slag,and gas phases

- flux densities of species to and from interfaces

- mass balances on individual metals

- mass of any species in any phase and distribution of

any species between phases

- phase masses and volumes

- fume masses and compositions.
Various slag cleaning conditions will be discussed, based on
variation of reducing conditions and model parameters around
a set of "standard" inputs. A full listing of the standard
set of parameters can be found in  Appendix (3).
Determination of many of the inputs has been discussed
before. The most important values are shown here.
Mass Transfer Coefficients in the Metallic Phase =
1.5x10 "cm/s.
Mass Transfer Coefficients in the Slag Phase = 1.0x10_50m/s.
Note that these values are determined from bench-top scale

experiments, so to maintain consistancy, the physical
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dimensions of the reactor must again correspond to those in
the current experiments and those of Toguri’s. Metal/slag
and slag/gas interfacial areas were set to 4 cm2, the metal
mass to 25g and the slag mass to 10g. Temperature again was
1200°C.

Any other consistant group of parameters that describe other
reactors may be input. If mass transfer coefficients,
interfacial areas, and phase masses for industrial processes
are input, simulation of these processes, within the
constraints described earlier, will be achieved.

Little has been said about the initial metal composition that
is a sensible input to a model attempting to display similar
behaviour to the final stages of slag cleaning. Early
simulations that contacted nearly pure Cu containing 5wt% Fe

, NiO, 8SnO, PDbO,

with a fayalite slag bearing 5wt% of CuOos

and Zn0 revealed that Cu, Ni, and Sn readily left the slag
and entered the metal phase, whilst Pb and Zn were not as
easily reduced. It is likely that the final metal
composition will be high in Cu, Ni, and Sn, (this being
confirmed at pilot plant scale). Holding this in mind, the
metallic phase composition selected to best represent that
occurring towards the Jlater stages of slag cleaning was
predominantly Cu as the solvent holding small quantities of
Ni, Sn, Pb, and Zn, with various amounts of Fe. Larger
proportions of Ni and Sn would be desirable, but the
complexity of the solution thermodynamics limits the model to
dilute solutions.

The bulk of the results output from this simulation will be
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presented as graphs of species concentration (wt%) versus
time (mins.). Increases and decreases in concentration are
closely proportional to the actual masses of species leaving
or entering each phase as the total phase masses vary little
from their initial values.

The slag/gas interfacial oxygen activity has a sensible lower
limit set by the desire to 'avoid reduction of FeO. The
actual value of this limit depends on the temperature and the
slag/gas interfacial FeO  activity. For example, with
interfacial FeO activity (aFeo) of 0.4 at 1200°C,

p =( a / KFeO a 2
O2 FeO 1473 Fe

= 4.5 x 10 " atm.

Similarly, with aF o at 0.4 and at 1500°C,
e

Py =5- 3x10" Matm.
2

It is not possible to know the interfacial FeO activity to

calculate the associated minimum Po because it is necessary
2

to find areo' The value selected to

to set the p
0
2

approximate the interfacial FeO activity was that of the

bulk. This guarantees no FeO reduction, the bulk FeO
activity always being equal or higher than that at the
interface.

Figure (7) shows the output resultant from the standard set

of parameters. Initially, iron is rapidly taken up into the

slag whilst other metal values move from the slag phase to
the metal. Copper, tin, and nickel are cleaned to low

levels, while lead and =zinc travel to the metallic phase less

completely. Note an intermediate period of zinc reversion
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Figure 7. Concentration of Species Vs. Time.
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followed later by continued cleaning. After a time of rapid
reduction of value concentration in the slag bringing most
values into the metallic phase, cleaning slows but does not
stop entirely. Also at this time, iron reverts to the metal
recontaminating it.

The effect of bulk activity of the Fe0 was considered very
important. This parameter was varied with the following
resuits. Figure (8) shows the output of the model when run
with all inputs the same as for figure (7), excepting only in
that the value of Fe0 activity was set at 0.1 rather than
0.4. Little change to the overall thoroughness of cleaning
results. It can be seen that the initial rate of cleaning is
increased, especially for tin. The intermediate reversion of
zinc is much more pronounced, as is the final reversion of
iron. Note that the lead also displays a small revertive
stage. The most marked difference is that iron reversion is
greatly reduced.

If the FeO activity is raised to 0.6 as in figure (9) |,
little change to the rate or extent of cleaning of any
species is seen. Tin and nickel are cleaned slightly better.
The revertive behaviour of zinc is very minor, but very
significant quantities of iron return to the metallic phase.
Obviously, the overall reducing potential of the gas phase is
the most important variable. The standard conditions looked
at the maximum sensible reducing conditions. Figure (10)
shows what happens if the gas phase is allowed to become much

14 7

more oxidizing ( from 4.5x10  to 1.0x10 ' ). There is an

initial period where some cleaning takes place, but this is
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Figure 9. Concentration of Species Vs. Time.
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Figure 10. Concentration of Species Vs Time.
As For "Standard” Conditions But With
Oxygen Pressure = 1.0 x 107 atm.
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short-lived. Soon, all the values return to the slag.
Indeed, the concentration of copper oxide increases past its
initial value, indicating a movement of bulk copper to the
slag phase.

The effect of increasing temperature is shown in figure (11).
The standard condition temperature of 1200°C was increased to
1500°C. This change does not directly relate to the effect
that one would see in reality. Increased temperature would
alter mass transfer coefficients, slag viscosities, surface
tensions, and possibly interfacial areas, none of which is
taken into account by making the appropriate associated
changes to the other input parameters. Increasing the input
temperature merely alters the position of each species
equilibria. This aids the removal of zinc from the slag to a
considerable extent, but at the expense of poorer Cu and Pb
cleaning and more severe iron recontamination. Note that
zinc shows almost no revertive behaviour, while strong
reversion is displayed by lead.

Plotting the species concentrations against dimensionless
time ( defined and comménted on in section 5.5 ) avoids the
difficulties associated with changes in mass transfer
coeffients and interfacial areas by normalizing these
influences. However, care must be taken in interpreting
these results because the two lines will relate to different
real times.

The presence of iron in the metal phase has been shown to
strongly affect the early stages of this simulation. Figure

(12) shows what would be expected if only a little iron is
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Figure 11. Concentration of Species Vs Time.
As For "Standard"” Conditions But With

The Input Value for Temperg}ure Set To 1500°C.
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Figure 12. Concentration of Species Vs Time.
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initially present in the metal phase. The rate of reduction
is  significantly reduced, although the final extent of
cleaning is not greatly affected. No revertive behaviour of
zinc is observed and the final level of Fe contamination is
similar to that found when Fe is initially present.

One way in which it is possible to study the effect of a
larger supply of Fe would produce good cleaning is to
increase the metal/slag mass ratio, the giving more Fe in
metal per unit mass of slag. Figure (13) shows the effect of
increasing the metal/slag mass ratio from 0.25 to 1.0. Very
good cleaning of all species is seen, with rapid kinetics.
However, Fe contamination of the metallic phase is serious,
and the actual concentration of species in the product metal

is low.

5.5 Dimensionless Time.
The formula used to relate ’‘real’ time to dimensionless time
was :-

t (dimensionless) = kM VM(initial) x t (real)

AM/S

For the current standard set of input values,

t(dim. less) = 6.67 x 10 ° t(real)

Results plotted against dimensionless time give a means of
showing the rate of change of species concentration expected
for any set of mixing and mass transfer conditions. This is
why these units were applied to figure 11 ( and later in
figure 19). Although the model predicted the relative

changes in all the species concentrations, the lack of
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information regarding mass transfer at 1500°C prevented

predictions in real time.
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6.0 Discussion

It should be stressed immediately that the work presented
here represents only the early stages of the total effort
required to arrive at a versatile and reliable model of
industrial slag cleaning. However, it is felt that the work
shows promise in providing a framework and approach from
which important features of the process can be better
grasped.

The work will be discussed 1in relation to the following
contexts:

1) Predictions obtained from the model in its current state,
stressing the importance or otherwise of some process and
chemical parameters

2) Applicability and validity of these predictions

3) Further model development.

The current model suffers from simplification of reactions
and processes used, idealization of the conditions likely to
be present, and lack of relevant fundamental thermodynamic
and kinetic data. Within these limitations, it displays an
impressive ability to predict the results of two sets of
experiments, and is capable of full simulation of the effect

of varying model parameters and reducing conditions.

6.1 Model Predictions

The results of the model simulations presented in previous

sections illustrates its ability to predict the experimental
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results of laboratory scale slag cleaning trials using simple
slags. Although adjustments to mass transfer coefficients
were made, agreement with Toguri’s experimenf.s were excellent
for both sets of reducing conditions. Following this, the
same set of parameters, plus estimates of some further
required inputs were wused to model the current set of
experiments. Once again, good agreement was seen.

Note that the presence of iron in the current experiments did
not enhance cleaning to any great extent. This is because
the very low initial Ni activity in the metallic phase acts
as a nickel "sink" into which any nickel reduced from the
slag can go. Thus, only a moderate oxygen potential is
required at the metal/slag interface to effect cleaning.
However, it is important that Fe is present to avoid the slag
phase taking in some of the bulk copper.

It is highly unlikely that one set of kinetic and chemical
parameters could satisfactorily describe both groups of
experiments over a range of oxygen potentials and not be good
estimates. Thus, under the assumption that the early
experimental and simulation process has given us confidence
in our physio-chemical inputs, and a feel for other similar
values, simulations were run looking at slags closer to slag
cleaning feedstock and conclusions drawn. The actual
composition of slag considered was sub ject to many
constraints described earlier, but within these constraints,
a standard sets of parameters were arrived at that would
resemble the phases present towards the end of the slag

cleaning process.
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6.1.1 "Standard" Conditions.

Looking at the output resultant from a simulation with the
standard set of inputs, an initial period of rapid cleaning
of all species is easily understood when the metal/slag and
slag/gas interfacial oxygen potentials are taken into
consideration. Figure (14) shows the fluxes of species that
are being reduced at the slag/gas interface. Copper, nickel
and lead are reduced over a period to a level at which their
activities in the slag are no longer high enough to react
with the gas ( the oxygen potential of which is set at this
interface ) to form metal at- unit activity. Tin and zinc are
already below this level at the start of the simulation. The
interfacial oxygen potential is set to avoid FeO reduction in
all trials, so no Fe fluxes from the slag/gas interface

returning to the metallic phase will be seen.

Thus, any other cleaning must occur at the metal/slag
interface. This means that the metal/slag interfacial oxygen
potential is also of great importance. Figure (15) shows

this oxygen potential plotted against time. During the early

stages of the simulation, the Po is kept low by the presence
2

of a high iron activity at the interface. As can be seen by

the rapid transfer of iron from the metal to the slag,

considerable oxygen must be consumed by Fe. This aids the
reduction of CuO0 5 Ni0O, SnO, Pb0O, and 2Zn0, which are all
being reduced at these early stages. Indeed, 1looking at

figure(16), the Fe is holding the oxygen potential so low as

to reduce FeO to FeO, resulting in a small flux of FeO

1.5 1.5
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Figure 14. Flux Densities of Metals being

Reduced at the Slag/Gas Interface
vs Time. "Standard"” Conditions.
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Figure 16. Fluxes of Iron Oxides To and From
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towards the slag interface ( ije. negative on the diagram )
with a very large positive flux of FeO into the bulk slag,
the FeO flux being the summation of the Fe arriving at the
interface going to FeO and the FeOL5 being reduced to FeO.
As the Fe is depleted, the interfacial oxygen potential
begins to rise. Reduction of CUOO.S’ Ni0O, and SnO0 slows,

that of PbO more considerably. Zn0 reduction ceases, and

some Zn taken into the metallic phase by the early Ilow

interfacial Po returns to the slag phase. The FeO flux away
2

from the interface decreases to zero and FeO,I 5 begins to

diffuse away into the slag. FeO then starts to travel

towards the metal/slag interface to pick up oxygen and travel

away as Fe01’5. This process is much slower than the
previous Fe driven reduction. The metal/slag interface is
steadily removing FeO from the slag and adding FeOLS. The
simulation includes in its conditions a very small
concentration of Fe01. 5 in the slag. This accounts for the
small initial FeO flux towards the metal/slag interface.

1.5

This low initial concentration also explains the magnitude of
the iron oxide fluxes travelling towards and away from the
slag/gas interface ( See figure (17) ). The low initial flux

of both FeO1 5«:-md FeO are due to the low bulk activity of

FeO1 5 providing a low driving force for FeO Sdif‘fusion to

1.

the slag/gas interface and thus a low flux of FeO away, a
simple mass balance here showing that the two fluxes must be
equal and opposite.

Now, as the metal/slag interface produces more FeO the

1.5

fluxes at the slag/gas interface increase, removing FeO1 5
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from the slag and replenishing FeO as quickly as they are
produced and consumed respectively. As cleaning continues,
the concentration of the valuable oxides decreases and the
fluxes at which they arrive at the metal/slag interface
decreases. This means that less and less oxygen is available
for the FeO/FeOL5 reaction, thus lowering the fluxes of
these species. However, the slag/gas interface will continue
to form FeO and consume FeOL5 . The resultant lowering of
bulk slag oxygen potential will continue until all phases
reach equilibria and cleaning ceases. This continued
lowering of oxygen potential explains the reversion of Fe to
the metal and the recommencement of 2Zn0O reduction. The Fe
activity in equilibrium with the bulk FeO activity and the
final overall oxygen potential is approximately one. This is
the final Fe activity one would expect to find throughout.
To achieve this, Fe must return to the metallic phase.
Similarly, the final ZnO activity is Jlower than that achieved

by the rapid Fe driven reduction and certainly lower than the

intermediate concentration seen after reversion.

6.1.2 The effect of bulk FeO activity.

Lowering the bulk FeO activity was seen to improve early
cleaning rates while raising it had little effect. Looking
again at the metal/slag interfacial oxygen potentials (
figure (18) ), lowering the bulk FeO activity encourages FeO
diffusion into the bulk, firstly aiding the early Fe driven
reduction and keeping the metal/slag interfacial oxygen

potential low, and secondly, aiding diffusion of Fe0 away
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from the slag/gas interface increasing the rate at which the
overall oxygen potential is lowered. Most importantly, the
lower bulk FeO activity will come into equilibrium with a
said oxygen potential with a lower Fe activity. This means
that much less Fe recontamination of the metal phase will
occur. Note that even though the bulk oxygen potential of
the slag will drop more rapidly, the rate of slag cleaning
will not be greatly enhanced due to the Ilowering of driving
force for FeO to travel to the metal/slag interface, thus
limiting the rate at which oxygen can be removed from there.
Also note that the very low oxygen potential that is seen in
the initial stages causes much more Zn and Pb removal, but
the slow kinetics of the FeO/FeOL5 reduction mechanism that
follows allows significant reversion of Zn and a small amount
of reversion of Pb.

As expected, raising the bulk FeO activity results in the
opposite effects. ‘The metal/slag interfacial oxygen
potential is higher, initial cleaning slower, reversion much

less marked, and severe Fe recontamination apparent.

6.1.3 The effect of high gas phase oxygen potential.

If the oxygen potential at the slag/gas interface is high, no
reduction to metal occurs here. Any cleaning must result
from Fe Jlowering the metal/slag interfacial oxygen potential.
Once the Fe is taken up by the slag, any metal present will
begin to oxidize. ANl values return to the slag and the bulk

copper itself begins to oxidize.
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6.1.4 The effect of increasing temperature.

As discussed in the model output section, changing the value
of the input for temperature merely changes the position of
the equilibria, any physical or kinetic effects being
ignored. The slag/gas interfacial oxygen potential is set to
Jjust avoid FeO reduction. Increasing the temperature means
that FeO can be reduced at higher oxygen pressures. To avoid
FeO reduction, the p02 of the gas must be raised from 4.5 x

10_14 (standard conditions) to 5.3 x 10_1‘I atm. Table( 8 )

shows the changes in equilibrium constants. Increasing
temperature has very little effect on the -equilibria of
CuOO- 5 and PbO. The changes in NiO, Sn0O, and FeO are
similar, while the high entropy of the formation of 2Zn0O
reaction causes a large change in the position of its
equilibrium. Very little change in the cleaning of NiO and
SnO0 is expected. Although their equilibria have moved

favourably, the similarity of the change in FeO equilibrium

means that the necessary change in Po to avoid FeO reduction
2

effectively cancels out any advantage gained. Because the

equilibria of CuO0 5 and PbO change little, the increased Po
) 2

will hinder cleaning of these oxides. Indeed, the increased

Pg has become sufficiently high to prevent any slag/gas
2

interface reduction of PbO taking place. The change in 2Zn0

is sufficiently large to overcome the increased Po and

2
reduction occurs. Figure ( 13 ) shows the fluxes of species
being reduced at the slag/gas interface. The Pb0 now

displays the typical revertive behaviour associated with
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Table 8. Equilibrium Constants of Species at 1200 T and

1500°C.
Equilib. SPECIES.
Constants Cuo, o | NiO Sno PbO Zn0 FeO
1200°C 1 3 4 3 5 6
E 1.2x10" 18.9x10° |6.0x10" |7.4x10° |9.2x10° |1.9x10
1500°C 0 2 3 1 1 4
E 5.2x10° |2.7x10° |1.6x10° |6.1x10 |1.6x10' |5.5x10
lo]
1500°C
E - 4.3x107 1 [3.0x1072|2. 71072 |8. 2x 1072 |1. 7x10 3| 2. 9x 102
£1200°C
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Figure 19. Flux Densities of Metal Being
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oxides only reduced at the metal/slag interface. If removal
of zinc is of primary importance, increasing the temperature
yields better cleaning, but at the expense of higher losses
of some other values. The volatility of 2Zn may result in
losses to the gas phasg if a large metal/gas interfacial area
is present.

Note that although no work has been done to investigate the
changes in kinetic conditions in this study, it is known that
the reaction will proceed more rapidly ( ie. 1 dimensionless
time unit will convert to a shorter period of real time at

higher temperatures than for the standard conditions ).

6.1.5.The effect of Jlow initial iron activity in the metallic
phase.

Figure ( 20 ) shows the metal/slag interfacial oxygen
potential with and .without an initial high iron activity in
the metallic phase. 4When little Fe is present, the
metal/slag interfacial oxygen potential is high, meaning that
little reduction occurs here, the majority of cleaning being
carried out at the slag/gas interface. The absence of the
rapid Fe driven reduction early in the simulation results in
slower process kinetics. No revertive behaviour is found,
due to the lack of the initial low metal/slag interfacial
oxygen potential. The amount of iron oxide formed by the
oxidation of Fe from the metallic phase is small relative to
the amount present in the slag. Reducing the initial Fe
content from 5.0 Wt% to 0.1 Wt% results in little change to

the final slag composition. Thus, it is expected that the
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final extent of cleaning, and Fe recontamination of the metal

to be similar to that of the standard conditions.

6.1.6. The effect of increasing the metal/slag mass ratio.
Increasing the metal/slag mass ratio has a three-fold effect.
Firstly, it provides more metallic iron per unit mass of
slag. This results in the metal/slag interfacial oxygen
potential remaining low throughout the entire process time,
giving rapid thorough cleaning. Secondly, the 1large quantity
of metal means that for the same extent of cleaning, the
product values in the metallic phase will be more dilute.
This aids the ease in which metal species can move into the
bulk metal, enhancing cleaning. Thirdly, the mass of Fe
entering the slag causes a significant change in slag
composition, leading the process to a different final
equilibrium.

Although the slag is very low in values, subsequent treatment
of the dilute product metal will be more difficult. Also,
because of the substantial change in slag composition,
extreme caution must be exercised when considering these

results.
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6.2 Model Validity.

The validity of this model can be considered with respect to

(1) the general applicability of Robertson’s treatment of

multi-component metal/slag/gas reactions

and

(2) the specific applicability of this treatment to slag

cleaning.

Incorporation of the following factors demands specific

alterations to the general formulations

- chemical reaction control

- effects of interfacial tension changes during reactions on
mass transfer coefficients and areas of contact

- analogous effects of reactions involving gas evolution on
mass transfer coefficients and areas of contact.

Floyd and Mackey(n, in a review of the very limited number

of studies on the kinetics and mechanisms of slag reduction

reactions, have concluded that any of the following processes

can be rate determining.

(1) interfacial adsorption and desorption of reactants and/or

products.
(2) nucleation and growth of solid, gaseous or liquid
products.

(3) mass transport of spécies in metal, slag, and gas phases.

The possibility of other than mass transport  control

therefore cannot be neglected and further experimental

studies are an essential prerequisite to adequate process

modelling. Complications due to gas evolution via either CO
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or 802 evolution may arise during slag cleaning reactions.
Many of the flaws in the present model, resulting from the
lack of fundamental data and over-simplification of reality,
have been mentioned earlier in section 1.3 and 3.5 .

In addition, the assumpt;ion that the reducing conditions may
be represented by simply considering that some given oxygen
potential is established at the slag/gas interface may
represent a serious over-simplification of the true state of
affairs. Such an approximation may be reasonable when only
gaseous reductants are employed, but in many practical cases
solid reductants such as coke or coal are also used. In this
case, entrainment of solid reductants in the slag phase and
their subsequent reaction to liberate gas may provide local
slag/gas interfaces at oxygen potentials different to the
main slag/gas interface. The importance of such
considerations has long been recognized in studies of the
fuming of zinc oxide by submerged injection of reductants
where different 2Zn removal rates are commonly achieved when

or alternatively coal/0O

using either CH4/O to provide the

2 2
reducing conditions. Recent studies by Richards and
co—workers(zs_zm have indicated that in such =zinc fuming

operations, up to 33% of the injected coal may be entrained
in the slag phase at any time, and that this entrained coal
contributes significantly to the rates of zinc reduction and

fuming.
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6.3 Model Development

The reservations expressed about the complete applicability
of the present model to slag cleaning and the lack of
fundamental kinetic data for slag cleaning conditions and
reactions under known controlled conditions indicate that any
future programme of model development must be performed in
parallel with a laboratory scale experimental programme of
slag reductions. Further bench top scale experiments on FeO
- SiO2 based slags seems a sensible path for further
investigation, followed by experiments with these simple
slags fluxed with A'I203 and/or Ca0, for example. Once
sufficient reduction data is collected with the simple gas
phase reduction, more complex solid phase reductants could be
considered. The resultant collection of information under
known oxygen partial pressures, achieved by various
reductants, and known interfacial areas should provide better
estimates of the required kinetic and thermodynamic inputs to
the present model and should permit a fundamental
understanding of particular aspects of slag cleaning.
Expansion of the model to allow for these more complex
circumstances could be performed in parallel. A model that
produced predictions of interfacial areas as a function of
process parameters, along with predictions about the nature
of entrained reductants, evolved or injected gases, and
dispersed metal droplets would be exceedingly difficult to
create without relying heavily on emperical relationships or

making many simplifications. However, once interfacial areas
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are estimated, the model can be applied to every interface(
eg. slag/metal droplet, metal/gas bubble ) and solved in
exactly the way described here. In this way, a wide variety
of process configurations and conditions could be modelled.

Finally, application and tuning of the adapted model to
either pilot plant or full scale slag cleaning reactors would
allow a more complete description of industrial operations.
Incorporation of heat balances into the process modelling
would permit consideration of non-isothermal conditions
resulting from either exothermic reactions or deliberately
programmed change in reaction temperature. Also, as the
reaction occurs at interfaces, a model that takes into
account the thermal gradients to and from these interfaces
would enable better estimation of the actual interfacial
reaction temperature and thus avoiding the need ‘to

approximate to the bulk temperature.
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SECTION TWO.

THE DECOPPERING
OF
LIQUID LEAD BULLTION

BY

ELEMENTAL SULPHUR ADDITIONS.
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7.0 Introduction.

The refining of liquid lead bullion product from the lead
blast furnace involves numerous refining stages aimed at
either removing impurities for their intrinsic value or
because of their deleterious effects on the properties of
lead. Copper removal is affected in two stages,

(1) cooling and separation of a copper rich matte phase and

(2) addition of elemental sulphur at temperatures close to
the melting point of lead and the preferential formation of
copper sulphides.

This second stage, variously referred to as sulphur drossing,
cold drossing, or fine decoppering is the subject of this
work.

The first stage of copper removal(matte separation) typically
results in a final copper level of around 0.05 Wt% Cu. The
sulphur drossing stage is remarkable in that equilibrium
calculations indicate that for copper levels of less than
0.05 Wt% Cu, lead sulphide would be anticipated to form

preferentially to chalcocite(Cu_S) or covellite(CuS).

2
In industrial practice however, copper levels more than an
order of magnitude lower than this are regularly

achieved initially, but in time copper reverts to the lead to

the equilibrium value of 0.05 Wit% Cu.

Recent ar-ticles(28’29) give details of the numerous previous
fundamental and applied investigations of the sulphur
drossing of lead bullion. Previous investigations have

76



typically been involved with system thermodynamics(31’32),

identification of phases formed during the decoppering

process (32-34) , elucidation of the decoppering
mechanism(35—38), laboratory and pilot plant studies of the
effect of process variables on the extent of
. (39-41) . .
decoppering , and the development and model simulation
of batch wise and continuous sulphur drossing

. (29,42, 43)
operations .

It seems clear that kinetic considerations must be applied to
explain the observed excessive decoppering. The observation
that

(1) the presence of very small quantities of silver in the
lead melt result in more extensive and more rapid decoppering
and

(2) that the intermediate formation of covellite occurs
during decoppering appear to be particularly pertinent.

PbS formation is initially kinetically suppressed allowing a
transient low level of copper in the lead to be achieved.
The suppression of PbS formation has been attributed to

(1) chemical kinetics being slow,especially in the presence
of Ag which, it has been suggested, acts as a surface active
“anti-catalyst" or

(2) transport limitations on the growth of PbS, the silver in
this case altering the defect structure and transport
properties of solid PbS.

In this work, based on the detailed observations of Clarke

(32,33)

and co-workers , and observations made by the author

and co-workers, it has been assumed that sulphur droplets
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stirred into the Jlead bullion are instantly encased in solid
sulphides. Transport of reacting species through these solid.
layers then allows the continued growth of PbS and copper
sulphides. A model has been developed, assuming that the
decoppering process is controlled by diffusion through such
sulphide layers separating the liquid lead and liquid
sulphur, which shows agreement with observed reaction rates,
and sulphide layer thicknesses and morphology for both
initial decoppering and subsequent reversion.

However, the lack of critical fundamental data relating to
diffusion rates in sulphides and the inconsistency of values
quoted in literature ( See table(9) ) highlighted the
necessity for experimental determination of this information.
A series of simple experiments to determine the growth
kinetics of solid sulphides was undertaken. The results of
these experiments were implemented in a computer model when
final comparisons and contrasts were drawn with observed

decoppering practice.
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Table (8). Published Diffusion Coefficients. {cm2s )

Note that these values relate to species diffusing through

perfect sulphide crystals.

SULPHIDE | DIFFUSION COEFF. ( cm®.s ' ) |TEMP. | Reference
MATRIX Pb Cu S (K) Number.
-14
PbS 1.05%10 773 44
-13
PbS 4.27x10 733 52
PbS 1.40x10"] 600 36
PbS 1.24%x10"" 600 45
PbS 4.35x10°° 600 51
-15
PbS 6.80x10 773 48
cus_ . a.20x10"01 673 49
cus, 1.50x10"00 500 50
-01
Cus, 8.70x10 450 53
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8.0 Theoretical Considerations.

8.1 Basis of Model

Consideration of the partial Gibb‘’s free energy of mixing in
the Pb/S system(see figure(21) ) indicates that when liquid S
is contacted with 1liquid Pb, solid PbS will form instantly,
assuming no delay in phase nucleation. This results in a
solid PbS Jlayer forming between Pb liquid and S liquid, and
diffusion of reacting species through the PbS layer is
required if further growth of PbS and consumption of S is to
occur. Sulphur and lead activity gradients exist across the
PbS layer. These gradients, assumed linear for lack of any
reliable information to indicate  otherwise, provide the
driving force for diffusion through the layer and hence
growth of the PbS layer.

(44)

Investigations by Simkovich and Wagner into the diffusion
of Pb through n-type PbS concluded that diffusion in pure PbS
crystals takes place because Frenkel point defects give rise
to mobile interstitial Pb ions which carry single positive

(45, 46)

charges ( F’b: ). Bloem and Kroger suggested that the
major mobile species in p-type PbS was singly positively
charged vacancies(VZ). The diffusion of Pb in solid PbS is
quite slow,whilst the diffusion of S ions is so slow as to
allow them to be considered immobile(see Table (9) ). Thus,
once the initial PbS layer forms, further growth of the PbS

layer will be slow. Bloem and Kroger also found that the

diffusion of copper ions through PbS was much faster than Pb
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Figure 21. AG® for the Pb/S System at 330°C.

Pb Activity and S Potential in Equilibrium
with PbS also shown .

A - [Initial PbS Layer Growth 'Driving Force'.
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diffusion due to the small cu’ ionic radius(9.6 nm) compared
with the Pb'' jonic radius(13.2 nm) and S fonic radius(17.4
nm).

Thus, with Cu rapidly 'di'ffusing through PbS, the Cu potential
at the PbS/S(liquid) interface will climb to a point where
copper sulphides will form preferentially to PbS.
Consideration of the partial Gibb‘s free energy of mixing in
the Cu/S system( see figure(22) ) indicates that CuS will be
the first copper sulphide that will form at these high S

potentials, giving rise to decoppering.
8.2 The Effect of Silver.

PbS will change from n-type to p-type, that is from F’b;r and
electrons as the mobile species to V: and electron holes when
a critical S potential is exceeded. In pure PbS, this is the
S potential in equilibrium with roughly stoichiometric PbS.
If the S potential is lower, PbS will be Pb rich, and
diffusion occurs via Pb: jons. If the critical S potential
is exceeded, PbS will be S rich, and diffusion occurs due to
VZ migration. Thus, when pure Pb is contacted with pure S,
the layer will be n-type when adjacent to the Pb and p-type
at the PbS/S(liquid) adjacency.

Somewhere within the layer, the critical S potential and thus
the p-n  junction exists, all PbS above this point being
p—type, all below being n—type(seé figure (23) ).

According to Bloem and Kroger(45), the influence of Ag is to

dramatically reduce this critical S potential. This results
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FIGURE 22. AG® for the CuS/S System at 330°C.
The Lines Show Cu Activities and S potentials
in Equilibria with CuS and CuS

A - Decoppering 'Driving Force'
B - CuS Layer Growth 'Driving Force'
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Figure 23. Schematic Representation of the Effect of Ag on
the PbS layer, showing the roughly equal proportions of
p-type and n-type when PbS is pure, and the vastly greater
proportions of p-type expected when Ag is present.( Note that
it is possible that no n-type at all is present if the p-n
equililbrium S potential falls below that of the Pb/PbS

equilibrium potential.)
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interface

p-type
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in a far greater proportion of the PbS layer being p-type.
Assuming that VZ diffuse more slowly than Pb:.-, the overall
resistance to mass transport of Pb across PbS will be
increased in the presence of silver. Thus, Ag contamination
of the bulk may be very beneficial for good decoppering
because when PbS is p-type, it forms so slowly that there is
an opportunity for Cu transport through a thin PbS layer well
before all the sulphur is consumed by reaction with lead. On
the other hand, when Ag is absent, a PbS layer forms. rapidly

consuming the majority of the sulphur.
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9.0 Kinetic Model for Decoppering

9.1 Decoppering

The above considerations lead to the construction of the
kinetic model pictured in figure(24). This configuration
exists when the Cu potential at the PbS/CuS interface is not
high enough for CuSO.5 to form. The rate of growth of the
CuS layer depends on the rate of Cu ion diffusion to the
liquid sulphur through the liquid Pb bullion, the solid PbS
layer and the CuS layer.

Transport equations for each phase are detailed in the
following section, and show that the rate of growth is
inversely related to the thickness of each layer. Here, due
to the self-dependence of the growth rate, iterative
numerical methods are used to calculate the growth of the
layers, assuming that for each of a series of small time
intervals, each layer thickness is constant at a particular
value for that interval and is incremented for each
subsequent time step. Similar assumptions are applied to
inter-facial and bulk activities.

As the CuS' layer thickens, the copper activity at the PbS/CuS
interface iﬁcreases, due to increased resistance to diffusion
across the thickening CuS layer, causing a build-up of copper
activity approaching that of the bulk bullion. At some point
in time, the copper activity has climbed sufficiently high to
cause the formation of CuS , hence a layer of CuS forms

0.5 0.5

between the PbS and CuS phases. The model then becomes as
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Figure 24. Schematic Model of the Reaction Products which are
formed and the transport Paths followed when Liquid Sulphur
comes into Contact with Liquid Lead. It can be seen that
adjacent to the liquid lead are n and p type layers of solid
PbS which are instantaneously formed on contact of S liquid
with Pb and then a solid CuS layer which forms by Cu
diffusion to the liquid sulphur interface through the solid
PbS layers. The reaction taking place at each interface are

also shown.

PHASES FLUXES REACTIONS AT INTERFACES
S
(liquid) | | S Cu:CUS +S(1) =
l Cu++CuS . S=CuS + @
: c A
Cu: @
Cus _
(solid) Cu%LCUS + S—CuS >
c A
CU:CUS+VEUS+S:PbS+V§uS+V:PbS
 PbS ch Pb:+ VZ o
(solid)
p-type Pbt + V' 5 Pb
i c c
. + _| ®© and e annihilate each other
PbS Cu Pb e
(solid) ! ! :
n—-type * + _
Cu(l) = Cui + e
+ -—
Pb(1) = Pb + e
Pb Cu Pb !
(liquid)
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shown in figure(25). CuSO 5 growth proceeds as copper
continues to diffuse through the solid layers at the expense
of the CuS layer, that is, as the CuS layer grows into the

liquid sulphur, the CuSO layer grows into the CuS . While

5
liquid sulphur provides a high S potential and thus a low Cu
potential at the CuS/S interface, copper will diffuse away
from the bulk Pb. The overall driving force decreases with
time as the bulk concentration of Cu in liquid Pb decreases
and the activity gradient is further reduced as the
intervening solid layers become thicker. At the time when
all the S liquid is consumed, the Cu potential at the top of
the CuS must rise rapidly from its value in equilibrium with
liquid S to its value in equilibrium with CUSO.S . The CuS

layer will continue to be consumed by the advancing CuSO.5
layer and the copper ion flux in the CuS will be negligible
because there is no source of, or sink for, copper at the
front surface of the CuS. Note that decoppering will still be
occurring during this period after all the S liquid is
consumed but before the whole copper sulphide layer exists as
CUSOfS .

3.2 Reversion

Once the copper sulphide layer is entirely L'JuS0 5 and all the

CuS is consumed, the Cu potential at the front interface will

rise from the CuS/CuS equilibrium value to the PbS/CuS

0.5 0.5

equilibrium value, that is, there will be negligible flux of

copper ions through the CuS0 5' layer due to the lack of a
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Figure 25. Schematic Model as in Figure 24,But also showing

the CuS0 5 Layer which forms between the PbS and CuS
layers.
PHASES FLUXES REACTIONS AT INTERFACES
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source or sink for copper ijons at the top surface of the
CUSO 5 Figure(26) shows the expected configuration.
Interstitial lead ions will still be diffusing through the

PbS layer slowly. On arriving at the CuS layer, they will

0.5
dislodge two Cu+ ions to form the more thermodynamically
stable PbS. The Cu+ jons diffuse freely back through the PbS
layer to the now 1low Cu potential bulk metal, and thus
produces reversion. The reversion rate is limited by the
speed at which lead can diffuse through PbS and will be very

slow, especially when PbS has built up to a substantial

thickness.
9.3 Model Applicability

The processes described in the previous two sections have
been subjected to a computer simulation on the basis of the
general multi-component transport control theory of Robertson
described earlier.

It seems pertinent to critically examine the model
applicability at this stage. The diffusion equations
relating mass transport to activity differences across solid
sulphide layers assume' constant average values for the
diffusion coefficients of individual species across each
sulphide layer. The possible effects of porosity and rapid
dif fusion paths along grain boundaries are therefore
implicitly incorporated in the values chosen for the species
diffusion coefficients and layer thicknesses. Variations of

activity coefficients of individual species across each layer
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Figure 26. Schematic Representation of the Decoppering System

after the CuS Consumes all the CuS and Reversion has

05
commenced.
PHASES FLUXES REACTIONS AT INTERFACES
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have also been neglected. All interfacial areas have been
assumed constant and thus represent a planar cross section oﬁ
an imaginary lead bath initially covered with sulphur. Each
phase is therefore assumed to be in perfect contact with the
adjacent phase and no intermixing of phases occurs. There is
no reduction in interfacial area or additional mass transport
resistance present at any phase boundary. The sulphide
phases have been assumed to have constant densities, a
reasonable assumption in view of their limited range of
stoichiometry. The model does not consider any contribution
of chemical resistance to the overall process rate and any
delays in phase nucleation have been neglected.

9.4 Mathematical Formulation

The mathematical formulation employs the same general
principles used in the slag cleaning model, except that the
system has many layers, some of which are solid. Equilibria
are still assumed at all interfaces and the thin film
diffusion theory is applied to the liquid phases. However, a
new form of equation is needed to describe mass transport

L4
across the solid layers.
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The equation selected is,

N=D.C.{a -a ) / (y.Tt)
t om

op bott
where N is the flux density ( mole.s '.m %)

D is the diffusion coefficient (m>.s %)

Cc is the total molar concentration (mole.ms)

atop is the activity of the diffusing species
at the top -interface

a is the activity of the diffusing species

bottom .
at the bottom interface

¥ is the activity coefficient

T is the layer thickness

This equation implicitly requires the activity coefficient to

remain constant across the layer. Examining
fundamental equation (as quoted by Schmalzried ),
Ni= - Dici d K,

R.T d x

where ui=R.T.2n a
ci=10ca] concentration of diffusing species,1i
X = distance through the layer

leads to,

N=-D ¢ d &n a
i i1 i
d x
-D ¢ dlna da
i1 i

]

Now,

d ¢n as= 1/ a=1/( Xi.'yi)

d a,

i
where Xi = the local molar concentration of
species, 1.
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Assuming constant ;yi with Xi,

2
-
1]
|
O
O
o
sY]

i i

Xi ari d x
Now,
c1 / X1 = C1 , the bulk molar concentration
So,
N =-D .C d a,
Ty, dx

Assuming a linear activity gradient across the layer,

d a=(a - a /T
i top bottom
d x
The conservation equations relating change in

concentration to flux remain the same as previously

buik

used.

However, equations relating the change in layer thickness to

flux are of the form,

de/dt = (N -N )Y/ C
in out
where T = layer thickness (m)
t = time (s)
. -1 -2
N = flux density (mole.s ~.m °)
C = bulk molar concentration (mole.m >)

The full description of the mathematical formulation can be

found in appendix(4).
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10.0. Experimental Procedure and Results

10.1 Aim of Experimental Programme

As mentioned in section 7.0, a lack of fundamental diffusion
data prevented confident application of the model. Thus, it
was necessary to perform experiments to evaluate the required
diffusion coefficients. As it was the diffusion of Pb
through PbS that was considered critical, this was the focus
of the investigation. Controlled sulphide growth experiments
were carried out, data relating reaction time and layer
thickness collected, from which diffusion coefficients were
determined following the procedure laid out in the following

sections.

10.2 Determination of Diffusion Coefficients

The flux equations selected for this model were of the form,

J = A.C.D.( atop - abottom) / (y.T) (equation 1)
where
J = flux of diffusing species(mole.s ')
A = interfacial area(m>)
o = bulk molar concentr‘ation(mole.m—s)
D = effective diffusion coefficient(mz.s_l)
awp = activity at the top surface of the layer
a = as a top at the bottom
bottom
¥ = ééﬁvﬁt? coefficient
T = layer thickness(m)
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In the experiments, A, C, and 7 are all known or estimated.

a, equals the Pb activity in equilibrium with S(1) and
op

PbS(s) at the PbS/S interface, while equals the

a
bottom
activity of Pb at the Pb/PbS interface, assumed to be unity.

The conservation equation used for the model was of the
form,

(3 -J ) =A.C. dtsdt (equation 2)

in out
Seeing that all the the PbS that diffuses through the PbS
layer reacts with sulphur to form PbS, J at - 0.
[e]

Equating equations 1 and 2, then rearranging gives,

PP g PS5 prs( 1 - aFP/S Yy / 2ersdt
Pb Pb Pb Pb Pb
Integrating,
PS5 oo ¢ prs( 1 - an/S) /7Pbs+ c
Pb Pb Pb Pb 1

At t =0, T =0, soC1=O.

Also, Pl()‘l—apb/s)equals one to a very good approximation.
Thus, i
Pb52 PbS PbS
T, = Dy, -¥p, )72t
PbS Pb52
Vo is assumed to be one. Thus, by plotting Ty versus
2t, the slope equals the diffusion coefficient.
10. 3 Preparation of Pb/Ag pellets.
3 n s n (55) .
One kilogram of chemical A" grade Pb was melted in a
stainless steel container. A  quantity of finely ground
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silver was added and the melt stirred rapidly. The liquid
was chill cast into a steel mould. ( see Figure (27) ) which
produced approximately 100 cylindrical pellets of 10 grammes
each. A random selection of pellets were analysed to

guarantee uniform composition across the batch.

A further quantity of "chemical A" lead was melted. A number
of pellets were added to the melt and stirred. This again
was chill cast into peillets. This procedure of dilution was

repeated to provide batches of pellets at a series of

compositions. These compositions are listed in Table(10).

10.4 Sulphide Layer Growth Experiments.

A vertical tube furnace (see figure (28) ) was constructed.
A temperature profile at a series of set point temperatures
were performed with a differential thermocouple and a uniform
hot zone 5 cm in length was found. The temperature variation
with time was less than one degree celsius. A pellet was
slid into a crucible (actually a pyrex test tube) and then
placed into a crucible holder. This was introduced from the
bottom of the furnace tube. The furnace was flushed with
argon to prevent surface oxidation of the lead and combustion
of the sulphur. The support rod was pushed up to locate the
sample in the middile of the hot zone. Once the sample
temperature reached that of its surroundings, sulphur powder
was added from above. Only a small drop in temperature was
observed, due to the small thermal mass of the sulphur

relative to the sample and surroundings.
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Figure 27. Steel Mould for Casting Pb Alloy Pellets.

Mould Held Together With G- Clamps.

Metal Rapidly Poured into Mould, Then
Excess Scraped Off Top.

+ G-clamp mounting points.

y
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Table 10. Chemical Analysis Of Lead Pellets.

BATCH No. Ag CONCENTRATION
wt?% Ag

. 10470
.01400
. 00085
. 00060
.00048
.00038
.00032
<0. 00005

O N O O & W N =
O O O O ©o O o
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Figure 28. Vertical
Tube Furnace Used
For Layer Growth

Experiments.
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After various reaction times, the pellets were quenched,

removed from the crucible, sectioned, and mounted in
"Araldite 2003" mounting resin. This particular resin was
used after trials with many other mounting media proved

unsuccessful due to reaction with sulphur and the softness of
the lead. Careful polishing to avoid smearing of the lead
and fracture of the brittle sulphides followed. Scratch free
samples were virtually impossible to produce.

Optical microscopy offered sufficient magnification and

resolution to perform layer thickness measurements. Due to
the non-uniformity of the layers, large numbers of
measurements were taken and averaged for every sample. A

example set of raw data is presented in appendix (5).

Also, experiments were wusually done in triplicate to check
for consistency. The actual number of - readings varied with
the quality of the sample( that is, some samples were of
exceptional quality and did not require many measurements to
determine the layer thickness). An eye-piece mounted
graticule that was independently calibrated was used to
perform the measurements.

Both the effect of variation of Ag content and temperature
were studied independently. A small number of similar
experiments were carried out with pellets of pure copper.
Plate 1(a) shows the la;'*ge PbS layer that grows on low Ag
lead pellets, plate 1(b) shows the fine PbS layer that grows
on high Ag lead pellets, and plate 2(a) shows the CuS and

CuSO s layer that grows on a copper pellet.
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Plate 1. Micrograph Of The Phases Found During The Layer

Growth Experiments On Pure Pb And A Pb/Ag Alloy.
Magnification = 4000 X

a) Layers Found When Liquid Sulphur Is Contacted With Pure

Solid Lead Pellets For 2 Hours At 285°C.

Lead
Sulphide.

b) Layers Found When Liquid Sulphur Is Contacted With Solid
Lead Pellets Containing 0.1047 Wt% Ag For 48 Hours at 285°C.

Araldite.

+—— Sulphur.

Lead
Sulphide.
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Plate 2. Micrograph Of The Phases Found During The Layer

Growth Experiments On Pure Copper. .

Magnification = 4000 X

a) Layers Found When Liguid Sulphur Is Contacted With Pure

Solid Copper Pellets For 2 Hours At 285°C.

£ Bakelite.

¢ «——— Copper.
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10.5 Experimental Development

Initial experiments above the melting point of lead met with

limited  success. The liquid sulphur and liquid lead
unexpectedly mixed tbgether, forming a very irregular
interface. This resulted in a complex sulphide Jlayer

geometry which made legitimate measurement of layer thickness
impossible, and prevented reasonable estimates of interfacial
area, a fundamental input into the decoppering model. Thus,
it was decided to limit experimental temperature to below the
melting point. In this way, a planar interface and known
interfacial area can be maintained. The draw-back to
experiments below the lead melting point was that decoppering
proved impossible. The increased resistar;nce to Cu diffusion
through solid Pb caused the Pb/PbS interfacial Cu activity to
be low. This meant that a high enough driving force for Cu
diffusion through the PbS layer, and thus copper sulphide
formation, was not achieved. Thus, only simple single layer
diffusion experiments were carried out.

Two groups of experiments were performed. The first group
kept all process parameters constant and varied the
temperature. The second group kept all process parameters
constant including temperature, but varied the silver content

of the reaction peliets.
10.6 The effect of temperature

A summary of the results for this series of experiments are
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tabulated in table(11). The Ag content of the Pb was 0.1047
wt%  Ag. The voluminous quantity of raw data and intermediate
calculation have been omitted for the sake of brevity, but a
sample calculation can be found in appendix (5). Diffusion
coefficients were deduced by linear regression of the
results. The correlation coefficients in all cases are
satisfactory.

It was assumed that the relationship between the diffusion
coefficient and temperature could be described by an equation
of the form,

D = Doexp( -~ AH/RT)

Plotting f#n D against 1/T (see figure (29)) gave the
following results.

1

D, = 3. 7x10 2 (m?. s~

)

AH 4.066 kcal/mole

10.7 The Effect of Silver Concentration

A summary of the results for this series of experiments are
tabulated below in table(12) and shown graphically in
figure(30). The temperature for all these experiments was
285°C. It was intended to perform the trials at 30000, but
an error in set point in the controller was not detected
until an advanced stage of the experimental series, so it was
decided to continue at 285°C.

Correlation for the results where layer growth was quite slow
was poorer than for other tests, but still well within

acceptable limits.
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D

Figure 29. Log Diffusion Coefficlent in PbS

versus Inverse Temperature.
Ag Concentration = 0.1047 wt%

AH = 15.99 kcal/mol
9 2
Do=3.7x10 m /sec

_330 L 1 1 L i 2 1 1 1 2 2 " L
-34.0 - a s
] o]
35.0 +————-v— TN
1.700¢-3 1.800¢-3 1.900¢-3 2.000c-3
1T (K)

11. Pb in PbS Diffusion Coefficient versus Temperature.

TEMP. Diffusion Coefficient Correlation Coefficient
c® ( m%.s™h (dimensioniess)

250 7.08x10""° 0.956

270 9.20x10”'° 0.989

280 1.82x107'° 0.948

290 2.02x10"° 0.988

300 2.55x10°*° 0.99

310 3.20x10" *° 0.977
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FIGURE 30. The Variation in the Effective
Diffusion Coefficient of Lead Through PbS
with Silver Concentration of Bulk Pb.
Temperature = 285°C.
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Table 12. Pb in PbS Diffusion Coefficient versus Silver
Concentration.
COMPOSITION | DIFFUSION COEFF. | CORRELATION COEFF.
wt% Ag (mz.S_l) (dimensionless)
-15
0.10470 1.68x10 0.987
0.01400 1.63x10°*° 0.986
0.00095 1.47x10° % 0.990
0. 00060 2.12x10" Mt 0.3910
0.00048 1.90x10” 1 0.942
0.00038 1.88x10" M1 0.925
0.00032 2.12x10" ! 0.983
<0.00005 1.97x10” ! 0.997
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10.8 Model Output

An input file for the model was compiled using diffusion
coefficients determined by the current experiments and those
published in literature, published thermodynamic and activity
data, process parameters matching the experimental conditions
described by Clarke et al.(32), with the remaining unknowns
being estimated as closely as possible. A full list of the
input  file with explanatory notes can be found in
appendix (6). The most significant values are mentioned
below. The diffusion coefficients used were from literature

where ever available.

Pb -14 2
DPbS = 1.0 x 10 cm /s
Cu _ -5 2
DPbS = 1.0 x 10 cm /s
DEES = 1.0 x 10—:3 cm2/s

0.5
Cu -3 2 . .
DCuS was set at 1.0 x 10 cm /s, no other better information
being available. One layer growth experiment was performed (
see plate (2) ), which confirmed this estimate to be
reasonable.
Dggs (Ag doped) was estimated to be 5.1 x 10—19 cm2/s using

the equation relating temperature to diffusion coefficients
resultant from the current experiments.

Initial layer thicknesses were set as thin as possible at
0.01  um. If a smaller value was input, the simulation
diverged ( very large fluxes highlighted the short-comings of
the quasi-steady state assumption). The surface area to

volume ratio ie set such that the sulphur droplets in the
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melt would be approximately 10 to 20 um in diameter,
corresponding to the observations of Clarke, Baker and
Jenkins(32’ 33) .

Figure 31 shows the the output from the model. Figure 31(b)
shows the layer thicknesses predicted when adding sulphur to
bullion containing no silver, while figure 31(c) shows these
thicknesses when silver is present. Figure 31(a) shows the
decoppering curve that would result if these layers were
uniform over the surface of the melt. Clarke et al.(32’33)
added sulphur to bench scale liquid lead samples, the lead
both containing silver and being silver free, then quenched
the samples at various intervals to allow micro-examination
of the sulphides formed during various stages of the
decoppering process. Plates (3), (4), and (5) show
micrographs of sulphides present as a result of adding
sulphur to Ag contaminated 1lead after 30 seconds, 180
seconds, and 3600 seconds respectively. Note that computer
aided image enhancement was used to improve the quality of

the reproduction of these published micrographs by increasing

the contrast.
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Figure 31. Copper Concentration and Layer Thickness versus Log Time
For Both Silver Free and Silver Contaminated Cases.
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Plate 3. CuS Phase at
Interface between S
and Pb in Pb + Cu +
0.1 Wt% Ag Stirred at
1000 rpm with 0.05
Wt% S for 30 secs.

Plate 4. Moderate
Size Sulphide Area
Showing Roughly Equal
Portions of CuS and
Cu2—><S’ 3 mins after

S was stirred in to
Pb + Cu + Ag melt.

Plate 5. Void Essent-
jally Surrounded by

Thick Layer ofCuz_xS

and Thin Shell of PbS
in Pb + Cu + Ag Melt
Reacted with Sulphur
For 60 mins.

‘Cu s
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11.0. Discussion

When the value for the diffusion coefficient measured in the
current experiments is used in the model, excellent agreement
with the observations of Clarke, Baker and Jenkins(32’33),
both with respect to the occurence and thickness of layer
with time and the copper content of the bullion at any
moment, is found.

First we will consider the case where Ag is present. Plate
(2) shows the morphology of sulphides present 30 seconds
after sulphur was added to copper contaminated liquid Pb. A
CuS layer averaging around 5 microns thick adjacent to
sulphur with no apparent PbS is depicted. As stated before,
it is possible that the PbS Jlayer is undetectably: thin at
this time. Examining the corresponding model output in
figure 31(c), at 30 seconds, virtually no PbS and only CuS
and liquid sulphur is predicted. The model expects the CuS
layer to be around 5 microns which is in excellent agreement
with observations.

Plate (3) shows that after 3 minutes (180 secs), PbS, CusS,
and mostly CUSo.s is seen. Again, the model displays very
similar  characteristics, with large quantities of CuSO'S
apparent, visible amounts of PbS, and no sulphur remaining.
It varies only in that the CuS Jlayer has already been
consumed, but only a very short period of time before. This
can be considered to display a very high level of agreement.

Plate (4) shows the morphology of the sulphides after one

hour (3600 secs), when reversion is well underway. The PbS
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layer has now grown to a substantial thickness, while CuSO.5
is the sole copper sulphide present, in close concurrence
with model predictions.

Similar close correspondence is found between the model
output and the observations of Clarke and co-workers when the
bullion is free of silver. Unfortunately, sufficiently good
quality reproduction of their published micrographs was not
achieved, even with the aid of computer assisted image
enhancement, and have therefore not been included.

Examining figure 31(a), it <can be seen that excellent
agreement between the predicted and experimentally measured
decoppering curves occurred. This very good fit was achieved
by inputting into the model a .critical value for the initial

sulphur layer thickness, and thus the amount of sulphur

available for decoppering. If a lower value is input, Iless
overall decoppering takes place, and reversion commences
earlier. If a Jlarger value is input, the decoppering will

continue down to a 1level corresponding to a bulk copper
activity of 3.9 x 10—5. This is the theoretical limit for
decoppering, being the CuSO‘S/CuS equilibrium Cu activity.
This is the lowest Cu activity towards which copper in the
bulk can diffuse. The very low Cu activity at the CuS/S(1)
interface is always shielded from the  bullion by the
CuSO.S/CuS interface, except in the very earliest stages of
decoppering. The copper flux away from the bullion is
controlled by the difference in activity between the bulk and

the CUSO 5/CuS interface. When the bulk Cu activity reaches

the CuSO 5/Cu'S interfacial Cu activity, the decoppering flux
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goes to zero, and the limit has been reached.

In laboratory tests, or indeed industrial applications, it is
unlikely that this theoretical limit will be reached as there
will always be imperfect stirring in the melt, leaving some
copper tied up in whatever "dead-space" is present. it is
also unlikely that that there will be a wuniform sulpur
potential throughout, Jleaving Jlocal volumes at low sulphur
potentials where premature reversion could be occurring.

The model also predicts a slower rate of reversion than has

been observed experimentally. This may be explained by the
possibility of a direct Pb/CuSO.5 reaction, of which the
model takes no account, aiding the PbS/CuSO.5 reversion
mechanism.

The model developed here relies on the premise that Pb finds
it much more difficult to diffuse through PbS than does Cu.
This characteristic is represented in the model by giving the
PbS layer a much higher resistance to diffusion for Pb than
for Cu.

Values for the diffusion coefficients resulting from the
current series of experiments ‘and used in the model give
excellent agreement with reality. However, these values are
higher than the®  published diffusion coefficients. This can
be explained  when one considers that the dif fusion
coefficients quoted in literature are those relating to
diffusion through perfect crystals. However, these values
are of little relevance to the decoppering process, as the
sulphide layers will be highly flawed due to rapid formation

rates, continuing shearing stresses placed on the layers by
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mixing, and the multi-granular nature of the layers. There
will be many paths for fast diffusion, along grain boundaries
for example, and although the experimental procedure is very
simple, the results provided are more pertinent than those

collected under more rigorously controlled conditions.

11.1 The Effect of Silver

a1132:33) 4 dicated that the

Measurements made by Clarke et
concentration of silver in the bulk Pb bullion was similar to
that found witﬁin the PbS layer. If we assume this
approximate relationship  holds, we can relate the Ag
concentration in the bullion to the results of experiments
studying diffusion behaviour in PbS crystals with various
levels of Ag doping.

Figure(32),reproduced from Bloem and Kroger(45) shows the
occurrence of the p-n junction for pure and Ag doped PbS as a
function of sulphur potential and temperature. Although the
diagram does not quite extend down to decoppering
temperatures, it can readily seen that an Ag doping of 108
atoms per cc( which corresponds to a silver concentration of
7.5x107% wt% Ag) is likely to produce a PbS layer that is
entirely p-type at any sulphur potential encountered during
decoppering. This corresponds very closely with the critical
silver  concentration at which the diffusion coefficient
decreases dramatically(see figure(30)), the decrease being

determined experimentally to lie between 6.0x10"* and

9.5x10%  wt% Ag. However,  although this accurately
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Figure 32, Boundaries between p- and n- type Regions for

Undoped PbS and PbS Doped with Various Ag Concentrations over

a Range of Sulphur Potentials and Temperatures.

Concentrations of Ag are in Atoms/cc.
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determines the minimum silver doping to result in good
decoppering, it does little to help explain why there is such
a sudden change in the ease of diffusion of Pb through PbS.
Re-examining fig(23) in section 8.2, a linear sulphur
potential gradient across the layer has been assumed. As the
p~-n junction equilibrium sulphur potential is reduced by Ag
doping, the PbS 1layer will become steadily more p-type, and
thus steadily more resistant to Pb diffusion. This would
suggest a smooth, although possible quite rapid, change in
diffusivity, rather than the quite abrupt change observed.

One possible explanation for the sudden move from n-type to
p-type is that the sulphur potential profile across the layer
is not linear. If the majority of the sulphur potential
gradient was confined to a small part of the layer, most of
the layer could change from n-type to p-type with only a
small change in critical sulphur potential.

It is also possible that the PbS layer is not uniformly doped
with Ag. If an Ag concentration gradient existed across the
PbS, being higher at the Pb/PbS interface, a more abrupt
change from n-type to p-type would be expected.

Another explanation places doubt on the entire theory of
solid state diffusion limitation of PbS growth as a mechanism
for  decoppering. This argument centres around the
possibility that Ag acts as a surface active agent,
preventing rapid PbS growth. There is some support for this
argument when it is considered that Clarke and co-workers()
did sometimes find higher Ag concentrations adjacent to the

Pb/PbS interface. Surface activity also has difficulty in
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providing a mechanism to explain the rapidity in change of
PbS growth rate.

When small amounts of sulphur were dropped onto the surface
of hot Ag doped Pb, rapid reaction occurred. This suggests
little resistance to reaction at the interface, good surface
contact being achieved instantaneously. Also, this
eliminates difficulty of nucleation of PbS as a cause for
delayed PbS formation. However, it does not eliminate the
possibility of surface activity effects preventing the
continued growth of PbS. During the earliest stages of lead
sulphide  formation, the growth mechanism is completely
different to that expected Ilater. As the initial PbS layer
grows, pure Pb and pure S are in contact with each other at a
low energy site at the edges of the spreading PbS film,
encouraging rapid reaction. This spreading growth could
explain the initial rapid appearance of PbS and ,thus, this
behaviour cannot be used to draw conclusions about surface
active effects.

The sudden change from n-type to p-type occurs when the
silver concentration reaches a concentration of 1018
atoms/cm3 of PDbS. This value also equals the concentration
of positive cationic vacancies expected under these
conditions. For p-type PbS to offer much more resistance to
diffusion than n-type, V: must be for more immobile than Pbt.
The presence of interstitial silver ions 1is unlikely to have
any great effect on the diffusion of lead ions through the
lattice as they interfere with only an extreme minority of

possible diffusion paths. If, however, interstitial silver
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jons were to diffuse to, and occupy, the cation vacancies
within the lattice, it is conceivable that they pin the
vacancy in position and greatly reduce vacancy mobility. The
critical Ag concentration is equal to the number of available
cation vacancy sites. However, the current experiments can

provide no proof of this proposed mechanism.
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12.0 Conclusions.

12.0 Slag Cleaning.

Successful modelling of two groups of bench top scale
experiments investigating simple systems related to slag
cleaning practice has been achieved. Good agreement was
found in both cases with the same set of kinetic data.
Modelling of complex systems more similar to those expected
in slag cleaning practice gave the following conclusions.

1) Maintaining a high iron activity in the metallic phase
keeps the metal/slag interfacial oxygen activity 1low which
aids decoppering.

2) Increasing temperature will be beneficial with regard to
improved kinetics, but in most cases, the beneficial shift
in equilibria is matched by the detrimental increase on
oxygen potential needed to avoid FeO reduction.

3) Decreasing Fe0 activity in the slag will result in a
lower final Fe contamination of the metal phase and will
allow the use of a lower oxygen pressure.

Use of this type of model has the advantage of making much
information, such as interfacial activities and transfer
rates of species available.

However, this work emphasised the many short-comings of the
model in its current form. These are,

1) Solution thermodynamic and mass transport data is very
limited, mass transport data being specific to the mixing

conditions of the reactor under consideration. Establishing
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a descriptive matrix of activity coefficients and interaction
parameters to allow for the numerous species is, at best, a

large undertaking.

2) The current model makes no allowances for
multi-refractory slags. Oxide complexes formed by fluxes,
contaminants ,or the feed oxides themselves, requires

extensions to the model to be made.
3) Solid reductants, gas bubbles, and entrained metal
droplets cannot be modelled because of the lack of ability to
predict interfacial areas. However, this imformation being
known, the modification required to allow for these
occurrence is readily achieveable.

4) The model makes no allowances for change in surface
tensions or interfacial areas during reaction.

5) Kinetic effects of temperature change are not considered.

B) Imperfect phase contact, surface active species, delays
in phase nucleation and Jonic diffusion have all been

ignored.

12.2 Decoppering.

Simple experiments revealed wunusual growth characteristics
which led to the proposal of a new mechanism to explain the
non—-thermodynamically justifyable decoppering of lead. The
critical Ag concentration to achieve the change in PbS growth
characteristics lies between 6.0 and 8.5 x 10“4 Wt% Ag.

The theoretical limit to which current decoppering practice
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can reach is to a bulk copper activity of 3.9 x 10_5, which
is the CuS0 5/CuS equilibrium copper activity. The only way

to achieve more thorough decoppering is to avoid CuSO 5

formation, and make use of the CuS/S(1) equilibrium copper

activity of 2.84 x 10_7. This is unlikely as CuSO.5 will
form within 10 to 100 seconds of S addition. The beneficial
effect of multiple sulphur additions can be readily explained
by considering decoppering in the light of the proposed
mechanism because the first stage of decoppering with CuS
only present { when sulphide 1layers are thin and the
decoppering driving force is large ) is repeatedly caused.
Attempting very violent local stirring to break up sulphide
particles and expose encased sulphur to the bullion may be
beneficial, but this will also cause direct bullion/copper
sulphide contact accelerating reversion.

A continuous process where bullion is fed to a small highly
agitated reactor that has only a brief residence time,
whereupon the bullion containing sulphide particle is
immediately left to étand and allow sulphide particles to
rise to the surface to be skimmed may give good results.
This will produce large S(1) interfacial areas, make use of
the 1low CuS/S(1) copper activity, allow only thin layers
which guarantee rapid diffusion, and lower process times to
avoid any reversion. Note that the sulphide particles will

still contain sulphur, so a separate process to recover

sulphur from the dross would be required.
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APPENDIX 1. Slag Cleaning Model Mathematical Formulation.
Section A : Algebraic Development of Metal/Slag Interface.

The flux equation for the metal species in the metallic phase

is as follows

_ M/S M b _ i
JM = A C kM ( Ay .aM)/'xM

Substituting equilibrium equation,

M/S M b (1/207)
JM—A CkM(aM_aMO/(KMO Pg )/a'M
o (o 2
Using the metal species conservation equation,
_ _ M/S S i _ b
Mo o= A C ko (3o T3 ) 7 g
o o o o o
M M b i i (17207
= a C %k, (a,-a,. 7/ (K p
M M MOO_ MOO‘ O2 ))/’JM
Rearranging,
S M
i ¢ kMO ¢ kM 1
aMOcr Y e Y * (1/2)
MOO_ M KMO 0
2
_ b M b S
= aM C kM/VM + aMO C kMO / Mo
o o o
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EQUATION 1.

C k., 7
b, b M TMo_
MO M S
. o C" kyo
a'l - o
MO M
o 1 C ky %o
1+ il
i (172 o) S
Ko Po c kMO« Iy

This equation holds for each metal and its oxide.
The flux equation for oxygen in the metallic phase is as

follows,

_ L M/S M b i
JO—A Cko(a0 ao)/',)*O

Substituting in the oxygen disolution equilibrium equation,

M/S M P . (12)

) /¥
0 02 0 0

Using the oxygen conservation equation,

'JO = ZO‘JMO
M/S M b i (1/2)
= A Cko(aD—p02 /Ko)/'()'D
M/S _S j b
= T oA c kMO (aMO -—aMO)/'()'MO
o o o o

Substitution of equation one into the above equation for each

species gives an equation in Po only, which can be solved
2

numerically.
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Section B : Algebraic Development of the Slag/Gas Interface.

The flux equation for the slag species in the slag phase is

as follows,

s _ .8/G S .S b i s
Mo T A C ko Cay a0 ) 7 Ty
o (o8 (o o (o

Similarly, in the gas phase, the slag species flux is,

G _ .S/G G .G i b
Mo = A C ko C Py T Puo ) 7 Piotal
o o o o

As there will be a substantial gas flow across the surface of
the slag clearing away any accumulation of oxide ( or metal )
vapour,

can be assumed to be =zero. will only be

Pmo Ptotal
o
considered when atmospheric, and equal to one.

The equilibrium equations are,

_ (1/20°)
Ko = o 7 2y Pg )
o o 2
S/G
KMo = Puo_ 7 3o
o (o o

The conservation equations are,
1. For oxygen,

2ocR = -3 = J

CO CO2
2. For Metal Oxides,
s s
Mo = R * o
o o

We have two entirely different sets of possible behaviours at
the slag/gas interface, namely volatilization or reduction.
Simultaneous volatilization and reduction is unlikely for the

following reasons. If reaction is occuring at the slag/gas
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interface, CO with be gofng to 002, thus the oxygen potential
will be higher at the interface than in the bulk. Thus, if an
oxide were to volatilize, it would travel away into a lower
oxygen potential region where it would be reduced. The rate
at which the oxide concentration drops as distance from the
interface increases is likely to be significantly less than
tha rate at which the oxygen potential decreases because
oxide transport would be expected to be slower than that of
either CO or C02. Thus, any oxide arriving at the interface
should be reduces if any reduction is taking place. As the
model does not take into account the settling of dispursed

metal droplets back through the slag, all reduced metal is

simply put back into the metallic phase.
I. Volatilization.

The metal oxide conservation equation becomes,

Substituting in the flux equations and relevent equilibrium

equations,
S | S b i s
Cokyo Cayg ~ap 7 7y
o o o
G .G S/G _i
= C kMO ( KMO 240 )
o o o
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S S b

C" ko a0 7 %Mo
o o o

MO_ G G  .5/G

C ko KMo 7 Mo
(v (o8 o

II. Reduction.

At some critical oxygen potential, reduction occurs and metal
is produced. Looking at the relevent equilibrium equation
reveals that if we know the oxygen potential and the activity
at which the metal is formed ( assumed to be unity ), we know
the interfacial oxide activity. From this we can calculate
the flux of oxide to the interface. The equivalent metal flux
is added to the metallic phase, the oxygen being carries off

as C02. The oxide flux equation becomes,

Substituting into the flux equation and relevent equilibrium

equation,

_ ,S/G .S .S b i (1720)
R = A C kMO ( 3o KMO Po ) / ;r/MO(r
o o o 2

Section C : Algebraic Development of the Metal/Gas Interface.

The conservation equation for this volatilization reaction

is,
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M G

M=y
Substituting flux equations and
equation,
M/G M M b i M
A CkM(aM—aM)/;yM
M/G .G G i M/G
= A o kM ( 3y KM )
Rearranging,
M M b M
ai ) C kM ay / Yy
M G G _M/G M M M
c kM KM + C kM / Ty
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Appendix 2. Slag Cleaning Model FORTRAN Code.

PROGRAM SCM(SCMDAT,O,CU,FE,NI,SN,PB,2ZN,
S102,CU05,FEOX,NIO,SNO,PBO,ZNO,
FO,FCU,FFE1,FFE2,FNI,FSN,FPB,FZN,E,
TAPE1=SCMDAT,
TAPE11=0, TAPE13=CU, TAPE15=FE, TAPE16=NI, TAPE17=SN,
TAPE18=PB, TAPE19=ZN, TAPE21=S102, TAPE23=CU05,
TAPE25-FEOX, TAPE26=NIO, TAPE27=SNO,
TAPE28=PBO, TAPE29=ZNO, TAPE30=FO, TAPE31=FCU,
TAPE32-FFE1, TAPE33=FFE2, TAPE34=FN!, TAPE35=FSN,
TAPE36=FPB, TAPE37=FZN, TAPE38=E)
CHARACTER DUMMY
REAL K(40),X(40),Z(40),E(30),DH(30),DS(30),AC(20), MW(20),A(40,6)
REAL METAL(10),SLAG(10),XN(50),R(10), WTPC(40)
REAL NIO,MOLMET,MOLSLAG
C***ﬁt**ﬁi*t*ﬁ*tﬁitt*tt**tf**i ------- *k hhkkkhkdkdhdhthd
o .
c DATA ENTRY .
or .
Cx—ww * hhhkkkhk bk h kb k kb ke kb hhk Ak A hrddhkdhdhdkd
c
C MASS TRANSFER COEFFICIENTS
c
READ(1,10)DUMMY
DO 100 I=1,10
READ(1,20)K (1), K(1+10),K(1+20),K(1+30)
100 CONTINUE
c
C BULK CONCENTRATIONS
c
READ(1,10)DUMMY
DO 200 I=1,10
READ(1,20)\WTPC(l), WTPC(1+10), WTPC(1+20), WTPC(I+30)
200 CONTINUE
c
C STOICHIOMETRY
c
READ(1,10)DUMMY
DO 300 1=1,10
READ(1,20)Z(1),Z(1+10),Z(1+20),Z(1+30)
300 CONTINUE
c
C DH'S
c
READ(1,10)DUMMY
DO 400 I=1,10
READ(1,30)DH(l),DH(1+10),DH(1+20)
400 CONTINUE
c
C DS'S
c
READ(1,10)DUMMY
DO 500 I=1,10
READ(1,30)DS(l),DS(1+10),DS(1+20)
500 CONTINUE
c
C ACTIVITY COEFFICIENTS
c
READ(1,10)DUMMY
DO 600 I=1,10
READ(1,40)AC(I),AC(1+10)
600 CONTINUE
c
C MOLECULAR WEIGHTS

+ 4+ 4+ + + + o+ o+
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C
READ(1,10)DUMMY
DO 700 1=1,10
READ(1,40)MW(I),MW(1+10)
700 CONTINUE
C
C INTERFACIAL AREAS, TEMP,PHASE MASSES,C6,VOLUMES,DENSITIES,AND DT
C
READ(1,10)DUMMY
READ(1,Y)AMS,AMG,ASG, T,TOTMET,TOTSLAG,C6,ROEMET,ROESLAG,DT
C
C NUMBER OF ELEMENTS
C
READ(1,10)DUMMY
READ(1,")N,FINISH,BULKFEO
c .
C**t*****ti*iﬁ**i**t*i**t********ti***t*tik**t**t**ﬁi&****ﬁ**tt*ﬁ
c* x
C* PRELIMINARY CALCULATIONS *
c* .
C***i**i*i**ttittt dekkkdek dkkkkk ok deodkokodek
C
C EQUILIBRIUM CONSTANTS
C
DO 800 I=1,30
E(H=EXP((T*DS(I)-DH(1))/{(1.987*T))
800 CONTINUE
Cc
C INITIALIZATIONS
C
110=50
TIME=0.0
MOLMET=0.0
MOLSLAG=0.0
DO 850 1=1,40
DO 855 J=1,6
A(l,J)=0.0
855 CONTINUE
XN({1=0.0
XN(1+10)=0.0
850 CONTINUE
C
C CALCULATE INITIAL PHASE VOLUMES
C
V1=TOTMET/ROEMET
V4=TOTSLAG/ROESLAG
C
C INITIALIZE FLUXES,FUMES,AND"RESISTANCES",AND CALCULATE
C SPECIES MASSES AND TOTAL MOLES OF SLAG AND METAL ----------------
C
DO 860 I=1,N
R{h=0.0
METAL(l)=TOTMET*WTPC(l)/100.0
SLAG(i)=TOTSLAG*WTPC(1+10)/100.0
MOLMET=MOLMET+METAL(l)/MW()
MOLSLAG=MOLSLAG+SLAG{I)MW(1+10)
860 CONTINUE
C
C CALCULATE INITIAL MOLE FRACTIONS AND ACTIVITIES IN THE BULK ----
]
DO 870 I=1,N
X()=METAL(l)/(MW(I)*MOLMET)
X(I+10)=SLAG(l)/(MW(1+10)*"MOLSLAG)
AL 1)=X(*AC(l)
A(1+10,4)=X(1+10)*AC(I+10)
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870 CONTINUE

A(15,4)=BULKFEO

SIO2FEO=X(11)/X(15)

c

C CALCULATION OF BULK MOLAR CONCENTRATIONS -creresrmrmeeermemece
c

C1=MOLMETN/1

C4=MOLSLAGN4

C

C INITIAL GUESS OF M/S INTERFACIAL OXYGEN POTENTIAL
c

X1=(X(13)*AC(13)/(X(3)*AC(3)*E(3)))**2.0

A(1,5)=WTPC(31)

C*****iiii—t‘\'*t*****it*********t**i****f***ﬁt*'ﬁii****t****ﬁﬁ*****

C* *

c METAL/SLAG INTERFACE SOLUTION *
c* N
C*l—***i***t*le**t*ﬁ1—*t*i****t***t**t*i**ﬁ*t*ttt************t***t**

998 CONTINUE

Al=ACUO05(A,AC,E,K,C1,C4,X1)
BI=AFEO(A,AC,E K,C1,C4,X1)
CI=ANIO(A,AC,E,K,C1,C4,X1)
DI=ASNO(A,AC,E K,C1,C4,X1)
El=APBO(A,AC,E,K,C1,C4,X1)
FI=AZNO(A,AC,E,K,C1,C4,X1)
Y=YVAL(A,AC,E K,C1,C4,Al,BI,CI,DI,EI,FI,X1)
IF(Y.LT.0.0)THEN

X1=X1*2.0

GOTO 998

END IF

1000 CONTINUE

X2=X1/2.0

X1LOG=ALOG10(X1)
X2LOG=ALOG10(X2)

1001 CONTINUE
A2=ACUO05(A,AC,E,K,C1,C4,X2)
B2=AFEO(A,AC,E,K,C1,C4,X2)
C2=ANIO(A,AC,E,K,C1,C4,X2)
D2=ASNO(A,AC,E,K,C1,C4,X2)
E2=APBO(A,AC,E,K,C1,C4,X2)
F2=AZNO(A AC,E K,C1,C4,X2)
Y=YVAL(A,AC,E,K,C1,C4,A2,B2,C2,D2,E2,F2,X2)
IF(Y.GT.0.0)THEN

X1LOG=X2LOG

X2LOG=X2L0G-2.0

X1=10.0""X1LOG

X2=10.0""X2LOG

GOTO 1001

ENDIF

IF(Y.LT.0.0)THEN

1100 CONTINUE
XNEWLOG=(X1LOG+X2L.OG)/2.0
XNEW=10.0"XNEWLOG
ANEW=ACUO05(A,AC,E,K,C1,C4,XNEW)
BNEW=AFEO(A,AC,E K,C1,C4,XNEW)
CNEW=ANIO(A,AC,E,K,C1,C4,XNEW)
DNEW=ASNO(A,AC,E K,C1,C4 XNEW)
ENEW=APBO(A,AC,E,K,C1,C4, XNEW)
FNEW=AZNO(A,AC,E,K,C1,C4,XNEW)
YNEW=YVAL(A,AC,E,K,C1,C4 ANEW,BNEW,CNEW,DNEW,ENEW,FNEW,XNEW)
IF(YNEW.GT.0.0)X1LOG=XNEWLOG
IF(YNEW.LT.0.0)X2LOG=XNEWLOG
IF(ABS{YNEW).LT.1.0E-06)GOTO 2000
GOTO 1100

END IF
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2000 CONTINUE
PO2I=XNEW
CUO05=ANEW
FEO=BNEW
NIO=CNEW
FE203=E(4)*FEO*PO2I**0.25/E(5)
SNO=DNEW
PBO=ENEW
ZNO=FNEW
XN(1)=C1*K(1)*(A(1,1)-PO21**0.5/E(1))/AC(1)
XN(13)=C4*K(13)*(CU05-A(13,4))/AC(13)
XN(14)=C4*K(14)*(FE203-A(14,4))/AC(14)
XN(15)=C4*K(15)*(FEO-A(15,4))YAC(15)
XN(16)=C4*K(16)*(NIO-A(16,4))/AC(16)
XN(17)=C4*K(17)*(SNO-A(17,4))/AC(17)
XN(18)=C4*K(18)*(PBO-A(18,4))/AC(18)
XN(19)=C4*K(19)*(ZNO-A(19,4))/AC(19)
A(1,2)=PO2I**0.5/E(1)
A(83,2)=CU05/(E(3)*PO21**0.25)
A(5,2)=FEO/(E(5)*PO21**0.5)
A(6,2)=NIO/(E(6)*PO2I**0.5)
A(7,2)=SNO/(E(7)*PO2I**0.5)
A(8,2)=PBO/(E(8)*PO2I**0.5)
A(9,2)=ZNO/(E(9)*PO21**0.5)
A(13,2)=CU05
A(14,2)=FE203
A(15,2)=FEO
A(16,2)=NIO
A(17,2)=SNO
A(18,2)=PBO
A(19,2)=ZNO
XN(3)=C1*K(3)*(A(3,1)-A(3,2))/AC(3)
XN(5)=C1*K(5)*(A(5,1)-A(5,2))/AC(5)
XN(6)=C1*K(6)*(A(6,1)-A(6,2))/AC(6)
XN(7)=C1*K(7)*(A(7,1)-A(7,2))YAC(7)
XN(8)=C1*K(8)*(A(8,1)-A(8,2))/AC(8)
XN(9)=C1*K(9)*(A(9,1)-A(9,2))/AC(9)

o

Ct s

C*SLAG/GAS INTERFACE SOLUTlON *

c*

C**'ﬁ*****i*t***ﬁﬂ****it*t**i**iti*****ﬁtti**kﬁttit*i*kiiti*t***t
DO 2222 1=3,N

A(1+10,5)=E(1)*A(1,5)**(Z(1)/2.0)
XN(40+1)=C4*K(1+10)*(A(1+10,4)-A(l+10,5))/AC(l+10)
R(1)=XN(40+1)
IF(A(1+10,4).LT.A(1+10,5)) THEN
A(1+10,5)=C4*K(l+10)*A(1+10,4)/AC(1+10)/
+ (CE*K(30+1)*"E(20+1)+C4*K(30+1)/AC(10+l))
XN(40+1)=C6*K(I+30)*A(10+1,5)*E(20+I)
R())=0.0
IF(.LEQ.4.0R.LEQ.5)THEN
A(15,5)=(K(14)*A(14,4)/AC(14)+K(15)*A(15,4)/AC(15))/

+ (K(15)/AC(15)+K(14)*E(4)*A(1,5)**0.25/(E(5)*AC(14)))
A(14,5)=E(4)*A(15,5)"A(1,5)*"0.25/E{5)
XN(44)=C4*K(14)*(A(14,4)-A(14,5))/AC(14)
XN(45)=C4*K(15)*(A(15,4)-A(15,5))/AC(15)

ENDIF
END IF
2222 CONTINUE
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C#t**:*t«tti**ﬁtt**itttttt*ti*ttﬁﬁ**ﬁ*t'ﬁthtttttttttttm&t*ﬁtt***
cr *
C* METAL/GAS INTERFACE SOLUTION*®

C*

C*ﬁt*'tﬁ*t**ﬁ*i'*ﬁ*t*ﬁi**t*t*ﬁtiii*l'tittﬁ*ti*ikt'tt**t'ﬁt"t't*

DO 3333 I=3,N
A(l,3)=(C1*K(1))*A(l,1)/AC())(CB*K(20+1)* E(10+1)

+ +C1K(1)/AC(D)
XN(1+20)=C1*K(I)*(A(l,1)-A(1,3))/AC(l)

3333 CONTINUE

C‘-- ---------- * ** W e e o e e o ok ok ke ok o ok o

o

C* CONSERVATION EQUATIONS .

o .

Ci*t****iiitik******tlttttt***iti**itﬁ**t*t*tt*t*tti**t***t**i*

METAL(1)=METAL(1)-XN(1)*DT*MW(1)*AMS
METAL(3)=METAL(3)+(R(3)*ASG-AMS*XN(3))*DT*MW(3)
METAL(5)=METAL(5)+(R(5)*ASG-AMS*XN(5))*DT*MW(5)
METAL(6)=METAL(6)+(R(6)*ASG-AMS*XN(6))*DT*MW(6)
METAL(7)=METAL(7)+(R(7)*ASG-AMS*XN(7))*DT*MW(7)
METAL(8)=METAL(8)+(R(8)*ASG-AMS*XN(8))*DT*MW(8)
METAL(9)=METAL(9)+(R(9)*ASG-AMS*XN(9))*DT*MW(9)
CSLAG(1)=SLAG(5)*SIO2FEO*MW(11)/MW(15)
SLAG(3)=SLAG(3)+(XN(13)*AMS-ASG*XN(43))*DT*MW(13)
SLAG(4)=SLAG(4)+(XN(14)*AMS-ASG*XN(44))*DT*MW(14)
SLAG(5)=SLAG(5)+(XN(15)*AMS-ASG*XN(45))*DT*MW(15)
SLAG(8)=SLAG(6)+(XN(16)*AMS-ASG*XN(46))*DT*MW(16)
SLAG(7)=SLAG(7)+(XN(17)*AMS-ASG*XN(47))*DT*MW(17)
SLAG(8)=SLAG(8)+(XN(18)*AMS-ASG*XN(48))*DT*MW(18)
SLAG(9)=SLAG(9)+(XN(19)*AMS-ASG*XN(49))*DT*MW(19)
TOTMET=METAL(1)+METAL(3)+METAL(5)+METAL(6)+METAL(7)+METAL(8)+METAL(9)
TOTSLAG=SLAG(1)+SLAG(3)+SLAG(4)+SLAG(5)+SLAG(6)+SLAG(7)+SLAG(8)+
+  SLAG(9)
MOLMET=METAL(1)/MW(1)+METAL(3)/MW(3)+METAL(5)/MW(5)+

+  METAL(6)MW(6)+METAL(7)/MW(7)+METAL(8)/MW(8)+METAL(9)/MW(9)
MOLSLAG=SLAG(1)/MW(11)+SLAG(3)/MW(13)+SLAG(4)/MW(14)+SLAG(9)/MW(19)
+  +SLAG(5)/MW(15)+SLAG(8)/MW(16)+SLAG(7)/MW(17)+SLAG(8)/MW(18)
X(1)=METAL(1)/(MW(1)*MOLMET)

X(3)=METAL(3)/(MW(3)*MOLMET)

X(5)=METAL(5)/(MW(5)*MOLMET)

X(8)=METAL(6)/(MW(6)*MOLMET)

X(7)=METAL(7)/(MW(7)*MOLMET)

X(8)=METAL(8)/(MW(8)*MOLMET)

X(9)=METAL(9)/(MW(9)*MOLMET)

X(11)=SLAG(1)/(MW(11)*MOLSLAG)

X(13)=SLAG(3)/(MW(13)*MOLSLAG)
X(14)=SLAG(4)/(MW(14)*MOLSLAG)
X(15)=SLAG(5)/(MW(15)*MOLSLAG)

X(17)=SLAG(7)/(MW(17)*MOLSLAG)
X(18)=SLAG(8)/(MW(18)*MOLSLAG)

X(19)=SLAG(9)/(MW(19)*MOLSLAG)
X(16)=SLAG(6)/(MW(16)*MOLSLAG)

A(1,1)=X(1)*AC(1)

A(3,1)=X(3)*AC(3)

A(5,1)=X(5)*AC(5)

A(6,1)=X(6)*AC(6)

A(7,1)=X(7)*AC(7)

A(8,1)=X(8)*AC(8)

A(9,1)=X(9)*AC(9)

A(13,4)=X(13)*AC(13)

A(14,4)=X(14)*AC(14)

A(16,4)=X(16)*AC(16)

A(17.4)=X(17)*AC(17)

A(18,4)=X(18)*AC(18)

A(19,4)=X(19)*AC(19)
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V1=TOTMET/ROEMET
V4=TOTSLAG/ROESLAG
C1=MOLMET/V1

C4=MOLSLAGNV4
WTPC(11)=SLAG(1)*100.0/TOTSLAG
WTPC(13)=SLAG(3)*100.0/TOTSLAG
WTPC(14)=SLAG(4)*100.0/TOTSLAG
WTPC(15)=SLAG(5)*100.0/TOTSLAG
WTPC(16)=SLAG(6)*100.0/TOTSLAG
WTPC(17)=SLAG(7)*100.0/TOTSLAG
WTPC(18)=SLAG(8)*100.0/TOTSLAG
WTPC(19)=SLAG(9)*100.0/TOTSLAG
WTPC(1)=METAL(1)*100.0/TOTMET
WTPC(3)=METAL(3)*100.0/TOTMET
WTPC(5)=METAL(5)*100.0/TOTMET
WTPC(6)=METAL(6)*100.0/TOTMET
WTPC(7)=METAL(7)*100.0/TOTMET
WTPC(8)=METAL(8)*100.0/TOTMET
WTPC(9)=METAL(9)*100.0/TOTMET

Cﬁi*ttti-t**ﬁ**&*******t*********i***ttkt*t drdededde ks deddk ok dek ek k ok

C* *
C OUTPUT RESULTS *
C* *

Ct**it«ttt**-\-*ttt*t******ttt*t***a**ttts\-ﬁt**ttt**i*t*tﬁﬁﬁtﬁ*t*

IF(110.GE.50)THEN

TMIN=TIME/60.0

110=0

WRITE(11,40)TMIN,WTPC(1)

WRITE(13,40) TMIN,WTPC(3)

WRITE(15,40) TMIN,WTPC(5)

WRITE(16,40) TMIN,WTPC(6)

WRITE(17,40) TMIN,WTPC(7)

WRITE(18,40) TMIN,WTPC(8)

WRITE(19,40) TMIN,WTPC(9)

WRITE(21,40)TMIN,WTPC(11)

WRITE(23,40) TMIN, WTPC(13)
WRITE(25,30)TMIN,WTPC(14),WTPC(15)

WRITE(26,40) TMIN,WTPC(16)

WRITE(27,40)TMIN,WTPC(17)

WRITE(28,40) TMIN,WTPC(18)

WRITE(29,40)TMIN,WTPC(19)

WRITE(38,90) TMIN,E(1),E(3),E(4),E(5),E(6),E(7),E(8),E(9)
WRITE(30,90) TMIN,A(1,1),XN(1),A(1,2),A(1,5), TOTMET, TOTSLAG
WRITE(31,90)TMIN,A(3,1),XN(3),A(3,2),A(13,2),A(13,4),XN(43),R(3)
WRITE(32,90) TMIN,A(14,2), XN(14),A(14,4), XN(44),A(14,5)
WRITE(33,90) TMIN,A(5,1),XN(5),A(5,2),A(15,2), XN(15),A(15,4), XN(45)
WRITE(34,90) TMIN,A(6,1),XN(6),A(6,2),A(13,2), A(16,4), XN(46),R(6)
WRITE(35,90)TMIN,A(7,1),XN(7),A(7,2),A(17,2),A(17,4), XN(47),R(7)
WRITE(36,90) TMIN,A(8,1),XN(8),A(8,2),A(18,2),A(18,4), XN(48),R(8)
WRITE(37,90) TMIN,A(9,1),XN(9),A(9,2),A(19,2),A(13,4), XN(43),R(9)
END IF ,

110=110+1

X1=P0O2I1*1000.0

IF(TIME.GE.1.000)DT=0.1

IF(TIME.GE.10.00)DT=1.0

IF(TIME.GE.100.0)DT=5.0

IF(TIME.GE.1000.0)DT=20.0

TIME=TIME+DT

[F(TMIN.LT.FINISH)GOTO 1000

10 FORMAT(A1/)

20 FORMAT(4E12.4)

30 FORMAT(3E12.4)

40 FORMAT(2E12.4)

50 FORMAT(E12.4)

80 FORMAT(110)
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70 FORMAT(BA1)

80 FORMAT(F7.1)

90 FORMAT(9E9.2)

95 FORMAT(8E10.3)

9999 END

e OTRUTUORUEUUEUUTUURUUUUUSUUPOUUUOUVPPPORRUPPPINL

C**i**t**t**ii*******.*tQl‘tl***t*tﬁtittt&‘i**tﬁ****t*iﬁiitt**i.iﬁ

C*i—***i*****ttiﬁ*****i**t**iﬁﬁ*tt**t*l-Qttttt****ﬁ***t*tt******iii

C ----- * *
C ------------- PR 222222 222222233322 22 2%
FUNCTION ACUO5(A,AC,E,K,C1,C4,PO2l)

REAL A(40,6),AC(20),E(30),K(40)
ACUO05=(A(3,1)+A(13,4)*C4*K(13)*AC(3)/(C1*K(3)*AC(13)))
+  /(1.0/(E(3)*PO21**0.25)+C4*K(13)*AC(3)/(C1*K(3)*AC(13)))
END

FUNCTION AFEO(A,AC,E,K,C1,C4,PO2l)

REAL A(40,6),AC(20),E(30),K(40)
AFEO=(C1*K(5)*A(5,1)/AC(5)+C4*K(15)*A(15,4)/AC(15)+C4*K(14)*A(14,4)
+ /AC(14))/(C1*K(5)/(AC(5)'E(5)*PO2I**0.5)+C4*K(15)/AC(15)+
+  C4*K(14)*E(4)*PO21**0.25/(AC(14)*E(5)))

END

FUNCTION ANIO(A,AC,E,K,C1,C4,P0O2l)

REAL A(40,8),AC(20),E(30),K(40)
ANIO=(A(16,4)*C4*K(16)/AC(16)+A(8,1)*C1*K(B)/AC(6))

+  /(C4*K(1B)/AC(16)+C1*K(6)/(AC(6)*E(6)*PO2I**0.5))

END

FUNCTION ASNO(A,AC,E,K,C1,C4,P02l)

REAL A(40,6),AC(20),E(30),K(40)
ASNO=(A(17,4)*C4*K(17)/AC(17)+A(7,1)*C1*K(7)/AC(7))

+  /(C4*K(17)/AC(17)+C1*K(7)/(AC(7)*E(7)*PO21**0.5))
END

FUNCTION APBO(A,AC,E,K,C1,C4,PO2l)

REAL A(40,6),AC(20),E(30),K(40)
APBO=(A(18,4)*C4*K(18)/AC(18)+A(8,1)*C1*K(8)/AC(8))

+  /(C4*K(18)/AC(18)+C1*K(8)/(AC(8)*E(8)*PO2I**0.5))
END

FUNCTION AZNO(A,AC,E,K,C1,C4,PO2l)

REAL A(40,6),AC(20),E(30),K(40)
AZNO=(A(19,4)*C4*K(19)/AC(19)+A(9,1)*C1*K(9)/AC(9))

+  /(C4*K(19)/AC(19)+C1*K(9)/(AC(9)*E(9)*PO2I**0.5))

END

FUNCTION YVAL(A,AC,E,K,C1,C4,CU05,FEO,NIO,SNO,PBO,ZNO,PO21)
REAL A(40,6),AC(20),E(30),K(40),NIO
YVAL=C1*K(1)*(PO21**0.5/E(1)-A(1,1))/AC(1)+
0.5*C4*K(13)*(CU05-A(13,4))/AC(13)+
C4*K(15)*(FEO-A(15,4))/AC(15)+
1.5*C4*K(14)*(E(4)*PO21**0.25* FEO/E(5)-A(14,4))/AC(14)+
C4*K(16)*(NIO-A(16,4))/AC(16)+
C4*K(17)*(SNO-A(17,4))/AC(17)+
C4*K(18)*(PBO-A(18,4))/AC(18)+
C4*K(19)*(ZNO-A(19,4))/AC(19)
END

4+ + 4+ o+ o+
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Appendix 3(a) Data file for Toguri Simulation.

MASS TRANSFER COEFFICIENTS(cm/s)

METAL SLAG GAS  GAS
0.00015 0.00010 0.000 0.000 O
0.00015 0.00010 0.000  0.000
0.00015 0.00010 0.000 0.000 Cu CuO0.5
0.00015 0.00010 0.000 0.000 Fe FeO15
000015 0.00010 0.000 0.000 Fe FeO
0.00015 0.00010 0.000  0.000
0.00015 0.00010 0.000  0.000
0.00015  0.00010 0.000  0.000
0.00015 0.00010 0.000  0.000
0.00015  0.00010 0.000  0.000
BULK CONCENTRATIONS IN WEIGHT PERCENT
METAL SLAG GAS GAS
1.0E-05 400 1.0E-07 1.0E-07 O Si02 pO2
00 00 00 00
9949939 480 00 00 Cu Cu005
00 52 00 00 FeO15
050 500 00 00 Fe FeO
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
STOICHIOMETRY
METAL SLAG GAS GAS
00 00 00 00
00 00 00 00
10 05 00 00 Cu005
10 15 00 00 FeO15
10 10 00 00 FeO
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
HEATS OF FORMATION ( IN CALORIES )
MS MG SG
205000 00 00 1/2(02)=[0]
671500 00 00 CO+1202=CO02
141900 0.0 0.0  Cu(l) +1/4 02 =Cu00.5
972900 00 00  Fe(l) +3/402=FeO15
612000 00 0.0  Fe(l)+1/202 = FeO
00 00 00
00 00 00
00 00 00
00 00 00
00 00 00
ENTROPIES (IN CALORIES)
MS MG SG
109 00 00 1/2(02) = [O]
2037 00 00 CO +1/202=C0O2
472 00 00 Cu(l) + 1/4 02 = Cu00.5
2448 00 00 Fe(l) + 3/4 02 = FeO15
11283 00 00 Fe(l) + 1/2 02 = FeO
00 00 00
00 00 00
00 00 00

145



ACTIVITY COEFFICIENTS

METAL  SLAG
034 00 O
0.0 0.0

1.0 08 Cu Cu005
15.95 15 Fe FeO15
15.95 0.0 Fe FeO

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

0.0 0.0

MOLECULAR WEIGHTS (KG/MOLE)

METAL  SLAG
0.016 0.060 0 Sio2
0.012 00 C

0.0635 0.0747 Cu CuQ0.5
0.0558 0.0769 Fe FeO1.5
0.0558 0.0771 Fe FeO

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
00 0.0

INTERFACIAL AREAS(sq.m),TEMPERATURE(K),PHASE MASSES(kg)
,C6(mole/cubic m),PHASE DENSITIES(kg/cubic m),AND TIME INCREMENT
4.0E-04 Met/Slag
0.0 Met/Gas
4.0e-04 Slag/Gas
1473.0
0.10
0.05
10.0
7500.0
3500.0
0.01
NUMBER OF ELEMENTS PRESENT
(INTEGER)
5
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Appendix 3(b) Data file for current experiment
simulation.
MASS TRANSFER COEFFICIENTS(cm/s)

METAL SLAG GAS  GAS

0.000015 0.000010 0.040 0.040 O SiO2
0.000015 0.000010  0.000  0.000

0.000015 0.000010  0.000 0.000 Cu CuQ05
0.000015 0.000010  0.000 0.000 Fe FeO15
0.000015 0.000010  0.000 0.000 Fe FeO
0.000015 0.000010  0.000 0.000 Ni NiO
0.000015 0.000010  0.000  0.000

0.000015 0.000010  0.000  0.000

0.000015 0.000010  0.000  0.000

0.000015 0.000010  0.000  0.000
BULK CONCENTRATIONS IN WEIGHT PERCENT

METAL  SLAG  GAS  GAS

1.0E-05 400 1.0E-07 10E-07 O Si02 pO2
00 00 00 00

98.86999 0.1 0.0 0.0 Cu Cu005
00 100 00 0.0 FeO15
012 4510 0.0 0.0 Fe FeO
0.01 48 0.0 0.0 Ni  NO

00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
STOICHIOMETRY
METAL SLAG GAS  GAS
00 00 00 00
00 00 00 00
05 05 00 00  CuCuO05
150 150 00 00 Fe FeO15
10 10 00 00 Fe FeO
10 10 00 00 Ni NiO
00 00 00 00
00 00 00 00
00 00 00 00
00 00 00 00
HEATS OF FORMATION ( IN CALORIES )
MS MG SG
205000 0.0 00 1/2 (02) = [O]
671500 00 00 CO +1/2 02 = CO2
141900 0.0 0.0 Cu(l) + 1/4 02 = Cu00.5
972900 00 00 Fe(l) + 3/4 02 = FeO1.5
612000 00 00 Fe(l) + 1/2 02 = FeO
604900 0.0 0.0 Ni(l) + 1/2 02 = NiO
00 00 00
00 00 00
00 00 00
00 00 00
ENTROPIES (IN CALORIES)
WS MG SG

109 00 00 1/2(02) =[0]

2037 00 0.0 CO +1/202 = CO2
472 00 00 Cu(l) + 1/4 02 = Cu00.5
3000 00 0.0 Fe(l) +3/4 O2 = FeO1.5
1283 00 00 Fe(l) + 1/2 02 = FeO
2299 00 00 Ni(l) + 1/2 02 = NiO

00 00 0.0
00 00 0.0
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ACTIVITY COEFFICIENTS

METAL  SLAG
0.34 0.0 (0]
0.0 0.0
1.0 5.0 Cu CuQ05
15.95 1.0 Fe FeO15
15.95 0.0 Fe FeO
211 426 Ni  NiO
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

MOLECULAR WEIGHTS (KG/MOLE)
METAL  SLAG
0.016  0.060 O Sio2
0.012 00 C

0.0635 0.0715 Cu CuO05
0.0558 0.0798 Fe FeO15
0.0558 0.0718 Fe FeO
0.0587 0.0747 Ni  NiO

0.0 0.0
0.0 0.0
0.0 0.0

00 00
INTERFACIAL AREAS(sq.m), TEMPERATURE(K),PHASE MASSES(kg)

,C6(mol/cubic m),PHASE DENSITIES(kg/cubic m),AND TIME INCREMENT
4.0E-04 Met/Slag .
0.0 Met/Gas

4.0e-04 Slag/Gas
1473.0
0.020
0.005
10.0
7500.0
3500.0
0.01
NUMBER OF ELEMENTS PRESENT
(INTEGER)
6
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Appendix 3(c). Data file for slag cleaning simulation.

MASS TRANSFER COEFFICIENTS(cm/s)
METAL  SLAG GAS GAS
0.000015 0.000010 0.0001 0.0001 O
0.0000t5 0.000010 0.000t 0.0001
0.000015 0.000010 0.0001 0.0001 Cu Cu0Q0.5
0.000015 0.000010 0.0001 0.000t Fe FeO15
0.000015 0.000010 0.0001 0.0001 Fe FeO
0.000015 0.000010 0.0001 0.0001 Ni NiO
0.000015 0.000010  0.0001 0.0001 Sn SnO
0.000015 0.000010 0.0001  0.0001 Pb PbO
0.000015 0.000010 0.0001 0.0001 Zn ZnO
0.000015 0.000010 0.0001  0.0001
BULK CONCENTRATIONS IN WEIGHT PERCENT
METAL  SLAG - GAS GAS
1.6E-05 410 45E-14 45E-14 O 802 pO2
0.0 0.0 0.0 0.0

90.999984 5.0 0.0 0.0 Cu CuQ05
0.0 10 0.0 0.0 FeO15
50 450 0.0 0.0 Fe FeO
1.0 20 00 00 Ni NiO
1.0 20 0.0 0.0 Sn SnO
10 20 0.0 0.0 Pb PbO
1.0 20 00 00 Zn ZnO

0.0 0.0 0.0 0.0
STOICHIOMETRY
METAL  SLAG GAS GAS

10 10 00 00 O

00 00 0.0 0.0

05 05 0.0 0.0 CuQ0.5
150 150 0.0 0.0 FeO1.5
10 10 0.0 0.0 FeO

10 10 0.0 0.0 NiO

10 10 0.0 0.0 SnO

1.0 10 0.0 0.0 PbO

10 10 0.0 0.0 Zn0O

00 00 0.0 0.0
HEATS OF FORMATION ( IN CALORIES)
Ms MG SG

00 00 00
671500 00 00 CO+1/202=C02
-14190.0  73650.0 1000000.0 Cu005 Cu(g) Cu00.5(g)
-97290.0 1000000.0 1000000.0 FeO15 Fe(g) FeO1.5(g)
-61200.0 1000000.0 1000000.0 FeO Felg) FeO(g)
-60490.0 1000000.0 1000000.0 NiO Ni(g) NiO(g)
-62690.0 1000000.0  57990.0 SnO  Sn{g SnO(g)
43300.0 434900 51270.0 PbO  Pb(g) PbO(g)
-110000.0 28230.0 1000000.0 Zn0  Zn(g) ZnO(g)

00 00 00

ENTROPIES (IN CALORIES)
Ms MG SIG
00 00 0.0

2037 00 0.0 CO+1/202=C02

472  26.02 0.0 Cu00.5 Cu(g) CuQ0.5(g)
-30.00 0.0 0.0 FeO15 Fe(g) FeO1.5(g)
-1283 00 0.0 FeO Fe(g) FeO(g)
2299 00 0.0 NiO Ni(g) NiO(g)
2069 00 -3227 SnO Sn(g) SnO(g)
-1626 2154 28.69 PbO Pb(g) PbO(g)
4740 2396 0.0 Zn0 Zn(g) Zn0O(g)
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ACTIVITY COEFFICIENTS

METAL  SLAG
0.34 0.0 (0]
0.0 0.0
1.0 3.0 Cu CuO05
15.95 1.0 Fe FeO15
15.95 13 Fe FeO
211 4.26 Ni  NiO
0058 078 Sn  SnO
437 007 Pb PbO
0.165 18 Zn ZnO
0.0 0.0
MOLECULAR WEIGHTS (KG/MOLE)
METAL  SLAG
0.016  0.060 O Si02
0012 00 C

0.0635 0.0715 Cu Cu00.5
0.0558 0.0798 Fe FeO1.5
0.0558 0.0718 Fe FeO
0.0587 0.0747 . Ni NiO
0.1187 0.1347 Sn SnO
0.2072 0.2232 Pb PbO
0.0654 0.0814 Zn ZnO
0.0 0.0
INTERFACIAL AREAS(sq.m), TEMPERATURE(K),PHASE MASSES(kg),
C6(mol/cubic m),PHASE DENSITIES(kg/cubic m),AND TIME INCREMENT
4.0e-04
4.0e-05
4.0e-04
1473.0
0.025
0.010
10.0
7500.0
3500.0
0.01
NUMBER OF ELEMENTS PRESENT,
TOTAL PROCESS RUN-TIME (MINS.),AND BULK FEO ACTIVITY.
9
600.0
0.4
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Appendix 4. Decoppering Model Mathematical Formulation.

Layer Configuration One. Pb(1)/PbS/CuS/S(1).

PHASE | FLUX DENSITIES | LAYER THICKNESSES
S(1) TS(])
CuS(s) Teus
Pb Cu ,
PbS(s) N N Topg
Pb(1)
Cu _ Cu Cu Cu Cu
N™" = kgp Cop ¢ 3, ~ 2pppos 1 7 Tpp
_ ~Cu Cu _ _Cu Cu Cu
= Debs Crbs ¢ @bpbs ~ pbscus | 7 ¢ ¥pos Trbs
. ~Cu Cu _ _Cu Cu Cu
* Beus Ceus ¢ Pposscus T 2cusss(n ) 7 Fcus Teus?

The approximate equality refers to the fact that NCu in CuS

Cu | Pb : -
actually equals N in PbS plus N °, each lead ion arriving
dislodging a Cu ijon which would diffuse towards the sulphur(
and slightly change the interfacial Cu activity). However, we
will assume NPb to be small.

Rearranging and adding,

aCu _ aCu
Pb CuS/S(1)

Cu Cu Cu Cu
N b+ pps PbS+ Ycus cusS
Cu Cu T Cu T
kYe. oY oc DY ¢

Pb "Pb "PbS "PbS CuS "CuS
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Cu _ Cu Cu
Let R, = w5y 7 ( kg Cpp )
Cu Cu Cu
Rebs = 7pbs 7 ¢ Ppbs Cpbs
Cu _ Cu Cu
Reus = 7cus 7 ¢ Peus Ceus ?
Substitution gives,

Cu _ Cu _ Cu Cu Cu Cu
N = Cag) —acussn ) 7 Rep * Rops Tpps * Reus Tous !
aCu _ NCu RCu < + aCu

CuS/PbS ~ CuS "CuS CuS/S(1)

Pb _ Cu (CuS , (PbS

qpps/cus - 2PbS/Cus

Pb  _ __Pb Pb
Neps = 01 = @ppgscus 1 7 ¢ Rpps Tppg
Conservation Equations
dast 7 dt =N Area /7 ( C° Vol )
dTPbS / dt = NPb / CPb
att¥ /gt = NV, M
Cu cqaL s
If anS/Cquecomes larger than the CuS/CuSO.5 equilibrium

copper potential, the CuS0 Swiﬂ form.

Layer Configuration Two. Pb(1)/PbS/CuS 5/S(l).

Q.
PHASE FLUX DENSITIES LAYER THICKNESSES
s(1) TS(1)
Cu
CuS(s) NCuS Teus
T
CUSO.S(S) CuSO‘5
Pb Cu
PbS(s) N NPbS Tops
Pb(1)
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Solution of interfacial activities and fluxes in the Pb, PbS,
and CuS0 5 are similar to the previous Jlayer configuration
solution, only varying in that the resistances across the

CuS0 5 layer is different, and the CuS0 5/CuS equilibrium Cu

potential is higher than the CuS/S(1) equilibrium potential.

Cu Cu Cu
N = N = N =
Pb PbS CUSO.S
aCu
aCu ) CuSO.5 / CuS
Pb Cu Cu Cu
R + R T, + R T
Pb PbS "PbS CuSO‘5 CuSO.5
Cu _ Cu Cu Cu
Neus = ¢ aCuSO 5/CuS acusss() 7 Reus Tous !
aCu - NCu RCu - + aCu
PbS/CuSO.S CuSO.5 CuSO.5 CuSO.S/CuS
Pb Cu 2 PbS
a = ( a K 1= /7 E
PbS/CuSOO5 PbS/CuSO.5 CuSO‘5
Pb Pb Pb
NPbS = (1 anS/CuS0 5 ) 7« RPbS Pbs )
Conservation Equations.
Cu _ Cu Pb
d 3k / dt = NPb Area / ( C = Vol )
_ Pb Pb
dTPbS / dt =N / C
Cu Cu CusS
dT / dt = (N - N ) /7 C 0.5
CuSO.5 CuSO.5 CusS
_ Cu Cu
dte,g 7 9t = 2 Nes NCUSO 5

If the sulphur runs out, we must go to another solution

method.
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Layer Configuration Three. Pb(1)/PbS/CuS

0

. 5/CuS.

PHASES FLUX DENSITIES LAYER THICKNESSES
CuS(s) Teus
T
CUSO.S(S) | CuSO.5
Pb Cu
PbS(s) N N TPbS
Pb(1)

This model is similar to the stage two model,

in that the copper flux

through the CuS

layer

differing only

is negligible.

There is no source or sink for diffusing copper ijons at the

top interface.
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Layer Configuration Four. Pb/PbS/CuS

0.5 °
PHASES FLUX DENSITIES | LAYER THICKNESSES
T
CuSO.S(S) | CuSO.5
Pb Cu
PbS(s) N N Tops
Pb(1)

There is no sink or source of Cu at the top interface. Thus,

Pb arriving at the PbS/CuS0 5 interface dislodges Cu,

diffuses back to the bullion giving reversion.

Pb  _ Cu _ _ ,.Cu
Nppg = 7 2N = = 2Ngy
Pb _ Pb Pb
Nopg = (1 *PbS/Cus, 5») / { Rops Tpps !
Cu _ Cu _ _Cu Cu
Neps = ( @py /ppbs *Pbs/cus,, . ) 7/ ( Roys Tppg )
Cu _ Cu Cu Cu
Nep = € 2y = 3y pps ) 7 Rpp
Pb Cu
a = (K a ) /7 K
PbS/CUS, ¢ Cus, o “PbS/cus, ¢ PbS
) . .. .Pb
Solving these gives a quadratic in N .
PbS
Pb Cu Cu 2 Cu Cu Cu
4 Nops [ ( Rop * Reps Tpps ) * %y ( Rpp * Ropg Tpps ! ]
2
Pb [ PbS _Pb Ccus 2 ] Cu PbS
NPbS K RPbS Tops / (K 0.5 ) + ( asy + K / K
=0
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Conservation Equations.

_ Pb CuS
d TCuS / dt = 2 NPbS / C 0.5
Cu _ Pb Pb
deb / dt = 2 NPbS ( Area/Vol ) / C
Pb PbS
d TPbS / dt = NPbS / C
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Appendix 5. Typical Layer Thickness Measurements and
Explanation of Mathematical Manipulation.

The figure below shows a set of readings taken. Units of
measurement are graduations on an eye-piece mounted grid.
These measurements were converted to microns by calibration
with a stage level graticule. The readings below are the
worst set observed. A large number were taken to be sure the
correlation was sufficiently high. Some difficulties were
encountered as  the limits of  optical resolution were

approached, as in this example.

Raw Data For Layer Thickness Measurements.
These represent the WORST set of data collected.

—x X z o s b a1 s 1 ot e 1 s 1
mlo 1 1 L
c [
2 99 -
‘a - o
3 8 -
e h L
o 74 + + + :'
© 64 + + + + + |
q’ - 3
Q 59  HHEH + HHEHEE H H O+ + |
a4 HH o+ H A R R -
o E .
o 3- b R W R HH -
5 27 + ¥ ++ + -
. 14 -
2 ’ [
Z 0417 T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Reading Number

The highest and lowest value from each set weré dfsguarded,
then the remainder averaged. Sets of readings were taken from
samples reacted for various times at some given conditions.
Converting these values to centimeters, squaring them and
ploting them against 2 x time (as described in section 10.2
)}, linear regression was applied to find the 1line of best

fit. The slope equals the effective diffusion coefficient.
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The correlation coefficient was quoted in the results. Note
that each experiment was repeated in triplicate. Reasonable
agreement was always found between the three trials. Four
reaction times were wused, with three points at each time
giving twelve points to regress. The intercept of the line of
best fit was always close to the origin, indicating that the
samples took little time to settle to the reaction

temperature.
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Appendix 6(a). Decoppering Model FORTRAN Code.

PROGRAM DECOP(INPUT,OUTPUT,DECDAT,CU,LT, TAPES=INPUT,
+  TAPE6= OUTPUT, TAPE2=CU,TAPE3=LT, TAPE1=DECDAT)
CHARACTER DUMMY1,DUMMY2

REAL LT,LAYER2

DIMENSION XN(3,6),A(3,8),LT(6),C(6),D(3,6),E(4),AC(6),R(3,6)
C ------- ek dededkdk

Ct

c DATA ENTRY

C*

Ci—i*i*t**i****'h**ﬁ***i*i**tiiit***t******t*ﬁtttt**
READ(1,10)DUMMY1,DUMMY2

READ(1,*)((A(1,J),1=1,3),J=1,6)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)((D(1,J),1=1,3),J=1,6)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)(C(K),K=1,6)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)(AC(J),J=1,6)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)(LT(K),K=1,6)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)(E(K),K=1,4)

READ(1,10)DUMMY1,DUMMY2

READ(1,*)AREA,VOL,DT

10 FORMAT(A1)

Cti*i—tt*t*t*tt*tttt***a*t*ttﬁitt*t******«*«ﬁ**«tt

c* .
C*PRELIMINARY CALCULATIONS

c* .
CrHwsevenbbmbhrtbbentbssis -

TIME=0.0

INT=10

LAYER2=LT(2)*1000000.0
PBCU05=(LT(2)+LT(3))*1000000.0
ALL=(LT(2)+LT(3)+LT(4))*1000000.0
THELOT=(LT(2)+LT(3)+LT(4)+LT(5))*1000000.0
BULKCU=A(2,1)/3.226
CWRITE(6,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
CWRITE(2,200)TIME,A(2,1),LAYER2,PBCU05,ALL, THELOT
200 FORMAT(10E10.3)
DO 20 J=1,6
DO 30 [=1,3
R(1,J)=AC()/(D(I,J)*C(J))
30 CONTINUE
20 CONTINUE
C&*ittt*****it*iﬁt*tﬁtttt*&******ﬁ*tt*t*****tt****
or
C* SOLUTION OF PB/PBS/CUS/S(L) MODEL -- STAGE ONE
o
C**iiit*ﬁ*ti—*itt***ttiiti*t**t****tt*******t‘-t****
1111 CONTINUE
XN(2,1)=(A(2,1)-A(2,5))/(R(2,1)+R(2,2)"LT(2)+R(2,4)*LT(4))
A(2,3)=XN(2,1)*R(2,4)*LT(4)+A(2,5)
A(1,3)=A(2,3) E(4)/E(2)
XN(1,2)=(1.0-A(1,3)/(R(1,2)*LT(2))
C CONSERVATION EQUATIONS
A(2,1)=A(2,1)-XN(2,1)*DT*AC(1)*AREA/(C(1)*VOL)
LT(2)=LT(2)+XN(1,2)*DT/C(2) '
LT(4)=LT(4)+XN(2,1)*DT/C(4)
LT(5)=LT(5)-(XN(2,1)+XN(1,2))*DT/C(5)
TIME=TIME+DT
IF(TIME.GE.DT*100.0)DT=DT*10.0
C OUTPUT RESULTS TO FILE "RESULT"
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LAYER2=LT(2)*1000000.0
PBCU05=(LT(2)+LT(3))*1000000.0
ALL=(LT(2)+LT(3)+LT(4))*1000000.0
THELOT=(LT(2)+LT(3)+LT(4)+LT(5))*1000000.0
BULKCU=A(2,1)/3.226
C TEST FOR CUS0.5 FORMATION

IF(A(2,3).GE.A(2,4)) THEN
c WRITE(6,300) TIME
300 FORMAT('CUS0.5 FORMED AFTER',E10.3, SECS)
GOTO 2222
END IF
C TEST FOR S(L) DEPLETION
IF(LT(5).LE.0.0)THEN
c WRITE(6,400) TIME
400 FORMAT('SULPHUR GONE AFTER',E10.3,' SECS')
LT(5)=0.0
GOTO 3333
END IF
IF(INT.GE.10)THEN
INT=0

BULKCU=A(2,1)/3.226
CWRITE(68,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
WRITE(2,200) TIME,BULKCU
WRITE(3,200) TIME,LAYER2,PBCU05,ALL, THELOT
END IF
INT=INT+1
GOTO 1111
c cennenes
Ci— *
C* SOLUTION TO PB/PBS/CUS0.5/CUS/S(L) MODEL -- STAGE TWO
C* *
C * e ek ¥ de ko * dhddkkkkkhk
2222 CONTINUE
XN(2,1)=(A(2,1)-A(2,4))/(R(2,1)+R(2,2)*LT(2)+R(2,3)*LT(3))
A(2,2)=XN(2,1)*R(2,3)*LT(3)+A(2,4)
A(1,2)=A(2,2)*E(3)*A(2,2)*E(3)/E(2)
XN(1,2)=(1.0-A(1,2))/(R(1,2)*LT(2))
XN(2,4)=(A(2,4)-A(2,5))/(LT(4)*R(2,4))
C CONSERVATION EQUATIONS
A2,1)=A(2,1)-XN(2,1)*DT*AC(1)*AREA/(C(1)*VOL)
LT(2)=LT(2)+XN(1,2)*DT/C(2)
LT(3)=LT(3)+2.0*(XN(2,1)-XN(2,4))*DT/C(3)
LT(4)=LT(4)+(2.0°XN(2,4)-XN(2,1))*DT/C(4)
LT(5)=LT(5)-(XN(2,4)+XN(1,2))*DT/C(5)
TIME=TIME+DT
IF(TIME.GE.DT*100.0)DT=DT*10.0
C OUTPUT RESULTS TO FILE "RESULT"
LAYER2=LT(2)*1000000.0
PBCUO05=(LT(2)+LT(3))*1000000.0
ALL=(LT(2)+LT(3)+LT(4))*1000000.0 ,
THELOT=(LT(2)+LT(3)+LT(4)+LT(5))*1000000.0
BULKCU=A(2,1)/3.226
C TEST FOR S(L) DEPLETION
IF(LT(5).LE.0.0)THEN

c WRITE(6,400)TIME
LT(5)=0.0
GOTO 3333

END IF

IF(INT.GE.10)THEN

INT=0

BULKCU=A(2,1)/3.226
CWRITE(6,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
WRITE(2,200) TIME,BULKCU
WRITE(3,200)TIME,LAYER2,PBCUO05 ALL, THELOT
END IF
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INT=INT+1
GOTO 2222
Aot ) .
or .
C* SOLUTION TO PB/PBS/CUS0.5/CUS MODEL -- STAGE THREE
C'k *
wa- *kdrk e "k w "k
3333 CONTINUE
XN(2,1)=(A(2,1)-A2.4)(R(2,1)+R(2,2)'LT(2)+R(2,3)*LT(3))
A(2,2)=XN(2,1)*R(2,3)"LT(3)+A(2,4)
A(1,2)=A(2,2)*E(3)*A(2,2)*E(3)/E(2)
XN(1,2)=(1.0-A(1,2)(R(1,2)*LT(2))
C CONSERVATION EQUATIONS
A(2,1)=A(2,1)-XN(2,1)*DT*AC(1)*AREA/(C(1)*VOL)
LT(2)=LT(2)+XN(1,2)"DT/C(2)
LT(3)=LT(3)+2.0*(XN(2,1)+XN(1,2))*DT/C(3)
LT(4)=LT(4)-(XN(2,1)+4.0"XN(1,2))*DT/C(4)
TIME=TIME+DT
IF(TIME.GE.DT*100.0)DT=DT*10.0
C OUTPUT RESULTS TO FILE "RESULT"
LAYER2=LT(2)*1000000.0
PBCU05=(LT(2)+LT(3))*1000000.0
ALL=(LT(2)+LT(3)+LT(4))*1000000.0
THELOT=ALL
BULKCU=A(2,1)/3.226
C TEST FOR CUS CONSUMPTION
IF(LT(4).LE.0.0)THEN

c WRITE(6,500) TIME
500 FORMAT('CUS GONE AFTER',E10.3," SECS")
LT(4)=0.0 :
GOTO 4444

ENDIF

IF(INT.GE.10)THEN

INT=0

BULKCU=A(2,1)/3.226
CWRITE(6,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
WRITE(2,200) TIME,BULKCU
WRITE(3,200)TIME,LAYER2,PBCU05,ALL, THELOT
END IF
INT=INT+1
GOTO 3333
o .
C* SOLUTION OF PB/PBS/CUS0.5 MODEL -- STAGE FOUR
o .
C****tt*******i*tt'****t*ft***t**t*i*t**tttt*t**ﬁ*
4444 CONTINUE
A1=4.0"(R(2,1)+R(2,2)*LT(2))**2.0
B1=4.0*A(2,1)*(R(2,1)+R(2,3)"LT(2))+E(2)*R(1,2)*LT(2)/E(3)**2.0
C1=A(2,1)*2.0-E(2)/E(3)**2.0
XN(1,2)=(-B1+(B1*B1-4.0*A1*C1)**0.5)/(2.0*A1)
C CONSERVATION EQUATIONS
A(2,1)=A(2,1)+2.0*"XN(1,2)*DT*AC(1)*AREA/(C(1)*VOL)
LT(2)=LT(2)+XN(1,2)*DT/C(2)
LT(3)=LT(3)-2.0*XN(1,2)*DT/C(3)
TIME=TIME+DT
IF(TIME.GE.DT*100.0)DT=DT*10.0
C OUTPUT RESULTS TO FILE "RESULT"
LAYER2=LT(2)*1000000.0
PBCUO05=(LT(2)+LT(3))*1000000.0
ALL=PBCUO05
THELOT=ALL
BULKCU=A(2,1)/3.226
C TEST FOR CUS0.5 CONSUMPTION
IF(LT(3).LE.0.0)THEN
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c WRITE(6,600)TIME
600 FORMAT('REVERSION COMPLETE AFTER ',E10.3,' SECS')

LT(3)=0.0

GOTO 9999
ENDIF
IF(INT.GE.10)THEN
INT=0

BULKCU=A(2,1)/3.226
CWRITE(6,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
WRITE(2,200)TIME,BULKCU
WRITE(3,200)TIME,LAYER2,PBCU05,ALL, THELOT
END IF

INT=INT+1

GOTO 4444

9999 CONTINUE
CWRITE(8,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
WRITE(2,200)TIME,BULKCU

WRITE(3,200) TIME,LAYER2,PBCU0S5,ALL, THELOT
CWRITE(6,200)TIME,A(2,1),LT(2),LT(3),LT(4),LT(5)
CWRITE(2,200)TIME,A(2,1),LAYER2,PBCU05,ALL, THELOT
END
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Appendix 6(b). Data input file for the Decoppering Model
( Case where Ag is present ).
INITIAL ACTIVITIES
LEAD COPPER SULPHUR

00 0.163 0.0 Pb (bulk)

1.0 0.150 0.0 Pb/PbS

00 00 00

0.0 3.90E-05 0.0 CuS0.5/CuS

0.0 2.84E-07 0.439 CuS/S{l)

00 0.0 0.439  S(1)/S2(q)
DIFFUSION AND MASS TRANSFER COEFFICIENTS(sq.m/sec)

LEAD COPPER SULPHUR

1.0 1.0E-05 1.0 Pb
5.1E-15 1.3E-01 1.0 PbS

1.0 1.0E+01 1.0 CuS0.5

1.0 1.0E+01 1.0 CuS

1.0 1.0 1.0 S()

1.0 1.0  1.0E+01 S2(g)
BULK MOLAR
CONCENTRATION S (mol/cubic m)
54831.0 Pb
31715.0 PbS
70625.0 CuS0.5
48750.0 CuS
31250.0 S(l)

46.64 S2(g)
ACTIVITY COEFFICIENTS OF COPPER
( V.ROUGH ESTIMATES,MOSTLY )

92.0 Pb

1.0 PbS

1.0 CuS0.5

1.0 CuS

0.0

0.0
INITIAL LAYER
THICKNESS (m)

1.0 Pb
1.0E-08  PbS
1.0E-08 CuS0.5
1.0E-08  CuS
0.64E-05 S())

1.0  S2(g)
EQUILIBRIUM
CONSTANTS

0.0

4.052E+09 Pb+1/2 S2(g) = PbS

3.689E+05 Cu+1/4 S2(g) = CuS0.5

5.513E+06 Cu+1/2 S2(g) = CuS

INTERFACIAL AREA(sg.cm), BULK VOLUME(l) AND
TIME INCREMENT (sec)

0.1

0.001

0.05
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Appendix 6(c) . Data input file for the Decoppering Model
{ Ag Free Case)
ACTIVITIES
LEAD COPPER SULPHUR
00 0.163 0.0 Pb(bulk)
1.0 0.150 0.0 Pb/PbS
0.0 0.0 0.0
0.0 3.90E-05 0.0 CuS0.5/CuS
0.0 2.84E-07 0.439 CuS/S(l)
00 00 0.439 S(1)/S2(g)
DIFFUSION AND MASS TRANSFER COEFFICIENTS (sq.m/sec)
LEAD COPPER SULPHUR
1.0 1.0E-05 1.0 Pb
1.0E-10 1.3E-01 1.0 PbS
1.0 1.0E+01 1.0 CuS0.5
1.0  1.0E+01 1.0 CuS
1.0 1.0 1.0 S()
10 1.0 1.0E+01 S2(g)
BULK MOLAR
CONCENTRAT!IONS (mol/cubic m.)

54831.0 Pb
31715.0 PbS
70625.0 CuS0.5
48750.0 CuS
31250.0  S(l)
46.64 S2(g)

ACTIVITY COEFFICIENTS OF COPPER
(V.ROUGH ESTIMATES,MOSTLY )

92.0 Pb

1.0 PbS
1.0 CuSo0.5
1.0 CuS
0.0

0.0

INITIAL LAYER
THICKNESS (m)
1.0 Pb
1.0E-08 PbS
1.0E-08 CuS0.5
1.0E-08 CuS
0.8E-05 S(l)

1.0 S2(g)
EQUILIBRIUM
CONSTANTS

0.0
4.052E+09 Pb + 1/2S2 = PbS
3.689E+05 Cu +1/4 S2 = CuS0.5
5.513E+06 Cu +1/2 S2 = CuS

INTERFACIAL AREA(sq.cm), BULK VOLUME(l) AND
TIME INCREMENT (sec)

0.1

0.001

0.05
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