
Metal Loss to Slag: Part II. Oxidic Dissolution of Nickel 
in Fayalite Slag and Thermodynamics of Continuous 
Converting of Nickel-Copper Matte 
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FeO-Fe2Oa-SiO s slags were equilibrated in pure nickel crucibles under a CO-COs atmos- 
phere. The Fe/SIOs rat ios in the slag were fixed at 1.51 and 1.97 at temperatures  of 1200 
and 1300~ The CO2/CO ratios were varied up to values corresponding to magnetite satu- 
ration. On the basis of solubility data obtained, a computer model was developed to pre-  
dict the solubilities of nickel and copper in slag during the continuous converting of nickel- 
copper matte. These are given as a function of five parameters :  temperature,  iron content 
and Cu/Ni ratio in the matte, partial pressure  of SOs in the gas phase, and magnetite ~tc- 
tivity in the slag. The model is helpful in comprehending converting reactions and of p rac -  
tical applicability in optimizing the conventional as well as continuous converting processes .  

concept of oxidic and sulfldic dissolution of cop- 
per in sulfur-containing slags has been developed in 
the previous work to explain the observed high solubil- 
ities of copper in reverbera tory  slags. ~ The distinction 
between oxidic and sulfidic dissolution of copper is only 
imaginary because copper in slag is assumed to be in 
the form of copper ion in both cases,  but it neverthe- 
less ass is ts  in understanding various aspects of copper 
loss to slag. On the basis of this concept, the sulfldic 
solubility of copper from high-grade matte decreases  
with decreasing activity of iron sulfide, or with in- 
creasing copper content of matte. Thus, it may be as-  
sumed that the metal losses to slag occur mainly in the 
oxidic form toward the finishing blow of nickel-copper 
matte converting. Under such conditions the dissolution 
of nickel and copper may be assessed  based on solubil- 
ity data established for sulfur-free slags. Data for cop- 
per solubility are  avatlablefl 'a'4 Nickel solubility was 
measured in the present  study. 

In the converting of nickel-copper matte, the temper-  
ature is normally about 1270~ 5 and typical Fe/SiOs 
ratios in the slag are  1.8 (Falconbridge) s and 2.0 (Cop- 
per Cliff)fl The ratio is 1.5 in fayalite slag saturated 
with silica and magnetite. ~ These Fe/SiO2 ratios sug- 
gest that the solubility of nickel in slag during convert-  
ing cannot be investigated using silica crucibles. A 
condition close to silica saturation may prevail in re-  
verbera tory  smelting, but in this the slag should con- 
tain sulfur. For si l ica-unsaturated fayalite slags, the 
choice of a crucible becomes somewhat more difficult. 
Fortunately, the solubility of nickel can be determined 
using a nickel crucible, which has the added advantage 
of being applicable not only to simple fayalite slag but 
also to alumina- or l ime-bearing slags. 

The experimental part  of this study consisted of de- 
termining the nickel content in si l ica-unsaturated slag 
equilibrated with a pure nickel crucible under a CO- 
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COs atmosphere. The discussion includes a prediction 
of the solubilities of nickel and copper in slag under 
various conditions of bessemer  matte converting. 

EXPERIMENTAL 

Two fayalite slags having Fe/SiOa ratios of 1.51 
(33.8 pct SiOs, 1.4 pct Fe2Os, 64.8 pct FeO) and 1.97 
(28.2 pct SiO2, 2.4 pct F%Os, 6g.4 pct FeO) were pre-  
pared by premelttng ferrous oxide, ferr ic  oxide and 
silica (reagent grade) in iron crucibles under a neutral 
atmosphere. ~ Carbon monoxide (99.5 pct) was passed 
through packed towers of copper pellets (hydrogen- 
reduced BASF R3-11 catalyst) maintained at 300~ to 
remove oxygen, soda lime to remove carbon dioxide, 
and phosphorus pentoxlde to remove water vapor. Car-  
bon dioxide (99.99 pct) was s imilar ly purified in the 
absence of the soda lime tower. The gases were then 
mixed. The COs/CO ratio in the gas mixture (total 
flow, 100 cc/min) was regulated with a bleeder sys-  
tem and monitored with capillary flowmeters.  The 
nickel crucibles (12 mm ID, 15 mm OD, 40 mm high) 
were made by drilling pure nickel rod (99.5 pct). 

The silica reaction tube assembly (52 mm ID, 58 
mm OD, 580 mm long) is schematically shown in Fig. 
1. The nickel crucible containing the slag melt (3 g) 
was held in a ref rac tory  holder and a Pt-Pt ,  13 pct 
Rh thermocouple was positioned beside the crucible. 
The CO-CO2 gas entered the reaction tube through an 
alumina tube (3 mm ID) placed 7 m m  above the slag 
surface, swept over the melt surface and was vented. 

The crucible was held at constant temperature 
(•176 for 20 to 42 h under constant CO-COs flow 
conditions. There was excellent agreement between 
results  obtained for 20 and 42 h, indicating that the 
shorter  period was sufficient to establish equilibrium 
(Table i). The equilibrium slag composition was ap- 
proached only from the low oxygen potential side to 
avoid the precipitation of metallic nickel in the slag. 
After equilibration the furnace was lowered, and the 
reaction tube assembly was quenched from the outside 
with an air blower. Nickel ih the slag was analyzed by 
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the d l m e t h y l g l y o x i m a t e  m e t h o d ,  w h i l e  t h e  s i l i c a  w a s  

d e t e r m i n e d  g r a v i m e t r i c a l l y .  F e r r i c  i o n  a s  m a g n e t i t e  

w a s  a n a l y z e d  b y  t h e  c o n v e n t i o n a l  t i t r a t i o n  m e t h o d  w h i c h  

i n v o l v e d  l e a c h i n g  o f  t h e  s l a g  s a m p l e  w i t h  h y d r o c h l o r i c  

a c i d  under a s t r e a m  o f  pure C02 g a s ,  

RESULTS 

The experimental results are shown in Table I. Ex- 
cellent agreement between results for tests with dif- 
ferent e q u i l i b r a t i o n  t i m e s  i n d i c a t e s  n o t  o n l y  t h a t  t h e  

e q u i l i b r i a  w e r e  s u c c e s s f u l l y  a t t a i n e d  b u t  a l s o  t h a t  t h e  

t e m p e r a t u r e  f l u c t u a t i o n  w a s  s m a l l  e n o u g h  t o  p r e v e n t  

t h e  p r e c i p i t a t i o n  o f  m e t a l l i c  n i c k e l  i n  t h e  s l a g .  

S i n c e  s o l u b i l i t i e s  o f  n i c k e l  w e r e  f o u n d  t o  b e  d e p e n -  
d e n t  o n  t h e  o x y g e n  p o t e n t i a l ,  t h e  m e t a l  i s  a s s u m e d  t o  

d i s s o l v e  in  t h e  s l a g  i n  t h e  o x f d i c  f o r m  (NIO) .  T h e  

C 0 2 / / C O  r a t i o s  m a y  b e  r e l a t e d  t o  t h e  a c t i v i t y  o f  N i O  
a s  f o l l o w s ,  s 

N I ( s )  + CO~ = N I O ( s )  + CO 

AG ~ = 9 , 0 5 0  + 2 . 8 0  T ( c a l / m o l e )  [1]  

K =  aNi-------0-O • CO 
co--7 [2] 

When the oxygen potential is sufficiently high, the ac- 
tivity of Iron In the slag Is negligibly small. According 
to Mlchal and Schuhmann, ~ at a CO 2/CO ratio of 2, for 
example, the activity of iron is less than 0.07 In silica- 
saturated slag at 1300~ When the oxygen potential 
becomes low, the nickel crucible in contact with the 
molten slag begins to form a thln layer of NI-Fe alloy 
and aNi cannot be regarded any longer as being approx- 
Imately unity. For this reason, solubility measure- 
ments at CO 2/CO ratios lower than 2.0 were avoided 
In the present experiments. Under the present experi- 
mental conditions It may be assumed that aNi ~ I. 
Then, f r o m  Eqs. [1] and [2] ,  

ar io : 0.0n07 (coz/co)  (12o0~ [3] 

a N i  O = 0.01348 (CO2/CO) (1300~ [4] 

T h e  c a l c u l a t e d  o x i d e  a c t i v i t i e s  a r e  s h o w n  in  T a b l e  I 
a n d  F i g .  2 .  

T h e  w e i g h t  p e r c e n t  n i c k e l  i n  t h e  s l a g  w a s  f o u n d  t o  b e  

a s m o o t h  f u n c t i o n  o f  a N i  O e x c e p t  a t  t h e  h i g h e s t  C O 2 / C O  
r a t i o s  i n  e a c h  s e r i e s  o f  e x p e r i m e n t s .  T h i s  d e v i a t i o n  i s  

d u e  t o  t h e  o n s e t  o f  m a g n e t i t e  s a t u r a t i o n .  T h e  d i s s o l u -  

t i o n  o f  N i O  in  t h e  s l a g  c a n  b e  e x p e c t e d  t o  c a u s e  m a g n e -  

t i t e  s a t u r a t i o n  a t  l o w e r  C O ~ / C O  r a t i o s .  A c c o r d i n g  t o  
M i c h a l  et  al ,  9 t h e  C O z / C O  r a t i o s  c o r r e s p o n d i n g  to  

Table I. Experimental Results 

Slag Analysis, Pct Calculated Composition, Pct 
aNio 

Calculated Ni FeaO4 SiO2 NiO Fe2Oa FeD 
Fe/SiO2 

Exp No. Temp, ~ Ratio in Slag CO~JCO 

1 1200 1.51 
13" 1200 1.51 
6 1200 1.51 
2 1200 1.51 
3 1200 1,51 
5 1200 1.51 
4 1200 1,51 

15 1200 1,51 
16 1300 1.51 
t7 1300 1,51 
18 1300 1,51 
19 1300 1,51 
9 1200 1,97 
7 1200 1.97 

12" 1200 1.97 
8 1200 1.97 

10 1200 1.97 
11 1200 1.97 
14 1200 1.97 
20 1300 1.97 
21 1300 1.97 
22 1300 1.97 
23 1300 1.97 
24 1300 1.97 

2 0.0227 0.63 - 32.0 0.8 - - 
2 0.0227 0.59 2.3 33.4 0.8 1.6 64.2 
3 0,0340 0.79 2.9 32.5 1.0 2.0 64.5 
5 0.0567 1,29 4.8 32.2 1.6 3.3 62.9 

10 0.1134 1.98 5.8 33.2 2.5 4.0 60.3 
15 0.1701 2.36 9.7 32.5 3.0 6.7 57.8 
20 0.2268 2.90 6.0 31.6 3.7 4.1 60.6 
30 0.3402 2.80 8.2 31.6 3.6 5.7 59.1 

2 0.0271 0.87 3.8 32.3 1.1 2.5 64.1 
5 0.0677 2,23 5.9 31.6 2.8 4,1 61.5 

20 0.2708 7.55 10.5 29.8 9.6 7.3 53.3 
50 0.6770 9,86 11.9 28,7 12.6 8.2 50.5 
2 0.0227 0.40 6.8 26.4 0.5 4.7 68.4 
3 0.0340 0.70 - - 0.9 - - 
3 0.0340 0.68 7.6 - 0.9 5.3 - 
5 0.0567 1.16 9.4 26.4 1.5 6.5 65.6 

10 0.1134 3.28 - - 4.2 - - 
15 O. 1701 3.93 12.9 23.8 5.0 8.9 62.3 
30 0.3402 4.25 14.5 25.0 5.4 I0.0 59.6 

2 0,0271 0.84 9.2 27.5 1,1 6.3 65.1 
5 0.0677 2.08 9.2 26.6 2.7 6.3 64.4 

10 0.1354 4.42 12.5 25.1 5.6 8.6 60.7 
20 ' 0.2708 7.71 14.8 23.5 9.8 10.2 56.5 
40 0.5416 10.2 15.1 23.3 13.0 10.4 53.3 

*42 h equilibration; otherwise 20 h. 
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Fig. 2--Solubility of nickel in fayalite slag as a function of 
activity of NiO. 

silica and magnetite saturation in fayalite slag at 1200 
and 1300~ are about 30 and 60, respectively.  Using 
Eqs. [3] and [4], the NtO activities corresponding to 
silica and magnetite saturation at 1200 and 1300~ are 
estimated to be within the range: 

aNi O (magn. satn.) < 0.33 (1200~ 

a Ni O (magn. satn.) < 0.80 (1300~ 

On this basis,  the apparent deviation of the nickel con- 
centration at the highest oxygen potentials may be in- 
terpreted as indicating magnetite saturation. The actual 
saturation limit probably corresponds to aNi O interme- 
diate to the highest and the second highest oxygen poten- 
tials in each ser ies  of experiments. For oxygen poten- 
tials higher than that for magnetite saturation the slag 
will eventually be covered by a magnetite layer and the 
reaction will practical ly cease owing to slow diffusion 
through the solid magnetite layer.  From the phase rule 
it can be shown that the results obtained at oxygen po- 
tentials above those for magnetite saturation are  mean- 
ingless. In order  to accurately locate the magnetite 
saturation limits, the COE/CO ratio should be varied 
by small increments between the second highest and 
the highest oxygen potentials in each ser ies  of experi- 
ments. 

The silica content of the slag was found to decrease 
sl ightly with increasing FeaO 4 and NiO contents or in- 
creasing oxygen potential (Table I). While the magne- 
tite content increases from 6.8 to 12.9 pct (1200~ 
Fe/SiO2 - 1.97), for example, the nickel content in- 
creases  almost ten times from 0.43 to 3.97 pct. The 
solubility of nickel therefore appears to be very  sen- 
sitive to the magnetite content of the slag. The magne- 
tite solubility limits for nickel-free fayalite slag with 
Fe/SiO2 = 1.97 are  about 22 pct at 1200~ and 34 pct 
at 1300~ 7 Comparison with the present data indicates 
that nickel dissolution decreases  the magnetite content 
at the solubility limits, suggesting that NiO replaces 
Fe304. This is shown graphically in Fig. 3. The effect 
of the sil ica content of the slag is often discussed in 
relation to metal losses in the slag, but a comparison 
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Fig. 3--Solubility of nickel as a function of SiO 2 and FeO con- 
tents of slag (1300~ ABCD indicates the homogeneous slag 
range of the FeO-Fe2Os-SiO z system. 1 

between two different conditions is meaningful only 
when the activity of magnetite is kept constant. Fig. 3 
shows that the solubility of NtO in slag is simultane- 
ously dependent upon the silica and magnetite contents. 

For practical  purposes it is much more convenient 
to express the solubility in terms of weight percent in- 
stead of mole fraction. The present results at 1200 and 
1300~ are summarized by the equation: 

pct Ni = aNi o [(53.6 - 18.0Q) + ( -20 .9  + 18.0Q)t] 
2 

+ aNi O [(-- 371.6 + 204.0 Q) + (356.8 

- 204.0Q) t ] [5] 

t - [ T ( K ) -  1473]/100; (1.4 <Q < 2.1) 

where Q refers to the Fe/SiO 2 ratio in slag. 
Santander and Toguri ~~ measured the solubility of 

nickel in silica saturated fayallte slags at 1250 and 
1350~ In view of the fact that the Fe/SiO z ratio in 
silica-saturated slags varies from 1.21 for iron satu- 
ration to 1.56 for magnetite saturation at 1300~ ~ it 
is not possible to directly compare their results with 
the present data for which the ratios were held constant. 
However, their empirical  relationship, 

Q ~ ~ 2 / 3  
pet Ni = . . . .  NiO [6] 

gives 5.0 pct Ni for the assumed magnetite saturation 
limit at 1300~ (aNi O = 0.38), which compares with 
10.3 pct Ni by extrapolation of the present data. Al- 
though Eq. [6] violates thermodynamic principle as it 
yields YNiO = 0 in the infinitely dilute solution range, 
the relation is plotted in Fig. 2 for comparison in the 
higher concentration range. 

It is evident from Fig. 2 that the solubility of nickel 
clearly approaches zero When the activity of the oxide 
approaches zero. This suggests that nickel can be dis- 
solved by the slag only after being oxidized, and there-  
fore it may be concluded that there is no appreciable 
solubility of Ni as neutr~tl metallic atoms under the 
present experimental conditions. Consequently, Eq, 
[5] may be applied to any practical  conditions regard-  
less of whether or not a separate metallic nickel phase 
is present  in equilibrium with the slag. The equation 
may also be interpolated for other temperatures  and 
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Fe/SiO~ r a t i o s ,  and p o s s i b l y  be e x t r a p o l a t e d  fo r  a 
s m a l l  r ange  of t he se  p a r a m e t e r s .  

THERMODYNAMICS OF CONTINUOUS Ni-Cu 
MATTE CONVERTING 

Choice of Variables 

To analyze thermodynamically the bessemerization 
process three phases may be assumed: gas, slag and 
matte. The gas phase consists of SO2, $2, O2, and Na. 
Nitrogen may be excluded by considering it as a neu- 
tral diluent. When the activity of FeS is small, as in 
the final stage of Ni-Cu matte converting, sulfidic dis- 
solution can be neglected, and therefore the slag phase 
is represented by the system FeO-Fe2Os-SiO2rNiO- 
CuOo.5, neglecting constituents such as AI203 and CaO. 
The matte phase may be represented by the system 
Cu-Ni-Fe-S. Although, by analogy with copper mattes,** 
oxygen or iron oxides may dissolve in nickel matte as 
well, their concentration is assumed to be smaller than 
in copper matte owing to a tendency for nickel atoms to 
fo rm NiO and to s e p a r a t e  out in the s lag .  In o the r  words ,  
i t  is  i ron  sul f ide  in mat te  that  tends  to d i s s o l v e  i ron  ox-  
ides  a s  a r e s u l t  of the s t rong  affini t~ between i ron  su l -  
f ide and oxides  in the mol ten  state.* Accord ing ly ,  the 
so lub i l i t y  of oxygen m a y  be neg lec ted  h e r e ,  e s p e c i a l l y  
for  c o n v e r t e r  ma t t e s  in which the i ron  concen t r a t i on  
is  v e r y  low. 

On the b a s i s  of the phase  ru l e ,  t h e r e  a r e  f ive d e g r e e s  
of f r e e d o m  (F) in the p r e s e n t  s y s t e m  which c o n s i s t s  of 
t h r e e  phase s  and s ix  componen t s  (Ni, Cu, Fe,  S, O, 
SiO~): F = 6 + 2 - 3 = 5. Most  convenient ly ,  the fo l low-  
ing f ive v a r i a b l e s  may  be chosen:  t e m p e r a t u r e  (T), p a r -  
t i a l  p r e s s u r e  of SO~ (PS02), a c t i v i t y  of magne t i t e  
(aFe304 ), wt pct  Cu/wt  pc t  Ni r a t i o  in mat te ,  and wt 
pc t  Fe  in ma t t e .  A va lue  for  PSO~ is e s t i m a t e d  on the 
a s s u m p t i o n  that  a l l  of the oxygen in t roduced  by  the con-  
v e r t i n g  a i r  r e a c t s  with the m e l t .  .3 About one th i rd  of 
the  oxygen of the in le t  a i r  i s  f ixed  as  I ron ox ides  in the  
s lag .  In the p a r t i c u l a r  c a s e  of blowing with a i r  (21 pc t  
O2), the m a x i m u m  va lue  of P so~ is  a p p r o x i m a t e l y  0.15 
a tm.  The ac t i v i t y  of magne t i t e  can be e s t i m a t e d  f rom 
the F%O~ content  of the s l ag  us ing Fig.  5 a s  a guide .  ~4 
The a c t i v i t y  of Fe ,O 4 depends  l a r g e l y  on t e m p e r a t u r e  
and only s l igh t ly  on the Fe/SiO2 r a t i o  in the s lag .  

In p r a c t i c e ,  the bath  t e m p e r a t u r e  v a r i e s  c o n s i d e r -  
ab ly  dur ing  conver t ing ,  f r om about 1200~ in i t i a l l y  to 
1260 to 1270~ toward  the end of the  b l o w f  The Cu /Ni  
r a t i o  a l so  changes  a s  n icke l  ts m o r e  r e a d i l y  los t  to the 
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Fig. 4--Activity of magnetite in FeO-Fe203-SiO 2 slag at 
1300~ After Korakas. 14 

f=l,e f,z.~ o F I  

\ ,  o.S \ 0.4 o.S ~"C ~ $;02 
I.O 0.7 20 

,5 ~o 
o ' i e uL 

o* s l ~  5 

io 

*~Cu _ _ _ ~  Ni352 

2S ~ N 2 S 

o io 2o ~o 4o ~o so 7o so !o ~oo, %Ni 

Fig. 5--Portion of the Cu-Ni-S system showing the improved 
representation of commercial matte compositions by the Cu2S- 
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s l ag  than is  copper .  The magne t i t e  a c t i v i t y  a l so  changes  
c o n s i d e r a b l y ,  be ing  low in the in i t i a l  s t age  and becoming  
h ighe r ,  s o m e t i m e s  to the poin t  of s a t u r a t i o n ,  in the f inal  
s t age .  M o r e o v e r ,  conver t ing  i s  n o r m a l l y  a ba tch  p r o -  
c e s s  involving s u c c e s s i v e  ma t t e  cha rg ing  and s l ag  s k i m -  
ming.  In th is  s ense ,  the p r e s e n t  t h e r m o d y n a m i c  a n a l y -  
s i s  i s  m o r e  p e r t i n e n t  to the s t e a d y  s t a t e  ex i s t ing  in con-  
t inuous conver t ing  r a t h e r  than in conven t iona l  c o n v e r t -  
ing. 

The r e l a t i on  between the NiO a c t i v i t y  and pc t  Ni in 
s l ag  has  been  given by  Eq. [5], w h e r e a s  the CuOo.s a c -  
t i v i t y  has  been  r e l a t e d  to the weight  p e r c e n t  of copper  
in a s u l f u r - f r e e  s lag  by  a t e m p e r a t u r e - i n d e p e n d e n t  
equat ion :* 

pc t  Cu = 35.9acuo0.~ [7] 

Eq. [7] was o r i g i n a l l y  d e r i v e d  for  s i l i c a - s a t u r a t e d  
f aya l i t e  s l ags ,  but  the equat ion may  be app l i ed  to s i l i c a -  
unsa tu r a t ed  s l a g s  a s  an a p p r o x i m a t i o n .  Thus,  if the a c -  
t i v i t i e s  of NiO and CuOo.5 can be c a l c u l a t e d  a s  a func-  
t ion of the above -de f ined  f ive v a r i a b l e s ,  the c o r r e s p o n d -  
ing contents  of n icke l  and copper  in s l ag  can be c a l c u -  
l a ted .  The p r e s e n t  p r o b l e m  is  t h e r e f o r e  r e d u c e d  to c a l -  
cu la t ion  of the  a c t i v i t i e s  of NiO and CuOo.5 fo r  a given 
se t  of f ive v a r i a b l e s .  

Solution Model  for  Ni -Cu  Mat te  

Act iv i ty  m e a s u r e m e n t s  for  N i - C u - F e - S  (-O) m a t t e s  
a r e  not ava i l ab le ,  and t h e r e f o r e  some  a s s u m p t i o n s  
wil l  be made  to r e l a t e  ma t t e  compos i t i on  to the  a c t i v i -  
t i e s  of the cons t i tuen t s .  N i c k e l - c o p p e r  ma t t e  has  gen-  
e r a l l y  been dea l t  a s  a t e r n a r y  su l f ide  m i x t u r e :  NIsS a- 
Cu2S-FeS.  Since mol ten  su l f ides  have a r e m a r k a b l e  
so lub i l i t y  for  m e t a l s  a s  wel l  a s  m e t a l l o i d s ,  th i s  con-  
ven t iona l  way of r e p r e s e n t i n g  n icke l  ma t t e  has  no 
p h y s i c o - c h e m i c a l  mean ing  and i s  only an a p p r o x i m a -  
t ion to e x p r e s s  the compos i t i on  of ac tua l  m a t t e s .  C o m -  
m e r c i a l  n i cke l  m a t t e s  conta in  e x c e s s  n ickel ,  which 
g ives  r i s e  to a devia t ion  f rom the b i n a r y  Ni3S2-Cu~S 
s y s t e m .  By choos ing  Ni2S as  a cons t i tuent ,  the compo-  
s i t ion  of c o m m e r c i a l  s u l f u r - d e f i c i e n t  m a t t e s  can be 
e x p r e s s e d  f a r  m o r e  s a t i s f a c t o r i l y ,  a s  is  shown in Fig .  
5. The m i s l e a d i n g  choice  of l iquid NisS 2 as  a n icke l  
ma t t e  cons t i tuen t  was convent iona l ly  made in v iew of 
the a b s e n c e  of t h e r m o d y n a m i c  da ta  for  Ni -S  me l t s ,  
when the f r ee  e n e r g y  da ta  for  so l id  Ni3S 2 could be  used  
by  e x t r a po l a t i ng  to l iquid t e m p e r a t u r e s .  However ,  p r e s -  
en t ly  ava i l ab l e  da ta  fo r  Ni-S  m e l t s  is a l low the f r e e  e n -  
e r g y  of f o r m a t i o n  of l iquid Ni2S to be ca l cu la t ed ,  a s  
shown in Appendix I and Table  II. 

The p s e u d o - b i n a r y  C%S-NisS 2 and Ni3S~-FeS s y s t e m s  
have been  e r r o n e o u s l y  a s s u m e d  to be idea l  so lu t ions  18,.7 
in ana logy  with the CuaS-FeS s y s t e m  *s which was ob-  
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s e r v e d  not to d e p a r t  too f a r  f r o m  i d e a l i t y  due to a s tab le  
quas i - . l a t t l ce  of su l fur  a t o m s  (ions) in the me l t .  The a s -  
sumpt ion  of i dea l i t y  may  be app l i ed  to the CusS-NisS 
p s e u d o ' b i n a r y  with r e s p e c t  to both m e t a l  and sul fur  
s u b l a t t i c e s ,  but  it  should  not be app l i ed  to the Cu2S- 
NiaS s p s e u d o - b i n a r y .  In th is  c a se  ne i the r  me ta l  nor  
su l fur  q u a s t - s u b l a t t i c e s  of c o n s t i t u e n t s  a r e  common,  
and the l a r g e r  mo lecu l e  of Ni3S~ conta ins  f ive a toms  
c o m p a r e d  with the Cu2S molecu le  which conta ins  t h r e e  
a t o m s .  In the NisS me l t  the m o l a r  vo lumes  of Ni, S and 
Ni2S a r e  6.2, 12.8 and 25.2 c c / m o l e  at  l l00~  r e s p e c -  
t ive ly ,  is while  the m o l a r  vo lume of a Ni3S s me l t  is  as  
l a r g e  a s  45 c c / m o l e .  In the Cu2S me l t  the m o l a r  vo l -  
u m e s  of cU, S and Cuss a r e  8.0, 14.8 and 30.8 c c / m o l e  
at  1200~ r e s p e c t i v e l y .  19 It is  t h e r e f o r e  p o s s i b l e  to 
a s s u m e  a p p r o x i m a t e l y  idea l  mix ing  be tween  Cu2S 
(30.8 c c / m o l e )  and NisS (25.2 c c / m o l e ) ,  but mix ing  
be tween  Cu~S and Nt3Ss, with Nt3S s p o s s e s s i n g  a 1.5 
t i m e s  l a r g e r  vo lume than Cuss , cannot  be c o n s i d e r e d  
idea l  even on the b a s i s  of the conf igura t iona l  en t ropy  
a lon  e . 

Acco rd ing  to Darken  and Schwerd t feger ,  s~ Raoul t ian 
ideal4.ty fo r  a p s e u d o - b i n a r y  AuXv-BuXv ,  where  a l l  the 
A and B a t o m s  a r e  i n t e r changeab le  on the A - B  sub la t -  
r i ce  but  no X a t o m s  can occupy the A - B  sub la t t i ce ,  
should be e x p r e s s e d  by  

aBuXv = NUBuXv 

where  N r e f e r s  to the mole  f r ac t ion .  F o r  the CusS- 
Ni2S system, 

2 

aNi2S = NNi2 S [8] 

2 
acu2S = NCu2S [9] 

Then, in ana logy  with Cu2S-FeS mel t ,  18 the ac t iv i ty  of 
FeS i s  given by  

a F e s  = NFeS [10] 

The mole  f r ac t i on  of the m o l e c u l a r  cons t i tuen t s  Ni2S, 
Cu2S and FeS can e a s i l y  be e x p r e s s e d  in t e r m s  of the 
C u / N i  r a t i o  and pct  Fe  in the ma t t e .  

Ana lys i s  of the Sys tem 

The f r ee  e n e r g y  changes  and e q u i l i b r i u m  cons tan t s  
a t  1300~ for  the r e a c t i o n s  involved in the s y s t e m  a r e  
shown in Table  II. sl As an example  of the ana ly t i c a l  
method employed ,  the ca l cu la t ion  wil l  be c a r r i e d  out 
for  the fol lowing c a s e :  

i) t e m p e r a t u r e  = 1300~ 
ii) Cu/Ni  (mat te)  = 0.45 

ii i)  pc t  Fe  (matte)  = 1.0 
iv) p SO2 = 0.15 a tm 
v) aFe304 = 1.0 (magnet i te  sa tu ra t ion)  

Condi t ions  ii) and ii i)  y ie ld  the fol lowing mat te  c o m -  
pos i t ion :  

1.0 pc t  Fe  
53.6 pc t  Ni 
24.1 pc t  Cu 
21.3 pc t  S 

In t e r m s  of the  mo le  f r ac t i on  of each  m o l e c u l a r  con-  
s t i tuent ,  we have 

NFe  s = 0.027 

NNi2S = 0.687 [11] 

NCu2S = 0.286 

By the v i r t ue  of Eqs .  [8], [9] and [10], we have 

a F e  s = N F e  s = 0.027 [12] 

Y s 0.472 [13] aNi2S = Ni2S = 
N 2 0.082 [14] aCu2S = Cu2S = 

F r o m  the e q u i l i b r i u m  cons tan t  of r e a c t i o n  [9] of Table  
I, and with the i n se r t i on  of condi t ions  iv) and v) and 
Eq. [12], we obtain 

alo �9 
FeOP SO2 a ~ e o  • 0.15 

K9 a3Fe304aFe S 1.0 X 0.027 

or  

aFeo = 0.522 [15] 

From the equilibrium constant for reaction [I0], and 
the above value of aFeO, we obtain 

a ~ e o  (0.522) 4 
K l o  -- 

aFe304aFe 1.0 • aFe 

o r  

a F e  = 1.10 X 10 -2 [16] 

Subst i tut ing Eqs.  [12] and [16] into the e x p r e s s i o n  for  
the equ i l i b r i um cons tan t  of r e a c t i o n  [3], we obta in  

a F e s  0.027 
K s -  , ax/2 ~1/2 

~FeVS 2 I . I  • 10 -s X vS 2 

or  

p x/2  = 1 .65  • 10 -s 
$2 

PS2 = 2.74 x 10 -4 [17] 

Subst i tut ing condi t ion  iv) and Eq. [17] into the equ i l ib -  
r i u m  cons tan t  for  r e a c t i o n  [8], we obta in  

PSO 2 0.15 
Ks - ~. 1/s~. 1.65 • 10 -s • pO2 

pS 2 /JO 2 

o r  

p l/S = 2.24 x 10 -4 
02 

p 1/4 = 1.49 • 10 -e [18] 
02 

Subst i tut ing Eqs.  [14] and [17] into the equ i l i b r ium con-  
s tan t  for  r e a c t i o n  [2], we obta in  

acu2S 0.082 
K 2 -  ~2 ~.1/2 - 2 

UCuVS 2 acu x 1.65 • 10 -2 

o r  

a c u  = 0.100 [19] 

Subst i tut ing Eqs .  [13] and [17] into the equ i l i b r ium con-  
s tan t  of r e a c t i o n  [1], we obtain 

a Ni2S 0.472 
KI - 2 ~. i/2 - 2 

uNiVS2 aNi • 1.65 • 10 -2 

o r  

METALLURGICALTRANSACT1ONS VOLUME 5, MARCH 1974-543 



Substituting Eqs. [18] and [20] Into the equilibrium con- 
slant for reaetion [7], we obtain 

aNiO aNiO 
K 7  = - -  - j ,  1/a 

aNi t'O 2 0.282 x 2.24 x 10 -4 

or  

a NiO = 5.97 X 10 -2 [21] 

Finally, from the insertion of Eqs. [!8] and [19] into 
the equilibrium constant of reaction [6], we obtain 

a CuO0. ~ a CuO0. s 
K e - ~ , / ~  = 

acuPo ~ 0.100 • 1.49 • 10 -~ 

o r  

a CuO0.= = 1.07 • 10 -~ [22] 

The CuOo. s activity given by Eq. [22] may be converted 
to the solubility of copper in slag by means of Eq. [7]. 
The value of acuo0.5 = 0.0107 thus corresponds to 0.39 
pet Cu In slag. The NIO acttvtty given by Eq. [21] may 
be converted to the solubility of nickel in slag by means 
of Eq. [5], or,  by using the curves in Fig. 2. The solu- 
bility of nickel at 1300~ is seemingly independent of 
the Fe/SIO2 ratio in slag, and the NiO activity of 0.0597 
corresponds to 1.9 pet NI in slag. The calculated re -  
suits for the above example are all summarized in 
Table III. 

The nickel solubility below 1300~ is dependent upon 
the Fe/SiO2 ratio in slag, as seen in Fig, 2. It is to be 

Appendix !. Thermodynamic Properties Is of Ni2S (I) used to Calculate 

2 Ni(s) + ~A S2(g) = Ni~S(/) 

AG~. = -28 ,090  + 6.17 T (cal/mole) 

Temperature, ~ P~/22, (atm) 1/= aNi K* (cal/mole) 

1100 2.43 X 10 -3 0.556 1.32 X 103 -19 ,610  
1000 8.30 X 10 "4 0.634 3.00 X 103 -20 ,250  
900 2.55 X 10 -4 0.711 7.74 X 103 -20 ,870  
800  6.50 X 10 -s 0.809 2.35 X 104 -21 ,460  

1.0 
* K  = - -  2 112 

sNiPS ,  

- , t A G  ~ = -4 .575  Tlog K 

noted that the Fe/SiO 2 ratio in the above analysls is not 
an Independent variable on the basis of the phase rule, 
but is a funetlon of the five variables defined above. 
This is readily understood from Fig. 4 in which only 
one value of the Fe/StO 2 ratio is given for a given set 
of aFeaO 4 and aFe O. Thus, in accordance with Eq, [5], 
It is convenient to express Q as a function of aFe3_O . 
and aFeo which are  given by condition v) and Eq. [f5], 
respectively. Using activity data T M  as well as the pres-  
ent experimental results,  the relationship may be 
roughly approximated by 

Q = (0.48 - 0.78t) - (2.20 - 1.50 t) aFesO 4 

+ (1.80 + 3.72 t) aFe O + (6.90 -- 2.42 t) aFe304aFeo 

[23] 
Although the Fe/SIO2 ratio-independent expression, 

Eq. [7], has been used for copper as an approximation, 
a dependency similar to Eqs. [5] and [23] may also ex- 
ist for copper solubility. In the case of copper, how- 
ever, the experimental problem of a suitable crucible 
becomes very  serious for si l ica-unsaturated slags, 
although it may be surmounted by the use of a technique 
such as levitation. 

In order  to calculate other sets of data s imilar  to the 
above example, a computer program was written in 
Waterloo Fortran language. The computer program 
can be run for any condition, and several  built-in DO- 
loops allow systematic coverage of a wide range of 
conditions. It is possible to optimize the process  by 
running the program for various conditions of interest. 
An example of the computer printout is given in Table 
IV. The value of FE/SIL indicates the Fe/StO 2 ratio in 
slag. If the slag composition exceeds the normal high- 
est limit of silica content the computer prints - 0.00 
as FE/SIL, whereas 0.00 is printed if the slag compo- 
sition exceeds the normal lowest limits of  silica con- 
tent. Those conditions may not be pract iced without a 
drast ic  modification of slag constitution. 

DISC USSION 

Conventional converting of nickel-copper matte is a 
ba t ch0 r  discontinuous operation, In Falconbridge p rac-  
tice, 8 for example, five ladles of blast furnace matte 
are blown initially, and then one to two ladles of the 
slag are skimmed off. More low grade matte is added 
to the converter,  followed by further blowing. Slag 
skimming and matte charging are repeated several  

Table 11. Thermodynamic Data Used in the Computer Model 

Reaction Free Energy, AG~. (cal/mole) Equilibrium Constant, 1573 K Reference 

1 2 Ni(s) + ~ S2(g) = Ni2S(/) -28 ,090  + 6.17 T Kl  = 3.596 X 102 Appendix 
2 2 Cu(/) + ~A S2(g) = Cu2S(0 -35 ,160  + 10.05 T /(2 = 4.900 X 102 1 
3 Fe(?) + �89 S~(g) = FeS(/) -24 ,250  + 5,50 T K 3 = 1.474 X 10: 21 
4 Fe(7) + �89 = FeO(/) -54 ,890  + 10.55 T - 1 
5 3 Fe(7 ) + 2 O2(g) = Fe304(s) -260 ,870  + 72.24 T - 1 
6 Cu(/) + �88 02(g) = CuOe.s(/) -17 ,490  + 7.21 T Ks = 7.158 1 
7 Ni(s) + �89 02(g') = NiO(s) -58 ,450  + 23.55 T K7 = 9.459 • 102 7 
8 �89 S2(g) ~" O2(g) = SO2(g) -86 ,620  + 17.31 T Ks = 1.805 X l0 s 7 
9 3 Fe3Oa(s) + FeS(0 - I0 FeO(0 + SO2(g) 171,340 - 9 9 . 4 1  T g 9 = 8.301 X 10 -a * 

10 Fe(?) + Fe304(s) = 4 FeO(/) 4 1 , 3 1 0 - 3 0 . 0 4  T Klo = 6.702 t 

*Combination of reactions (3), (4) and (8). 
tCombination o f  reactions (4) and (5). 
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more  t imes .  Slags from the ear l ier  sk imming tend to 
contain l e s s  nickel  and cooper,  while slag l o s s e s  are 
higher toward the end of converting. The iron content, 
temperature and magnetite activity,  therefore,  vary 
with t ime  in a complicated,  discontinuous manner. Con- 
sequently, reported slag l o s s e s  can be associated only 
difficultly with the five above-defined parameters .  As-  
suming some  additional data, however,  the nickel and 
copper l o s s e s  reported for c o m m e r c i a l  converter 
s lags  B'6 may be compared with the present  computer 
model  in Table V. The value for PSO2 was assumed as 
0.15 arm in the case  of Falconbridge air converting 
practice and 0.20 atm in the case  of Copper Cliff oxy- 
gen-enriched blowing (25 pet 02). The reported and 
calculated metal  l o s s e s  are in an excel lent  agreement 
despite the various assumptions incorporated in the 
computer model .  This may be interpreted as indicating 
that most  of the metal  values present in slag are a re -  
sult of chemica l  dissolution rather than physical  en- 
trainment of matte part ic les .  

Table III. Summary of Calculated Values for the Example in the Text 

Given Calculated 

T= 1300~ 

Cu/Ni = 0.45 

pet Fe = 1.0 

PSO, = 0.15 atm 
aF%O, = 1.0 

pct Ni(matte) = 53.6, pct Cu(matte) = 24.1, pct S(matte) = 

21.3 

NFeS = 0.027, NN%S = 0.687, NCu2S = 0.286 

aFeS = 0.027, aNi~S = 0.472, acu~s = 0.082 
ps2 = 2.74 X 10-'r, po~ = 5.02 X 10 -s 

aFe = 1.10 X 10 -2, aNi = 0.282, aCu = 0.100 

aNiO = 5.97 X 10 -2, aOg)o. ' = 1.07 X 10 "2 , aFeO = 0.522 
pet Ni(slag) = 1.90, pct Cu(slag) = 0.39 

In the case  of Falconbridge converting, the calculated 
activity of FeO is  0.42, which corresponds to 27 pet 
SiO2 using the data of Korakas 14 (Fig. 4). The calcu- 
lated value of aFe O for Copper Cliff converting is 0.38, 
which corresponds to 29 pet SiO 2. Since the converter 
s lags  normally  contain other constituents such as AI~Oa 
and CaO, which may be considered more  or l e s s  as neu- 
tral  diluent spec ies ,  the actual s i l ica  content should be 
somewhat lower than the calculated contents.  In this 
sense ,  the s i l ica  content for the Copper Cliff converter 
slag is  in a good agreement,  whereas the s i l ica  content 
of the Falconbridge converter s lags  is  apparently too 
high. In Falconbridge converting practice the converter 
slag is purposely solidified by adding e x c e s s i v e  s i l ica  
toward the end of converting when the iron content of 
matte becomes  2 to 3 pet. This special  practice may 
account for the reported high s i l ica  content. 

Nickel -copper b e s s e m e r  matte can be produced con- 
tinuously from concentrate 2~ or low grade matte, and 
the sy s t em may be controlled to any desired conditions 
in t e r m s  of the five parameters .  The nickel and cop- 
per l o s s e s  in such a s teady-state  proces s  can be as -  
s e s s e d  by means of the computer model as a function 
of the five parameters .  

The computer program was run to investigate con- 
tinuous converting conditions for Falconbridge concen- 
trate (i.e., Cu/Ni = 0.45). Among the five parameters  
which define the nickel  and copper l o s s e s ,  the iron con- 
tent of the matte, or aFeS, has the largest  effect on 
metal  l o s s e s .  The metal  l o s s e s  are plotted as functions 
of the iron content in Figs.  6 and 7. The magnetite ac-  
tivity of 0.7 corresponds to 18 to 20 pct Fe304 at 1200~ 
and 22 to 24 pct FesO 4 at 1300~ according to KorakasJ 4 

Table IV. An Example of the Computer Printout 

ACTIVITY OF CUO.5 AND NIO IN NICKEL MATTE-SLAG EQUILIBRIA 

WT%CU/WT%NI(IN MATTE) = 0.450 

TEMP NI%MT CU%MT FE%MT AMA@ P502 AFEO ACUO. 5 AN IO FE/SIL  CU%SLG NI%SL~ ACU AN! 

1200~ 52.73 23.73 2.000 0.70 0.15 0.346 0.0043 0.0345 1.23 0.155 0.940 0.0507 0.1538 
1200. 53.59 24.11 1.000 0.70 0.15 0.323 0.0061 0.0534 -0.00 0.217 1.392 0.0640 0.1940 
1200. 54.02 24.31 0.500 0.70 0.15 0.302 0.0084 0.0817 -0.00 0.300 1.797 0.0797 0.2417 

1200. 52.73 23.73 2.000 1.00 0.15 0.385 0.0046 0.0370 1.63 0.164 0.846 0.0526 0.1594 
120o. 53.59 24.11 1.000 1.00 0.15 0.359 0.0064 0.0573 1.41 0.229 1.342 0.0663 0.2010 
1200. 54.02 24.31 0.500 1.00 0.15 0.336 0.0088 0.0878 1.20 0.317 1.832 0.0826 0.2505 

1200. 52.73 23.73 2.000 0.70 0.25 0.329 0.0042 0.0363 1.12 0.152 1.026 0.0458 0.1389 
1200. 53.59 24.11 1.000 O.7O 0.25 O.3O7 O.0O59 0.0562 -0.00 0.212 1.480 0.0577 0.1751 
1200. 54.02 24.31 0.500 0.70 0.25 0.287 0.0081 0.0860 -0.00 0.292 1.828 0.0720 0.2182 

1200. 52.73 23.73 2.000 1.00 0.25 0.366 0.0045 0.0390 1.46 0.160 0.952 0.0475 0.1439 
1200. 53.59 24.11 1.000 1.00 0.25 0.342 0.0062 0.0603 1.25 0.223 1.451 0.0598 0.1815 
1200. 54.02 24.31 0.500 1.00 0.25 0.319 0.0086 0.0924 -0.00 0.309 1.863 0.0746 0.2261 

AFE PS2 

0.748s 0.815E-03 
0.569s 0.360E-03 
0.432s 0.158s 

0.803s 0.707s 
0.611s 0.312E-03 
0.464s 0.137s 

0.610R-02 0.123s 
0.464E-02 0.541s 
0.353E-02 0.237s 

0.655s 0.106s 
0.498E-02 0.469s 
0.379E-02 0.206s 

~02 

0.443F-08 
0.667E-08 
0.101s 

0.476s 
0.716s 
0.108s 

0.602E-08 
0.906E-n8 
0.137E-07 

0.646E-08 
0.973E-08 
0.147E-07 

1300. 52.73 23.73 2.000 0.70 0.15 0.502 0.0073 0.0359 3.55 0.262 1.156 0.0768 o.2156 
1300. 53.59 24.11 i.oo0 0.70 0.15 0.469 0.oi02 0.0556 3.27 0.366 1.772 0.0968 0.2719 
1300. 54.02 24.31 0.500 0.70 0.15 0.438 0.0141 0.0851 3.00 0.505 2.676 0.1206 0.3387 

1300. 52.73 23.73 2.000 1.00 0.15 0.558 0.0077 0.0386 0.00 0.276 1.240 0.0795 0.2234 
130o. 53.59 24.11 1.0o0 1.00 o.15 0.522 0.01o7 0.0597 0.00 0.386 1.900 0.1003 0.2817 
1300. 54.02 24.31 0.500 1.00 0.15 0.487 0.0148 0.0914 3.87 0.533 2.866 0.125o 0.3510 

1300. 52.73 23.73 2 . 0 0 0  0.70 0.25 0.477 0.0071 0.0378 3.34 0.255 1.215 0.0693 0.1946 
13oo. 53.59 24.11 1.00o 0.70 0.25 0.445 0.0099 0.0585 3.07 0.357 1.862 0.0874 0.2455 
1300. 54.02 24.31 0.500 0.70 0.25 0.416 0.0137 0.0896 2.81 0.492 2.811 0.1089 0.3058 

1300. 52.73 23.73 2.000 1.00 0.25 0.531 0.0075 0.0406 0.00 0.269 1.303 0.o718 0.2017 
1300. 53.59 24.11 1.000 1.00 0.25 0.496 0.0105 0.0628 3.96 0.376 1.996 0.0906 0.2544 
1300. 54.02 24.31 0.500 1.00 0.25 0.463 0.0145 0.0962 3.63 0.520 3.009 0.1128 0.3169 

0.135s 0.716s 0.310E-07 
0.103s 0.316E-03 0.467s 
0.781E-02 0.139F-03 0.706s 

0.145E-01 ~.621F-0~ 0.333F-07 
O.ll0E-01 0.274E-03 0.502s 
0.839E-02 0.120E-03 0.758?-07 

O.IIOE-OI 0.I08E-02 0.422E-07 
0.839s 0.476s 0.635s 
0.637E-02 0.208s 0.9~9s 

0.11BE-01 0.934s 0.453s 
0.901E-02 0.412E-03 0.682E-07 
0.684E-02 0.181E-03 0.103s 
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Table V .  Comparison Between the Reported and Calculated Metal Losses to Slag 

Computer Input Data Slag Loss 

Smelter Reported Assumed Reported Calculated 

Falconbridge s 1260-70~ 
Cu/Ni = 0.45 
pet Fe = 1.0 
(32 pet SiO2) 

Copper Cliff 6 Cu/Ni = 0.65 
pet Fe = 0.5 
(25 pet SiO2) 

1270~ 1.19 pet Ni 1.49 pet Ni 
pso 2 = 0.15 atm 0.64 pet Cu 0.32 pct Cu 
aFe,O+ = 0.7 1.83 pct (Ni + Cu) 1.81 pet (Ni + Cu) 

1270~ 2.3 pet (Ni + Cu) 2.13 pet Ni 
PSO~ = 0.20 arm 0.55 pct Cu 
aF%O, = 0.7 2.68 pet (Ni + Cu) 

5 

~ ,  % ca ~ � 9  ~ (matte) �9 0.45 
4 

ae%o ,0.7 
C - ~  p110l �9 O.ZS a r m  

~ �9 ' pSO I �9 0.15 otto 

_z �9 
~ 2 

J I , , , , I  i I l I 
0.;~ 0.~; I Z 3 4 

% Fe IN MATTE 

Fig. 6--Solubil i ty of nickel  in s l ag  as  a function of the i ron  
content  of mat te .  

When the iron content of the matte decreases  to below 
about 1 pet at 1200~ the slag becomes saturated with 
silica, and therefore the iron content cannot be lowered 
any further and still retain a homogeneous slag. 

Setting a tentative cri terion of 0.5 pct Ni for a dis- 
cardable slag, continuous converting must be carr ied 
out at a temperature of 1200~ with an iron content in 
the matte of 5 pet. If a matte containing 5 pet Fe is not 
acceptable for hydrochloric acid leaching=Sor other 
processes ,  the matte can be oxidized further only if a 
slag cleaning step is incorporated�9 

When the iron content of the matte is considerably 
higher than about 5 pet, the sulfldic loss becomes no- 
ticeably high and the actual slag losses,  especially cop- 
per, would be larger  than the computer prediction�9 For 
this reason, only slag losses for mattes containing less 
than 5 pet Fe are  given in Figs. 6 and 7. The sulfidic 
loss of nickel, however, may not be as large as copper. 

The effects of the silica and magnetite contents of 
the slag on the Ni and Cu losses are shown in Figs. 8 
and 9, respectively. Although the silica content of slag 
is often discussed in regard to metal losses, it is evi- 
dent from Figs. 8 and 9 that the effect of silica can 
correc t ly  be defined only when the activity of magnetite 
is specified, as well as three more parameters .  In other 
words, an increase in the silica content of the slag, ac-  
companied by a change in four other variables, can r e -  
sult in either an increase or decrease of the metal loss, 
depending upon the magnetite content, and so forth. A 
similar specification is also required in discussing the 
effect of the other factors.  For example, it is not cor -  
rect  to state, without specifying four more parameters ,  
that the activity of magnetite increases the metal 
losses.  The metal losses are affected only slightly by 
magnetite activity when the iron content in matte is 

0.8 

~ (matte) �9 0.45 
0.6 - �9 OF%o, �9 0.7 

~ 0.4 ~ 1 3 0 0  C " m P $ ~  "0"250tm 
- 95O I ,0.15 otto 

z 

o z 

0.2 0.5 I 2 3 4 5 
% Fe IN MATTE 

Fig. 7--Solubi l i ty  of copper  in s l ag  a s  a funct ion of the i ron  
content  of mat te .  

1300~ 
%Cu "~-~(matte)= 0.4S 

D ZO 

NUM INOIC % N; I LAG 

V V V V V V '~ 
40 35 30 2S 20 15 IO 

% s io  2 

Fig. 8--Solubility of nickel in fayalite slag, based on the solu- 
bility l imi t s  and the ac t iv i t ies  of FeO and Fe304 of Korakas .  t4 

rather high, as shown in Fig. 10. In conventional con- 
verting, however, a decrease in the iron content of the 
matte is accompanied by an increase in the magnetite 
activity, because the total amount of iron in the matte- 
slag system is conserved. In contrast, an independent 
control of the iron content of the matte, and the mag- 
netite activity, may be exercised more easily in con- 
tinuous converting. The effect of oxygen-enriched 
blowing is shown in Fig. 11. R is of interest to note 
that the copper loss decreases with oxygen enrichment, 
while the nickel loss increases under the same condi- 
tion. The effect of the Cu/Ni ratio is shown in Fig. 12. 

The above are only limited examples of possible 
computer predictions, and the computer program can 
be run for any conditions of interest. By means of the 
present computer model it is also possible to investi- 
gate the behaviors of impurities such as cobalt, lead 
and zinc, since the distribution of these elements be- 
tween slag and matte are governed only by the oxygen 
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13DO" C 
%Cu ~matte),O.45 

25 PSO$" O.le arm 

C 20 

40 35 30 25 20 15 I0 

% SiO 2 

Fig, 9--Solubility of copper in fayalite slag, based on the sol-  
ubility l imits and the activities of FeO and FeaO 4 of Korakas. i4 

% Ca 1300. C 3 ~-'~[lmo,,). 0.4s 
Pso= = 0.15 otto O 5 / 

(9 2 

_z 
g, 

Z " 

NUMEER$ INI~CATE % Fe IN MATTE 

. .  g.S 
Cu--" , LO 

ED' 

t I I I I 
0.4 0.5 0.6 0.7 0.8 0.9 I.O 

aFe304 

Fig.  10--Effect  of magne t i t e  act ivi ty on nickel l o s s  to slag.  

=300" C O,3 / 

~_~ ~ ~-~" (mot te )�9 0.45 

~ ~ t ~  aF%o4 0.7 

J NUMBERS INDICATE % Fe IN MATTE 
zg 

.... Cu os. 

0 
0.1 0.2 0.3 

PSO2,  otrn 

Fig. l l - - E f f e c t  of SO 2 pa r t i a l  p r e s s u r e  on s lag  l o s s e s  of 
nickel  and copper .  

and sulfur potentials, ~4 which have already been given 
in the computer program. 

When some of the assumptions incorporated in the 
computer model  can be  r e p l a c e d  with ac tua l  experi- 
mental data ,  the  a c c u r a c y  of .the p r e d i c t i o n  wil l  be im- 
proved substantially. The following experimental pro- 
gram may be suggested: 

1) Activity measurements in the Ni-Cu-Fe-S matte, 
especially in the vicinity of the NiaS-Cu~S-FeS pseudo- 
ternary. However, this should only follow activity 

._1 
o') 2 
z 

# 

%~ 1300" C 
- ~ PSO== 0"15 arm 

oF,304 �9 0.7 

Ni 
3 

05 

NUMBERS INDICATE % Fe IN MATTE 
I 

' ~ l  I I I I I 
o.i o.a 0 3  0.4 05 o.e 0.7 

% Cu/% Ni ( M a t t e )  

Fig. 12- -Ef f ec t  of  co p p er  to nickel  r a t i o  on s l ag  l o s s e s  of  
nickel  and copper .  

studies in Ni-Cu-S, Ni 'Fe-S  and Cu-Fe-S mattes. The 
investigation may be extended to the solubility of oxy- 
gen in nickel matte. 

2) The effects of A120 s, CaO and other slag constitu- 
ents on the solubility of nickel in slag, and also the 
sulfidic dissolution of nickel in slag. 

3) The solubility of copper in SiO2-unsaturated slag, 
and the effects of AltOs, CaO, ZnO and other constitu- 
ents. 
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