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During ISA copper smelting process, ISASMELT furnace discharges a large amount of matte
and slag mixture and the separation of them has an important influence on the recovery of
valuable metals. This paper presented a reduction-sulfurization sedimentation process for
recovering copper and cobalt from the matte-slag mixture of ISA furnace. Firstly, matte-slag
mixture and traditional static sedimentation slag are characterized to determine their mineral
composition and occurrence state. It indicates that Cu is primarily lost in slag in the form of
sulfide, while Co is mostly lost in the form of oxide. With coke and pyrite as the reducing agent
and vulcanizing agent, an orthogonal laboratory experiment was conducted to determine the
effects of the smelting temperature and additive dosage on the recovery process. The optimum
slag cleaning conditions were found to be: a coke dosage of 2 pct, a pyrite dosage of 2 pct, and a
smelting temperature of 1260 °C lasting for 2 hours. In order to improve on the low utilization
ratio of additives associated with the industrial sedimentation process, an innovative additive
introducing method was put forward which enables the additives to mix and react with slag
more adequately. A powder injection device was purpose-made to inject additives into molten
slag in dispersion state, and a laboratory experiment was carried out to simulate this process. By
injecting 2 pct coke and 2 pct pyrite, the contents of Cu and Co in cleaned slag decreased to 0.46
and 0.01 pct, respectively. It proves that the injection of additives into molten slag is an effective

method to recover Cu and Co from the matte—slag mixture of ISA furnace.
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I. INTRODUCTION

ISA process, a typical oxygen-enriched top-blowing
bath smelting technology, has been widely used in
copper production across the world.!"! A typical ISA
process for copper mainly consists of smelting in an
ISASMELT furnace, sedimentation in an electric fur-
nace and converting in a Pierce-Smith converter. In the
ISA smelting process, a certain amount of oxygen-en-
riched air is injected through the lance into the molten
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bath with the addition of copper concentrate, fluxes, and
fuel. The molten slag and matte are discharged inter-
mittently from the ISASMLT furnace through a tap
hole into an electric furnace.”” In general, the range of
elemental mass percent in matte-slag mixture is as
follows: Cu 18 to 26 pct, Fe 30 to 38 pct, S 3 to 10 pct,
CaO 1 to 5 pet, and SiO, 10 to 18 pet.’! The matte—slag
mixture is then separated by gravity in the electric
furnace at about 1250 °C."! However, with the increase
of oxygen concentration in the ISA process over these
years, the contents of oxides in the matte—slag mixture
have increased constantly.” Valuable metals such as
copper and cobalt in an oxide form can be chemically
dissolved in slag, which leads to heavy loss of them.!! In
addition, the slag viscosity is higher due to the increas-
ing content of Fe;04, which makes separation of matte
from slag more difficult in an electric furnace.’? As Cu
and Co contents in depleted slag rise, higher amounts of
ores have to be consumed to maintain a stable yield of
valuable metals. This causes not only a waste of mineral
resource but also a potential severe damage to the
ecological environment, such as heavy metal pollution
to surrounding soils and water resource. Therefore,
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proper treatment and metal recovery from the matte—
slag mixture is imperative, whether from the perspective
of resource preservation or environmental protection.

Much effort has been made to recover valuable metals
from copper slag, for instance by using beneficiation
process, hydrometallurgical process, or pyrometallurgi-
cal process.® "' The beneficiation process is consider-
able successful to recover copper from slow-cooled
copper slag by flotation. However, this method requires
a large occupation of land and high investment.!'>¥ On
the other hand, significant amounts of gangues are
present in the matte—slag mixture of ISA furnace, so the
acid consumption is large and the purification process is
complex in the hydrometallurgical method.

Pyrometallurgy, in particular, is a widely used tech-
nology for recovering valuable metals from copper and
cobalt slag."™ Busolic er /"> used direct reduction
method to recover copper from the slag of flash
smelting. The copper content in the final slag dropped
to 0.06 pct by using as the reductant 150 pct of the
stoichiometric carbon of coke. A similar study was
conducted by Zhai er al.,'"® in which activated carbon
acted as the reductant and TiO,; as the slag modifier to
recover cobalt and copper from converter slag. Under
the optimal conditions, the contents of copper and
cobalt in depleted slag were 0.97 and 0.025 pct, respec-
tively. Besides the reducing agent, pyrite (FeS,) or some
other sulfides were also used as a vulcanizing agent and
collector to reduce the content of valuable metals in
slag.!!718] For example, pyrite was employed to recover
Co, Co and Ni from smelter slag, and these valuable
metals were enriched into a sulfide matte.['”)

According to the above-mentioned work, the contents
of copper and cobalt in slag can be significantly reduced
by introducing reducing and vulcanizing agents. How-
ever, the reported investigations focus on the depletion
of valuable metals from converter slag or reverberatory
furnace slag. There is little work that addresses the
matte/slag separation of the mixture from ISA furnace.
Furthermore, in those available researches, the additives
are premixed with slag and then the mixture heated in a
laboratory furnace. However, in the industrial process,
additives need to be introduced directly into molten slag.
Since these additives have a lower density than slag,
most of them float on the surface of slag, impossible to
be used adequately.

In the refining process of molten steel, RH desulfu-
rization technology has been used, in which pulverized
desulfurization agent is injected into the molten metal
through a submerged injection lance.?*?!! The desulfu-
rization agent and the molten metal can be thoroughly
mixed, highly accelerating the reaction.*" This classical
steel making process inspired us to introduce, by an
injection method, the reducing and vulcanizing agents
into the bath of sedimentation electric furnace, which
provides satisfactory intermixing and homogeneity of
the additives and slag in the sedimentation process.

In this paper, the mineral characterization of matte—
slag mixture and traditional static sedimentation slag
was performed to identify the mineral composition and
occurrence state of Cu and Co. Since experimental
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variables may potentially produce interactive effect, an
orthogonal experiment was carried out to determine the
effects of coke, pyrite addition, and smelting tempera-
ture on the recovery of copper and cobalt from
matte—slag mixture. Finally, an injection simulation
experiment was performed to demonstrate the feasibility
of the method that injects additives into the molten slag
using a designed injection device.

II. MATERIALS AND METHODS

A. Experimental Materials

Pyrite (S 38.6 wt pct) and metallurgical coke (C
85.9 wt pct) used in this experimental study were
provided by Hangzhou Iron and Steel Group Company.
The matte-slag mixture was provided from an ISA
copper plant in Africa. During the discharging in ISA
smelting process, the matte—slag mixture was sampled at
intervals for five times and 500-mL molten sample was
obtained in each sampling. The samples were rapidly
cooled by water quenching, then they were broken and
mixed. The chemical composition of the matte-slag
mixture sample was analyzed by an inductively coupled
plasma optical emission spectrometer (ICP-OES,
Optima 7000 DV, Perkin Elmer instruments), and the
result is shown in Table I. As can be seen, the mixture
contains 22.57 pct of Cu and 0.44 pct of Co.

B. Characterization

The crystalline phases of slag and matte were
determined by an X-ray diffractometer (XRD, Ultima
IV, Rigaku, Japan). An optical microscope (Axiovi-
sion, Car Zeiss, Germany) and the scanning electronic
microscopy (SEM, MLA250, FEI) equipped with an
energy dispersive spectrometer (EDS, MLA250, FEI)
were used to analyze the microstructure morphology
of slag and matte. In addition, the matte—slag mixture
of ISA furnace was chemically investigated for its
mineral phases by means of wet-chemical analysis
based on the solubility difference between different
phases in solvent. The composition and particle size
distribution of copper minerals in matte-slag mixture
were determined by a mineral liberation analyzer
(MLA).

C. Orthogonal Experiment Design

An orthogonal experiment provides an optimization
method to research a target involving multiple factors
and levels. This study includes an orthogonal design to
investigate the effect of parameters on copper and cobalt
contents in cleaned slag. The following three factors
were analyzed: smelting temperature (factor A), coke
dosage (factor B), and pyrite dosage (factor C). An
OA (4”) was employed to assign the considered factors
as shown in Table II, which contains an orthogonal
array of three factors at four levels. Sixteen trials were
conducted in the optimization process according to the
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Table I. Chemical Composition of the Matte—Slag Mixture
(Percent)

Element Cu Fe S Ca Si Al Co
Content (pct) 22.57 3693 8.44 288 541 2.08 0.44

Table II. Orthogonal Experimental Factors

A B C

Temperature Coke Pyrite

Factors Notation (°O) (Pct) (Pct)
Levels 1 1200 0.5 1.0
2 1230 1.0 2.0
3 1260 1.5 3.0
4 1290 2.0 4.0

Fig. 1—Schematic diagram of the experimental apparatus. (1) flow
meter; (2) additive tank; (3) lance tube; (4) refractory bricks; (5)
induction coil; (6) infrared thermometer; (7) tungsten crucible; (8)
quartz furnace tube; (9) flange.

OA 4(4%). These arrays were created using an algorithm
developed by Taguchi, allowing for each variable and
setting to be tested equally.?? %

The orthogonal experiment was carried out using a
muffle furnace. In an experimental procedure, 200 g
matte—slag mixture was mixed a predetermined amount
of coke (0.5 to 2 wt pct) and pyrite (1 to 4 wt pct) in a
corundum crucible. The crucible was put in the muffle
furnace and held for 2 hours at a desired temperature.
The orthogonal experiment was studied at temperature
range of 1200 °C to 1290 °C, which is the operating
temperature range of industrial electric furnace. The
crucible was naturally cooled to room temperature in
the furnace before being taken out. After separation and
crushing, an ICP-OES was used to analyze the Cu and
Co contents in the cleaned slag.
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Fig. 2—X-ray diffraction pattern of the matte—slag mixture.

D. Injection Simulation Experiment

Figure 1 shows the schematic diagram of the exper-
imental apparatus for additive injection. An additive
tank was specially designed to ensure that all the
additives could be sprayed into the molten slag in the
dispersion state by flowing gas. In an experimental
procedure, 120 g matte—slag mixture was put in a
corundum crucible and the high-frequency induction
furnace was heated slowly to 1260 °C with the protec-
tion of Ar, atmosphere. The molten slag was stirred for
15 minutes at a 1.5 L/min argon flow and simultane-
ously the 300-mesh coke and pyrite were sprayed into
the bath. After 2 hours of sedimentation, the crucible
was naturally cooled to room temperature. The slag and
matte in the crucible were manually separated, and the
contents of copper and cobalt in the cleaned slag were
analyzed by ICP-OES.

III. RESULTS AND DISCUSSION

A. Mineralogical Analysis of the Matte—Slag Mixture

The XRD patterns and mineral contents of the
matte—slag mixture are shown in Figure2 and
Table III. As is clear from the results, bornite (CusFeSy)
is the primary copper phase in the mixture, and its
content is 20.3 pct. Major gangue minerals existent in
the mixture are fayalite and glassy substance. The latter
is an unstable and amorphous solid containing mainly
SiO, and FeO.

Figure 3 shows the optical microscope images of
typical mineral phases in matte-slag mixture. Most of
the copper minerals occur as aggregates while they are
either present as liberated free crystals or entrapped in
the gangue minerals as belt shapes. According to the
MLA analysis, the distribution of copper mineral
aggregates is 77.5 pct and their particle sizes are in the
range of 20 to 100 ym. In addition, a small part of
copper minerals with micro-fine particles sizes are
entrapped in gangues dispersedly. These microparticles
are harder to conglomerate and recover in the high-tem-
perature sedimentation process.
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Table III. The Contents of Minerals in the Matte—Slag Mixture (Weight Percent)

Minerals Chalcopyrite Bornite Chalcocite Copper Matte Magnetite
Content (pct) 1.6 20.3 3.1 2.5 5.9

Minerals Fayalite Glassy substance Iron Others Total
Content (pct) 394 24.2 0.2 2.8 100

Fig. 3—Optical microscope images of typical mineral phases in the matte-slag mixture, Bo: bornite; Cu: copper; G: gangue; M: magnetite.

B. Characterization of the Slag by Traditional Static
Sedimentation

To analyze the forms in which copper and cobalt lose
into the slag, the matte—slag mixture was separated
without any additive, in a muffle furnace at 1250 °C for
2 hours, and static sedimentation slag was obtained.
Table IV shows the results of copper and cobalt
chemical compositions in the static sedimentation slag.
The contents of Cu and Co in the static sedimentation
slag are 1.20 and 0.42 pct, respectively, much higher
than the average contents of Cu and Co in industrial
discarded slag (0.5 and 0.1 pct, respectively). Table V
shows the contents of copper phases, determined by
chemical species analysis, in the static sedimentation
slag. It suggests that 71 pct of copper exists in the form
of sulfides and 16 pct in the form of metallic, while the
content of copper oxides is only 13 pct. So, the copper is
lost mainly because it is entrained physically in the static
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sedimentation slag. Figure 4 shows the result of particle
size distribution of copper minerals. It is noted that the
particle size of copper minerals is between 20 and 50 um
mostly. Because of their fine particle size, it is difficult to
recover these copper from static sedimentation slag by
physical separation processes.

Figure 5(a) displays an SEM back-scattered electron
(BSE) image of typical phases in the static sedimentation
slag. The corresponding EDS analysis results are shown
in Table VI. According to the results, fayalite (region 3)
is the dominant phase, which is closely associated with
glassy substance and magnetite (region 2). Copper
mainly associates with sulfur as copper matte (region
1). From EDS mapping results shown in Figures 5(c)
and (d), it is apparent that Cu and S are located at
similar places (circled in Figure 5(b)), suggesting that
copper is lost mostly in the form of sulfide, which is
consistent with the findings of chemical species analysis
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Table IV. Chemical Compositions of Traditional Static Sedimentation Slag (Weight Percent)

Elements or Oxides Cu Fe Co

AL O3 MgO SiO, CaO

Content (pct) 1.20 44.0 0.42

5.44 14.9 11.6 2.08

Table V. Chemical Species Analysis of Copper in Static Sedimentation Slag (Percent)

Copper Phase Cu Copper Sulfides Free Copper Oxides Combined Copper Oxides Total
Fraction (pct) 16.0 71.0 10.0 3.0 100.0
the distance between the extreme values of the data. The
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Fig. 4—Particle size distribution of copper minerals in static
sedimentation slag.

in Table V. For cobalt, its distribution is relatively
homogeneous and with no significant segregation
(Figure 5(e)). It implies that cobalt dissolves into the
static sedimentation slag mainly in the oxidized form.

C. Results and Discussion for the Orthogonal Experiment

Though above analysis, it is clearly that Cu is
primarily lost in slag in the form of sulfide with fine
particle size, while Co is mostly lost in the form of
dissolved oxide. Therefore, we introduced pyrite and
coke as vulcanizing agent and reducing agent during the
sedimentation process, in order to decrease the Cu and
Co contents in cleaned slag. In addition, an appropriate
temperature is helpful to the matte—slag separation,
especially to the aggregation and sedimentation of metal
particles with fine size.

An orthogonal experiment was then used to investi-
gate the effect of coke, pyrite dosage, and sedimentation
temperature on Cu and Co contents in cleaned slag.
According to the OA,¢(4%), 16 experiments were carried
out and the results are presented in Table VII. Range
analysis was made to evaluate the significant level of
different factors that may influence the recovery of Cu
and Co, with the most significant factors being identified
on the basis of the findings of range analysis. These
average values of each level for each factor are named k;,
which are calculated using Eq. [1]. The differences
between the factors are defined by Eq. [2], to estimate
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where i is the number of levels, j the number of fac-
tors, y;; the performance value for each factor j in
level i, and N the total number of levels, N = 4 for
this study.

The range analysis result for Cu and Co contents in
slag is given in Table VIII. The result suggests that the
order of influence on the recovery of Cu and Co is
Ra > Rc > Rg and Rp > Rp > R, respectively. Fac-
tors A, C, and B influencing the recovery of Cu
correspond to temperature, pyrite dosage, coke dosage,
in descending order of their influence. The order of
factors A, B, and C influencing the recovery of Co is
temperature > coke dosage > pyrite dosage. R is
always the largest, suggesting that temperature is the
most significant factor influencing the recovery of both
Cu and Co. Coke dosage is more influential than pyrite
dosage in reducing the content of Co in slag, while pyrite
dosage is a more important factor than coke dosage in
influencing the content of Cu in slag.

The relationship between significant factors and Cu
and Co contents in slag is shown in Figure 6. It should
be noted that these curves are for showing the trends of
each factor only rather than predicting the values which
were not investigated by experiments. From Table VIII,
the influence of coke dosage on the recovery of Cu (Rp
0.71) is not significant. Nor is the influence of pyrite
dosage on the recovery of Cu (Rc 0.81) and Co (Rc
0.03). Their range values are way below the values of
significant factors, so this analysis method is not
suitable. The following discussion therefore covers,
smelting temperature and coke addition, two factors
affecting Cu and Co contents and Co content, respec-
tively, in slag.

Figure 6 shows the effect of smelting temperature on
Cu and Co contents in cleaned slag. It is apparent that
copper and cobalt contents decrease gradually with the
increase of temperature, especially in the case of copper
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Fig. 5—SEM-EDS analysis of static sedimentation slag: (a, b)) SEM image of typical phases; (¢ through ¢) EDS mapping of S, Cu, and Co.

Table VI. EDS Elemental Analysis of Static Sedimentation
Slag (Weight Percent)

Elements (Pct) Region 1 Region 2 Region 3
Fe 22.7 71.8 44.0
Si — 1.75 20.5
(0] — 19.9 243
Al — 5.40 3.76
Mg — — 2.18
Cu 51.9 — 1.32
Co 0.35 1.15 0.74
S 25.0 — —

content. The contents of Cu and Co in slag are 0.53 and
0.11 pct, respectively, at 1260 °C. A higher temperature
allows a better fluidity and lower viscosity of slag, which
favors aggregation and sedimentation of matte particles.
As a result, less matte particles are entrained in slag. As
the temperature increases from 1260 °C to 1290 °C, the
contents of copper and cobalt change slightly. Consid-
ering the energy consumed in industrial production, the
smelting temperature of 1260 °C is the optimal
condition.

Table VIII shows that the Co content in slag
decreases gradually as coke addition grows from 0.5 to
2.0 pct. The minimum value, Co 0.08 pct, occurs at
2.0 wt pct coke addition. According to mineralogical
analysis of the matte—slag mixture, cobalt in slag mainly
occurs in oxides. Under a reductive atmosphere, cobalt
oxides are reduced to metals and enriched in matte.
Copper mainly exists in the form of sulfide in the
matte-slag mixture, so coke has little influence on the
recovery of copper. Considering the coke dosage has a
greater influence on cobalt content, a coke dosage of
2 pct provides the optimal condition.

Considering that the &, values of factor C (pyrite) are
the lowest for both Cu and Co contents in cleaned slag,
the optimum pyrite dosage is taken at 2 wt pct of slag.
Based on the above analysis, the optimum parameter of
orthogonal experiment is determined as below: a coke
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dosage of 2 pct, a pyrite dosage of 2 pct, and a smelting
temperature of 1260 °C. Under this condition, the
contents of Cu and Co in cleaned slag are 0.41 and
0.06 pct, respectively.

D. Injection Simulation Experiment Results

After the optimum parameters were made known by
this orthogonal experiment, an injection simulation
experiment was conducted. Three methods of additive
addition are compared for their recovery efficiency of
Cu and Co, and the results are shown in Table IX.
Experiments 1 and 2 were compared that by adding
the additives on the surface of the molten slag directly,
the contents of Cu (0.62 pct) and Co (0.17 pct) in
resultant cleaned slag were higher than the contents
(Cu 0.41 pct and Co 0.06 pct) in the cleaned slag by
premixing additives. It indicates that direct addition of
additives produces no favorable effect. In the case of
the direct addition method, additives floating on the
slag surface were partially burnt by oxygen, leading to
waste of additives and insufficient contact between
additives and slag. Experiments 1 and 3 were com-
pared that by injecting additives into molten slag, the
contents of Cu and Co in the resultant cleaned slag
reached 0.46 and 0.01 pct, equivalent to the method of
premixing the additives with slag. It suggests that the
effect of the injection method is basically the same as
the method of premixing additives with slag. As for
experiments 2 and 3, the contents of Cu and Co in
cleaned slag using injection method were lower than
that of the direct adding method, especially for Co. It
indicates that the utilization ratio of additives by
injection method is much better than the direct
addition method. When additives were injected, the
reaction interfacial area between the additives and
molten slag was significantly increased that the reac-
tion was greatly accelerated. This innovative method
maximizes the efficiency of additives and has great
potential of application in the industrial sedimentation
process.
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Table VII.

Orthogonal Experimental Results

No Temperature A (°C) Coke B (Pct) Pyrite C (Pct) Cu Content in Slag (Pct) Co Content in Slag (Pct)
1 1200 0.5 1.0 2.57 0.21
2 1200 1.0 2.0 1.93 0.14
3 1200 1.5 3.0 4.22 0.21
4 1200 2.0 4.0 3.18 0.19
5 1230 0.5 2.0 0.81 0.17
6 1230 1.0 1.0 1.14 0.21
7 1230 1.5 4.0 2.14 0.10
8 1230 2.0 3.0 0.46 0.04
9 1260 0.5 3.0 0.37 0.15
10 1260 1.0 4.0 0.98 0.14
11 1260 1.5 1.0 0.37 0.09
12 1260 2.0 2.0 0.41 0.06
13 1290 0.5 4.0 0.60 0.15
14 1290 1.0 3.0 0.58 0.09
15 1290 1.5 2.0 0.49 0.07
16 1290 2.0 1.0 0.42 0.03
Table VIII. Range Analysis of Cu and Co Recovery
Range Analysis of Cu Content in Slag Range Analysis of Co Content in Slag
Level Temperature A Coke B Pyrite C Temperature A Coke B Pyrite C
ki 2.97 1.09 1.13 0.19 0.17 0.13
k> 1.14 1.16 0.91 0.13 0.15 0.11
k3 0.53 1.80 1.41 0.11 0.12 0.12
ky 0.52 1.12 1.72 0.09 0.08 0.14
R 2.45 0.71 0.81 0.1 0.09 0.03
35 0.3 matte-slag mixture of ISA furnace, bornite phase
-m-Cu disappears in cleaned slag, suggesting that adding coke
e 30F m -9-Co e and pyrite by injection provides an efficient way of
> 25l = recovering valuable metals in the matte—slag mixture.
© - 102 & According to XRD analysis of copper—cobalt matte in
2 20l 2 Figure 7(b), valuable metals are primarily enriched in
;E o ..E. matte in the form of sulfides.
9 15} i o Figure 8 presents the SEM-EDS analysis results of
5 - \o 101 5 cleaned slag. In Figure 8(b), the spectrum of copper and
g 1.0F \ 8 cobalt is observed at low energy. Figures 8(c) and (d)
O . - &) show the EDS mapping of Cu and Co in cleaned slag. It
05r . . . - oo is obvious that the point density of Cu and Co decreases
1200 1230 1260 1290 much when compared to Figures 5(c) and (d). It further

Temperature (°C)

Fig. 6—Relationship between temperature and Cu and Co contents
in slag.

E. Characterization of Smelting Products

Cleaned slag and copper—cobalt matte were obtained
in the injection simulation experiment with an addition
of coke and pyrite both at 2 wt pct. The XRD analysis
of the smelting products is shown in Figure 7. It is
observed from Figure 7(a) that the cleaned slag primar-
ily comprises fayalite (Fe»SiO4), magnetite (FeszOy),
and augite (Ca(Fe,Mg)Si,O4). Compared with the
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indicates that the reduction-sulfurization sedimentation
process is an efficient way to minimize Cu and Co
contents in sedimentation slag. The cleaned slag can be
discarded directly or used as the raw material for
production of cement, which reduces land occupation
and environmental pollution.

Figure 9 presents the optical microscope images of the
copper—cobalt matte. It is observed that CusFeS, and
Cu,S occur as a polycrystalline aggregate, the dominant
phase in copper—cobalt matte. In addition, large parti-
cles of copper metallic are noted in matte. Cobalt mainly
combines with iron in the form of sulfide and metallic
state around iron sulfide. The copper—cobalt matte is
further processed in the continuous converting furnace
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Injection Simulation Experiment Results Under Different Conditions

Table IX.
Coke Addition Pyrite Addition Addition Method Cu Content in Co Content in
No (Pct) (Pct) of Additives Slag (Pct) Slag (Pct)
1 2.0 2.0 premixing with slag 0.41 0.06
2 2.0 2.0 adding directly 0.62 0.17
3 2.0 2.0 injecting 0.46 0.01
1-Fayalite 1,3,4 1-Cu5FeS4
1 2Fe0, 2Cu,S 3-FeS
3,1 3-Ca(Fe,Mg)Si,0; 4-CoS  5-Cu
> ' 2
‘D ‘@
c c
L 1 ko)
£ 2 =
3 1 1,3,4
;1] 5200111 2 24
3113 5
20 20 40 60 80
Two-Theta (deg)

Two-Theta (deg)

(@) (b)

Fig. 7—X-ray diffraction pattern of smelting products: (a) cleaned slag; (b) copper—cobalt matte.

Fig. —SEM-EDS analysis of cleaned slag: (¢) SEM image of typical phases; (b) EDS analysis of cleaned slag; (¢, d) EDS mapping of Cu and Co.
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Fig. 9—Optical microscope images of copper—cobalt matte.

to produce a blister copper melt and cobalt-rich slag.
The metal values in matte can also be separated and
recovered using a leaching process.!**

IV. CONCLUSIONS

In this study, the characterization of traditional static
sedimentation slag substantiates that Cu lost into slag
mainly exists in the form of sulfide with fine particle size,
while Co lost into slag mainly in the form of oxides.
Therefore, coke and pyrite were used as reducing and
vulcanizing agents to lower the contents of Cu and Co in
sedimentation slag. The experiments were based on an
OA 4(4”) orthogonal design and statistical analysis was
employed to determine the optimal parameters. Higher
temperature and a certain addition of coke and pyrite
are beneficial to minimize Cu and Co contents in slag.
The optimum slag cleaning conditions were found to be
as follows: a coke dosage of 2 pct, a pyrite dosage of
2 pct, and a smelting temperature of 1260 °C for
2 hours. In order that additives are reasonably applied
with greatest effect in industrial sedimentation process,
the additives were injected into the molten slag by a
specially designed additives injection device. Under the
optimum conditions, Cu and Co present in cleaned slag
reached 0.46 and 0.01 pct, respectively. They are almost
as much as the Cu and Co contents in cleaned slag
obtained by additive-premixing method, but lower than
that obtained by adding additives on the surface of
molten slag (Cu 0.62 pct and Co 0.17 pct). It proves that
the injection of additives into molten slag sedimentation
process is an effective method to recover Cu and Co
from the matte—slag mixture of ISA furnace.
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