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ABSTRACT

The distribution of cobalt and copper between a
copper-cobalt alloy and a variety of slags was
determined by a Tlevitation melting technique at
oxygen potentials fixed by C0/CO» gas mixtures and at
temperatures from 1250 to 1350°C. ~ The activities of
Co0 and CuO0 5 in the slags were calculated from these
data. :

SUMMARY

The activities of Co0O and Cup0 (as CuOp 5) in slags
were determined by equilibrating Co-Cu alloys with
melts of varying compositions in a levitation melting
apparatus in which the atmosphere was controlled to
produce known oxygen potentials at temperatures from
1250-1350°C.  The slags used were of compositions
similar to those encountered in industrial furnaces,
based on 'Fe0'-Si0p, 'FeO'-CaO—SiOZ, 'Fe0'-Cal-
A1203—5102, and 'Fe0-Ca0 melts.

The melts and slags were analysed for their principal
elements after equilibration: the iron in the slags
was analysed for Fe2* and Fe3* byt the small samples
available made this differentiation difficult.

The activity coefficient of CoO at high dilution in
'Fe0'-Si02 slags was found to be close to unity. Some
slight decrease in its values was observed as the 'Fe0’
content of the slag was increased.

The activity of Cup0, expressed as Cu0Q.5, was in good
agreement with previous studies in 'FeO'-SiO2 melts.

The activities of both CoO and CuOp 5 were found to
increase with the addition of Ca0 to 'Fe0'-Si02 slags,
the effects being slight and marked, respectively.

The activity of CoO in Ca0-'Fe0' slags was found to be
somewhat greater than in ‘FeO'—SiO2 slags.

These results are discussed in terms of the slag/metal

and slag/matte distributions encountered in
industrial practice.

INTRODUCTION

The principal source of primary cobalt is as a by-

product of copper and nickel smelting, as cobalt is
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found in copper and nickel deposits. The copper and
nickel concentrates are first treated pyrometal-
lurgically to enrich the cobalt content in either a
matte, speiss or a metal phase. The bulk of
concentrates are thus reduced for further treatment
by hydrometallurgical methods. A high retention of
cobalt in the matte, speiss or metal phases is
therefore advantageous for a good recovery of cobalt
by subsequent processes.

Copper concentrates are smelted to produce two
immiscible 1iquid phases,i.e. slag and a copper-rich
matte. One purpose of the matte smeltingis to ensure
a complete sulphidization of all the copper and other
recoverable elements such as Co, Ni etc. During
smelting the conditions are more reducing in order to
produce a discard slag containing Tow percentages of
copper, cobalt, nickel etc. Matte is then treated
in a converter where it is blown with air or oxygen
enriched air. The slag produced from the converting
is high in copper and other valuable recoverable
metals such as cobalt, nickel etc. which is either
returned to the matte smelting (first stage) or is
smelted separately in an electric furnace to recover a
copper-cobalt-iron alloy[1,2].

Although an ET1Tingham diagram (Figure 1) is useful in
interpreting smelting processes as described above,
it relates only to pure phases as standard states. A
knowledge of activity coefficients of the components
in various phases would be advantageous in order to
control the process conditions for a minimum loss of
cobalt in the discard slag. At the time of
commencement of this work very 1little data was
available for the activity coefficient of cobalt
oxide in the slag and speiss phases[3,4]. The
present  work was undertaken to study the
slag/metal/gas equilibria between 1liquid copper-
cobalt alloys and various slags encountered in the
smelting processes which would assist the elucidation
of the distribution of cobalt between slag/matte,
slag/metal and slag/speiss phases encountered in the
industrial processes.

EXPERIMENTAL

The gas/slag/metal equilibrium studies were carried
out using a Tevitation melting technique. A sketch
of the Tevitation apparatus is shown inFigure?2. The
levitation cell consisted of a 15mm o0.d., 150mm long
transparent silica tube with both ends open. The
tube was mounted on a fixed brass platform and was
sealed with 0-rings and brass couplings at both ends.
InTet and outlet holes for the incoming and outgoing



gases were located in the brass couplings. The top
end of the brass coupling had a viewing glass through
which temperature was recorded by means of a two
colour pyrometer. A full account of the levitation
apparatus has been given elsewhere[5].

Preliminary levitation experiments showed that Tower
temperatures in the range 1250- 1400°C could only be
obtainedwith an alloy containing less than 5% cobalt.
The design of Tevitation coils was as recommended by
Jahanshahi and Jeffes[6] which gave stable and Tower
temperatures. The temperature of the Tlevitated
droplet was further controlled by varying the power
supply of the RF generator set and by varying the
helium gas flow rate through the levitation cell. To
reduce the temperature of the droplet, the power
supply was increased which 1ifted the droplet in the
upper coil, the upper coil actingmainly as a magnetic
"stopper". Temperature of the droplet was further
controlled by passing up to 700 m1/min of helium gas
through the levitation cell. At the temperature of
investigations and up to 700 ml/min of helium
flowrate, the enhanced vaporization of copper-cobalt
alloy was insignificant and no copper fumes were
observed in the gas stream.

Stocks of copper-cobalt alloys and slags used for the
equilibration studies were prepared prior to the
experiments. Slag was encapsulated in the alloy to
produce samples weighing approximately 1.0+0.1g of
alloy and 85+15mg of slagmade by ramming the slag into
a drilled copper-cobalt alloy «cylinder . The
compositions of stock slags are given in Table 1.

The oxygen potential at the slag/metal interface was
controlled by using a mixture of carbon monoxide and
carbon dioxide. A11 the gases viz C0, COy and He were
dried and freed of oxygen by passing them through
drying agents and the helium passed through a 'getter'
furnace. Further details of drying agents and oxygen
removal are given in reference 5. The gases were
metered and the oxygen potentials of the incoming and
outgoing gases through the Tlevitation cell were
measured with a solid electrolyte probe of 1lime
stabilized zirconia. The levitation cell was found
to be 'leak free' as the oxvgen potential of the
incoming and outgoing gases was the same.

A high impedance electrometer was used for obtaining
the emf signals from the solid electrolyte probe.
The C0/C0» ratio was not determined analytically but
the values calculated from the emf measurements were
in good agreement with the values of CO/CO measured
by orifice flowmeters.

The emissivities of metal droplets were fairly
constant at up to 5% cobalt content in the copper; the
temperature recorded by the two colour pyrometer
agreed to within #3 Oc with that of a Pt-Pt/13%Rh
thermocouple.

Previous investigators[7,8] have shown that
equilibrium between gas/metal/slag phase was
attained within one minute. A series of experiments
were conducted by varying the equilibration time from
5 minutes to 20 minutes. As there was no significant
difference in the results obtained, an equilibration
time of ten minutes was chosen for most of the
experiments.

The slag sampling technique was similar to that used
by Taylor[9]. The slag was sampled by touching the
levitated droplet with an alumina rod and the metal
droplet was subsequently quenched in a copper mould.
Previous work[9] has shown that this slag sampling
technique gave a minimum disturbance of the
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equilibrium during sampling as it allowed the slag to
cool out of contact with the metal phase.

The slag sampled was weighed and was generally of 20 to
30mg. Sometimes a second sample of slag was taken if
the quantity of slag collected was small, before
quenching the droplet.

Both the sTag and metal samples were analysed for all
the components (viz Cu, Co, Fe, Si, Ca, Al) after
equilibration. A Perkin Elmer atomic absorption
spectrophotometer was used for analyses. Ca, Si and
A1 were not detected in the metal samples. The mutual
interference of the elements in the analytical
instrument used was checked and was found to be
negligible. Approximately 50% of the metal samples
were analysed in duplicate and the reproducibility
was within £2% of the determined value. A complete
bead of slag sample was taken for analysis in order to
avoid any errors due to inhomogengity on cooling.

The ferric analyses were carried out on several slag
samples using a colorimetric method[10]. As the
ferric iron was determined by taking a difference
between total iron and ferrous iron, the accuracy of
ferric iron was low and is estimated to be *20%.

CALCULATION OF RESULTS

The results of the levitation experiments are
summarised in Table 2. Full details are available in
reference 5.

The metal analyses for Cu, Co and Fe usually totalled
100+1%. The iron content of the metal was always
less than 1% and its effect on the activity of Co in the
alloy was considered to be small. The oxygen
contents of the alloys were not determined.
Estimation of oxygen contents from thermodynamic
calculations indicated that its effect on the
activity of Co and of Cu would be negligible.

The activities of Co and Cu in the metal were
calculated from the data of Taskinen[11]. Copper
contents in the alloys lay in the region where the Co
activities are a Tinear function of its atom fraction
so that Cu behaves ideally.

The oxygen pressures at equilibrium with C0/CO, gas
mixtures at various temperatures were calculated from
the relationship:

AG® = -66950 + 20.2T cal/mol (1]

Slag mol fractions were calculated on the assumption
that the species were Co0O, Cu0(0.5), FeO, Ca0 and
Si072. Analysis of the slags for Fe0(1.5) caused
serious problems because of the small amounts of slag
available and of preventing changes in Fe(2+)/Fe(3+)
ratios of the samples during preparation for
analysis. In most cases the Fe(3+) contents of the
slags varied from 2-6%, with an error margin of +20%.
In such a slag, the presence of Fe(3+) would cause an
underestimate of N(Co0) and N(CuOq_5) of 1ess than 1%.
In the case of the calcium ferrite slag (slag E) the
presence of Fe(3) was taken into account incalculating
mol fractions.

The slag analyses totalled towithin 2.5% of 100%. In
the case of slags C and D the 1ime to silica ratio was
adjusted to that of the initial slag composition.
This was calculated from:

100- (wt% CuOO 5+ wt% Co0 + wt% Fe0) = wt%(Cal + 5102)

CaO/SiO2 =

where R is the original ratio of the slag.




The activities of copper and cobalt oxides are
expressed in terms of CuOg 5 and Co0. The former was
chosen rather than Cu,0 since two separate Cu ions
are formed in sTag solutions as shown by the fact that
the copper content of slags is proportional to
p03/4 and to a. [13,14,15]. Using a(Culg 5) gives
constant values &f y(Cu0 g 5) as N(CuOQ.5) approaches
zero whereas Y(CUZO) approaches zero as N(Cu20)
approaches zero.

Activities of CuO and CoO were calculated relative
to the pure liquidstates using the equations:

Co(]) + %02 = CoO(])
A6° = -53,219 + 16.49T cal/mol  [2]

based on [16] and [17]. The entropy of fusion of Co0
was estimated as 4.50 cal/mol deg in agreement with
the value used by Wang, Santander and Toguri[4]
leading to

CoO(S) = COO(])

A6% = 9351 - 4.50 T cal/mol*  [3]
4 1 =
20u(y) *+ 40, = 20u0y 5y
86° = -29260 + 10.488T cal/mol  [4]

This equation is that used by Altman and Kellog[18]
based on the data of Mah et al[19]

RESULTS
A1l activities are calculated relative to the 1iquid
standard state.

Fe0-Si0,, slags

a(Cu0p5) is plotted as a function of N(CuOq.5) in
slag A (Fe0/Si0 ratio = 3.0) and slag B (Fe0/SiC»
ratio = 1.85) in Figure 3. No systematic difference
between the two slag compositions could be observed.
The Timiting slope at infinite dilution gives a value
of y(CuOg_5) = 2.89, there being some evidence that at
higher copper concentrations it falls appreciably

below this value.

a(Co0) is plotted against N(CoO) inFigure 4. Aswith
CuOg 5 there is Tittle obvious difference between the
resuits in slag A at slag B. The value of y(Co0) =
0.91 is obtained for slag A and 1.00 for slag B.

Fe0-Si0,-Ca0 slags

The results for slags C and D are given in Figs. 5 and
6. 1IntheseslagsFe0inslagB was replaced by 28-29%
Ca0 and y(CuOg 5) was more than doubled to 7.81 and
v(Co0) to 2.08.

The effects of smaller additions of Ca0 to Fe0-Si0p
slags of Fe0/Si02 weight ratios of 1.20 and 1.85 are
shown in Figures 9, 10, 11, and 12. The resulting
values of y(Co0) and y(CuOq_5) are given in Table 1.
It will be noted that the scatter 1in these
experimental results produces some anomalies but the
effect of increasing the Ca0 content of the slags is,
in general, to increase the activity coefficients of
both CuOO 5 and CoO.

*NOTE :

Since writing this, some evidence has indicated that
an entropy of fusion of 6.0cal/mol deg may be more
appropriate[20].
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Fe0-Ca0 slags
The results for a 'calcium ferrite' slag, E, are shown
in Figures 7 and 8. The values of y(Co0) are slightly
higher than in iron silicate slags but y(CuOO 5) is
lower than in iron silicate slags. :

Fe0-Si0,-A1 03 slag

The effgct gf replacing half of the Ca0 in slag G by
A1203 (slag K) is shown in Figures 11 and 12. This
appears to have the opposite effect to Ca0 and to cause
a slight lowering of y(Co0O) and y(CuO0 5).

DISCUSSION

The above results are summarised in Table 1. In this
table are also given the initial slag compositions,
calculated in terms of FeO, Si0,, Ca0 and Aly03
species. As stated above, analysi§ for Fe203 caused
serious difficulties because of the small slag
samples available. The figures for Fep03 in Table 1
represent the approximate Fep03 contents of the slags
after equilibration experiments. Only in the case of
slag E, calcium ferrite, is the Fe203 content of the
slag greater than 5 wt %.

It is clear from Figures 3 and 4 that the effect of
varying the Fe0/Si0, ratio of an iron silicate slag
has Tittle effect on the activities of Cu0y 5 or Co0
although a slight trend to lower ‘activity
coefficients in higher FeO slags may be detected.
This is in accord with the values obtained by Taylor
and Jeffes[7,21] on CuO0 5 and Ni0 in such slags.

The effect of additions of Ca0 are, however, quite
striking in increasing y(CuOq 5) but the effect on
v(Co0) appears to be positive but much less so than for
Y(CoOO 5). These are illustrated in Figure 13.

It is interesting to speculate on the reason for these
observed effects and to relate them to the stabilities
of the compounds formed between the slag components.

In Table 3 are listed the heats of formation from the
oxides of some silicates and ferrites. It has been
noted[7] that the slight but definite lowering of
v(Ni0) in iron silicate slags by increased 'Fe0’
content is due to the stability of NiFep0y compared
with Ni2Si04 and because Fep03 becomes progressively
more important as the Fe0 content of the slag
increases. The slight effect observed on y(Co0) may
be due to the smaller difference in the stabilities of
C028104 and CoFe204.

The addition of Time to an iron silicate slag would
strongly lower the activity of Si02 and
correspondingly increase the activity of FeO and
promote the formation of Fep03. If this were the
case, the activity coefficient of CuOp 5 would
decrease but in fact it increases. This effect is
well documented in other work by E11iot et al[22] and
Altmann[23] and presents something of a _conundrum in
terms of the stabilities of the binary compounds.
Turkdogan[24] points out that this is analogous to
increase in activity coefficients of FeO and MnO in
slags, but in these cases the silicates involved are
much more stable than the non-existent copper
silicates.

The authors suggest that this could be fruitful field
for study by theoreticians.

Comparison with other results

Wang, Santander and Toguri[4] measured the solubility
of Ni0 and Co0 in iron silicate slags. Their results
indicate a value of y(Co0) of 1.14 in silica saturated




slag, which has an Fe0/Si0, ratio of 1.3. This is in
fair accord with the present va]ues given in Table 1.

Yazawa[25] has calculated values of y(Co0) of 1.7 and
2.0 in calcium ferrite and iron silicate slags.
These values are relative to the solid CoO standard
state,and recalculated to the liquid standard state
these values are ~changed to 0.85 and 0.98
respectively. The value for iron silicate slags is
in good agrement with the present work but the value
for calcium ferrite is appreciably Tower than ours.

Matte-Metal distribution of cobalt

Imris[2] has given an account of the distribution of
cobalt between matte and slag in the Rokana smelter in
which a matte containing 59.6% Cu and 0.99% Co was in
co-existence in a reverberatory furnace with a slag
conta1n1ng 0. 46% Co. gs1ng values of p(02) = 1.2 x
10" % and p(S2) =1 x 107 atm. to define conditions at
the slag/matte 1nterface assuming y(Co0) = 1.2 and
ideal behaviour of cobalt sulphide in matte. The
predicted slag/matte distribution ratio of 0.88 w/w
comes very close to the distribution observed at
Rokana with a 60% copper matte.

Slag-Metal distribution of cobalt
The behaviour of cobalt in partitioning between metal
and slag during the fire refining of copper was
discussed by Jeffes and Jacob[26] who concluded that
it could be explained if CoO(s) had an activity
coefficient of 0.94 in the slags involved.
Converting this to the 11qu1d standard state would
give a value of vy = 0.46. The higher values
obtained in the presen work means that cobalt will be
retained in the metal about twice as well as was
concluded by Jeffes and Jacob.
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TABLE 3

TABLE 2
Cu0(0.5) and Co0 in dilute solution AH for orthosilicates
ivi ici - 1 SO 1lutio! v =
Rgomy Tty irgetiacionts of Vgrgous’sﬁ";gs 0% an dilu and ferrites/mole basic oxide (Kcal)
Initial Slag Composi- 5102 F9203
tions (w %)
; - NiO -1.8 -4.1
No | FeO/510 | Feo |sio, | ca0 A1,04| Fe,05f vopool Y cuo, o
w/w ratio . CuOO 5 N/A -8.7
A 3.0 75| 25| - - |4.52 | 0.91 | 2.89 Fel . -4.3 -5.3
B 1.85 65 35| - - |1.35 | 1.00 | 2.89 Co0 -4.8 -5.9
c 1.20 39| 32| 29| - |1.92 | 2.08| 7.81 Ca0 -16.8 -4.8
D 1.0 3| 36| 28| - [ N | 2.08] 7.81
(1.9)
E - 79 - 19 [ - p&.4 | 1.16 | 2.32
F 1.20 49 | 41 10| - |2.3 |1.49| 4.03
G 1.20 43.6 (36.3 | 20 | - |2.69 | 1.29 | 4.54%
H 1.85 58.5 [31.5 | 10 | - (2.3) [1.05 | 3.94
J 1.85 51.9 [28.1 | 20 | - k2.7) | 1.00 | 3.08%
K 1.20 43.6 136.3 | 10 | 10 [2.3) | 1.14 | 3.62
FeO 71.85 -
$i0, 80.09 rce Cﬁj
GD
'
CR -chart recorder
GD -glass disc.
Gj, - gas inlet/outlet.
GPR- glass pushrod.
) LC ~levitation coil.
1 g 0 P -prism.
) Siec ST -silica tube.
o k0 TCP-tow colour pyrometer.
T - thrust ball bearing.
B ST TT - turning table.
]
g
o
4
\ P/
d ( /
T 5;;
v
100 GPR
2000

/

1)  Standard Gibbs free energies of formation of
oxides and sulphides of iron, copper, nickel and
cobalt ; :
2) The levitation apparatus
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3) Aétivity of CuOO 5 in slags A and B (Iron

silicate)
T L 1 \
.10 b x Slag C -]
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o
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5) Activity of Cu0
silicate)

0.5 in slags C and D (Lime iron
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4)  Activity of CoO in slags A and B (Iron silicate)
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6) Activity of Co0 in slags C and D (Lime iron
silicate)
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7)  Activity of Culy 5 in slag E (Calcium ferrite) 8) Activity of CoO in slag E (Calcium ferrite)

T T t T T T T T T T T T T 0
x Slag B
.10 o Slag H 50 L ©SlagB
A Slag J x Slag H
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.18 o b
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e o 53.10 -
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AL \“EP\
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Activity of CoO in slags B, H and J (Varying Ca0

9) Activity of CuO0 5 in slags B, H and J (Varying 10)
’ contents)

Ca0 contents)
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Cu00.5

a

.04

.02

Slag C
Slag F
Slag G
Slag K

X >0 x

1 M
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N
Cu00_5

12) Activity of CoO in slags C, F, G, K (Varying Ca0
and alumina contents)

Mx x

Co0

20
% Ca0 (w/w)
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) Activity of CuOg,5 in slags C, F, G, K (Varying
Ca0 and alumina contents)
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Effect of Ca0 content of slags on activity
coefficients of CuO0 5 and Co0






