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ABSTRACT.

Two distinctly different non-ferrous pyrometallurgical 

processes were studied, namely the decoppering of lead and 

slag cleaning. Both were subjected to computer modelling 

based on coupled 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 transf er

diffusion coefficients input into the model has

assessed, and the validity of a newly proposed mechanism for

decoppering reinforced.
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SECTION ONE.

T H E  R E D U C T I O N  O F  N O N - F E R R O U S

V A L U E S  F R O M  S L A G S .
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1.0 In tro d u c tio n

1.1 Slag Cleaning

Reduction o f n o n -fe rro u s  metal values from s lag s is c u rren tly  
th e  s u b je c t  o f considerable re sea rch  and development e f f o r t s  
in th e  e x tra c tiv e  m etallurgy ind u stry . The growing
importance o f such "slag cleaning" opera tio n s can be 
a ttr ib u te d  to  th e  following fa c to r s .
1) The w idespread in troduction  o f fla sh  smelting o f sulphides 
and the  tre n d  to  th e  production  o f higher grade m attes in the
copper and nickel in d ustries have led to increased  metal
lo sses to th e  slag  phase during smelting. Furtherm ore,
e f f ic ie n t  reco v ery  o f values from co n v erte r s lag s  by slag 
recycled  to  th e  smelting s ta g e  has also been e f fe c tiv e ly  been 
p reven ted , th u s  n ecess ita tin g  se p a ra te  slag  cleaning 
trea tm en ts . Slag cleaning is also o f crucial importance in 
all proposed p ro cesse s  fo r  continuous production  o f copper 
and lead.
2) In many c a se s , re c e n t a ttem p ts a t  the  exp lo ita tion  o f 
complex o res  have involved the  production o f complex 
multi-component slags th a t  contain  n o n -fe rro u s  values 
demanding sub seq u en t metal recov ery  p rocedures.
The technology, economics, and phyiochemical a sp e c ts  o f slag
cleaning have been considered  in a number o f rec e n t
comprehensive review a r t ic le s ( 1 -3 ) . In pyrom etallurgical
slag  cleaning, two mechanisms o f metal reco v ery can be
iden tified .
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1) Chemical re d uc tio n  o f  d isso lved  metal in to  e ith e r  m etallic

o r  m atte phases by means o f a re d u c tan t.
2) Physical se t t l in g  o f d isp e rsed  o r en trained  metal an d /o r 
m atte p a r tic le s  from the  slag  phase.
E lec tric  fu rn aces  heated  via submerged e lec tro d es  , top  blown 
ro ta ry  c o n v e r te rs , and Sirosm elt submerged combustion
re a c to rs  all have been employed f o r  slag cleaning purposes. 
Optimization o f th e  re a c to r  conditions and metal recov ery  in 
such opera tio n s is obviously o f prime importance in 
determining th e ir  economic v iability .
Slag cleaning by reduction  o f values into the metallic phase 
will involve sim ultaneous oxidation into slag , red uc tio n  from
slag  and vola tiliza tion  o f sp ecies from metal and slag
phases. Because o f the complexity o f the  s lag s ( see
ta b le d )  ) and th e  multi- component n a tu re o f th e metallic
phases likely to  be found in a slag  cleaning re a c to r , a t  
p re se n t l i t t le  understanding o f the  in terac tion  o f  the  many 
coupled and competing reac tio n s  is held. Thus, i t  was 
considered  im portant to  develop a multi-component model, 
based on p re se n tly  available fundamental d a ta  o f chemical 
re ac tio n s  involved.
The model sp ec ifica lly  co n cen tra tes  on conditions likely to  
be encountered  tow ards the  end o f a slag  cleaning operation  
where a copper rich  metallic phase is in c o n tac t with an iron 
oxide rich  slag . Even under idealized re p re se n ta tio n s  o f 
such cond itions, the  model development p ro cess  has 
highlighted th e  lack o f some e ssen tia l fundamental d a ta .
In s ig h ts  into the  values o f th is  missing d a ta  were gained by

3



Table 1. Typ ica l Analyses o f  P o te n tia l Slag f o r  Slag

Cleaning Treatm ent. (Ref. (3) fo r  Cu,N i,and Pb; Ref. (1) f o r  
Zn and Complex M aterials. )

P r imary P ro cess Compost i t  ion ( Wt.% ) .
M etal
E x tra c te d

S ource.

Copper Cu Fe sio2

F la sh 1 - 2 30-45 25-40
Reverb .2 - .  7 25-40 35-40
E l e c t r i c .3 - .  7 30-40 32-40
Noranda 1 1 34 2 0
C onvert. 2-15 35-50 20-30

N ickel Ni Cu Co Fe S i0 2 CaO MgO

F lash
Inco 0 .39 0. 14 0 . 18 37 38 2 .4
Outokump i ro - 0 .0 5 43 30 - -

Reverb. 0 . 2 0 . 1 0 .0 8 38 36 2 . 0 —

E l e c t r i c 0 . 16 - - 2 1 45 - 2 1

Lead Pb Cu Zn Fe s io2 CaO

B la s t  Fur CO i 4* . 2 - .  7 1 0 - 1 2 25-30 20-25 9-14
E l e c t r i c 4 0 .0 8 17 8 24 34
TBRC 1 - 2 — 15 2 2 23 2 0

Zinc Zn Pb Fe Mn S i0 2 CaO A12°3
Fum. B.F. 2 5 .3 2 .3 2 2 . 0 3 .0 2 0 . 8 14.0 5 .9

Complex Cu Pb Sn Zn Fe s>0 2 CaO

To Metal TBRC - 35 1 .3 16 2 2 33 2 0
To M atte TBRC 7 .5 11.3 - 9 .7 40 - -

4



s tud y in g  simple systems re la te d  to  slag cleaning co nd itio n s .

Experimental re s u l ts published in lite ra tu re
analyzed. F u rth er experim ents on simple system s
previously  in v estig a ted  were also ca rried  o u t to  aid in
estim ating th e  unknown b u t e sse n tia l fundamental d a ta . These 
estim ates were implemented into the  model, which was then
applied to  complex slags to  a rriv e  a t  conclusions applicable
to  industria l slag  cleaning p ro ce sse s .
The model is , in i ts  c u r re n t  s t a te ,  n o t sp ec ific  to  any 
p articu la r re a c to r .  The p rincip les involved can be extended 
with some m odification to  slag  cleaning p rocedures involving 
the  production  o f e ith e r  a m atte phase o r o f both m atte and
metallic p h ases. However, i t  should be no ted  th a t  the
account is only taken o f the  chemical reac tio n o f d issolved
metal in th e slag  as a means o f slag cleaning. The physical
se ttl in g  o f th e  d isp ersed metal and matte p a r tic le s  req u ires
a se p a ra te model taking into account the e f f e c t s  o f
s lag ,m atte and metal physical p ro p e rtie s ( such as
composition, v isc o s ity , d en sity , and in te rfac ia l tension  ),
the s ize  o f d isp e rsed  p a r tic le s  and the  degree o f s t i r r in g  in 
the  cleaning o pera tio n s. Ultimately, combination o f such 
models would be req u ired  fo r  complete p ro cess  modelling o f 
commercial s lag  cleaning o p e ra tio n s.

5



1.2 Multi-component T ran sp o rt Control Theory f o r  K inetics fo r  
Coupled M etal/Slag/Gas Reactions

(4)Robertson and co-w orkers have p resen ted  a generalized
th eo ry  f o r  the  k inetics o f m e ta l/s lag /g as re a c tio n s , taking 
into account th e  coupled n a tu re  o f such reac tio n s , which may 
be applied to  fe rro u s  and n on ferrou s system s. The theo ry  
assumes th a t
1 ) the  chemical reac tio n s  a t  the  in te rfa c e s  between the
metal, s lag , and gas phases a re  rapid  and equ ilib ra ted  a t  any 
time, and th a t
2 ) th e  reac tio n  r a te s  a re  determined by mass t r a n s fe r
kinetics in metal, s lag , and gas phases.
The "thin  film" d iffu s io n  model is applied where the  bulk
phases a re  assumed to  be well mixed and o f uniform 
co n cen tra tio n , whilst the  g rad ien t o f con cen tra tion  o f the
sp ecies is confined to  a thin  film facing th e  in te rface . 
T ranspo rt a c ro ss  such thin  films is tre a te d  by defining mass
tra n s fe r  c o e ff ic ie n ts  f o r  each species in each phase, the  
value o f which needs to  be estim ated, p red ic ted , o r
experim entally determ ined. Consideration o f sp ec ie s  flux
d en sity  equa tions, lim itations o f equilibria a t  in te rfa c e s ,
and mass balances perm it sim ultaneous so lu tion  o f flu x es o f
species to  and from the  in te rfa c e s  a t  a given time. In 
principle, if s u f f ic ie n t  fundamental information is 
available, chemical con tro l o f species reac tio n s  can be
accounted f o r  by the  incorporation  o f "pseudo" mass t r a n s fe r  
c o e ff ic ie n ts  o r fu n c tio n s f o r  sp ec ific  sp ec ies  by perm itting

6



dev iations from equilibrium to  occur a t  in te rfa c e s . Models
based on th is  multi-component tra n s p o r t  th eo ry  have been
developed fo r  fe rro u s  system s involving th e  sim ultaneous
desulphurization  and dephosphorization o f pig iron by lime 

(4-7)based flu x es  and the  decoppering and detinning o f pig
( g  )iron and liquid s te e l  via sodium sulphide additions

amongst o th e r  applications.
The purpose o f th is  work was to  inv estig a te  the  p o ss ib ility  
o f th e  application o f R o b e rtso n 's  multi-component tra n s p o r t  
theo ry  to  p ro cess  modelling o f the  reac tio n s  involved in the 
reduction  o f n o n -fe rro u s  metals from both slags o f commercial 
in te re s t  and simple binary and te rn a ry  s lag s . As such , th is  
work re p re se n ts  the  f i r s t  application to  a complex
n o n -fe rro u s  system .

1.3 Idealized Slag Cleaning Conditions

1 .3 .1  Complex Slags
During th e  initial s ta g e s  o f ind ustria l slag  cleaning p rocess 
o f the  kind to  be modelled, a so lid  iron metallic phase is 
typ ically  co n tac ted  with a FeO-CaO-SiO^ based slag  containing 
metal values( typ ically  Cu, Pb, Zn,and Ni). The p rocess 
proceeds via sim ultaneous oxidation o f iron and d isso lu tion  
o f FeO into th e  slag  phase, reduction  o f metallic values into 
a liquid metal phase and the  vaporization  o f volatile  
sp ec ie s( typ ically  SnO, PbO, Pb, Zn, Cu). During th is  early  
s ta g e , th e  slags can be very  co n cen tra ted  in metal values and 
may th e re fo re  contain two o r more phases, although

7



l i t t le  is known o f e ith e r  the  phase re la tio n sh ip s o r  th e
so lu tion  thermodynamics o f individual phases o f such complex
system s. As a r e s u l t  o f the  oxidation and th e  reduction  o f 
metallic values, by th e  la te r  s ta g e s  o f the  slag  cleaning
p ro cess , a liquid metallic copper based phase will be in
c o n tac t with a slag d ilu te  in n o n -fe rro u s  metal values.
Simultaneous oxidation into slag , reduction  from slag , and 
vo la tiliza tion  will s t i l l  be proceeding. This la te r  s ta g e  o f
a slag cleaning operation  provides th e  most convenient 
s u b je c t  f o r  p ro cess  modelling and investigation  as the
p resence  o f a so lid  metallic iron phase and a co n cen tra ted ,
possib ly  m ulti-phase slag  a re  avoided. This s ta g e  is also  o f
the  most immediate p rac tica l concern as the  ultim ate degree 
o f metal recov ery  and the  time requ ired  to  achieve such
reco v eries  a re  major f a c to r s  influencing p ro cess  economics.
However, in th e  long term , a complete understanding  o f slag 
cleaning will req u ire  th a t  account is taken o f th e  e a rlie r
s ta g e s  o f th e  p ro cess .
Idealized conditions meant to  re p re se n t th e  la te r  s ta g e s  o f 
slag  reduction  were chosen fo r  model development as  follows. 
The reac tio n  between a copper based metallic phase d ilu te  in
Fe, Sn, Ni, Zn, and Pb in c o n tac t with a s i l ic a -s a tu ra te d
fa y a lite  type  slag  containing d ilu te  levels o f SnO, Cu20, 
NiO, ZnO, and PbO, shown schem atically in f i g u r e d ) ,  was 
considered .
The developed model allows both d ire c t c o n tac t between
m etal/gas and m e ta l/s lag /g a s . The re sp e c tiv e  d ire c t
in te rfac ia l a reas  are  req u ired  inpu ts. Because o f

8



Figure 1. Schematic Diagram of Slag Cleaning Model Showing 
Flux Densities, Interfacial Activities and Bulk 
Concentrations.
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lim itations in available thermodynamic d a ta , the  modelling
was limited to  dealing with d ilu te  so lu tio n s in metal and
slag  phases where H en ry 's  Law can be considered  a reasonable 
approximation and the  re la tionsh ip  between chemical a c tiv ity  
and species  concen tra tion  can be estim ated  with some 
confidence. This approximation was achieved by limiting all 
n o n -fe rro u s  oxides in the  slag  phase to  mole fra c tio n s  o f 
less than 0 .0 5 . In o rd er, th e re fo re , to  keep the  metal 
values p re se n t a t  d ilu te  levels on th e  liquid copper,
lim itations were placed on the  range o f slag/m etal volume
ra tio s  th a t  were in v estig a ted . For sim plicity, the  phase 
d en s itie s  were assumed to  remain c o n s ta n t th roughout the
p ro cess .

1 .3 .2  Simple Slags
Although industria lly  encountered  n o n -fe rro u s  s lag s  which
hold in te re s t  as fe ed s to ck  to  a slag cleaning p ro cess  are
generally  complex, s tu d ie s  o f simple slag  system s will give

(54)insight into the  more complex conditions. Toguri has
s tu d ied  th e  k inetics o f reducing copper from an Fe0 -S i0 2 slag
into a copper rich  metallic phase containing iron a t  1200°C. 
These experim ents were modelled using the  method described  
e a rlie r  and comparisons drawn with the  experimental r e s u l ts .
A more complex system  where the  slag  phase contained nickel,
replacing copper in T o g u ri 's  s lag , was s tu d ied  in th is  work. 
The c o n s tra in ts  described  in the  previous sec tio n  were also 
applied to  th e  models, namely re s tr ic tin g  so lu tio n s to  high
d ilu tio ns, limiting phase volume ra tio s  and inputting

10



in te r fa c ia l areas. In a dd itio n  to  the  above assum ptions, the

sp ecies  in th e se  p a r tic u la r  simple system s display 
v o la tility , so  metal and oxide volatilization  was ignored.

l i t t le

11



2. 0 Reactions a t  In te r fa c e s  and Mathematical Formulation

2 .1  M etal/Slag In te rfa ce

I t  is assumed th a t  coupled reac tio n s  o f the  type

[M]M + -cr (0) = [MO ]S
2 cr

Moccur, and a re  a t  equilibrium. The metallic [M] components 
as well as oxygen in so lu tion  in the metal a re  t r a n s fe r re d  to

Sand from th e  in te rfa c e s , as a re  the  oxides [MO ] d isso lv es incr
th e  slag . Carbon/oxygen reac tio n s  a t  th is  in te rfa c e  are
neg lected  a t  th is  s ta g e , b u t should be considered  a t  some 
la te r  po in t in time, having a s tro n g  e f f e c t  on the  oxygen 
p o ten tia l. E ffec tiv e ly , i t  has been assumed th a t  no
carbon, e ith e r  from reducing gases o r so lid  re d u c ta n ts , has 
d isso lved  into the  metallic phase. The d isso lu tio n  o f carbon 
in th e  metallic phase can also  cause fu r th e r  problems in 
p ro cess  modelling as i t  then perm its the  nucleation  o f CO 
bubbles in the  metal phase. R obertson(4) has considered  th is
problem in his modelling o f pig iron
desu lphuriza tion /dephosphorization  and, in p rincip le , similar 
approaches could be used  here.

12



Reactions and Equilibria Equations

[M]M + tO 1 H
* o to = [MO ]S

O'

KMOcr= MOo* M ( 1 / 2 . O')

[o]M= l (o )2 2

IIo ( l / 2 )  . 

P°2 7 ao

aM XM yM

XIIo oro
aM0 XM0 *M0cr cr

Flux Equations

J = AM/S CM k ( ab-  a 1) /  rJ M A C kM 1 M MJ /  r M

.M/S _M , , b i w
A c ko ao ao ro

j = c S k ( a  ̂ — ab )MO A L kM0 [ MO M0j cr cr cr

Conservation Equations a t  In te rfa c e s  
Metals

J M J MOcr
Oxygen

= S o' J MO = Z  o ' J ,O'

13



Conservation Equations In the  Bulk

M M= dx.. /  d t  . C . V M M

M MJ Q = dxQ /  d t  . C . V

J MO " dxM0 /  ^  . CS . VS
cr <r

At time, t  equals ze ro , all bulk con cen tra tio ns a re  known. 
Thus, all flux equations becomes fu n c tion s o f the  unknown 
in te rfac ia l a c tiv itie s  only.
S u b stitu tio n  o f equilibrium equations can eliminate one s e t
o f in te rfac ia l activities a.1, fo r  example, and only in troduce p_ .M u

2

S u b stitu tin g  th e se  modified flux  equations into  the  metal
conservation  equations, followed by some manipulation,
re s u l ts  in a s e t  o f equations giving in te rfac ia l a c tiv itie s
as a function  o f p^ . S u b stitu tin g  f o r  in te rfac ia l

2

a c tiv itie s  into the  oxygen conservation  equation will r e s u l t
in an equation in p^ only. This can be solved numerically.

2

Having the  in te rfac ia l oxygen p o ten tia l, one can 
back-calcu la te  all o th e r  in te rfac ia l a c tiv it ie s  and thu s
flu xes a t  th a t  poin t in time. Making a q u a s i- s te a d y -s ta te
assum ption, an incremental time s te p  can be input into  the
bulk conservation equations to a rriv e  a t  new estim ates o f
bulk concen tra tio ns a f t e r th is time in terval. The e n tire
so lu tion  procedure can be rep ea ted  to  advance through time.
An algebraic version o f th is explanation can be f  ound in

14



appendix 1, Section ( a ) .

2 .2  Slag/Gas In te rfa ce

Two ty p es o f reac tion  occur a t  the  in te rfa c e . The f i r s t  is
th e  same as a t  th e  m etal/slag , only d iffe rin g  in th a t  ,
( 1 ) oxygen is p re se n t as a gas and n o t d isso lved  in the  metal 
phase, and
(2 ) metal, a t  a high a c tiv ity  is being produced by reduc tion .
The second type o f reac tio n  is the  simple vo la tiliza tion  o f 
metal oxides to  the  gas phase.

[MO ]S = [MO ]G 
< r  < r

The so lu tion  technique f o r  th is  in te rfa c e  is similar in
principle to  th e  m etal/slag  in te rface  method, d if fe rin g  in
only two ways,
(1) V olatilization o f oxides r e s u l ts  in the  conservation
equation being more complex, and
(2 ) th e re  are  no flux equations available fo r  the  flu x es  o f
metals being produced by reduction  a t  th is  in te rfa c e . Thus,
if reduction  is occurring , the in te rfac ia l a c tiv itie s  o f the  
metals must be s e t  ( in our case , to  u n ity  ). D etails o f
th is  so lu tion  can be found in appendix 1, Section (b ).
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2 . 3  Metal/Gas In te rfa c e

V olatilization reac tio n s  o f the  following typ e  only were
considered .

[M]M = (M)G
Because o f th e  reducing n a tu re  o f the  gas phases under 
considera tion , reoxidation  o f the  metallic phase was not
included in th is  model.
This is a simple vola tiliza tion  problem. Flux equations give 
unknown in te rfac ia l p a rtia l p re ssu re s  and a c tiv it ie s , which 
can be re la te d  by equilibrium equations. These equations are  
n o t coupled, so  so lu tion  is tr iv ia l. D etails a re  shown in 
appendix 1, S e c tio n (c ) .
A fu ll lis ting  o f the  FORTRAN coding is provided in appendix
( 2 ) .
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3 .0  Model Inpu ts

3.1 Thermodynamics

S tandard  G ibb's f r e e  energ ies o f reac tio n  (AG°) were taken 
from T u rk d o g a n ^ \  JANAF t a b l e s , N agam ori^^ and are  
summarized in ta b le (2 ) . Values fo r  the  a c tiv ity  c o e ff ic ie n ts  
o f species in metallic copper and s i l ic a -s a tu ra te d  FeO-SiO^ 
s lag s , co llec ted  from lite ra tu re  and employed in the  model, 
a re  summarized in Tables (3) and (4) re sp ec tiv e ly .

3 .2  Phase D ensities

The metallic phase was assumed to  have a co n s ta n t d en sity  o f
_ 37500 kg.m and the  slag  phase a co n s ta n t d en sity  o f 3500

—3kg.m . This is qu ite  a reasonable assumption to  use  within 
the  model because i t  sim ulates the  final s ta g e s  o f slag 
cleaning where we would n o t expect to  see  very  large changes 
in bulk composition. However, la rger composition changes 
n ea re r the  commencement o f an industria l slag  cleaning
p ro cess  would invalidate th is  simple treatm en t, and requ ire  a 
much more e laborate  method to  estim ate phase d en s itie s .

3 .3  T ran spo rt P ro p e rtie s

T ransport p ro p e rtie s  in the  metal and especially  in the  slag 
phase are  n o t well known. However, experience gained over 
re c e n t years from kinetic s tu d ie s  in a wide range o f



Table 2. AG 0 Model In p u t (R e f. (9 ) unless o therw ise  s ta te d ) .

R eac tio n

CO = C 4 5 °2
co2 = c+ °2
C0 + 5 °2 = co2

Cu ( 1) 4- i  4 °2 - CuO
0 .5

c u d )  = Cu(g)

F e ( l )  + - 
2 °2 = FeO

F e d )  4- 5 4 °2 = F e 0 1 .5

P b ( l)  4- l2°2 = PbO (l)
P b ( l)  = Pb(g)
P bO d) = PbO(g)

N id )  4- 1 2°2 ' N iO (s)

S n ( l)  4- -2°2 = SnO (l)
SnO (l) = SnO(g)

Zn(g) 4- i °2 = ZnO(s)
Z n (l)  = Zn(g)

0 1 o AG (c a l)

27340 + 20.50T 
94490 + 0 . 13T

-67150 + 20.37T

-14190 + 4.72T
73650 -  26.02T

-61200 + 12.83T
-97290 + 3 0 .00T

-43300 + 16.26T 
43490 -  21.54T 
51270 -  28.69T r e f . (10))

-60490 -  22.99T

-62690 -  20.69T 
57990 + 32.27T ( r e f (1 1 ) )

-110000 + 47.40T 
28230 -  23.96T
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(x°) in Liquid Copper. Ref (12)M
Table 3. A c t iv ity  C o e ffic ie n ts  a t In f in ite  D ilu tio n

M etal RT In  r °  ( c a l)  M r °  1300°C/1573K M

F e ( l) 9300 -  0.41T 15.95
Ni( 1) 2340 2 . 1 1

Pb( 1) 8620 -  2.55T 4 .3 7
Sn( 1) -8900 0 .058
Zn( 1) -5640 0. 165

Table 4 A ctivity  C oeffic ien ts  a t  In fin ite  Dil( y ) inMu
c r

FeO-SiO Slags. R ef(13)2

MOcr
0

rM0 1300°C/1573K
(T

CuO (1) 0r = 3 .0 3 .0
NiO(s) o (Q o

o = 3050
T 1.31 4 .2 6

PbO(1) 0y = 0. 07 0. 07
SnO(1) o CQ O

o = 8800
T 5 .7 0 0 .7 8

ZnO(s) o (Q O
o = 400

T 1.80

In FeO -  SiO sa tu ra te d  a^ _.(1) = 0 .4  (Richardson (14))
2 FeO
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pyrom etallurglcal system s enable fa ir ly  co n fid en t o rd er o f 
magnitude estim ates o f th e  req u ired  mass t r a n s fe r  
c o e ff ic ie n ts . More accu ra te  p red ic tio ns o f mass t r a n s fe r  
c o e ff ic ie n ts  o f individual sp ecies  a re  likely to  be
unreliable.
Mass t r a n s fe r  c o e ff ic ie n ts  implemented in the  simulation o f 
the  bench sca le  were more c losely  determ ined. Having
co llec ted  information re la ting  composition o f the  phases as a 
function  o f time, and having reasonably  con fid en t estim ates 
o f all o th e r physical and chemical param eters, we a re  able to  
match p red ic ted  ra te s  o f reac tio n  with observed  ra te s  to  
determine the  mass t r a n s fe r  c o e ff ic ie n ts  applicable to  th e se  
circum stances. I t  must again be noted  th a t  th e se  mass 
t r a n s fe r  c o e ff ic ie n ts  a re  e f fe c t iv e  values, being defined  as 
a param eter to  describe  movement o f sp ecies to , a c ro ss  and 
away from phase boundaries, and have l i t t le  bearing on the
more rigorously  defined  t r a n s f e r  c o e ff ic ie n ts  o f ideal
sp ec ies  travelling  in p e r fe c tly  homogeneous flu id s  with 
p e r fe c t  in te rfa c e  co n tac t and instan taneous reac tio n  a t  th e se
in te rfa c e s . Thus, th e se  experim entally values a re  p a rticu la r 
to  the  experimental conditions.
In industria l p ra c tic e , the  ac tu a l mass t r a n s fe r  c o e ff ic ie n ts  
achieved will be a function  o f the  type o f re a c to r  employed, 
th e  mixing conditions achieved in the  p ro cess  and the  slag  
and metal com positions.
Available d a ta  on mass t r a n s fe r  c o e ff ic ie n ts  o f sp ec ies  in 
liquid copper and fa y a lite  typ e  s l a g s ^ ’ ^ ’ ^ ^  indicate

—4 —5comparable values in the  range o f D = 10 to  10 cm. s with
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the  metal phase d iffu sio n  c o e ff ic ie n t normally a small b u t 
n o t in sig n ifican t amount la rg er. In any given phase, all 
species have initially  been assumed to  have th e  same mass 
t r a n s fe r  c o e ff ic ie n t.
To minimize running time o f the  developed com puter program, 
consideration  o f the gas phase was simplified by se ttin g  the  
s la g /g a s  in te rfac ia l oxygen p o ten tia ls . This procedure
e ffe c tiv e ly  assumes in fin ite ly  large oxygen gas phase mass 
t r a n s fe r  c o e ff ic ie n ts . The model can easily  be developed to  
account fo r  s ign ifican t gas phase mass t r a n s fe r  re s is ta n c e s  
by numerical so lu tion  o f the  in te rfac ia l oxygen p o ten tia ls  
from known bulk gas com positions and gas phase mass t r a n s fe r  
c o e ff ic ie n ts .

3 .4  In te rfac ia l Areas and Phase Volumes.

As with th e  mass t r a n s fe r  c o e ff ic ie n ts , the  in te rfac ia l a reas  
p re se n t during industria l slag  cleaning will be dependant 
upon th e  type o f re a c to r  employed and the  mixing conditions
achieved. For the  sim ulations re la ting to the bench scale
experim ents, a planar in te rfa c e between the slag and metal,
which maintains p e r fe c t  c o n ta c t a t  all tim es, was assumed. 
This is ju s t i f ie d  by considering the  large d en sity  d iffe ren ce  
between th e  two phases, and only the  configuration  where no 
s t ir r in g  o th e r  than convection is occurring , as is the  case  
o f an u n s tirre d  rad ia tio n -h ea ted  crucib le as used  in all 
experim ents considered. To a rriv e  a t  the  ac tu a l estim ates 
used , th e  descrip tio n  o f ap p ara tu s and burden given by Toguri
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was used to  ca lcu la te  the  in te r fa c ia l areas o f  h is

experim ents, w hilst d ire c t  measurement was p ossib le  on the 
crucib les and burdens was possib le  in th is  c u r re n t  work. 
Estim ates were used  f o r  modelling o f industria l s lag  cleaning 
p ro cess  sim ulations, th e se  values being widely varied 
according to  th e  p ro cess  under consideration . Ultimately, 
fo r  fu ll p ro cess  simulation, a mixing model must be employed 
to  estim ate th e  in te rfac ia l a reas .

3 .5  Comparison with "Real" Conditions

The idealized conditions chosen f o r  th is , an initial computer 
modelling development, contained some se rio u s  lim itations 
compared to  th e  rea l conditions th ey  were meant to  re p re se n t. 
These a re  d iscu ssed  below.

3 .5 .1  Metallic Phase
The a c tiv ity  c o e ff ic ie n ts  given in tab le (3) s t r i c t ly  only
apply in d ilu te  binary so lu tio n s o f metallic copper (H enry 's
Law). An extension  to  s lig h tly  more co n cen tra ted  and
multi-component so lu tio n s can be made by use o f in te rac tio n
c o e ff ic ie n ts  co llec ted  and compiled in ta b le (5 ) . In rea lity ,
however, final metal analyses in p ilo t p lan t slag  cleaning
tr ia ls  indicate th a t  the  final metal phase can be typ ically  a
con cen tra ted  alloy o f Cu-Sn-Pb o r Cu-Sn-Ni containing Zn, Ni,

(16 18)Pb, and Fe a t  d ilu te  levels. Some measurements^ ’ o f Cu,
Sn, and Pb a c tiv itie s  in liquid te rn a ry  Cu-Sn-Pb alloys are 
available, b u t ex trapo la tion  would be req u ired  fo r
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Table 5. In te ra c tio n  C o e ffic ie n ts  f o r  Solutes in M etallic

Copper a t  1300°C ( R e f .(12))

i _ 5 n y
8 Ni

- 5 .7

c . =

Fe
Fe
Ni
Ni
Pb
Pb
Sn
Sn
Zn
Zn

= unknown

= - 2 .7

=  10

= 4 .0
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application to  slag  cleaning conditions. I t  would also be
n ecessa ry  to  estim ate c o e ff ic ie n ts o f Zn , N i,and Fe when
p re se n t in Cu-Sn-Pb on th e  b asis o f th e ir  known a c tiv ity
c o e ff ic ie n ts a t  in fin ite  d ilu tions in Cu, Pb,and Sn. A
re c e n t review o f the  phase diagrams and thermodynamic
p ro p e rtie s  o f te rn a ry  copper system s highlights th e  lack o f 
fundamental d a ta  fo r  some o f the  te rn a ry  system s liable to  be 
o f in te re s t  to  slag  cleaning o pera tio n s, n o t even taking into 
account th e  u n ce rta in tie s  involved in considering  higher 
component concen tra tion  system s o f rea l concern.

3 .5 .2  Slag Phase
In re a lity , th e  slag phase p re se n t in actual s lag  cleaning
operations will be in the  complex FeO -  Fe 0 -  A1 0 -  SiO. 2 3 2 3 2
system , ra th e r  than the simple FeO -  Si02 s a tu ra te d  fay a lite  
type  s lag s . There are  some limited d ata  available (Floyd and 
Mackey^ ^ , Rankin and S e e ^ ^  on th e  e f f e c t  o f CaO and A1203

on slag  component a c tiv itie s  b u t th e se  r e f e r  mainly to  Fe and 
Cu oxides. A ctivity/com position re la tion sh ips f o r  components 
such as ZnO, SnO, NiO, and PbO in th e se  slags a re  n o t well 
known. The absence o f such d a ta  se rio u sly  h inders the 
p red ic tion  o f th e  p o ten tia lly  beneficial e f f e c t s  o f flux 
add itions on slag  cleaning perform ance.
In th e  application  o f the  model the iron oxide a c tiv ity
(a p .^ )  has been held c o n s ta n t in the  bulk s lag . This
consideration  e ffe c tiv e ly  assumes th a t  the  slag  is always
silica  s a tu ra te d , th a t  th e re  is an available re s e rv o ir  o f
SiO^ to  in stan taneously  maintain the conditions o f silica
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sa tu ra tio n  as more iron is oxidized into the  slag  phase, and
th a t  th e  reduction  o f o th e r metal oxides does n o t produce
changes in th e  iron oxide ac tiv ity . An estim ate  o f the  value

(14)o f a,_ „ can be made on the b asis  o f available d a ta  fo rFeO
the  simple binary FeO -  SiO^ s la g s (a ^ ^  = 0 .4 ) .
Although we are  se ttin g  the  a c tiv ity  o f FeO to  a co n stan t
value to  r e f le c t  s ilica  sa tu ra tio n , th is  sim plification must
be used  in combination with allowances fo r  the  p resence o f
both f e r r ic  and fe rro u s  oxides. The oxygen t r a n s fe r  ra te
into and o u t o f the slag  phase to  the  gas phase is likely to
be governed to  a large e x te n t by the  r a te  a t  with FeO and
Fe^Og can arriv e  and leave the  s la g /g a s  in te rface .
Similarly, th e  ra te  a t  which iron can e n te r  the  slag  from the
metallic phase to  a lte r  the  bulk slag  oxygen po ten tia l will
be governed by f e r r ic  and fe rro u s  oxide d iffu sion .
O hguchi^^ ignored th e  e f f e c t  o f Fe^+ when modelling
dephosphorization  /  desulphurization .

3+The p resence  o f Fe in the  slag  encountered  in p ro cesses  
s u b je c t  to  very  to  m oderately low oxygen p o ten tia ls  ( eg. 
ironmaking, dephosphorization /desu lphurization) may n o t be 
s ig n ifican t, b u t the  re la tiv e ly  less reducing atm ospheres
found in slag  cleaning causes a s ig n ifican t concen tra tion  o f 
Fe^+ to  be p re se n t.
The model d efines d iffu sin g  sp ec ies  in the  slag  phase as
metal oxides (MO^) only. Thus, in i ts  c u r re n t  form,
d iffu sio n  o f f r e e  ionic Fe cannot be d irec tly  accounted  fo r .
This may be a se rio u s o v e rs ig h t, b u t can be p artia lly
coun tered  by allowing rapid  FeO movement if i t  becomes1.5
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apparent th a t  c o rre c tio n  is requ ired .
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4 .0  Experimental Procedure and Results

A se rie s  o f experim ents were perform ed to  s tu d y  a system  in
which a nickel laden fa y a lite  slag was b rought into co n tac t
with a liquid copper-iron  so lu tion  to  measure th e  k inetics o f
nickel removal from th e  slag  and iron pick-up by the  slag .
The experim ents were designed to  conform as c lose ly  as

(5 4 )possib le to  th o se  perform ed by Toguri , varying only in
th a t  the fa y a lite  slag  was contam inated with nickel in our 
experim ents ra th e r  than copper as in T o g u ri's . This meant 
th a t  we can make d ire c t  comparisons o f r e s u l ts ,  producing
good estim ates o f the  mass t r a n s fe r  param eters by finding 
tho se  which apply well to  both s e t s  o f experimental r e s u l ts ,  
all o th e r p ro cess  param eters being held co n stan t.

4.1 P roduction o f M aster Alloys and Slags

4 .1 .1  Alloy Production
A q uan tity  o f e le c tro ly tic  pure iron pow der(99.99 wt%Fe) was
placed into a 250ml alumina crucib le. On top  o f th e  powder, 
a 1 kg block o f e lec tro d e  p u rity  c o p p e r(9 9 .999 wt%Cu) was
placed. The crucible was placed into a g raph ite  su sc e p to r , 
which in tu rn , was placed into a large ceramic holder. The
assembly was in se rted  into the  induction coil o f a
Leybold-Hereaus vacuum induction fu rnace . The p re ssu re  was 
gently  lowered to  1 0  atm ospheres, then the  chamber
back-flushed  with n itrogen . I t  was then re -ev acu a ted  and 
sealed . The low oxygen p o ten tia l was sough t to  avoid
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oxidation o f th e  Fe powder which was expected  to  f lo a t  to  the  
su rfa c e  o f th e  melt, and to  avoid decomposition o f th e  carbon 
su sc e p to r .
The tem perature  was ra ised  to  1400°C and held fo r  15 minutes. 
V irtually no oxide was formed on th e  su rfa c e , th a t  being 
p re se n t probable su rfa c e  oxidation on the  original ad d itiv es . 
Induction s t ir r in g  was considerab le, th e  melt s u rfa c e  being 
highly domed while the  e lec trica l f ie ld  was p re se n t. The 
molten alloy was now c a s t  into a thermally massive room 
tem perature  s te e l  mould to  ensure  rapid  so lid if ica tio n , the  
ingot shape being bars approxim ately 15mm in diam eter and 
150mm in length.
These bars were sec tioned  a t  reg u la r in te rv a ls , each sec tio n  
weighing about 20g, polished and m icro-inspected  to  check fo r  
homogeneity. The specimens were then se n t  f o r  chemical
analysis via atomic absorption  sp ectro m etry  to  fu r th e r  check 
f o r  homogeneity and to  determine accu ra te  com position. The 
analytical r e s u l ts  a re  shown in ta b le (6 ) .

4 .1 .2  Slag Production
The aim was to  produce a uniform batch  o f s i l ic a -s a tu ra te d  
fa y a lite  typ e  slag  containing approxim ately 4 wt% Ni.
Stoichiom etric q u an titie s  o f Fe, Fe 0 , anc* SiO^ powder were 
mixed to g e th e r  along with s u f f ic ie n t  NiO to  obtain  the  
req u ired  com position. The powder was uniformly mixed and 
ca re fu lly  placed in a 500ml pure s ilica  crucib le , which was 
then slid  into a larger g raph ite  crucib le  th a t  was to  a c t  as 
a su sc e p to r  fo r  the  induction heating . The assembly was
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Table 6. Chemical Analyses of Master Alloys and Master Slag.

M aster. Sample. Wt% Cu Wt% Fe Wt% Ni
Cu-Fe A1loy 1 (a) _ 4.01 <0.005(b) - 4 .0 2 I I

(c) - 3 .9 6 I I

Average - 4 .0 0 I I

1 1 (a) _ 2 .3 6 I I

(b) - 2.31 I I

(c) - 2 .2 9 I t

Average - 2 .3 2 t l

I I I ( a ) — 0 . 1 0 I I

(b) - 0. 13 I t

(c) - 0 . 1 2 I I

Average - 0 . 1 2 I I

S lag S la g (a ) 0 . 0 1 — 3 .9 2(b) 0 . 0 1 - 3 .7 4(c) <0 . 0 1 - 3 .6 4Average <0 . 01 - 3 .7 7
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placed into the furnace mentioned above. The chamber was
gen tly  evacuated  so  as to  avoid any loss o f powder due to  
"dusting" (as  the  a ir  d ep a rts  from between th e  powder 
p a r tic le s , i t  can c a rry  p a rtic le s  with i t ) .  Nitrogen
back-flushing  was again ca rried  o u t, then the  tem perature  was 
ra ised  to  1350°C and held fo r  30 minutes. I t  was n ecessa ry  
to  shake th e  crucib le to  cause the  slag  to  slop about to  g e t 
all th e  powder to  collapse into the  melt and be d issolved .
The fu rn ace  was allowed to  cool, more powder was added, and 
th e  melting procedure was rep ea ted  to  ensure  s u f f ic ie n t  slag 
was produced. A fte r final cooling, the  crucib le was broken 
away from th e  slag , the  slag  c rushed  and milled and s e n t  fo r  
analysis. The re s u l ts  o f th is  analysis o f a few random 
powder sample a re  shown in ta b le (6 ).

4 .2  Slag Cleaning Experiments

Slag cleaning experim ents were designed to  be as similar as 
possib le  to  th o se  o f T o g u ri's  so  th a t  d ire c t comparison o f 
r e s u l ts  could be ca rried  o u t. However, some small changes
were implemented to improve on T o g u ri's rig . In his
experim ents, slag and metal were added to the crucib le a t
room tem p era tu re , then heated to the  reac tio n tem perature .
This means th a t  the  time a t  which reac tio n  commenced( t=0) is 
somewhat imprecise. Obviously, i t  is desirab le  to  have the 
time a t  which the reac tio n  s t a r t s  well known. To minimize, 
b u t n o t eliminate, th is  problem, th e  c u rre n t appara tu s allows 
th e  metal phase to  be heated  to  1000°C b efo re  i t  is added to
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th e  slag  phase which is a lready  a t  the  reac tio n  tem perature . 
In th is  way, th e  metallic phase was completely liquid within 
a few seconds o f the  addition and the  melt back to  the  
d es ired  reac tion  tem perature  within a few minutes.

4 .2 .1  Experimental Apparatus
The app ara tu s used  fo r the  p re se n t s tu d y is shown
schem atically in f  ig u re (2 ) . A mullite reaction tub e , 75mm
internal diam eter and 1 0 0 0 mm in length was placed in a 
v e rtic a l lanthanum chromite re s is ta n c e  fu rn ace  with P .D .I. 
con tro l. Water cooled aluminium end caps, specially
developed f o r  th e se  experim ents, sea led  both ends. Through
th e  bottom cap, a hollow IAP( Impervious Aluminized Porcelain) 
c losed  end tube was in se rted , c losed  end upperm ost, up the  
ce n tre  o f th e  reac tion  tube through a sliding sea l th a t  could 
be clamped to  hold th e  tube in place and cen tra lly  aligned. 
On th e  end o f th is  tube was placed an alumina crucib le
su p p o rt on which re s te d  the  s ilica  crucib le . L ittle
in te rac tio n  was ever seen  between the  crucib le , su p p o rt, and 
tube because o f poor su rfa c e  c o n tac t. An alumel/chromel 
thermocouple was in se rted  up th e  inside o f the  tube to  
continuously  monitor tem perature . Gas was introduced  through 
a p o r t  in the  bottom cap. Through the  top  cap, ano ther IAP 
closed  end tube was mounted similar to  the  bottom. This tube 
had holes drilled  in i ts  end to  fa c il i ta te  the attachm ent o f 
the  copper alloy p e lle ts  with a very  small length o f pure Cu 
wire. The tem perature  p ro file  o f the  fu rn ace  showed a
uniform h o t zone a t  the  reac tio n  tem perature o f 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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Thelength with tem perature  variation  o f less  th a t  + / -  1°C.
oxygen p o ten tia ls  f o r  th is  s tu d y  were obtained by use  o f a 
mixture o f CO and CCK Gas flows were reg u la ted  by manometer 
ty p e  v en tu ri flow m eters. Gases were d ried  with s e lf  
indicating silica  gel.

4 .2 .2  Experimental Procedure
Fayalite type  slag  containing nominally 4 wt%Ni was placed in 
a pure silica  c ru c ib le (99. 999wt%Si02) which was, in tu rn , 
p laced on an alumina su p p o rt. The su p p o rt was l if te d  into 
the  p re -h ea te d  h o t zone by sliding the  IAP tube up through 
th e  end sea l. The atm osphere, which was initially  argon, was 
now sw itched to  the  required  CO/CO^ mixture. Five minutes
a f t e r  th e  crucib le was t ra n s fe r re d , the  metal p e lle t was
lowered from th e  top  to  a location where i t  was heated to i000°C. 
This took 10 minutes, by which time th e  crucib le tem perature 
had s e t t le d  to  1200°C and the slag  was completely molten. 
The p e lle t was then lowered into the  melt and the  suspension  
tube  withdrawn. A fte r the d es ired  reac tio n  time, the 
crucib le  and mount were rapidly lowered to  a quench zone. 
The crucib le f ra c tu re d  during cooling. Metal and slag  were 
easily  se p a ra te d  manually, b u t much g re a te r  care  was required
to  avoid fine  sh ard s o f crucible becoming en tra ined  in the 
slag  sample.
The iron and nickel co n ten t o f the  copper and the  copper and 
nickel co n ten t o f the  slag  were analysed by atomic adsorp tion  
sp ectrom etry . Total Fe and s ilica  c o n ten ts  o f the  m aster
slag  were analysed by t i t ra t io n  with K Cr 0 and
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gravimetrically respectably.

4 .3  R esults

The nickel co n ten t o f the  m aster slag  was found to  be 3.77wt% 
and th e  iron co n ten ts  in the  m aster alloys were analysed to  
be 4 .0 0 , 2 .3 2 , and 0.12 wt% . The experimental re s u l ts  are 
summarized in ta b le (7 ) .
A rough mass balance on nickel was perform ed f o r  each sample.
The final mass o f metal and slag could n o t be easily
measured. while sep ara tion of the  metal from the slag  and
crucib le was simple, the slag and crucible were stro ng ly
fu se d  to g e th e r. Assuming only small changes in metal and
slag  masses took place, the  final con cen tra tio ns gave mass 
balances within experimental and analytical e r ro r  lim its. A 
sample calculation  is shown below.

In itia l Nickel Mass Init.W t%  Ni in S lag  x I n i t .  S lag  MassToo 
.-11(Taking as an example the  reac tio n  a t  5 x 10 atm. ,0 .1 2  

Wt%Fe in Alloy, re a c te d  fo r  20 mins. )
= (3 .7 7  Wt% Ni x 5 .0 0  g )/100
= 0.1885 g

Final Nickel Mass = ( Final Wt% Ni in Metal x Final Metal Mass
+ Final Wt% Ni in Slag x Final Slag Mass ) 
/  100

= ( Final Wt% Ni in Metal x In it. Metal Mass
+ Final Wt% Ni in Slag x In it. Slag Mass )
/ 100
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Table 7 . Experimental Conditions and R esu lts . In itia l 
Iron C ontent o f Alloy, Oxygen P oten tial in th e  Gas Phase, 
In itia l Phase Masses, Reaction Time and Chemical Analyses 
o f Final Slag and Metallic Phases.

Wt% Fe P° 2 Time. A1 loy S lag Wt% Ni Wt% Cu Wt% Fe Wt% Ni
in Mass Mass in in in in
A lloy (a tm .) (m ins) (g) (g) S lag S lag Meta 1 Meta 1

0 . 1 2 5 .0  x 0 - - 3 .7 7 0 . 0 0 . 1 2 0 . 0

1 0 - 1 1
2 0 16. 13 5 .0 1.48 1.50 0 .4 9 0 .6 4
40 15.22 5 .0 0 .9 0 2 . 1 0 0 .0 2 5 0 .9 0
90 17. 15 5 .0 0 .2 8 2 . 0 1 0 . 0 2 0 1.03

240 20. 19 5 .0 0.31 1.97 0 . 0 1 0 0.91
0 - - 3 .7 7 0 . 0 0 . 1 2 0 . 0

1Cf7
2 0 20.39 5 .0 1 . 0 1 1.47 0 .0 4 0 .6 3
40 21.17 5 .0 0 .8 9 2 .5 0 0 . 0 1 0 .5 9
90 20.43 5 .0 0.61 2 .7 0 0 . 0 1 0 .8 0

240 2 0 . 8 6 5 .0 0 .5 2 1.82 0 . 0 1 0 .7 9
2 .3 2 5 .0  x 0 - - 3 .7 7 0 . 0 2 .3 2 0 . 0

1 0 ~ 1 1
2 0 17.29 5 .0 0 .6 0 0 . 1 0 0 .8 5 0 .8 0
40 19. 16 5 .0 0. 13 0 . 2 1 0.71 0.91
90 18.54 5 .0 0 . 0 1 0 .29 0 .7 0 1 . 0 1

240 16.20 5 .0 0 .0 3 0 .3 0 0 .7 0 1 . 1 0

0 - - 3 .7 7 0 . 0 2 .3 2 0 . 0
1 0  7 2 0 20.44 5 .0 0 .7 7 0 .2 8 1.51 0 .6 4

40 20 .72 5 .0 0 . 2 2 0 .3 3 1 . 0 1 0 .9 0
90 20. 13 5 .0 0 . 1 0 0 .2 8 0 .3 9 0 .9 0

240 18.89 5 .0 0 .0 3 0 .3 5 0 .5 0 1.05
4 .0 0 5 .0  x 0 - - 3 .7 7 0 . 0 4 .0 0 0 . 0

K f 1 1
2 0 19.53 5 .0 1 . 0 0 0 .0 9 2 .2 9 0.61
40 15.96 5 .0 0 . 2 0 0 . 16 1 .55 1 . 0 2
90 16. 14 5 .0 0 . 0 1 0. 19 2 . 0 1 1 . 2 0

240 18.01 5 .0 <0 . 0 1 0. 14 2 . 0 1 1 . 1 1

n r 7 0 - — 3 .7 7 0 . 0 4 .0 0 0 . 0
2 0 21.44 5 .0 0 .5 0 0 . 2 0 2 .2 5 0 .8 0
40 20.82 5 .0 0 .0 8 0 .3 0 1 .96 0 .8 7
90 16.08 5 .0 0 . 0 1 0. 15 2 . 0 0 1 . 2 0

240 18.90 5 .0 0 . 0 1 0 . 2 0 2 .5 8 1.05
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= ( 0 . 6 4  Wt% Ni x 16.31 g
+ 1.48 Wt% Ni x 5 .0 0  g ) /  100

= 0.1784 g
This re p re se n ts  a 5 .4  % e r ro r . Note th a t  the slag  mass is 
very  likely to  be g re a te r  than 5 .0  g due to  crucib le
d isso lu tio n . This would fu r th e r  reduce the  e r ro r .  I f  the  
slag  mass was, say , 5 .5  g , the  e r ro r  becomes only 1.4 %.
L arger e r ro rs  were apparen t when the  nickel co n cen tra tio n s in 
th e  slag  were high, which is where the  calcu lation  is most 
se n s itiv e  to  the  assum ption o f c o n s ta n t slag mass.
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5.0 Model Output

5.1 Modelling S tra teg y .

The f i r s t  s te p  taken was to  develop the  general model,
capable o f simulating mass t ra n s p o r t  to , a c ro s s , and away
from th e  m etal/slag , s la g /g a s , and m etal/gas in te rfa c e s  fo r
up to  10 sp ec ie s . The input param eters o f th is  model were
s e t  to  d escrib e  the  experimental conditions d escribed  by

(54)Toguri . Fine tuning o f the  model ( th a t  is a d ju s tin g  the 
mass t r a n s f e r  c o e ff ic ie n ts  within reasonable limits to  give 
good agreem ent with o bserva tio ns) was ca rried  o u t. This 
"fine tuned" model was then used  to  p red ic t th e  r e s u l ts  o f 
the  c u rre n t experim ents. When reasonable to  excellen t
agreem ent was found, fu r th e r  modelling o f more complex 
system s was undertaken.

5 .2  Application o f General Model to  Toguri Experiments.

F igures (3) and (4) show the  o u tp u t o f the  general model when
provided with param eters describing the  experim ents perform ed

(54)by Toguri and co-w orkers . A very  high level o f agreement 
can be seen , th e  po in ts being experimental r e s u l ts ,  th e  lines 
a re  th e  model o u tp u t. The mass tra n s p o r t  model p rovides as 
comparable agreem ent with observation  as the  "step-w ise" 
equilibrium model applied by Toguri. However, th e  c u rre n t 
model removes th e  need to  define and s e t  " ra te  c o n s ta n ts"  fo r  
oxygen, copper and iron t r a n s fe r  between p hases, although it
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Figure 3(a). Copper Reduction Rate Using
Cu -Fe Alloy Under a p02 of 10"' 
atm.in Fayalite Slag at 1200°C.

time(min)

Figure 3(b). Iron Transfer In Cu-Fe Alloy 
Under a p02 of 10 7 atm.in 
Fayalite Slag at 1200°C.

" ..... 1. Cu- 0.50Wt% Fe Alloy (Calculated)
•  " (Experimental)

•... ......... 2. Cu-1.86Wt% Fe Alloy (Calculated)
•  " (Experimental)

3. Cu- 5.27Wt% Fe Alloy (Calculated)
A  ”  (Experimental)

-5 2
Mass Trans. Coeff. in Metal = 1.5 x 10 cm /s

-5 2
Mass Trans. Coeff in Slag = 1.0x10 cm /s
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Figure 4(a). Copper Reduction Rate Using
Cu-Fe Alloy Under a p02 of 5x1 ( f 1 
atm in Fayalite Slag at 1200°C.

time(min)

Figure 4(b). Iron Transfer in Cu-Fe Alloy
Under a p02 of 5x10_rlatm. in 
Fayalite Slag at 1200°C.

time(min)

— 1. Cu- 0.50Wt% Fe Alloy (Calculated)
■  " (Experimental)

................. 2. C u-1.86Wt% Fe Alloy (Calculated)
•  " (Experimental)

" “  "  "  "  3. Cu- 5.27Wt% Fe Alloy (Calculated)
A " (Experimental)

-5 2
Mass Trans. Coeff. in Metal = 1.5 x 10 cm /s

-5 2
Mass Trans. Coeff in Slag = 1.0 x 10 cm /s
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is n ece ssa ry  to  define mass t r a n s fe r  c o e ff ic ie n ts . 
N onetheless, a general fe e l f o r  th e se  mass t r a n s fe r
c o e ff ic ie n ts  is held, w hilst the  values o f the  r a te  c o n s ta n ts  
a re  n o t d irec tly  re la te d  to  any physically m easured value. 
Values o f th e  various mass t r a n s fe r  c o e ff ic ie n ts  u sed  to  give 
th e  above agreement with experiment a re  given in th e  lis ting  
o f the  input f i le  in Appendix(3).

5 .3  Application o f the  General model to  the  C urrent
Experiments.

Now th a t  the  model was ta ilo red  to  th e  experim ental
conditions o f T o g u ri's  s tu d y , i t  was only n ecessa ry  to
estim ate  a small number o f values to  simulate th e  c u rre n t 
experim ents, all o th e r param eters being the  same.
S pecifically , th e se  param eters were,
1) Mass T ran sfe r C oeffic ien t o f Ni in the  metallic phase 
(1.5x10~ 5  cm /s)
2) Mass T ran sfe r C oeffic ien t o f NiO in th e  slag  phase
( 1 . 0 x 1 0 “ 5  cm /s)
3) A ctivity  C oeffic ien ts  o f Ni and NiO (2.11 and 4 .2 6
resp ec tiv e ly )
Figures (5) and (6 ) show the model o u tp u t again as lines, 
whilst p o in ts  re p re se n t the  re s u l ts  o f analysis o f samples 
produced by the  c u rre n t s e r ie s  o f experim ents. Values o f the  
mass t r a n s fe r  c o e ff ic ie n t o f Ni in the  metallic phase and NiO 
in the  slag  phase, along with all o th e r values a re  again
given in th e  input f ile  lis te d  in Appendix(3 ).
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Figure 5. Nickel Reduction Rate, Iron Transfer Rate ,
Nickel Pick-Up Rate, and Copper Pick-Up Rate .

Nickel Reduction Rate Using 
Cu-Fe Alloy in Fayalite Slag.

time (min)

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

time (min)

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

2. Cu- 2.32Wt% Fe Alloy (Calculated)
" (Experimental)

3. Cu- 4.00Wt% Fe Alloy (Calculated)
" (Experimental)
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Figure 6. Nickel Reduction Rate, Iron Transfer Rate ,
Nickel Pick-Up Rate, and Copper Pick-Up Rate.

Nickel Reduction Rate Using Cu-Fe 
a' Alloy In Fayalite Slag.
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5 .4  Application o f th e  General Model to  Hypothetical Slag 
Cleaning Conditions.

Now th a t  reasonable estim ates fo r  mass t r a n s fe r  c o e ff ic ie n ts  
o f some species a re  known, a much more complex system  can be 
modelled with cau tious confidence.
The general model is capable o f producing an o u tp u t o f th e  
following param eters,

bulk and in te rfac ia l sp ec ies  a c tiv itie s  and 
con cen tra tio ns f o r  metal, s lag ,an d  gas phases 
flux d en sitie s  o f sp ec ie s  to  and from in te rfa c e s  

-  mass balances on individual metals
mass o f any sp ec ie s  in any phase and d is trib u tio n  o f 

any species between phases 
phase masses and volumes 
fume masses and com positions.

Various slag  cleaning conditions will be d iscu ssed , based  on 
varia tion  o f reducing conditions and model param eters around
a s e t  o f "standard" inpu ts. A fu ll lis ting o f the  s tan d a rd
s e t  o f param eters can be found in Appendix (3 ) .
Determination o f many o f the inputs has been d iscu ssed
b efo re . The most im portant values a re  shown here.
Mass T ran sfe r C o effic ien ts  in the  Metallic Phase = 

-51.5x10 cm /s.
-5Mass T ran sfe r C oeffic ien ts  in the  Slag Phase = 1.0x10 cm /s.

Note th a t  th ese  values a re  determined from bench-top  sca le  
experim ents, so  to  maintain con sis tan cy , the  physical
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dimensions o f th e  re a c to r  must again correspond  to  th o se  in
th e  c u rre n t experim ents and th o se  o f T o g u ri's . M etal/slag

2and s la g /g a s  in te rfac ia l a reas  were s e t  to  4 cm , th e  metal 
mass to  25g and th e  slag  mass to  10g. Temperature again was 
1200°C.
Any o th e r c o n s is ta n t group o f param eters th a t  d escribe  o th e r  
re a c to rs  may be input. I f  mass t r a n s fe r  c o e ff ic ie n ts ,
in te rfac ia l a re a s , and phase masses fo r  industria l p ro ce sse s
a re  input, simulation o f th e se  p ro ce sse s , within the
c o n s tra in ts  described  e a rlie r , will be achieved.
L itt le  has been sa id  about the  in itial metal composition th a t  
is a sensib le  input to  a model attem pting to  d isp lay  similar 
behaviour to  th e  final s ta g e s  o f slag  cleaning. Early
sim ulations th a t  co n tac ted  nearly  pure Cu containing 5wt% Fe 
with a fa y a lite  slag  bearing 5wt% o f Cu Oq , NiO, SnO, PbO, 
and ZnO revealed  th a t  Cu, Ni, and Sn readily  le f t  the  slag
and en te red  the  metal phase, whilst Pb and Zn were n o t as
easily  reduced. I t  is likely th a t  the final metal
composition will be high in Cu, Ni, and Sn, ( th is  being
confirmed a t  p ilo t p lan t s c a le ) . Holding th is  in mind, the  
metallic phase composition se lec te d  to  b e s t  re p re s e n t  th a t  
occurring  towards th e  la te r  s ta g e s  o f slag  cleaning was 
predominantly Cu as th e  so lv en t holding small q u an titie s  o f
Ni, Sn, Pb, and Zn, with various amounts o f Fe. Larger
p ro po rtio n s o f Ni and Sn would be desirab le , b u t the
complexity o f th e  so lu tion  thermodynamics limits the  model to  
d ilu te  so lu tio n s.
The bulk o f th e  re s u l ts  o u tp u t from th is  simulation will be
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presented as graphs of species concentration (wt%) versus
time (m in s.). In c reases and d ec reases  in con cen tra tion  a re
closely  p roportional to  the  ac tual masses o f sp ec ie s  leaving 
o r en tering  each phase as the  to ta l  phase masses v ary  l i t t le  
from th e ir  in itial values.
The s la g /g as  in te rfac ia l oxygen a c tiv ity  has a sen sib le  lower 
limit s e t  by th e  d es ire  to  avoid reduction  o f FeO. The
actual value o f th is  limit depends on the tem perature  and the  
s lag /g as  in te rfa c ia l FeO a c tiv ity . For example, with
in te rfac ia l FeO a c tiv ity  (a_ ) o f 0 .4  a t  1200°C,reO

, . ..FeO ,2p„ = ( a /  K a )0^  FeO 1473 Fe

= 4 .5  x 10"l 4atm.
Similarly, with a a t  0 .4  and a t  1500 C,FeO

Pq = 5 .3 x 10 1 1 atm.

I t  is no t possib le  to  know the  in te rfac ia l FeO a c tiv ity  to  
ca lcu late  the  a sso c ia ted  minimum p^ because i t  is n ece ssa ry

to  s e t  the  p_ to  find  a . The value se le c te d  to
°2 Fe0

approximate th e  in te rfac ia l FeO a c tiv ity  was th a t  o f the  
bulk. This g uaran tees no FeO reduction , th e  bulk FeO
a c tiv ity  always being equal o r higher than th a t  a t  the
in te rf  ace.
Figure (7) shows th e  o u tp u t re s u l ta n t  from the  s ta n d a rd  s e t  
o f param eters. In itia lly , iron is rap id ly  taken up into the
slag whilst o th e r metal values move from the  slag  phase to  
the  metal. Copper, tin , and nickel a re  cleaned to  low 
levels, while lead and zinc trav e l to  the  metallic phase less 
completely. Note an interm ediate period o f zinc rev ersion
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Figure 7. Concentration of Species Vs. Time. 
"Standard" Conditions.
Metal Mass Trans. Coeff. = 1.5 x 1C[5cm Is. 
Slag Mass Trans. Coeff. = 1.0 x 1Crcm Is. 
Temperature = 1200°C.
Metal/Slag Interfacial Area = 4 cm?
Slag/Gas Interfacial Area = 4 cm?
Initial Metal Mass = 25g.
Initial Slag Mass = 10g.
Initial Fe Concentration = 5.0 Wt%.
FeO Activity = 0.4
Oxygen Pressure = 4.5 x 10 atm.

a)

b)
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followed la te r  by continued cleaning. A fte r a time o f rapid  
reduction  o f  value concen tra tion  in the  slag  bringing most
values into th e metallic phase, cleaning slows b u t does n o t
s to p  en tire ly . Also a t th is  time, iron re v e r ts to th e  metal
recontam inating i t .
The e f f e c t  o f bulk a c tiv ity  o f the  FeO was con sidered  very  
important. This param eter was varied with th e  following 
re s u l ts .  F igure (8 ) shows the  o u tp u t o f the  model when run
with all inputs th e  same as fo r  fig u re  (7 ) , excep ting  only in
th a t  the  value o f FeO a c tiv ity  was s e t  a t  0.1 r a th e r  than
0 .4 . L ittle  change to  the  overall thoroughness o f  cleaning 
re s u l ts .  I t  can be seen  th a t  the  initial ra te  o f cleaning is
increased, especially  f o r  tin . The interm ediate rev ersion  o f 
zinc is much more pronounced, as is the  final rev ersion  o f
iron. Note th a t  the lead also d isplays a small re v e rtiv e
s ta g e . The most marked d iffe re n c e  is th a t  iron rev ersion  is
g rea tly  reduced.
I f  the FeO a c tiv ity  is ra ised  to  0 .6  as in f ig u re  (9) ,
l i t t le  change to  the  ra te  o r e x te n t o f cleaning o f any
species is seen . Tin and nickel a re  cleaned s lig h tly  b e t te r .
The re v e rtiv e  behaviour o f zinc is very  minor, b u t very
sign ifican t q u a n titie s  o f iron re tu rn  to  the  metallic phase.
Obviously, th e  overall reducing po ten tia l o f the gas phase is
the  most im portant variable. The s tan d ard  cond itions looked
a t  the maximum sensib le  reducing conditions. Figure (10)
shows what happens if the  gas phase is allowed to  become much

-14 -7more oxidizing ( from 4.5x10 to  1.0x10 ). There is an
initial period  where some cleaning takes place, b u t th is  is
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Figure 8. Concentration of Species Vs. Time. 
As For "Standard" Conditions But With 
FeO Activity Set To 0.1 
Oxygen Pressure = 2.8 x 101batm.
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Figure 9. Concentration of Species Vs. Time. 
As For "Standard" Conditions But With 
FeO Activity Set To 0.6 
Oxygen Pressure = 1.0 x 10~ atm.
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Figure 10. Concentration of Species Vs Time.
As For "Standard" Conditions But With
Oxygen Pressure = 1.0 x 10“7atm.
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short-lived. Soon, all the values return to the slag.

Indeed, th e  concen tra tion  o f copper oxide increases p a s t  i ts  
initial value, indicating a movement o f bulk copper to  the  
slag  phase.
The e f f e c t  o f increasing tem perature is shown in fig u re  (11). 
The s tan d a rd  condition tem perature  o f 1200°C was increased  to  
1500°C. This change does n o t d irec tly  re la te  to  th e  e f f e c t
th a t  one would see  in re a lity . Increased  tem perature would 
a l te r  mass t r a n s fe r  c o e ff ic ie n ts , slag  v isc o s itie s , su rfa c e  
ten sio n s, and possib ly  in te rfac ia l a rea s , none o f which is 
taken into account by making the  appropriate  a sso c ia ted  
changes to  th e  o th e r input param eters. Increasing the  input
tem perature merely a l te r s  the  position  o f each sp ecies  
equilibria. This aids the  removal o f zinc from the  slag  to  a
considerable e x te n t, b u t a t  th e  expense o f poorer Cu and Pb 
cleaning and more sev ere  iron recontam ination. Note th a t
zinc shows almost no re v e r tiv e  behaviour, while s tro n g  
rev ersion  is displayed by lead.
P lo tting  th e  species con cen tra tio ns aga inst dim ensionless
time ( defined  and commented on in sec tio n  5 .5  ) avoids the
d if f ic u ltie s  a sso c ia ted  with changes in mass t r a n s fe r
c o e ff ie n ts  and in te rfac ia l a reas  by normalizing th e se  
influences. However, care  must be taken in in te rp re tin g
th e se  re s u l ts  because th e  two lines will re la te  to  d if fe re n t  
real times.
The p resence o f iron in the  metal phase has been shown to  
s tro n g ly  a f f e c t  the early  s ta g e s  o f th is  simulation. Figure 
( 1 2 ) shows what would be expected  if only a l i t t le  iron is
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Figure 11. Concentration of Species Vs Time. 
As For "Standard” Conditions But With 
The Input Value for Temperature Set To 1500°C. 
Oxygen Pressure = 5.3 x 10~ " atm.

a)

Dimensionless Time

b)
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Figure 12. Concentration of Species Vs Time.
As For "Standard” Conditions But With
Only 0.1 Wt% Fe Initially In The Metallic Phase.

a)
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initially present in the metal phase. The rate of reduction
is s ign ifican tly  reduced, although th e  final e x te n t  o f
cleaning is n o t g re a tly  a f fe c te d . No re v e r tiv e  behaviour o f 
zinc is observed and the  final level o f Fe contam ination is 
sim ilar to  th a t  found when Fe is in itially  p re se n t.
One way in which i t  is possib le  to  s tu d y  the  e f f e c t  o f a
la rg e r supply o f Fe would produce good cleaning is to  
increase  th e  m etal/slag  mass ra t io , the  giving more Fe in 
metal p er un it mass o f slag . Figure (13) shows the  e f f e c t  o f 
increasing the m etal/slag  mass ra tio  from 0 .2 5  to  1 .0 . Very 
good cleaning o f all sp ec ie s  is seen , with rap id  k in e tics. 
However, Fe contamination o f the  metallic phase is se rio u s , 
and th e  actual con cen tra tion  o f sp ecies  in the  p ro d u c t metal
is low.

5 .5  Dimensionless Time.
The formula used  to  re la te  'r e a l 7 time to  dim ensionless time
was : -
t  (dim ensionless) = kM VM( i n i t i a l )  x t  (rea l)

Tm/ sA
For the  c u rre n t s tan d a rd  s e t  o f input values, 
t(dim . le ss) = 6 .6 7  x 10 ^ t ( r e a l)
R esults p lo tted aga inst dim ensionless time give a means o f
showing the ra te o f change o f sp ec ie s  concen tra tion expected
f o r  any s e t o f mixing and mass t r a n s f e r  conditions. This is
why th e se un its were applied to  fig u re  11 ( and la te r in
fig u re 19). Although the model p red ic ted the re la tiv e
changes in all th e  sp ecies c o n c e n tra tio n s , the lack o f
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Figure 13. Concentration of Species Vs Time.
As For "Standard" Conditions But With
Initial Metal / Slag Mass Ratio Decreased To 1.0.
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information regarding mass t r a n s fe r  a t  1500°C 
p red ic tio ns in rea l time.

p reven ted
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6.0 Discussion

I t  should be s t r e s s e d  immediately th a t  th e  work p re sen ted  
here re p re se n ts  only the  early  s ta g e s  o f the  to ta l  e f f o r t  
required  to  a rriv e  a t  a v e rsa tile  and re liab le  model o f 
industria l slag  cleaning. However, i t  is f e l t  th a t  th e  work 
shows promise in providing a framework and approach from 
which im portant fe a tu re s  o f the  p ro cess  can be b e t te r  
g rasped .
The work will be d iscu ssed  in re la tion  to  th e  following
co n tex ts :
1) P redictions obtained from the  model in i ts  c u r re n t  s t a te ,  
s tre s s in g  the  importance o r otherw ise o f some p ro cess  and 
chemical param eters
2) Applicability and valid ity  o f th e se  p red ic tions
3) F urth er model development.
The c u rre n t model s u f f e r s  from sim plification o f reac tio n s  
and p ro cesse s  used , idealization o f the  conditions likely to  
be p re se n t, and lack o f re lev an t fundamental thermodynamic 
and kinetic d a ta . Within th e se  lim itations, i t  d isp lays an
impressive ab ility  to  p red ic t the  r e s u l ts  o f two s e t s  o f
experim ents, and is capable o f fu ll simulation o f th e  e f f e c t  
o f varying model param eters and reducing conditions.

6 . 1 Model P red ictions

The re s u l ts  o f the  model sim ulations p resen ted  in previous 
sec tio n s  i l lu s tra te s  i ts  ab ility  to  p red ic t the  experim ental
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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 experiments were excellent 

for both sets of reducing conditions. Following this, the

same set of parameters, plus estimates of some f urther

required inputs were used 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 subject 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 a t  th e  o u tp u t re s u l ta n t  from a simulation with the  
s tan d a rd  s e t  o f inputs, an initial period  o f rapid  cleaning
o f all sp ec ies  is easily  und erstoo d  when the  m etal/slag  and 
s la g /g a s  in te rfac ia l oxygen p o ten tia ls  are  taken into 
consideration . Figure (14) shows the  flu x es o f sp ecies  th a t
a re  being reduced a t  the  s la g /g a s  in te rfa c e . Copper, nickel
and lead a re  reduced over a period to  a level a t  which th e ir
a c tiv itie s  in the slag  a re  no longer high enough to  re a c t  
with th e  gas ( the oxygen p o ten tia l o f  which is s e t  a t  th is  
in te rfa c e  ) to  form metal a t  un it a c tiv ity . Tin and zinc are
already  below th is  level a t  th e  s t a r t  o f the  simulation. The
in te rfac ia l oxygen p o ten tia l is s e t  to  avoid FeO reduction  in 
all t r ia ls ,  so  no Fe flu x es from the  s la g /g a s  in te rface
re tu rn in g  to  the  metallic phase will be seen .
Thus, any o th e r cleaning must occur a t  the  m etal/slag  
in te rfa c e . This means th a t  the  m etal/slag  in te rfac ia l oxygen 
p o ten tia l is also o f g re a t  importance. Figure (15) shows
th is  oxygen po ten tia l p lo tte d  ag a in s t time. During the  early
s ta g e s  o f th e  simulation, the  p^ is kept low by the  p resence

o f a high iron ac tiv ity  a t  the  in te rfa c e . As can be seen by
the  rapid  t r a n s fe r  o f iron from th e  metal to  the  slag ,
considerable oxygen must be consumed by Fe. This aids the
reduction  o f CuCL. _, NiO, SnO, PbO, and ZnO, which a re  allU • o
being reduced a t  th e se  early  s ta g e s . Indeed, looking a t
f ig u re (16), the  Fe is holding the  oxygen p o ten tia l so  low as
to  reduce FeO to  FeO, re su ltin g  in a small flux o f FeO. _ i . b 1.5
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Figure 14. Flux Densities of Metals being
Reduced at the Slag/Gas Interface 
vs Time. "Standard" Conditions.

Figure 15. Oxygen Activity at the Slag/Metal Interface 
vs. Time. "Standard" Conditions.
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Figure 16. Fluxes of Iron Oxides To and From 
The Metal/Slag Interface.
"Standard Conditions".

Figure 17. Flux Densities of FeO and FeO 1.5 
To and From Slag/Gas Interface. 
"Standard Conditions".
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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 FeO. _ being reduced to FeO.1. b
As the Fe is depleted, the interfacial oxygen potential

begins to rise. Reduction of CuO^ NiO, and SnO slows, 

that of PbO more considerably. ZnO reduction ceases, and 

some Zn taken into the metallic phase by the early low 

interfacial p^ returns to the slag phase. The FeO flux away

from the interface decreases to zero and FeO begins to1 • b
diffuse away into the slag. FeO then starts to travel

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

away as FeO^ This process is much slower than the

previous Fe driven reduction. The metal/slag interface is

steadily removing FeO from the slag and adding FeO . The1. b
simulation includes in its conditions a very small

concentration of FeO. in the slag. This accounts for the1. b
small initial FeO^ ^ flux towards the metal/slag interface.

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 FeO^ j_and FeO are due to the low bulk activity of 

FeO. _ providing a low driving force for FeO. -diffusion to 

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 , the1.5
fluxes at the slag/gas interface increase, removing FeO. _1.5

tow ards the  slag in te r fa c e  ( ie. negative  on the  diagram )
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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/FeO. _ reaction, thus lowering the fluxes of I. b
these species. However, the slag/gas interface will continue

to form FeO and consume FeO. _ . The resultant lowering of1 • b
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 ZnO 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 lower 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 (

from  the  slag and rep len ish ing  FeO as q u ick ly  as th e y  are

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 FeO away
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Figure 18. Oxygen Activity at the Slag/Metal Interface 
versus Time For aFeO = 0.1 and 0.6.
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from  the  s lag /gas in te r fa c e  Increasing the  ra te  a t 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 lowering 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/FeCL 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 lowering the metal/slag interfacial oxygen potential. 

Once the Fe is taken up by the slag, any metal present will 

begin to oxidize. All values return to the slag and the bulk 

copper itself begins to oxidize.
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6 .1 . 4  The e f fe c t  o f  Increasing tem perature.

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 

just avoid FeO reduction. Increasing the temperature means 

that FeO can be reduced at higher oxygen pressures. To avoid 

FeO reduction, the p^ of the gas must be raised from 4.5 x

-14 -1110 (standard conditions) to 5.3 x 10 atm. Table ( 8 )

shows the changes in equilibrium constants. Increasing

temperature has very little effect on the equilibria of

Cu0_. _ and U . b PbO. The changes in NiO, SnO, and FeO are

similar, while the high entropy of the formation of ZnO

reaction causes a large change in the position of its

equilibrium. Very little change in the cleaning of NiO and

SnO is expected. Although their equilibria have moved

favourably, the similarity of the change in FeO equilibrium 

means that the necessary change in p^ to avoid FeO reduction

effectively cancels out any advantage gained. Because the

equilibria of Cu0_. _ and PbO change little, the increased p_ 0.5 02

will hinder cleaning of these oxides. Indeed, the increased

P q  has become sufficiently high to prevent any slag/gas

interface reduction of PbO taking place. The change in ZnO 

is sufficiently large to overcome the increased p^ and

reduction occurs. Figure ( 19 ) shows the fluxes of species

being reduced at the slag/gas interf ace. The PbO now

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

1500°C.

Equ i1ib. 

Constants

S P E C I E S .

Cu00.5 NiO SnO PbO ZnO FeO

e 1200°C 1.2x101 8.9x10° 6.0x104 7.4x10° 9.2x105 1.9x106

e 1500°C 5.2x10° 2.7x10° 1.6x10° 6 . 1x101 1.6x101 5.5x104

e 1500°C

e 1200°C
4.3x10_l 3.0x10~° 2.7x10"2 8.2x10”2 1.7x10_° 2.9x10~2
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Figure 19. Flux Densities of Metal Being
Reduced at the Slag/Gas Interface 
vs. Dimensionless Time.

5.00e-5 1.00e-4 1.50e-4 2.00e-4 2.50e-4  
Dimensionless Time

Figure 20. Oxygen Activity at the Slag/Gas Interface vs. 
Time with and without initial Fe.

Wt% Fe = 5.0 
wt% Fe = 0.1
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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 Zn may result in

losses to the gas phase 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 low 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. When 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 large 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.

70



6 .2  Model V a lid ity .

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 M a c k e y ^ ,  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 species 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 SO^ 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 assumption 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 Zn removal rates are commonly achieved when 

using either CH^/O^ or alternatively coal/O^ to provide the 

reducing conditions. Recent studies by Richards and

c o - w o r k e r s ^ ^  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 

SiO^ based slags seems a sensible path for further

investigation, followed by experiments with these simple

slags fluxed with A1 0 and/or CaO, for example. Once ̂ O
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.

T H E  D E C O P P E R I N G  
0 F

L I Q U I D  L E A D  B U L L I O N  
B Y

E L E M E N T A L  S U L P H U R  A D D I T I O N S .
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7 .0  In tro d u c tio n .

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 chalcociteCCu^S) or covellite(CuS).

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 Wt% Cu.

Recent articlesv ’ give details of the numerous previous 

fundamental and applied investigations of the sulphur

drossing of lead bullion. Previous investigations have
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(31 32)typically been Involved with system thermodynamics ’ ,

Identification of phases formed during the decopperlng 
(32-34)process , elucidation of the decopperlng
(35-38)mechanism , laboratory and pilot plant studies of the

effect of process variables on the extent of 
(39-41)decopperlng , 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 decopperlng. 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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s t ir r e d  in to  the  lead bu llion  are in s ta n tly  encased in so lid

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 (9). Published Diffusion Coefficients, ( c m ^ s  1 )

Note that these values relate to species diffusing through 
perfect sulphide crystals.

SULPHIDE D IF F U S IO N COEFF. 2 " 1  ̂cm . s ) TEMP. Ref erence
MATRIX Pb Cu S (K) Number.

PbS -141.05x10 773 44

PbS 4.27x10”13 733 52

PbS 1.40x10~1 600 36
PbS 1.24x10_l 600 45
PbS 4.35x10“3 600 51
PbS 6.80x10~15 773 48

CuS
0 .5 4.20x10+°1 673 49

CuS
0 .5 1.50x10+°° 500 50

CuS
0 .5 8.70x10“°1 450 53
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8 .0  T heo re tica l C onsidera tions.

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 liquid Pb, solid PbS will form instantly, 

assuming no delay in phase nucleation. This results in a 

solid PbS layer 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 (Pb ). Bloem and Kroger ’ suggested that the

major mobile species in p-type PbS was singly positively

charged vacancies( ) .  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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F igure 21. AG° for the Pb/S System  a t 330°C.

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

A - Initial PbS Layer Growth 'Driving Force'.

1.0
Pb

0.8 0.6 0.4 0.2
PbS

Mole Fraction of Pb

o.o
S
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diffusion due to the small Cu+ ionic radius(9.6 nm) compared 

with the Pb++ ionic radius(13.2 nm) and S ionic radius(17.4 

n m ) .

Thus, with Cu rapidly diffusing 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 Pb. 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 Pbt ions. If the critical S potential

is exceeded, PbS will be S rich, and diffusion occurs due to 

V* 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(see figure (23) ).
(45)According to Bloem and Kroger , 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 pre s e n t . ( 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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in a f a r  g re a te r p ro p o rtio n  o f  the  PbS laye r being p - ty p e .

Assuming that V+ diffuse more c slowly than P b t , thei 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  K ine tic  Model f o r  Decopperinq

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 CuS^ ^ 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 increases, 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 CuSn _ , hence a layer of CuS forms 

between the PbS and CuS phases. The model then becomes as
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F igure 24. Schematic Model o f  the  Reaction P roducts 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
( 1 iqu id) Cu+CuS + s ( 1 )  ^

CuS
(sol id)

PbS
(sol id) 
p-type

PbS
(so 1 id) 
n-type

Cu

Cu

Cu

T +
Pb++

Pb
+

++CuS =CuS „Cu + S + ®c A

^ ++CuS =CuSCu + S =>c A

Cu+CuS+vCuS+s=Pbs+vCuS+v+PbSi C A A C

+ ■+* ++Pb + V =» Pbi C C

®  and e annihilate each other

Cu( 1) =* Cu + ei

Pb
( 1 iqu id)

Cu Pb
Pb( 1) => Pb^ + e
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shown in f ig u re  (25 ) . growth proceeds as copperCUS0.5

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 CuSn layer grows into the CuS . While

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 CuS . The CuS
U .  b

layer will continue to be consumed by the advancing CuS._
□ .  b

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

CuS0 .5  •

9.2 Reversion

Once the copper sulphide layer is entirely CuS and all the
U  • b

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

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

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

copper ions through the CuS. * layer due to the lack of aU . b

8 8



the CuS Layer which forms between the PbS and CuS U. o
layers.

F igure  25. Schematic Model as in F igure 24, But also showing

PHASES FLUXES

S
( 1 iqu id)

\

S

/

CuS
(sol id)

' j 

Cu+ j ©i :

______ i___________

CuS0.5 
(sol id)

o c M" 
+

..
..
..
..
..
..
..

-
©

PbS
(sol id) 
p-type

+ - 
D (J

t______________

I s  ! 
Pb++ j ©C j

______ i___ v -̂
--
--
--
--
--

< o 
+

Pb
( 1 iqu id)

Cu Pb

REACTIONS AT INTERFACES

o / CuS + S( 1) =»

++CuS —CuSCu + S + ©C A

n ++CuS =CuS +CuSCu + S 2CuS o . 5c a c
..CuS =CuS ..CuS ^+V +S o.s+V + ©C A A
CuS Consumption

__ +CuS =CuS ^  =PbS 2Cu 0.5+S 0 .5 + ©  =» S
c A A

..CuS __ +CuS 0. .CuS . +PbS +V 0.5+2CU 0.5+2V 0.5+VA i , C
L CuS Consumption0.5 r
Pb + V + ®  =» Pb c
Cu + + =s> Cu

++
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source or sink for copper ions at the top surface of the

CuS_ _. Figure(26) shows the expected configuration.U. b
Interstitial lead ions will still be diffusing through the

PbS layer slowly. On arriving at the CuS layer, they will0. b
dislodge two Cu+ ions to form the more thermodynamically 

stable PbS. The Cu+ ions diffuse freely back through the PbS 

layer to the now low 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 

diffusion 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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F ig u re  26. Schematic R e p re se n ta tio n  o f  th e  D ecoppering System

a f  t e r  th e  

commenced.

CuS Consumes a ll th e  CuS and R evers ion  has
0.5

PHASES FLUXES REACTIONS AT INTERFACES

CUS0 .5
( s o l i d )

__ +CuS =CuS =PbS 2Cu 0 .5+S  0 .5 +  + =» SC A A

. .CuS +PbS _. .CuS . ,+PbS +V o .5 +  2Cu +2V 0 .5+ VA i C C
•—CuS C o n su m p tio n —1 
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PbS
(s o  1 id )  
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have also been neg lected. A ll in te r fa c ia l areas have been

assumed c o n s ta n t and th u s  re p re s e n t a p la n a r c ro s s  s e c t io n  on 

an im aginary lead ba th  in i t ia l ly  co ve re d  w ith  s u lp h u r. Each

phase is  th e re fo re  assumed to  be in p e r fe c t  c o n ta c t  w ith  th e  

a d ja c e n t phase and no in te rm ix in g  o f  phases o c c u rs . There  is 

no re d u c tio n  in in te r fa c ia l a rea  o r  a d d it io n a l mass t r a n s p o r t

re s is ta n c e  p re s e n t a t  any phase boundary . The su lp h id e  

phases have been assumed to  have c o n s ta n t d e n s it ie s , a 

reasonab le  assum ption in view  o f  th e ir  lim ite d  range o f

s to ic h io m e try . The model does n o t c o n s id e r any c o n tr ib u t io n  

o f  chemical re s is ta n c e  to  th e  o v e ra ll p ro ce ss  ra te  and any 

de lays  in phase n u c le a tio n  have been n e g le c te d .

9 .4  M athem atical F o rm ula tion

The m athem atical fo rm u la tio n  employs th e  same genera l

p r in c ip le s  used in th e  s lag  c lean ing  model, e x c e p t th a t  the

system  has many la y e rs , some o f  which a re  s o lid . E q u ilib r ia

a re  s t i l l  assumed a t  a ll in te r fa c e s  and th e  th in  f ilm

d i f fu s io n  th e o ry  is  a p p lie d  to  th e  liq u id  phases. However, a

new fo rm  o f  equa tio n  is  needed to  d e sc rib e  mass t r a n s p o r tr
a c ro s s  th e  s o lid  la y e rs .
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The equation se lec ted  is ,

N = D. C. ( a -  a ) /  ( y. x )top bottom
where N 

D 
C

to p

b otto m

— 1  — 2is th e  flux d en sity  ( m ole.s .m )
2 “2is th e  d iffu sio n  c o e ff ic ie n t (m . s  )

is th e  to ta l  molar con cen tra tion  (mole.m ) 
is the  a c tiv ity  o f th e  d iffu s in g  sp ec ie s  
a t  th e  top  in te rfa c e  

is th e  a c tiv ity  o f th e  d iffu s in g  sp ec ie s  
a t  the  bottom in te rfa c e  
is th e  a c tiv ity  c o e ff ic ie n t 
is th e  layer th ickness

This equation implicitly req u ire s  the  a c tiv ity  c o e ff ic ie n t to
remain c o n s tan t a c ro s s  the  layer.
fundamental equation (as quoted  by Schmalzried ),

Examining the  more 
(47)

N = -  D .c . d a.i 1 1  *1
R.T cTx

where u = R .T .£a  a i i
c ^ lo c a l concen tra tion  o f d iffu s in g  sp ec ie s , i 
x = d istan ce  through th e  layer

leads t o ,
N =-D c d in  ai i i _______

d x
= -D c d In  a i i _______ i

d a .i
Now,
d In  a^= 1 /  a = 1/ (  X̂ . y^)
d a .

1

where = th e  local molar con cen tra tion  o f d iffu sin g
s p e c ie s , i.

i

d a ___ i
d x
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Assuming co ns ta n t y w ith X ,

-D c d a__i i
X.

1
d x

Now,
c /  X = C , the  bulk molar concentra tion  i i l
S o ,
N = -D .C d ai __i__ i ___ i

y. d X1

Assuming a linear a c tiv ity  g rad ien t ac ro ss  the  layer,
d a = (a_____i to p ab otto m / X

d X

The conservation  equations re la tin g  change in bulk 
concen tra tio n  to  flux remain the  same as p rev iously  used. 
However, equations re la tin g  the  change in layer th ickness to  
flux  are  o f th e  form,

d x /d t  = (N -  N ) /  Cin  o u t

where x = layer th ickness (m) 
t  = time (s )

—1 -2N = flux d en sity  (m ole.s .m )
_3C = bulk molar con cen tra tion  (mole.m )

The fu ll d escrip tion  o f th e  mathematical form ulation can be 
found in appendix(4 ).
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10. 0. Experimental Procedure and R esu lts

10.1 Aim o f Experimental Programme

As mentioned in sec tio n  7 .0 , a lack o f fundamental d iffu sio n  
d a ta  p reven ted  co n fid en t application o f the  model. Thus, it  
was n ecessa ry  to  perform  experim ents to  evaluate th e  required  
d iffu s io n  c o e ff ic ie n ts . As i t  was the  d iffu s io n  o f Pb 
through PbS th a t  was considered c r itic a l, th is  was th e  fo cus 
o f  th e  investigation . Controlled sulphide growth experim ents 
were ca rried  o u t, d a ta  re la ting  reac tio n  time and layer 
th ickn ess co llec ted , from which d iffu s io n  c o e ff ic ie n ts  were 
determ ined following the  procedure laid o u t in th e  following 
se c tio n s .

i
10.2 Determination o f D iffusion C oeffic ien ts

The flux  equations se lec te d  fo r  th is  model were o f the  form,
J  = A.C.D. ( a -  a ) /  ( y. t  ) (equation 1)to p  b o tto m
where

J  = flux o f d iffu sin g  s p e c ie s (mole, s  1)
2A = in te rfac ia l area(m )

—3C = bulk molar concentra tion  (mole, m )
D = e ffe c tiv e  d iffu sio n  coeffic ien t(m  . s  )
a = a c tiv ity  a t  the top s u rfa c e  o f the  layerto p
a = as a top a t  the bottomb otto m
y = activity co e ff ic ie n t
x = layer thickness(m )
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In th e  experim ents, A, C, and ^  a re  all known o r estim ated, 
a equals th e  Pb a c tiv ity  in equilibrium with S (1) andto p
PbS(s) a t  th e  PbS/S in te rfa c e , while a equals theb o tto m
a c tiv ity  o f Pb a t  the Pb/PbS in te rfa c e , assumed to  be unity .

The conservation  equation used  f o r  th e  model was o f the  
form,
(J  -  J  ) = A.C. d x /d t  (equation  2)In o u t

Seeing th a t  all th e  the  PbS th a t  d if fu se s  through the  PbS 
layer re a c ts  with su lphur to  form PbS, J  = 0 .o u t
Equating equations 1 and 2, then rearranging  g ives,

PbS , PbS _ P b S , . P b / S  . ,  P b S  ..x dx = D ( 1 - a  ) /  2r d tPb Pb P b  P b  P b
In teg ra tin g ,

2PbS P b S . P b /S . PbSx /2=  t  D ( 1 - a  ) / rx + C„Pb Pb Pb Pb 1
At t  = 0, x = 0, so = 0.

Also, p^1-aPb/S)equals one to  a very  good approximation. 
Thus,

_ P b S  . PbS P b S .
T =( D .r )/2tPb Pb Pb

V is assumed to  be one. Thus, by p lo ttin g  x v ersu sPb Pb
2 t ,  th e  slope equals the  d iffu sio n  c o e ff ic ie n t.

10.3 P reparation  o f Pb/Ag p e lle ts .

(55)One kilogram o f "chemical A" grade Pb was melted in a
s ta in le s s  s te e l  con tainer. A q u an tity  o f fin e ly  ground
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s ilv e r was added and th e  melt s t i r r e d  rapidly. The liquid
was chill c a s t  into a s te e l  mould, ( see  Figure (27) ) which
produced approxim ately 1 0 0  cylindrical p e lle ts  o f 10  grammes 
each. A random se lec tio n  o f p e lle ts  were analysed to  
guaran tee uniform composition a c ro s s  the  batch.
A fu r th e r  q u an tity  o f "chemical A" lead was melted. A number 
o f p e lle ts  were added to  th e  melt and s t i r r e d .  This again
was chill c a s t  into p e lle ts . This procedure o f dilution was 
rep ea ted  to  provide batches o f p e lle ts  a t  a s e r ie s  o f
com positions. These com positions a re  lis ted  in Table(10).

10.4 Sulphide Layer Growth Experiments.

A v ertica l tube  fu rnace  (see  fig u re  (28) ) was co n s tru c ted .
A tem perature  p ro file  a t  a s e r ie s  o f s e t  poin t tem peratures 
were perform ed with a d if fe re n tia l  thermocouple and a uniform 
ho t zone 5 cm in length was found. The tem perature  variation
with time was less  than one degree Celsius. A p e lle t was 
slid  into a crucib le (ac tu a lly  a pyrex t e s t  tube) and then 
placed into a crucible holder. This was introduced  from the 
bottom o f th e  fu rnace  tube. The fu rnace  was flu shed  with 
argon to  p rev en t su rfa c e  oxidation o f the  lead and combustion 
o f the  su lphur. The su p p o rt rod  was pushed up to  locate  the 
sample in th e  middle o f th e  h o t zone. Once the  sample
tem perature reached  th a t  o f i ts  su rroundings, su lphur powder 
was added from above. Only a small drop in tem perature  was 
observed , due to  the  small thermal mass o f the  sulphur
re la tiv e  to  th e  sample and su rroundings.
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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.
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Table 10. Chemical Analysis Of Lead P e lle ts .

BATCH No. Ag CONCENTRATION 
wt7, Ag

1 0.10470
2 0.01400
3 0.00095
4 0.00060
5 0.00048
6 0.00038
7 0.00032
8 <0.00005
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Figure 28. Vertical 
Tube Furnace Used 
For Layer Growth 
Experiments.

1 0 0



A fte r various reac tio n  tim es, the  p e lle ts  were quenched, 
removed from the  crucib le , sec tio ned , and mounted in
"A raldite 2003" mounting re s in . This p a r tic u la r re s in  was 
used  a f t e r  tr ia ls  with many o th e r mounting media proved 
u nsu ccessfu l due to  reac tio n  with su lphur and th e  s o f tn e s s  o f 
the  lead. Careful polishing to  avoid smearing o f th e  lead 
and f r a c tu r e  o f the  b r i t t le  sulphides followed. S cratch  f re e  
samples were v irtu a lly  impossible to  produce.
Optical microscopy o f fe re d  s u ff ic ie n t  m agnification and
reso lu tion  to  perform  layer th ickness measurements. Due to
the  non-uniform ity  o f the  lay ers, large numbers o f 
measurements were taken and averaged f o r  every  sample. A 
example s e t  o f raw d ata  is p re sen ted  in appendix (5 ) .
Also, experim ents were usually  done in tr ip lic a te  to  check 
f o r  co n sis ten cy . The ac tu a l number o f readings varied  with 
th e  q uality  o f th e  sample( th a t  is , some samples were o f 
exceptional q uality  and did n o t req u ire  many measurements to  
determine th e  layer th ic k n e ss ). An eye-p iece  mounted
g ra ticu le  th a t  was independently ca lib ra ted  was used  to  
perform  th e  measurements.
Both the  e f f e c t  o f varia tion  o f Ag c o n ten t and tem perature  
were s tu d ied  independently. A small number o f similar
experim ents were c a rried  o u t with p e lle ts  o f pure copper. 
P late 1(a) shows th e  large PbS layer th a t  grows on low Ag 
lead p e lle ts , p la te  1(b) shows the  fin e  PbS layer th a t  grows 
on high Ag lead p e lle ts , and p la te  2 (a ) shows the  CuS and 
CuSq layer th a t  grows on a copper p e lle t.
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P la te  1. M icrograph  O f The Phases Found During The L a y e r

G ro w th  E x p e r im e n ts  On P u re  Pb And A P b /A g  A llo y .

Magnification = 4000 X
a ) L a y e r s  F o u nd  When L iq u id  S u lp h u r  I s  C o n ta c te d  W ith  P u re  

S o lid  L e ad  P e l le t s  F o r  2 H o u rs  A t  2 8 5 °C .

A r a ld i t e .

L e ad
S u lp h id e .

L e a d .

b )  L a y e r s  F o u nd  When L iq u id  S u lp h u r  Is  C o n ta c te d  W ith  S o l id  

L e ad  P e l le t s  C o n ta in in g  0 .1 0 4 7  Wt% Ag F o r  48  H o u rs  a t  2 8 5 °C .

A r a ld i t e .

S u lp h u r .

L e a d
S u lp h id e .

L e ad
A llo y .
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P la te  2L_ M ic ro g ra p h  O f The  P ha se s  F o u n d  D u r in g  The  L a y e r  

G ro w th  E x p e r im e n ts  On P u re  C o p p e r . .

Magnification = 4000 X
a ) L a y e r s  F o u nd  When L iq u id  S u lp h u r  I s  C o n ta c te d  W ith  P u re  

S o lid  C o p p e r  P e l le t s  F o r  2 H o u rs  A t  2 8 5 °C .

*
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10.5 Experimental Development

In itial experim ents above the  melting poin t o f lead met with 
limited su c c e ss . The liquid su lphur and liquid lead
unexpectedly  mixed to g e th e r , forming a v ery  irreg u lar
in te rface . This re su lte d  in a complex sulphide layer
geometry which made legitim ate measurement o f layer th ickness 
impossible, and p reven ted  reasonable estim ates o f in te rfac ia l 
a rea , a fundamental input into the  decoppering model. Thus,
i t  was decided to  limit experimental tem perature  to  below the  
melting poin t. In th is  way, a planar in te rfa c e  and known
in te rfac ia l a rea  can be maintained. The draw-back to
experim ents below th e  lead melting poin t was th a t  decoppering
proved impossible. The increased re s is ta n c e  to  Cu d iffu sio n  
through so lid  Pb caused the  Pb/PbS in te rfac ia l Cu a c tiv ity  to  
be low. This meant th a t  a high enough driving fo rc e  fo r  Cu 
d iffu sio n  through th e  PbS layer, and thu s copper sulphide
form ation, was n o t achieved. Thus, only simple sing le  layer
d iffu sio n  experim ents were ca rried  ou t.
Two groups o f experim ents were perform ed. The f i r s t  group
kept all p ro cess  param eters c o n s ta n t and varied  the
tem perature . The second group kept all p ro cess  param eters 
co n s ta n t including tem perature , b u t varied  the  s ilv e r  co n ten t 
o f the  reac tio n  p e lle ts .

10.6 The e f f e c t  o f tem perature

A summary o f th e  re s u l ts  fo r  th is  s e r ie s  o f experim ents are
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tab u la ted  in tab le(11). The Ag co n ten t o f the  Pb was 0.1047 
wt% Ag. The voluminous q uan tity  o f raw d a ta  and interm ediate 
calculation  have been om itted fo r  th e  sake o f b rev ity , b u t a 
sample calculation  can be found in appendix (5 ) . D iffusion 
c o e ff ic ie n ts  were deduced by linear reg ress io n  o f the 
r e s u l ts .  The co rre la tion  c o e ff ic ie n ts  in all c a se s  are 
s a t is fa c to ry .
I t  was assumed th a t  the  re la tionsh ip  between the  d iffu sio n
c o e ff ic ie n t and tem perature could be described  by an equation
o f th e  form,
D = D exp( -  AH/RT) o
P lo tting  tn  D aga inst 1/T (see  f ig u re  (2 9 )) gave the
following re s u l ts .
D = 3.7x10"9 (m2 . s _ l) o
AH = 4 .066  kcal/mole

10.7 The E ffe c t  o f S ilver Concentration

A summary o f th e  re s u l ts  fo r  th is  se r ie s  o f experim ents are 
tab u la ted  below in ta b le ( 1 2 ) and shown graphically  in
f ig u re (3 0 ) . The tem perature fo r  all th e se  experim ents was 
285°C. I t  was intended to  perform  th e  tr ia ls  a t  300°C, bu t
an e r ro r  in s e t  po in t in the  co n tro lle r  was n o t d e tec ted  
un til an advanced s ta g e  o f the  experimental s e r ie s ,  so  i t  was 
decided to  continue a t  285°C.
C orrelation fo r  th e  re s u l ts  where layer growth was q u ite  slow 
was poorer than fo r  o th e r t e s t s ,  bu t s t i l l  well within 
acceptab le  limits.
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Figure 29. Log Diffusion Coefficient in PbS 
versus Inverse Temperature.
Ag Concentration = 0.1047 wt%

AH = 15.99 kcal/mol 
-9 2

Do = 3 .7x10 m /sec

Q
CT>O

1/T(K)

T a b le  11. Pb in  PbS D i f f u s io n  C o e f f i c i e n t  v e r s u s  T e m p e ra tu re .

TEMP.
C °

D i f f u s i o n  C o e f f i c i e n t  
( m . s  )

C o r r e l a t i o n  C o e f f i c i e n t
( d i m e n s i o n l e s s )

250 7 . 0 8 x 1 0 -1 6 0 .9 5 6
2 7 0 9 .2 0 x 1 0 ~16 0 . 9 89
280 1 . 8 2 x 1 0 " 15 0 . 9 48
290 2 . 02 x 1 0 " 15 0 . 988
300 2 . 5 5 x 1 0 _ lS 0 .9 9 6
310 3 . 2 0 x 1 0 “ 15 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.
10 "9 -
io-10-
10'-1L
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10-15-
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WT% Ag

T a b le  12. Pb in  PbS D i f f u s io n  C o e f f i c i e n t  v e r s u s  S i lv e r  

C o n c e n t r a t io n .

COMPOSITION  
wt% Ag

D IFFU S IO N  C0EFF.
, 2  - 1  .(m . s  )

CORRELATION COEFF.
( d i m e n s i o n l e s s )

0 .1 0 4 7 0 1 . 68 x 1 0 " 15 0 . 9 8 7
0 .0 1 4 0 0 1 .6 3 x 1 0 -1 5 0 . 9 8 6
0 .0 0 0 9 5 1 .4 7 x 1 0 " 15 0 . 9 9 0
0 .0 0 0 6 0 2 . 12x 10_ l 1 0 .9 1 0
0 .0 0 0 4 8 1 . 9 0 x 1 0 - 1 1 0 .9 4 2
0 .0 0 0 3 8 1 . 88 x 10 -11 0 .9 2 5
0 .0 0 0 3 2 2 . 12x 10_ l 1 0 . 983

< 0 .0 0 0 0 5 1 . 9 7 x 1 0 " 11 0 . 9 9 7
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10.8 Model O utput

An input f ile  f o r  th e  model was compiled using d iffu sio n  
c o e ff ic ie n ts  determined by the  c u rre n t experim ents and th o se  
published in l i te ra tu re , published thermodynamic and a c tiv ity  
d a ta , p ro cess  param eters matching the  experimental conditions 
described  by Clarke e t  a l . ( 3 2 ) ,  with the  remaining unknowns 
being estim ated  as c lose ly  as p ossib le . A fu ll l i s t  o f the
input f i le  with explanatory  n o tes  can be found in
appendix(6 ). The most s ig n ific an t values a re  mentioned
below. The d iffu sio n  c o e ff ic ie n ts  u sed  were from lite ra tu re
where ever available.

Pb -14 2Douo = 1 . 0  x 10  cm Vs PbS
Dduo = 1 -°  x 1 0 ~ 5  cm2/ s  PbS

Cu - 3  2= 1 . 0  x 10  cm / s
Cus0. 5
Cu -3  2D_ _ was s e t  a t  1.0 x 10 cm / s ,  no o th e r  b e t te r  information CuS *

being available. One layer growth experim ent was perform ed ( 
se e  p la te  ( 2 ) ) , which confirmed th is  estim ate to  be
reasonable.

Pb —19 2°PbS doped) was estim ated  to  be 5.1 x 10 cm / s  using
th e  equation re la tin g  tem perature  to  d iffu sio n  c o e ff ic ie n ts
re s u l ta n t  from th e  c u rre n t experim ents.
In itia l layer th ickn esses were s e t  as thin as possib le  a t  
0.01 pm. If  a smaller value was input, the  simulation 
diverged ( very  large flu x es highlighted the  short-com ings o f 
th e  q u a s i-s te a d y  s t a te  assum ption). The su rfa c e  a rea  to  
volume ra tio  is s e t  such th a t  the  su lphur d ro p le ts  in the
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melt would be approxim ately 10  to  2 0  Jim in diam eter,
corresponding to  the  o bserva tio ns o f Clarke, Baker and
. . .  (32 ,3 3 )Jenkins

Figure 31 shows th e  the  o u tp u t from the  model. Figure 31(b)
shows the  layer th ickn esses p red ic ted  when adding su lphur to
bullion containing no s ilv e r , while fig u re  31(c) shows th ese
th ickn esses when s ilv e r is p re se n t. Figure 31(a) shows the
decopper ing curve th a t  would r e s u l t  if th e se  layers were

(32 33)uniform over th e  su rfa c e  o f the  melt. Clarke e t  al. ’
added su lphur to  bench sca le  liquid lead samples, th e  lead
both containing s ilv e r and being s ilv e r f r e e , then quenched 
the  samples a t  various in te rv a ls  to  allow micro-examination
o f the  sulphides formed during various s ta g e s  o f the
decoppering p ro cess . P la tes (3 ) , (4 ) , and (5) show
micrographs o f su lphides p re se n t as a r e s u l t  o f adding
sulphur to  Ag contam inated lead a f t e r  30 secon d s, 180
seconds, and 3600 seconds re sp ec tiv e ly . Note th a t  computer 
aided image enhancement was used  to  improve th e  q uality  o f
the  reproduction  o f th e se  published micrographs by increasing 
the  c o n tra s t .
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Figure 31. Copper Concentration and Layer Thickness versus Log Time 
For Both Silver Free and Silver Contaminated Cases.
Temperature = 330°C.

a)

Without Ag 
With Ag

i- \ Ag Concentration = 0 Wt%. 2 
'  Pb in PbS Diff. Coeff. = 1 .Oe-10 m Is.

x Ag Concentration = 0.1 Wt%. 2 
C'  Pb in PbS Diff. Coeff. = 5.1 e-15 m Is.
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P la te  3 . CuS P hase  a t  
I n t e r f a c e  b e tw e e n  S 
a n d  Pb in  Pb + Cu + 
0 .1  Wt% Ag S t i r r e d  a t  
1000  rpm  w ith  0 . 0 5  
Wt% S f o r  30  s e c s .

P la te  4 . M o d e ra te
S iz e  S u lp h id e  A re a
S how in g  R o u g h ly  E q u a l
P o r t io n s  o f  CuS a nd
Cu_ S , 3 m ins a f t e r  2 - x  ’
S was s t i r r e d  in  t o  
Pb + Cu + Ag m e lt .

P la te  5 . V o id  E s s e n t ­
i a l l y  S u r ro u n d e d  b y
T h ic k  L a y e r  o fC u 0 S 2 - x
a n d  T h in  S h e ll o f  PbS  
in  Pb + Cu + Ag M e lt  
R e a c te d  w ith  S u lp h u r  
F o r  6 0  m ins .
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11.0. D iscussion

When th e  value f o r  th e  d iffu sio n  c o e ff ic ie n t measured in the  
c u rre n t experim ents is used  in the  model, exce llen t agreement
with the observations o f Clarke, Baker . . . .  (32 ,33 ) and Jenkins ,
both with re s p e c t  to th e occurence and th ickness o f layer
with time and th e  copper c o n ten t o f the  bullion a t  any
moment, is found.
F irs t we will consider the case  where Ag is p re se n t. P late
( 2 ) shows th e  morphology o f sulphides p re se n t 30 seconds
a f t e r  su lphur was added to  copper contam inated liquid Pb. A
CuS layer averaging around 5 microns thick a d ja c en t to
su lphur with no apparen t PbS is dep icted . As s ta te d  b efo re , 
i t  is possib le th a t  th e  PbS layer is undetectably thin a t  
th is  time. Examining the  corresponding model o u tp u t in 
fig u re  3 1 (c ), a t  30 seconds, v ir tu a lly  no PbS and only CuS
and liquid su lphur is p red ic ted . The model ex p ec ts  the  CuS
layer to  be around 5 microns which is in exce llen t agreement 
with o bserva tions.
P la te  (3) shows th a t  a f t e r  3 minutes (180 s e c s ) ,  PbS, CuS,
and mostly CuS is seen . Again, th e  model d isp lays very0 . 5

similar c h a ra c te r is tic s , with large q u an titie s  o f  CuSq 5 

app aren t, v isible amounts o f PbS, and no su lphur remaining. 
I t  varies only in th a t  the  CuS layer has a lready  been 
consumed, b u t only a v ery  s h o r t  period  o f time b e fo re . This 
can be considered  to  d isp lay  a very  high level o f agreem ent.
P la te  (4) shows th e  morphology o f the  sulphides a f t e r  one
hour (3600 s e c s ) ,  when rev ersion  is well underway. The PbS
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layer has now grown to  a su b s ta n tia l th ickn ess, while CuSq 
is the  so le  copper sulphide p re se n t, in c lose concurrence 
with model p red ic tio n s .
Similar c lose correspondence is found between the  model 
o u tp u t and th e  observations o f Clarke and co-w orkers when the 
bullion is f r e e  o f s ilv e r. U nfortunately , su ff ic ie n tly  good 
quality  reproduction  o f th e ir  published micrographs was n o t 
achieved, even with th e  aid o f computer a s s is te d  image
enhancement, and have th e re fo re  n o t been included.
Examining fig u re  3 1 (a), i t  can be seen th a t  excellen t 
agreement between the  p red ic ted  and experim entally measured 
decoppering curves occurred . This very  good f i t  was achieved 
by inputting into  th e  model a c ritic a l value fo r  the  initial 
su lphur layer th ickn ess, and thu s the  amount o f su lphur 
available f o r  decoppering. I f  a lower value is input, less
overall decoppering tak es p lace, and rev ersion  commences 
e a rlie r. I f  a larger value is input, the  decoppering will 
continue down to  a level corresponding to  a bulk copper
a c tiv ity  o f 3 .9  x 1 0 ' 5 This is the  theo re tic a l limit fo r
decoppering, being the CuS /CuS

0 . 5
equilibrium Cu ac tiv ity .

This is the lowest Cu a c tiv ity towards which copper in the
bulk can d if fu se . The very  low Cu a c tiv ity  a t  the CuS/S( 1)
in te rf  ace is always shielded from the  bullion by the
CuS /CuS in te rfa c e ,

0 . 5
excep t in the  very  e a r lie s t s ta g e s o f

decoppering. The copper flux away f  rom the bullion is
con tro lled  by th e  d iffe re n c e  in a c tiv ity  between the  bulk and
th e  CuS /CuS in te rface . When the  bulk Cu a c tiv ity  reaches 

0 . 5

the  CuSq 5/CuS in te rfac ia l Cu ac tiv ity , the  decoppering flux
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goes to  ze ro , and th e  limit has been reached .
In labo ra to ry  t e s t s ,  o r  indeed ind u stria l app lica tions, i t  is
unlikely th a t  th is  th eo re tic a l limit will be reached as th e re
will always be im perfect s t ir r in g  in th e  melt, leaving some
copper tied  up in w hatever "dead-space" is p re se n t. I t  is
also  unlikely th a t  th a t  th e re  will be a uniform su lpur
p o ten tia l th roughout, leaving local volumes a t  low su lphur
p o ten tia ls  where prem ature reversion  could be occurring .
The model also  p red ic ts  a slower r a te  o f rev ersion  than has
been observed  experim entally. This may be explained by the
p o ss ib ility  o f a d ire c t  Pb/CuS_ reac tio n , o f which theU . b
model tak es no account, aiding the  PbS/CuS,_ _ reversionU. b
mechanism.
The model developed here  re lie s  on th e  premise th a t  Pb fin ds 
i t  much more d if f ic u lt  to  d if fu se  through PbS than does Cu. 
This c h a ra c te r is tic  is re p re se n te d  in th e  model by giving the
PbS layer a much higher re s is ta n c e  to  d iffu sio n  f o r  Pb than 
f o r  Cu.
Values f o r  th e  d iffu sio n  c o e ff ic ie n ts  re su ltin g  from the  
c u r re n t  se r ie s  o f experim ents and used  in th e  model give
exce llen t agreement with re a lity . However, th e se  values are  
h igher than the* published d iffu sio n  c o e ff ic ie n ts . This can 
be explained when one considers th a t  th e  d iffu sio n  
c o e ff ic ie n ts  quoted  in l ite ra tu re  a re  th o se  re la tin g  to
d iffu s io n  through p e r fe c t  c ry s ta ls .  However, th e se  values 
a re  o f l i t t le  relevance to  the  decoppering p ro ce ss , as the  
sulphide layers will be highly flawed due to  rap id  form ation 
r a te s ,  continuing shearing  s t r e s s e s  placed on th e  layers by
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mixing, and the  m u lti-g ra n u la r na tu re  o f  the  laye rs . There

will be many p a th s fo r  f a s t  d iffu s io n , along grain  boundaries 
fo r  example, and although the  experim ental p rocedure is very  
simple, th e  r e s u l ts  provided a re  more p e rtin en t than tho se  
co llec ted  under more rigorou sly  con tro lled  conditions.

11.1 The E ffe c t  o f S ilver

(32 33)Measurements made by Clarke e t  al ’ indicated th a t  the
concentra tion  o f s ilv e r in the  bulk Pb bullion was similar to  
th a t  found within th e  PbS layer. I f  we assume th is
approximate re la tionsh ip  holds, we can re la te  the  Ag
concentration in th e  bullion to the re s u l ts  o f  experim ents
studying d iffu s io n  behaviour in PbS c ry s ta ls  with various
levels o f Ag doping.

( 4 5 )Figure (3 2 ), reproduced  from Bloem and Kroger shows the
occurrence o f th e  p-n  jun c tio n  f o r  pure and Ag doped PbS as a
function  o f su lphur p o ten tia l and tem perature. Although the
diagram does n o t q u ite  ex tend  down to  decopper ing

18tem p era tu res , i t  can read ily  seen  th a t  an Ag doping o f 10 
atoms p er cc( which co rresp on ds to  a s ilv e r co n cen tra tio n  o f 
7.5x10 wt% Ag) is likely to  produce a PbS layer th a t  is 
en tire ly  p -ty p e  a t  any su lphur p o ten tia l encoun tered  during 
decoppering. This corresp on ds very  close ly  with th e  c ritic a l 
s ilv e r concen tra tion  a t  which the  d iffu sio n  c o e ff ic ie n t 
d ecreases dram atically (see  f ig u re (3 0 ) ) ,  the  d ec rease  being
determined experim entally to  lie between 6 . 0 x 1 0  4 and

-49.5x10 wt% Ag. However, although th is  accu ra te ly
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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.

T(K)
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determ ines th e  minimum s ilv e r doping to  r e s u l t  in good 
decoppering, i t  does l i t t le  to  help explain why th e re  is such 
a sudden change in the  ease  o f d iffu s io n  o f Pb through PbS. 
Re-examining fig (2 3 ) in sec tio n  8 .2 ,  a linear su lphur 
p o ten tia l g rad ien t ac ro ss  the  layer has been assumed. As the 
p -n  junc tion  equilibrium su lphur p o ten tia l is reduced  by Ag
doping, the  PbS layer will become s tead ily  more p -ty p e , and 
thu s s te ad ily  more r e s i s ta n t  to  Pb d iffu sio n . This would
su g g e s t a smooth, although possib le  q u ite  rap id , change in 
d if fu s iv ity , ra th e r  than th e  q u ite  ab ru p t change observed .
One possib le  explanation fo r  th e  sudden move from n -ty p e  to
p -ty p e  is th a t  th e  su lphur p o ten tia l p ro file  a c ro ss  the  layer 
is n o t linear. If  th e  m ajority  o f the  su lphur p o ten tia l 
g rad ien t was confined to  a small p a r t  o f the  layer, most o f
the layer could change from n -ty p e  to  p -ty p e  with only a 
small change in c ritic a l su lphur p o ten tia l.
I t  is also  possib le  th a t  the  PbS layer is n o t uniformly doped
with Ag. I f  an Ag co n cen tra tio n  g rad ien t ex is ted  a c ro s s  the  
PbS, being higher a t  the  Pb/PbS in te rfa c e , a more abrup t 
change from n -ty p e  to  p -ty p e  would be expected .
Another explanation p laces doubt on the  e n tire  th eo ry  o f 
so lid  s t a te  d iffu sio n  lim itation o f PbS growth as  a mechanism 
fo r  decopper ing. This argument c e n tre s  around the
po ssib ility  th a t  Ag a c ts  as a su rfa c e  a c tiv e  agent,
preventing  rap id  PbS growth. There is some su p p o rt fo r  th is  
argument when i t  is considered  th a t  Clarke and co-w o rk ers() 
did sometimes find  h igher Ag con cen tra tio ns a d ja c en t to  the 
Pb/PbS in te rfa c e . S urface  a c tiv ity  also has d if f ic u lty  in
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providing a mechanism to  explain th e  rap id ity  in change o f 
PbS growth ra te .
When small amounts o f su lphur were dropped onto  the  su rfa c e  
o f h o t Ag doped Pb, rap id  reac tio n  occurred . This su g g e s ts  
l i t t le  re s is ta n c e  to  reac tio n  a t  the  in te rface , good su rfa c e  
c o n tac t being achieved instan taneously . Also, th is
eliminates d if f ic u lty  o f nucleation of PbS as a cause fo r
delayed PbS form ation. However, i t does n o t eliminate the
p o ssib ility o f su rfa c e a c tiv ity e f f e c ts preven ting the
continued growth o f PbS. During the e a r lie s t  s ta g e s  o f lead
sulphide form ation, th e  growth mechanism is completely
d if fe re n t  to  th a t  expected  la te r . As the  in itia l PbS layer 
grows, pure Pb and pure S a re  in co n tac t with each o th e r a t  a
low energy  s i te  a t  th e  edges o f the spreading  PbS film,
encouraging rapid reac tio n . This spreading growth could 
explain th e  initial rapid  appearance o f PbS and . th u s ,  th is
behaviour cannot be used  to  draw conclusions abou t su rfa c e
active  e f f e c t s .
The sudden change from n -ty p e  to  p -ty p e  o ccu rs when the

18s ilv e r concen tra tion  reaches a concentra tion  o f 10
3atoms/cm o f PbS. This value also  equals the  concentra tion

o f p o sitiv e  cationic vacancies expected  under th ese
conditions. For p -ty p e  PbS to  o f f e r  much more re s is ta n c e  to

*f* •f’d iffu sio n  than n -ty p e , V must be fo r  more immobile than Pb .c i
The p resence  o f in te rs t i t ia l  s ilv e r ions is unlikely to  have
any g re a t e f f e c t  on th e  d iffu s io n  o f lead ions through the 
la ttic e  as th ey  in te r fe re  with only an extrem e minority o f 
possib le d iffu s io n  p a th s . I f ,  however, in te rs t i t ia l  s ilv e r
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ions were to  d if fu se  to ,  and occupy, th e  cation  vacancies 
within th e  la tt ic e , i t  is conceivable th a t  they  pin the  
vacancy in position  and g re a tly  reduce vacancy mobility. The 
c r itic a l Ag concen tra tion  is equal to  the  number o f available 
cation  vacancy s i te s .  However, the  c u r re n t  experim ents can 
provide no p ro of o f th is  proposed  mechanism.
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12.0 Conclusions.

12.0 Slag Cleaning.

S u ccessfu l modelling o f two groups o f bench top  sca le
experim ents Investigating  simple system s re la te d  to  slag
cleaning p rac tice  has been achieved. Good agreem ent was 
found In both ca ses  with the same s e t  o f k inetic d ata . 
Modelling o f complex system s more similar to  th o se  exp ec ted  
In slag  cleaning p rac tice  gave th e  following conclusions.
1) Maintaining a high Iron a c tiv ity  In the  metallic phase
keeps th e  m etal/slag  In te rfac la l oxygen a c tiv ity  low which
aids decoppering.
2) Increasing tem perature  will be beneficial with reg ard  to  
improved k inetics, b u t in most c a ses , the  beneficia l s h i f t  
in equilibria  is matched by the detrim ental increase on 
oxygen p o ten tia l needed to  avoid FeO reduction .
3) Decreasing FeO a c tiv ity  in the  slag  will r e s u l t  in a
lower final Fe contamination o f the  metal phase and will
allow th e  u se  o f a lower oxygen p re ssu re .
Use o f th is  type o f model has the advantage o f making much 
inform ation, such as in te rfac ia l a c tiv itie s  and t r a n s fe r  
r a te s  o f species available.
However, th is  work emphasised the  many short-com ings o f the 
model in i ts  c u rre n t form. These a re ,
1) Solution thermodynamic and mass tra n s p o r t  d a ta  is very  
limited, mass tra n s p o r t  d a ta  being sp ec ific  to  the  mixing 
conditions o f the re a c to r  under consideration . Establishing
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a d e s c r ip t iv e  m a t r ix  o f  a c t i v i t y  c o e f f i c i e n t s  a n d  in t e r a c t io n  

p a ra m e te rs  t o  a l lo w  f o r  th e  n u m e ro u s  s p e c ie s  is ,  a t  b e s t ,  a  

la r g e  u n d e r ta k in g .

2 )  The  c u r r e n t  m ode l m akes no  a llo w a n c e s  f o r

m u l t i - r e f r a c t o r y  s la g s .  O x id e  c o m p le x e s  fo rm e d  b y  f l u x e s ,

c o n ta m in a n ts  , o r  t h e  fe e d  o x id e s  th e m s e lv e s ,  r e q u i r e s

e x te n s io n s  t o  th e  m ode l t o  be  made.

3 )  S o l id  r e d u c t a n t s ,  g a s  b u b b le s ,  a n d  e n t r a in e d  m e ta l

d r o p le t s  c a n n o t  b e  m o d e lle d  b e c a u s e  o f  th e  la c k  o f  a b i l i t y  t o  

p r e d i c t  i n t e r f a c i a l  a r e a s .  H o w e v e r, t h i s  im fo rm a t io n  b e in g

know n , th e  m o d i f ic a t io n  r e q u i r e d  t o  a llo w  f o r  th e s e

o c c u r r e n c e  is  r e a d i l y  a c h ie v e a b le .

4 )  The  m ode l m akes n o  a llo w a n c e s  f o r  c h a n g e  in  s u r f a c e  

t e n s io n s  o r  i n t e r f a c i a l  a re a s  d u r in g  r e a c t io n .

5 )  K in e t ic  e f f e c t s  o f  te m p e ra tu r e  c h a n g e  a re  n o t  c o n s id e r e d .

6 ) Im p e r f e c t  p h a s e  c o n t a c t ,  s u r f a c e  a c t iv e  s p e c ie s ,  d e la y s

in  p h a se  n u c le a t io n  a n d  io n ic  d i f f u s i o n  h a ve  a l l  been

ig n o r e d .

12 .2  D e c o p p e r in q .

S im p le  e x p e r im e n ts  r e v e a le d  u n u s u a l g r o w th  c h a r a c t e r i s t i c s

w h ic h  le d  t o  t h e  p r o p o s a l o f  a new m echan ism  t o  e x p la in  th e

n o n - th e rm o d y n a m ic a l ly  j u s t i f y a b l e  d e c o p p e r  ing  o f  le a d . The

c r i t i c a l  Ag c o n c e n t r a t io n  t o  a c h ie v e  th e  c h a n g e  in  PbS g ro w th
- 4c h a r a c t e r i s t i c s  l ie s  b e tw e e n  6 . 0  a n d  9 . 5  x  10 Wt% A g .

T he  t h e o r e t ic a l  l im i t  t o  w h ich  c u r r e n t  d e c o p p e r in g  p r a c t ic e
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can reach is to  a bulk copper a c tiv ity  o f 3 .9  x 10 , which
is th e  CuS^ _/CuS equilibrium copper ac tiv ity . The only way U. b
to  achieve more thorough decoppering is to  avoid CuS_ _U. b
form ation, and make u se  o f the  C uS/S(l) equilibrium copper 
a c tiv ity  o f 2 .8 4  x 10 ^ . This is unlikely as CuS^ will 
form within 10 to  100 seconds o f S addition. The beneficial 
e f f e c t  o f multiple su lphur additions can be read ily  explained 
by considering decopper ing in th e  light o f the  proposed 
mechanism because the f i r s t  s ta g e  o f decoppering with CuS 
only p re se n t ( when sulphide layers a re  thin and the
decoppering driving fo rc e  is large ) is rep ea ted ly  caused. 
Attempting very  v io len t local s t i r r in g  to  break up sulphide 
p a r tic le s  and expose encased  su lphur to  the bullion may be 
beneficial, b u t th is  will also cause  d irec t bullion /copper 
sulphide co n tac t acce lera ting  rev ersion .
A continuous p ro cess  where bullion is fed  to  a small highly 
ag ita te d  re a c to r  th a t  has only a b rie f  resid en ce  time, 
whereupon the  bullion containing sulphide p a r tic le  is 
immediately le f t  to  s ta n d  and allow sulphide p a r tic le s  to  
r is e  to  the  su rfa c e  to  be skimmed may give good re s u l ts .  
This will produce large S (1) in te rfac ia l a reas , make u se  o f 
the  low CuS/S(l) copper a c tiv ity , allow only th in  layers 
which guaran tee rapid  d iffu s io n , and lower p ro cess  times to  
avoid any reversion . Note th a t  the  sulphide p a r tic le s  will 
s t i l l  contain su lphur, so  a s e p a ra te  p ro cess  to  recov er
su lphur from the d ro ss  would be req u ired .

- 5
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APPENDIX 1. Slag Cleaning Model Mathematical Formulation.

Section  A : Algebraic Development o f M etal/Slag In te rfa c e .

The flux  equation f o r  th e  metal sp ecies  in the  metallic phase 
is as follows

J = AM/S CM k ( ab -  a V r  J M A L KM 1 M MJ / r M

S u b stitu tin g  equilibrium equation,

J = AM/S CM k ( ab -  a /  ( K J M A C kM M MO 7  K<r
( 1/2CT) . ,

MO P0o ) 7  r M <r 2

Using th e  metal sp ecies  conservation  equation,

i _ -i _ *M/S _S , i b . ,
J M J M0 A C kM0 ( aM0 aM0 5 7  *M0or o' o' o' o'

M _M f b i , , „ i d / 2o')
a C kM ( aM aM0 7  KM0 P0o ) ) / yo' o' 2 M

Rearranging,

aM0or

CS k CMk MO KM<r+
*M0 or KM0  P0or 2

(1/2 )

ab CM k /-x  M L kM/y M MO CSk
or MO /  r

or MOor
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EQUATION ;L

b ba + a MO M<r

CM kM *MO
k x MO *M

cr

MO
1 CM k M *MO

1 + cr

i ( 1 / 2  <r) 
MO ^0K..~ P CS k x  U KM0 *MO'

This equation holds fo r  each metal and i ts  oxide.
The flux  equation fo r  oxygen in the  metallic phase is as 
follows,
. _ aM/S _M . , b i , .J Q A C kQ ( aQ aQ ) /  x Q

S u b stitu tin g  in the  oxygen d isolution  equilibrium equation,

J0 A L K0 1 ao po2  7Ko 7  *0
Using th e  oxygen conservation  equation,

■ S < r J M00*

* M/S CM *0  (
i (

‘ p° 2

2 »• AM/S CS kM0 ( aM0

7  Kq } 7  T0

b
*M0cr 'MO

S u b stitu tio n  o f equation one into the  above equation f o r  each 
sp ec ie s  gives an equation in p^ only, which can be solved

numerically.
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Section B : Algebraic Development o f the Slag/Gas In te rface .

The flux  equation fo r  the  slag  sp ecies  in the  slag  phase is 
as follow s,

S = S/G S S
J M0 A L kM0

cr cr

( b i . S
( aM0 aM0 } 7  r M0<r cr cr

Similarly, in the  gas phase, the  slag  sp ec ies  flux is,

,G _ .S/G -G .G , i b , .
J M0 A C kH0 ( PM0 PM0 5 7  Pto ta l<r cr cr cr

As th e re  will be a su b s ta n tia l gas flow a c ro ss  the  su rfa c e  o f 
th e  slag  clearing away any accumulation o f oxide ( o r metal ) 
vapour, p can be assumed to  be zero . P^0^a i only be

cr

considered  when atm ospheric, and equal to  one. 
The equilibrium equations a re ,

^  ~ ( 1/ 20*) .KM0 aM0 7 ( M P0_ 5<r cr 2

v S /G  -  /kM0 PM0 7 aM0o* cr cr

The conservation  equations a re ,
1. For oxygen,

S ° -R = - Jco ■  Jco.
2 .

JsMO

For Metal Oxides, 
,S= R MO

cr <r

We have two en tire ly  d if fe re n t  s e t s  o f possib le  behaviours a t  
th e  s la g /g a s  in te rface , namely v o la tiliza tion  o r reduction . 
Simultaneous vo latilization  and reduction  is unlikely fo r  the 
following reaso ns. I f  reac tio n  is occuring a t  the  s lag /g as
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in te rfa c e , CO with be going to  CO^, thu s the  oxygen p o ten tia l 
will be higher a t  th e  in te rfa c e  than in the  bulk. Thus, if an
oxide were to  v o la tilize , i t would trav e l away into a lower
oxygen p o ten tia l region where it would be reduced. The ra te
a t  which the  oxide concentra tion drops as d istance from the
in te rfa c e  increases is likely to  be s ign ifican tly  less than 
th a  r a te  a t  which th e  oxygen p o ten tia l d ec reases  because 
oxide tra n s p o r t  would be expected  to  be slower than th a t  o f 
e ith e r  CO o r CO^. Thus, any oxide arriv ing  a t  the  in te rfa c e  
should be reduces if any reduction  is taking p lace. As the  
model does n o t take into account the  se ttl in g  o f d ispu rsed  
metal d ro p le ts  back through the  slag , all reduced metal is 
simply p u t back into th e  metallic phase.

I. V olatilization.

The metal oxide conservation  equation becomes,

J M0 J M0
< r  < r

S u b stitu tin g  in 
equations,

th e  flux equations and re lev en t equilibrium

CS b _ i
aM0 aM0 <r cr /  ? S

MO<r

= C*̂  k^ ( a ^L kM0 1 KM0 MO cr cr cr
)
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MO

,.S . S b .
C kMO aMO 7  *MOor or or

KS /G  /  r  MO MO *MO or or o*

II. Reduction.

At some c ritic a l oxygen p o ten tia l, reduction  occu rs and metal 
is produced. Looking a t  the  re lev en t equilibrium equation 
rev ea ls  th a t  if we know the  oxygen p o ten tia l and th e  a c tiv ity  
a t  which th e  metal is formed ( assumed to  be u n ity  ) ,  we know 
the  in te rfac ia l oxide a c tiv ity . From th is  we can calcu la te
th e  flux  o f oxide to  th e  in te rface . The equivalent metal flux 
is added to  the  metallic phase, the  oxygen being c a rr ie s  o f f  
as CO^. The oxide flux  equation becomes,

O '

S u b stitu tin g  into th e  flux  equation and re lev en t equilibrium 
equation ,

R as / g cs b i ( i / 2<r)
MO KM0 P0o o' o' 2

) /  r /M O O'

Section  C : Algebraic Development o f the  Metal/Gas In te r fa c e .

The conservation  equation fo r  th is  vola tiliza tion  reac tio n  
is ,
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S ub stitu tin g  flux  equations and th e  re lev en t 
equation,

.M/G M M ( b i 
A C kM ( aM -  aM >
= AM/G CG kG ( a* K„/GM M M

/  r M
M

)

Rearranging,
r M , M b . M 
C kM aM 7

r G kG krM/G + r M
L S i  KM + C /  r M

M

equilibrium
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Appendix 2. Slag Cleaning Model FORTRAN Code.

PROGRAM SCM(SCMDAT,0,CU,FE,NI,SN,PB,ZN,
+ SIO2,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 =SlO2,TAPE23=CU05,
+ TAPE25=FEOX,TAPE26=N IO,TAPE27=SNO,
+ TAPE28=PBO,TAPE29=ZNO,TAPE30=FO JAPE31 =FCU,
+ TAPE32=FFE1 ,TAPE33=FFE2,TAPE34=FNI,TAPE35=FSN,
+ TAPE36=FPB,TAPE37=FZN,TAPE38=E)
CHARACTER DUMMY
REAL K(40))X(40),Z(40),E(30),DH(30),DS(30)IAC(20),MW(20),A(40,6) 
REAL METAL(10),SLAG(10),XN(50),R(10),WTPC(40)
REAL NIO,MOLMET,MOLSLAG £**********-************************* ***** + **-*** ****** ************
C*
C* D A T A E N T R Y
C*
Q*********************** ******• + + **** + *-* + *+* + * + +** + * + * ****** ******

c
c  MASS TRANSFER COEFFICIENTS............................................
C
READ(1,10)DUMMY 
DO 100 1=1,10

READ(1,20)K(I),K(I+10),K(l+20),K(l+30)
100 CONTINUE 

C
C BULK CONCENTRATIONS —-.......... -...................- .............
C
READ(1,10)DUMMY 
DO 200 1=1,10

READ(1,20)WTPC(I),WTPC(I+10),WTPC(l+20),WTPC(l+30)
200 CONTINUE 
C
C STOICHIOMETRY..........................................................
C
READ(1,10)DUMMY 
DO 300 1=1,10

READ(1,20)Z(I),Z(I+10),Z(l+20),Z(l+30)
300 CONTINUE 
C
C DH'S.................................................... -...............
C
READ(1,10 )DUMMY 
DO 400 1=1,10

READ(1,30)DH(I),DH(I+10),DH(l+20)
400 CONTINUE 
C
C DS'S..................................... -................... ..........
C
READ(1,10)DUMMY 
DO 500 1=1,10

READ(1,30)DS(I),DS(I+10),DS(l+20)
500 CONTINUE 
C
C ACTIVITY COEFFICIENTS------------------- ------------ —-
C
READ(1,10)DUMMY 
DO 600 1=1,10

READ(1,40)AC(I),AC(I+10)
600 CONTINUE 
C
C MOLECULAR WEIGHTS.......................................................
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c
READ(1 ,1 0)DUMMY 
DO 700 1=1,10

READ(1,40)MW(I),MW(I+10)
700 CONTINUE 
C
C INTERFACIAL AREAS,TEMP,PHASE MASSES,C6 ,VOLUMES,DENSITIES,AND DT 
C
READ(1,1 0)DUMMY
READ(1,*)AMS,AMG,ASG,T,TOTMET,TOTSLAG,C6,ROEMET,ROESLAG,DT
C
C NUMBER OF ELEMENTS......................................................
C
READ(1,1 0)DUMMY
READ(1 ,*)N,FINISH,BULKFEO
C
£****************************************************************

C*
C* P R E L I MI N A R Y  C A L C U L A T I O N S  
C*
Q****************************************************************

C
C EQUILIBRIUM CONSTANTS..................................................
C
DO 800 1=1,30

E(I)=EXP((T*DS(I)-DH(I))/(1.987*T))
800 CONTINUE 
C
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(l)=0.0 

XN(I+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 1=1 ,N 

R(l)=0.0

METAL(l)=TOTMET*WTPC(l)/100.0 

SLAG(l)=TOTSLAG*WTPC(l+10)/100.0 
MOLMET=MOLMET+METAL(l)/MW(l) 
MOLSLAG=MOLSLAG+SLAG(l)/MW(l+10)

860 CONTINUE 
C
C CALCULATE INITIAL MOLE FRACTIONS AND ACTIVITIES IN THE BULK —
C
DO 870 1=1,N

X(l)=METAL(l)/(MW(l)*MOLMET)
X(l+1 0)=SLAG(I)/(MW(I+10)*MOLSLAG)
A(l,1 )=X(I)*AC(I)
A(l+10,4)=X(I+10)*AC(I+10)
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870 CONTINUE 
A(15,4)=BULKFEO 
SI02FEO=X(11 )/X(15)
C
C CALCULATION OF BULK MOLAR CONCENTRATIONS-----
C
C1=MOLMETA/1
C4=MOLSLAGA/4
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)/̂ * •*'****★ *★ * **************** ************

METAL/SLAG INTERFACE SOLUTION
C*
C*
C*^̂ ***** ************************ ***************** ****************** 
998 CONTINUE
AI=ACU05(A,AC,E,K,C1 ,C4,X1)
BI=AFEO(A,AC,E,K,C1 ,C4,X1)
CkANIOCA.AC.E.K.CI ,C4,X1)
DI=ASNO(A,AClE,K,C1 ,C4,X1)
EI=APBO(A,AC,E,K,C1 ,C4,X1)
FI=AZNO(A,AC)E,KIC1 ,C4,X1)
Y=YVAL(A,AC,E,K,C1 ,C4(AIIBI,CIIDI,EI,FI)X1)
IF(Y.LT.0 .0)THEN
X1 =X1*2.0
GOTO 998
END IF
1000 CONTINUE
X2=X1/2.0
X1 LOG=ALOG10(X1)
X2LOG=ALOG10(X2)
1001 CONTINUE 
A2=ACU05(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,ACIE,K,C1 ,C4,X2)
F2=AZNO(A,AC,E,K,C1 ,C4,X2)
Y=YVAL(A,AC,E,K,C1 ,C4IA2,B2,C2,D2,E2IF2,X2)
IF(Y.GT.0 .0)THEN 
X1 LOG=X2LOG 
X2LOG=X2LOG-2.0 
X1=10.0**X1 LOG 
X2=10.0**X2LOG 
GOTO 1001 
END IF
IF(Y.LT.0 .0)THEN 
1100 CONTINUE 
XNEWLOG=(X1 LOG+X2LOG)/2.0 
XNEW=10 .0**XNEWLOG 
ANEW=ACU05(A,ACIE,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(AIAC,E,K,C1,C4,ANEW,BNEWfCNEW,DNEW,ENEWIFNEW,XNEW)
IF(YNEW.GT.0.0)X1 LOG=XNEWLOG
IF(YNEW.LT.O.O)X2LOG=XNEWLOG
IF(ABS(YNEW).LT.1 ,OE-06)GOTO 2000
GOTO 1 1 0 0
END IF
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70 FORMAT(6A1)
80 FORMAT(F7.1)
90 FORMAT(9E9.2)
95 FORMAT(8E10.3)
9999 END
0***** ***********************************************************
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

^^**************************************************************** 
0 ****************************************************************
^̂ **************************************************************** 
FUNCTION ACUOSfA.AC.E.K.CI ,C4,P02I)
REAL A(40,6),AC(20),E(30),K(40)
ACU05=(A(3,1 )+A(13,4)*C4*K(13)*AC(3)/(C1 *K(3)*AC(13)))

+ /(1.0/(E(3)*P02I**0.25)+C4*K(13)*AC(3)/(C1 *K(3)*AC(13)))
END
FUNCTION AFEO(A,AC,E,K,C1 .C4.P02I)
REAL A(40I6),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)*PO2l**0.5)+C4*K(15)/AC(15)+
+ C4*K(14)*E(4)*PO2l**0.25/(AC(14)*E(5)))
END
FUNCTION ANIO(A,AC,E,K,C1 .C4.P02I)
REAL A(40,6),AC(20),E(30),K(40)
AN IO=(A(16,4)*C4*K(16)/AC(16)+A(6,1 )*C1 *K(6)/AC(6 ))
+ /(C4*K(16)/AC(16)+C1 *K(6)/(AC(6)*E(6)*PO2l**0.5))
END
FUNCTION ASNO(A,AC,E,K,C1 ,C4,P02I)
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)*PO2l**0.5))
END
FUNCTION APBO(A,AC,E,K,C1 ,C4,P02I)
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)*PO2l**0.5))
END
FUNCTION AZNO(A,AC,E,K,C1 .C4.P02I)
REAL A(40,6),AC(20)IE(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)*PO2l**0.5))
END
FUNCTION YVAL(A,AC,E)K,C1 ,C4,CU05)FEO,NIO,SNO,PBO,ZNO,PO2l) 
REAL A(40,6),AC(20))E(30),K(40),NIO 
YVAL=C1 *K(1 )*(PO2l**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)*PO2l**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
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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 CuOO.5
0.00015 0.00010 0.000 0.000 Fe FeOl .5
0.00015 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 40.0 1.0E-07 1.0E-07 O Si02 p02
0.0 0.0 0.0 0.0

99.49999 4.8Cl 0.0 0.0 Cu CuOO.5
0.0 5.2 0.0 I0.0 Fe01.5
0.50 50.0 0.0 0.0 Fe FeO
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

STOICHIOMETRY
METAL SLAG GAS GAS
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
1.0 0.5 0.0 0.0 CuOO.5
1.0 1.5 0.0 0.0 Fe0 1.5
1.0 1.0 0.0 0.0 FeO
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

HEATS OF FORMATION ( IN CALORIES)
M/S M/G S/G

-20500.0 0.0 0.0 1/2 ( 02) = [O]
-67150.0 0.0 0.0 CO + 1/2 02 = C02
-14190.0 0.0 0.0 Cu(l) + 1/4 02 = CuOO.5
-97290.0 0.0 0.0 Fe(l) + 3/4 02 = Fe01.5
-61200.0 0.0 0.0 Fe(l) + 1/2 02 = FeO

0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

ENTROPIES (IN CALORIES)
M/S M/G S/G
-10.9 0.0 0.0 1/2 ( 02) = [O]
-20.37 0.0 0.0 CO + 1/2 02 = C02
-4.72 0.0 0.0 Cu(l) + 1/4 02 = CuOO.5
-24.48 0.0 0.0 Fe(l) + 3/4 02 = Fe01.5
-12.83 0.0 0.0 Fe(l) + 1/2 02 = FeO

0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
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ACTIVITY COEFFICIENTS
METAL SLAG
0.34 0.0 O
0.0 0.0
1.0 0.8 Cu CuO0.5

15.95 1.5 Fe Fe01.5
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 Si02
0.012 0.0 C
0.0635 0.0747 Cu CuOO.5
0.0558 0.0769 Fe Fe01.5
0.0558 0.0771 Fe FeO
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

INTERFACIAL AREAS(sq.m)ITEMPERATURE(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 0 Si02
0.000015 0.000010 0.000 0.000
0.000015 0.000010 0.000 0.000 Cu CuOO.5
0.000015 0.000010 0.000 0.000 Fe Fe01.5
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 40.0 1.0E-07 1.0E-07 O Si02
0.0 0.0 0.0 0.0

98.86999 0.1 0.0 0.0 Cu CuOO.5
0.0 10.0 0.0 0.0 Fe01.5
0.12 45.10 0.0 0.0 Fe FeO
0.01 4.8 0.0 0.0 Ni NO
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

STOICHIOMETRY
METAL SLAG GAS GAS
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.5 0.5 0.0 0.0 Cu CuOO.5
1.50 1.50 0.0 0..0 Fe Fe01.5
1.0 1.0 0.0 0.0 Fe FeO
1.0 1.0 0.0 0.0 Ni NiO
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0

HEATS OF FORMATION ( IN CALORIES)
M/S M/G S/G

-20500.0 0.0 0.0 1/2 (02) = [O]
-67150.0 0.0 0.0 CO +1/2 02  = C02
-14190.0 0.0 0.0 Cu(l) +1/4 02 == CuOO.5
-97290.0 0.0 0.0 Fe(l) + 3/4 02  == Fe01.5
-61200.0 0.0 0.0 Fe(l) +1/2 02 = FeO
-60490.0 0.0 0.0 Ni(l) + 1/2 02 = NiO

0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0

ENTROPIES (IN CALORIES)
M/S M/G S/G

-10.9 0.0 0.0 1/2(02) = [0]
-20.37 0.0 0.0 CO +1/2 02 = C02
-4.72 0.0 0.0 Cu(l) + 1/4 02 = CuOO.5
-30.00 0.0 0.0 Fe(l) + 3/4 02 = FeOI.5
-12.83 0.0 0.0 Fe(l) + 1/2 02 = FeO
-22.99 0.0 0.0 Ni(l) + 1/2 02 = NiO

0.0 0.0 0.0
0.0 0.0 0.0
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ACTIVITY COEFFICIENTS
METAL SLAG
0.34 0.0 0
0.0 0.0
1.0 5.0 Cu CuOO.5

15.95 1.0 Fe Fe01.5
15.95 0.0 Fe FeO
2.11 4.26 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 Si02
0.012 0.0 C
0.0635 0.0715 Cu CuOO.5
0.0558 0.0798 Fe Fe01.5
0.0558 0.0718 Fe FeO
0.0587 0.0747 Ni NiO

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

INTERFACIAL AREAS(sq.m),TEMPERATURE(K)1PHASE 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 tile for slag cleaning simulation.

MASS TRANSFER COEFFICIENTS(cm/s)
METAL SLAG GAS GAS

0.000015 0.000010 0.0001 0.0001 0
0.000015 0.000010 0.0001 0.0001
0.000015 0.000010 0.0001 0.0001 Cu CuOO.5
0.000015 0.000010 0.0001 0.0001 Fe Fe01.5
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 41.0- 4.5E-14 4.5E-14 O Si02
0.0 0.0 0.0 0.0

90.999984 5.0 0.0 0.0 Cu CuOO.5
0.0 1.0 0.0 0.0 Fe01.5
5.0 45.0 0.0 0.0 Fe FeO
1.0 2.0 0.0 0.0 Ni NiO
1.0 2.0 0.0 0.0 Sn SnO
1.0 2.0 0.0 0.0 Pb PbO
1.0 2.0 0.0 0.0 Zn ZnO
0.0 0.0 0.0 0.0

STOICHIOMETRY
METAL SLAG GAS GAS
1.0 1.0 0.0 0.0 O
0.0 0.0 0.0 0.0
0.5 0.5 0.0 0.0 CuOO.5
1.50 1.50 0.0 0.0 Fe01.5
1.0 1.0 0.0 0.0 FeO
1.0 1.0 0.0 0.0 NiO
1.0 1.0 0.0 0.0 SnO
1.0 1.0 0.0 0.0 PbO
1.0 1.0 0.0 0.0 ZnO
0.0 0.0 0.0 0.0

HEATS OF FORMATION ( IN CALORIES )
M/S M/G S/G
0.0 0.0 0.0

-67150.0 0.0 0.0 CO +1/2 02 = C02
-14190.0 73650.0 1000000.0 CuOO.5 Cu(g) CuOO.5
-97290.0 1000000.0 1000000.0 Fe01.5 Fe(g) FeOl.5
-61200.0 1000000.0 1000000.0 FeO Fe(g) 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 43490.0 51270.0 PbO Pb(g) PbO(g)
-110000.0 28230.0 1000000.0 ZnO Zn(g) ZnO(g)

0.0 0.0 0.0
ENTROPIES (IN CALORIES)

M/S M/G S/G
0.0 0.0 0.0

-20.37 0.0 0.0 CO +1/2 02 = C02
-4.72 26.02 0.0 CuOO.5 Cu(g) CuO0.5(g)
-30.00 0.0 0.0 Fe01.5 Fe(g) FeOl.5(g)
-12.83 0.0 0.0 FeO Fe(g) FeO(g)
-22.99 0.0 0.0 NiO Ni(g) NiO(g)
-20.69 0.0 -32.27 SnO Sn(g) SnO(g)
-16.26 21.54 28.69 PbO Pb(g) PbO(g)
-47.40 23.96 0.0 ZnO Zn(g) ZnO(g)



ACTIVITY COEFFICIENTS
METAL SLAG
0.34 0.0 O
0.0 0.0
1.0 3.0 Cu CuOO.5

15.95 1.0 Fe Fe01.5
15.95 1.3 Fe FeO
2.11 4.26 Ni NiO
0.058 0.78 Sn SnO
4.37 0.07 Pb PbO
0.165 1.8 Zn ZnO
0.0 0.0

MOLECULAR WEIGHTS (KG/MOLE)
METAL SLAG
0.016 0.060 O Si02
0.012 0.0 C
0.0635 0.0715 Cu CuOO.5
0.0558 0.0798 Fe Fe01.5
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.

L a y e r  C o n f ig u r a t io n  One. P b ( 1 ) /P b S /C u S /S ( 1 ) .

PHASE FLUX D E N S IT IE S LAYER THICKNESSES

S ( 1)
>
, Ts (i)

C u S (s )
J\

, T CuS
P b S (s ) ' '  Pb  N NCU T PbSf

P b ( 1)

N ^U = k ^ U C ( a ^ U -  a ^ U ) /N kPb L Pb 1 Pb P b /P b S  } 7 r Pb
Cu , Cu Cu . . Cu Cu .
PbS PbS 1 aP b /P b S  aPbSCuS J 1 *P bS  T PbS

Cu

Cu
>b<
CuCu . Cu Cu . . Cu Cu .

~ UCuS uuS  1 aP bS /C uS  aC u S /S ( l )  ] /  U CuS T C uS j

The  a p p ro x im a te  e q u a l i t y  r e f e r s  t o  t h e  f a c t  t h a t  N ^U in  CuS

a c t u a l l y  e q u a ls  N ^U in  PbS p lu s  N ^ ,  e a ch  le a d  io n  a r r i v in g

d is lo d g in g  a Cu io n  w h ich  w o u ld  d i f f u s e  to w a rd s  t h e  s u lp h u r (

a n d  s l i g h t l y  c h a n g e  th e  i n t e r f a c ia l  Cu a c t i v i t y ) .  H o w e v e r , we 
Pbw i l l  a ssum e  N t o  b e  sm a ll

R e a r ra n g in g  a n d  a d d in g ,
Cu _ Cu _

aPb aC u S /S ( l )

Cu
N

Cu Cu Cu
y Pb + y PbS PbS+ y CuS CuS

k ^ U C D ^U C D ^U CPb Pb PbS PbS CuS CuS
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. . 0 Cu Cu . , . Cu _ .
L e t RPb r Pb 7 ( kPb CPb )

_Cu Cu . n Cu .
RPbS ^PbS 7 ( °PbS CPbS 5

DCu Cu . Cu »
RCuS r CuS 7  ( °C uS  CCuS J

S u b s t i t u t io n  g iv e s ,

..Cu , Cu Cu \ /  t d C u  d C u

N ( aPb aC u S /S ( l )  ) 7  ( RPb RPbS TPbS
_Cu .

+ RCuS TCuS 5
Cu Cu

aC uS /P bS  “  N KCuS T CuS + a C u S /S ( l )
Cu

*Cu!
Pb Cu_ ..CuS /  k
P bS /C uS  P bS /C uS

Cu
CuJ
PbS

NPbS ( 1 aP bS /C uS  } 7  ( RPbS TPbS 5

C o n s e rv a t io n  E q u a t io n s

d  a ^  /  d t  =  NCU A re a  /  ( CPb V o l )Pb
. PbS . Pb Pbd x  /  d t  = N /  C
, CuS ..Cu n Cud x  /  d t  = N /  C

I f  a ^ -  ^ b e com es  la r g e r  th a n  t h e  C uS /C uS_  _ e q u i l ib r iu m  P bS /C uS  a 0 . 5
c o p p e r  p o t e n t ia l ,  th e  CuS_ . .w i l l  fo rm .U . b

L a y e r  C o n f ig u r a t io n  Two. P b ( 1 )/P b S /C u S - . _ / S ( l ) .U • b

PHASE FLUX D E N S IT IE S LAYER THICKNESSES

S ( 1)
>
, Ts ( i )

C u S (s ) ' n CuCuS TCuS
CuS 0 5 ( s )

T
. CUS0 .5

P b S (s ) ' NPb ' NCUPbS , TPbS
P b ( 1)

------- -------------
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Solution o f in te rfac ia l a c tiv itie s  and flu x es in th e  Pb, PbS, 
and CuS,_ c a re  similar to  th e  previous layer configuration  
so lu tio n , only varying in th a t  the  re s is ta n c e s  a c ro ss  the  
CuSg layer is d if fe re n t ,  and the  CuS^ ^/CuS equilibrium Cu 
p o ten tia l is h igher than th e  CuS/S(l) equilibrium p o ten tia l.

JCUPb = NCu
PbS = NCu

CuS0 .5

CuaPb

NCu
CuS

Cu
aCuS_ _ /  CuS U • b

R C U  + R C U  T  +  R C URPb RPbS PbS RCuS0 .5 'CuS0 .5
( Cu

3CuS _/CuS U. b
Cu

aCuS/S(l) ) /  ( RCu
CuS TCuS )

Cu _ ^Cu _Cu Cu
aPbS/CuS _ “ N CuSrt _ TCuSn _ + aCuS c /CuS  

U . b  U . b  U . b  U . b

Pb f Cu .2  PbS
aPbS/CuS _ 1 aPbS/CuS _ CuS0  _ 'U .b  U .b  U .b

. iPb . Pb \ /  t DPb >NPbS ( 1 aPbS/CuS_ c 7  RPbS TPbS }U. b
Conservation Equations.
d a ^  /  d t  = Area /  ( CPb Vol )Pb Pb

dTPbS 7  d t  = N 7  c
d t /  d t  = ( N*U« -  N^U ) /  CCuS0 .5CuS_. CuS_. _ CuSU .b  U .b

dxCuS 7  d t  -  2  NCuS '  NCUS0 .5

I f  the  su lphur runs o u t, we must go to  ano ther so lu tion  
method.
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Layer Configuration Three. Pb(1)/PbS/CuS-. _/CuS.U . b

PHASES FLUX DENSITIES LAYER THICKNESSES
CuS(s) , TCuS
CuS0 .5 (s )

>
’ TCuS0 .5

PbS(s) ' '  Pb y N NCU
/
, TPbS

Pb( 1)

This model is similar to  the  s ta g e  two model, d if fe r in g  only 
in th a t  th e  copper flux through the  CuS layer is negligible. 
There is no so urce  o r sink fo r  d iffu sin g  copper ions a t  the 
top  in te rface .
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Layer Configuration Four. Pb/PbS/CuSg

PHASES FLUX D E N S IT IE S LAYER THICKNESSES

CuS _ ( s )  0 . 5
✓
'  TCUS0 . 5

P b S (s ) NPb ' ' Cu N
\

, TPbS
P b ( 1)

J

T h e re  is  no  s in k  o r  s o u r c e  o f  Cu a t  th e  to p  i n t e r f a c e .  T h u s ,  

Pb a r r i v i n g  a t  th e  P bS /C uS g  ^  i n t e r f a c e  d is lo d g e s  Cu , t h a t  

d i f f u s e s  b a c k  t o  th e  b u l l io n  g iv in g  r e v e r s io n .

N

N

N

Pb
PbS
Pb
PbS

Cu
PbS

-  2N CU = -  2 N p “  Pb

= ( 1 -  a

Cu

Pb  
P bS /C uS 0 . 5

Cu

> 7  < C  TPbS 1

( aP b /P b S  “  aP bS /C u S n _ } 7  ( RPbS TPbS 5
U • b

Cu . Cu Cu . . _Cu
NPb ( aPb "  aP b /P b S  ) 7  RPb

?R^  _ / yr CU 1 /  K
P bS /C uS n _ CuS_ _ P bS /C uS _  r  * PbS0 . 5  0 . 5  0 . 5

S o lv in g  th e s e  g iv e s  a q u a d r a t ic  in  NPb
P bS ’

4  NRk  f  ( R ^U + R ^U t  1 ̂  ( R ^U + R ^U tPbS l  RPb RPbS PbS Pb ( RPb RPbS PbS

NP b _  I KP b S  RP b  t .PbS PbS PbS
. , CuS . 2  /  ( K o .s  ) , Cu . .P b S , ..CuS .

+  (  a p b  +  K  /  K  o . 5  )

= 0
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C onservation Equations.
, . . .  „ ..Pb ^CuS

d TCuS 7 d t  = "  2 NPbS 7 C °-S

dx^u /  d t  = -  2 NPb ( Area/Vol ) /  CPb Pb PbS
, , .. MPb -PbS

d TPbS 7 d t  NPbS 7 C
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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.

10 I ■ '■ »■ >■  I ■ I ■ I ■ -« ■ -L-« »-«-» *-» «-C.2 9 -  -

o __3 o U
2 7 -  +  +  4O 6- + + + + +<D
g 5- 4444 44 +  444444444 -H- 44 +  -4444444 4

4 -  44444 +  4+ ++ 4444 4444444 444 4+4©
iJp 3- 4-4- 4-4H- 4-4+4- 4f 4 +  4+4+ 4H4- 4+
S- 2 - 4- 4H-++ + 4  4O. 1 ~O
2  0 1 ■ I T- I I I I I I I I I I— n  r  I I * I » I ■ -

Appendix 5. Typical Layer Thickness Measurements and

The highest and lowest value from each set were disguarded, 

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 line of best 

fit. The slope equals the effective diffusion coefficient.

■ I ■ I ■ I ■ I ■ I ■ I 1— 1 ■ -L-«  l - . - l  »

4 4 4
4 4 4  4 4
4444 44 4 444444444 44 44 +  4444444 4

4H-44 +  4+ 4+ 4f44 4H 4 444 44+ 4+4
4 4  4444 4444 44 4 4  4444 4444 44

4  4444+ 4  4 4

I i | t—| i | i r 1 I 1 I 1 T~ 1 1  1 I 1 I 1 I 1
0 10 20 30 40 50 60 70 80 90 100

Reading Number
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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 used, 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,CUILT,TAPE5=INPUT, 
+ TAPE6= OUTPUT, TAPE2=CU,TAPE3=LT,TAPE1 =DECDAT) 
CHARACTER DUMMY1 .DUMMY2 
REAL LT.LAYER2
DIMENSION XN(3>6),A(3I6),LT(6),C(6))D(3)6),E(4),AC(6),R(3,6)
N̂*************************************************
c*
C* D A T A  E N T R Y
C*
\̂*** *********** ************************ ***********
READ(1,10)DUMMY1 .DUMMY2 
READ(1 .^((ACI.JJ.^I ,3),J=1,6)
READ(1,10)DUMMY1 .DUMMY2 
READ(1 ,*)((D(I,J),I=1,3),J=1,6)
READ(1,10)DUMMY1 .DUMMY2 
READ(1 I*)(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)
************************************************

c*
C* P R E L I M I N A R Y  C A L C U L A T I O N S  
C*
0************************************************
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 
TH ELOT=(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,PBCU05IALLITHELOT 
200 FORMAT(10E10.3)
DO 20 J=1,6

DO 30 1=1,3
R(I,J)=AC(I)/(D(I,J)*C(J))

30 CONTINUE 
20 CONTINUE^̂ ************** ****** *****************************
C*
C* SOLUTION OF PB/PBS/CUS/S(L) MODEL -  STAGE ONE 
C*^̂ *************************************************
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"............................. —-



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(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 1111
0*************************************************
C*
C* SOLUTION TO PB/PBS/CUS0.5/CUS/S(L) MODEL -  STAGE TWO 
C*£*************************************************
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.................................................
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(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 
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 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,PBCU05. ALL,THELOT 
END IF
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INT=INT+1 
GOTO 2222
/-t************** *****★★★★*** **********************

SOLUTION TO PB/PBS/CUS0.5/CUS MODEL -  STAGE THREE
C*
C*
C*0***************************
3333 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))
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

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,PBCU05,ALL,THELOT
END IF
INT=INT+1
GOTO 3333

c*c*c* SOLUTION OF PB/PBS/CUS0.5 MODEL -  STAGE FOUR

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
PBCU05=(LT(2)+LT(3))*1000000.0
ALL=PBCU05
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

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,LAYER2IPBCU05,ALL,THELOT
END IF
1NT=INT+1
GOTO 4444
9999 CONTINUE
CWRITE(6i200)TIME,A(2,1),LT(2)iLT(3),LT(4),LT(5) 
WRITE(2,200)TIME,BULKCU 
WRITE(3,200)TIME,LAYER2,PBCU05,ALLITHELOT 
CWRITE(6,200)TIME,A(2,1 )ILT(2),LT(3),LT(4),LT(5) 
CWRITE(2,200)TIME,A(2I1),LAYER2,PBCU05,ALL,THELOT 
END
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Appendix 6(b). Data input file for the Decoppering Model 
( Case where Ag is present).

I N I T I A L  A C T I V I T I E S  
LEAD COPPER SULPHUR
0.0 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)
0.0 0.0 0.439 S(l)/S2(g)

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(l)
1.0 1.0 1.0E+01 S2(g)

B U L K M O L A R
C O N  C E N T R A T I ON 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 0.00.0

I N I T I A L  L A Y E R  
T H I C K N E S S  (m)

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

1.0 S2(g)
E Q U I L I B R I U M
C O N S T A N T S0.0
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(sq.cm), BULK VOLUME(I) 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)

A C T I V I T I E S
LEAD COPPER SULPHUR
0.0 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)
0.0 0.0 0.439 S(l)/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(l)
1.0 1.0 1.0E+01 S2(g)

B U L K M O L A R
CO N C E N T R A T I O N S  (mol/cubic
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 CuSO.5
1.0 CuS 0.00.0

I N I T I A L  L A Y E R  
T H I C K N E S S  (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)
E Q U I L I B R I U M
C O N S T A N T S0.0
4.052E+09 Pb + 1 /2 S2 = PbS
3.689E+05 Cu + 1 /4 S2 = CuS0.5
5.513E+06 Cu + 1 /2 S2 = CuS
INTERFACIAL AREA(sq.cm), BULK VOLUME(I) AND
TIME INCREMENT(sec)
0.1
0.001
0.05
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