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Abstract: The reduction smelting process for cobalt recovery from converter slag of the Chambishi Copper Smelter in Zambia was
studied. The effects of reducing agent dosage, smelting temperature and time and the addition of slag modifiers (CaO and TiO,) were
investigated. In addition, the depleted slag and cobalt-bearing alloy were characterized by X-ray diffraction, scanning electron
microscopy and energy dispersive spectroscopy. Under the determined conditions, 94.02% Co, 95.76% Cu and less than 18% Fe in
the converter slag were recovered. It was found that the main phases of depleted slag were fayalite and hercynite; and the
cobalt-bearing alloy mainly contained metallic copper, Fe-Co-Cu alloys and a small amount of sulfide.
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1 Introduction

Cobalt is an important nonferrous metal and used
mainly in high-temperature alloys, cemented carbides,
magnetic alloys and catalysts for fossil oil refining [1].
So far, about 13 million tons of cobalt resources have
been identified [2]. The vast majority of these resources
are nickel laterite deposits in New Caledonia, Cuba,
Indonesia and Philippines. And most of the rest occurs in
deposits, including nickel-copper sulphide
deposits in Australia, Canada, and Russia, and copper
deposits in the Democratic Republic of the Congo (DRC)
and Zambia [3—5]. Generally, cobalt is produced as
by-products in the metallurgical processes of these
deposits.

During the pyrometallurgy process of cobalt-
bearing copper mainly
accumulated in converter slag which is subsequently

copper

sulphide ore, cobalt is
processed for cobalt recovery. Mineralogical studies
showed that cobalt is present in oxidized form in
converter slag and mainly in fayalite and magnetite as
lattice substituents [6]. It is indicated that conventional
techniques, such as slag cleaning, slow cooling of the
slag followed by milling and flotation, are inappropriate

for cobalt recovery from converter slag [7—8]. Recently,
hydrometallurgical processes for cobalt recovery from
slag by selective leaching of metal values were reported
[9-12]. For low content of cobalt in converter slag,
however, plentiful slag is put through the entire process,
resulting in high capital and operating costs for a practice
process.

Reduction smelting is an efficient process for cobalt
recovery from converter slag, which includes valuable
metal oxides in molten slag reduction by the added solid
carbon directly [13], gaseous carbon monoxide or
metallic iron which is produced from the reduction of
iron oxides, and the formation of cobalt-bearing alloy as
reduced metal drops sinking to the bottom. Then the
metal values are separated and recovered using a
hydrometallurgical process. In this work, the reduction
smelting process for cobalt recovery from converter slag
is studied in laboratory scale. The converter slag is
obtained from the Chambishi Copper Smelter in Zambia,
in which copper concentrate with about 35% (mass
fraction) Cu and 0.14% Co is smelted using Isasmelt’s
top-submerged lancing process followed by converting
in Peirce-Smith converter. The effects of reducing agent
dosage, melting temperature and time, addition of
selected slag modifier on the reduction smelting process
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are investigated.
2 Experimental

The converter slag from Chambishi Copper Smelter
in Zambia was ground and analyzed by inductively
coupled plasma-atomic emission spectrum (ICP-AES),
infrared absorption carbon-sulfur analyzer and X-ray
fluorescence (XRF), and the results are shown in Table 1.
Its high copper content may contribute to the
over-oxidation operation in converter to ensure cobalt
beneficiation in the slag. X-ray diffraction (XRD)
analyses showed that the main phases in the slag are
fayalite (Fe,SiO,), magnetite (Fe;O4), metallic copper,
chalcocite (Cu,S) and quartz (SiO,).

Table 1 Chemical composition of converter slag sample (mass
fraction, %)

Cu Co Ni Fe S SiO,
22.87 0.60 0.23 32.35 3.49 22.74

The reduction smelting of the converter slag was
carried out under nitrogen atmosphere in a vertical
MoSi, tube furnace with the maximum operation
temperature of 1 600 °C. And activated carbon was
selected as reducing agent. As an experimental procedure,
100 g converter slag and 10 g alumina were mixed with
the calculated amount of activated carbon and/or slag
modifier (CaO or TiO;) in a corundum crucible which is
then put in the tube furnace. The alumina addition is to
avoid the corundum crucible damage by molten slag
corrosion. The tube furnace temperature was raised to the
desired value and hold for pre-set time. The crucible was
naturally cooled to room temperature in the furnace and
then taken out. The typical smelting parameters, except
those with special mention, were activated carbon dosage
of 5% (mass fraction), smelting temperature of 1 350 °C,
smelting time of 2.5 h and without slag modifier
addition.

The depleted slag and cobalt-bearing alloy in the
crucible were manually separated, weighed and ground
in a vibrating mill for sampling. The contents of cobalt,
copper and iron in the depleted slag and cobalt-bearing
alloy were analyzed by ICP-AES. Based on the mass
balance principle, the metal recoveries were calculated.
In addition, the depleted slag and cobalt-bearing alloy
were characterized by XRD, scanning electron
microscopy (SEM) and energy dispersive spectroscopy
(EDS).

3 Results and discussion

3.1 Effect of reducing agent dosage
To determine the effect of reducing agent dosage,

smelting experiments with activated carbon addition
varying from 3% to 6% were conducted, and the results
are shown in Fig. 1. The cobalt recovery increased as the
reducing agent dosage increased from 3% to 5% and then
increased slightly with the addition up to 6%. The
reducing agent dosage had little influence on copper
recovery, due to the fact that copper in the converter slag
is mainly in the form of metallic copper and chalcocite.
As the reducing agent dosage increased, iron recovery
increased obviously. For the benefit of metal value
recovery by subsequent hydrometallurgical process, a
low iron recovery is preferred. Therefore, the optimum
activated carbon addition is 5% and the recoveries of

cobalt and copper reach 91.82% and 92.96%,
respectively.
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Fig. 1 Effect of reducing agent dosage on metal recovery

3.2 Effect of smelting temperature

Smelting temperature is an important factor in the
reduction process. With the temperature increasing, the
viscosity of molten slag decreases, which can improve
the diffusion of species and the delamination of depleted
slag and cobalt-bearing alloy. Figure 2 shows the results
of smelting tests at the temperature range of 1 250—1 400
°C. The recoveries of cobalt and iron increased as
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Fig. 2 Effect of smelting temperature on metal recovery
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temperature increased from 1 250 °C to 1 350 °C but did
not increase at higher temperature. In addition, copper
recovery had a slight increase as temperature increased.
At smelting temperature of 1 400 °C, the recoveries of
cobalt and copper reached 93.08% and 94.09%
respectively.

3.3 Effect of smelting time

Smelting experiments with various smelting time
were carried out and the results are shown in Fig. 3.
Prolonging smelting time was in favor of metal recovery
but would cause higher energy consumption. With
smelting time of 2.5 h, the recoveries of cobalt and
copper were 91.82% and 92.96%, respectively, and
reached 94.57% and 93.13% respectively as the time was
prolonged to 3.0 h. From an economic point of view, the
smelting time of 2.5 h was appropriate.
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Fig. 3 Effect of smelting time on metal recovery

3.4 Effect of CaO addition

The addition of slag modifiers to molten slag affects
the Fe’'/Fe’’ ratio, the basicity, and the activity
coefficients of iron oxide, silica, cobalt oxide, and other
oxides [14]. In this work, the effects of slag modifier
(CaO and TiO,) addition on metal recovery were
investigated. Figure 4 shows the results of reduction
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Fig. 4 Effect of CaO addition on metal recovery

smelting tests with various CaO additions. With calcium
oxide addition, the metal recoveries were improved but
the recoveries of cobalt and copper had a little decrease
as the addition was more than 4%. The recoveries of
cobalt and copper were 93.59% and 93.25% respectively
with CaO addition of 4%.

Figure 5 shows the XRD pattern of depleted slag
with CaO addition of 4%. It was found that the main
phases of the depleted slag were fayalite, hercynite
(FeAl,Oy), and calcium-iron oxide (Ca,Fe;,Oy;). It was
indicated that the added CaO and iron oxide can produce
complex oxides of calcium and iron (CayFe;O1;). The
CaO addition increased the activities of valuable metal
oxides and led to higher metal recoveries. The diffraction
peaks of alumina indicated that the added alumina was
just dissolved partly in the molten slag.
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Fig. 5 XRD pattern of depleted slag with CaO addition of 4%

3.5 Effect of TiO, addition

To examine the effect of TiO, addition on metal
recovery, smelting experiments at TiO, addition of
3%—6% were conducted, and the results are shown in
Fig. 6. It was found that TiO, addition was beneficial to
the selective recovery of cobalt and copper. And 94.02%
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Fig. 6 Effect of TiO, addition on metal recovery
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Co, 95.76% Cu and less than 18% Fe in the converter
slag were recovered with the optimum TiO, addition of
5%. XRD analyses (Fig. 7) showed that the main phases
in the corresponding depleted slag were fayalite
(Fe,Si0y), hercynite (FeAl,O4) and ilmenite (FesTiOsg).
These results showed that CaO and TiO, can reduce the
activity coefficient of FeO in the slag due to its strong
affinity to FeO, and they produce the complex oxides as
the slag was cooling.
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Fig. 7 XRD pattern of depleted slag with TiO, addition of 5%

3.6 Characterization of reduction smelting products

With the TiO, addition of 5%, the reduction
smelting products, i.e. the depleted slag and the
cobalt-bearing alloy, were characterized by XRD, SEM
and EDS. Figure 8 and Table 2 show the SEM image of
the depleted slag and the results of corresponding EDS
point analysis. According to the analysis results of XRD
and EDS, the major phase at point A was hercynite
(FeAL,Oy); at point B, there was fayalite (Fe,SiO,) with
little hercynite; the main phase at point C was fayalite;
and the particles specified by point D were ferrous
sulfide (FeS) which was precipitated from the slag in the
cooling process.

From the chemical analysis by ICP-AES, the

Fig. 8 SEM image of depleted slag

contents of cobalt, copper and iron in the cobalt-bearing
alloy were 1.76%, 75.20% and 12.85%, respectively.
XRD analysis showed that the main phases of
cobalt-bearing alloy were metallic copper, iron alloy, and
copper-iron sulfide (as shown in Fig. 9).

The SEM image of the cobalt-bearing alloy and the
results of corresponding EDS point analysis are shown in
Fig. 10 and Table 3. From the results of chemical
analysis, XRD and EDS, the main phase point A was
copper-iron sulfide (CusFeS,); at point B, only metallic

Table 2 EDS point analysis results of depleted slag

corresponding to Fig. 8

Location W(0)/% w(Fe)/% w(Si)/% wW(AD/% w(S)/%
A 27.01 40.86 - 32.13 -

B 31.39 29.29 31.46 7.86 -
C 21.49 61.91 16.60 - -
D - 64.58 - - 3542
y +—Metal Cu
=—Fe alloy
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Fig. 9 XRD pattern of cobalt-bearing alloy
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Fig. 10 SEM image of cobalt-bearing alloy

Table 3 EDS point analysis results of cobalt-bearing alloy
sample corresponding to Fig. 10
Location W(Cu)/% W(Fe)/% w(Co)/% wW(Ni)/% W(S)/%

A 49.32 42.81 - - 7.87
B 100.00 - - - -
Cc 12.65 71.68 12.68 2.99 -
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copper was found; the main phase at point C was iron
alloy containing cobalt, copper and nickel. The metal
values in the alloy could be separated and recovered
using a leaching process in acid-oxygen or ammoniacal
solutions [15—16].

4 Conclusions

1) Under the optimum conditions: activated carbon
dosage of 5%, TiO, addition of 5%, smelting temperature
of 1 350 °C and smelting time of 2.5 h, 94.02% Co,
95.76% Cu and less than 18% Fe in the converter slag
were recovered using the reduction smelting process.

2) The addition of CaO and TiO, can improve the
selective recovery of cobalt from the converter slag, and
the optimum additions were 4% and 5%, respectively.

3) The main phases of depleted slag were fayalite
and hercynite. And the cobalt-bearing alloy mainly
contained metallic copper, Fe-Co-Cu alloys and a small
amount of sulfide, with the main chemical composition
of 1.76% Co, 75.20% Cu and 12.85% Fe.
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