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Abstract Pyrometallurgical route is the most effective way to extract copper from
Cu-Fe-S ores. In the smelting process, the concentrate is partially oxidized to Cu-rich
matte and most of the impurities are reported to the slag. Copper content in the slag
represents the direct recovery of copper in the smelting process. High-temperature
experiments have been carried out to investigate the effects of slag composition,
matte grade, and temperature on copper content in the smelting slag. Industrial and
synthetic slag samples were equilibrated with matte at different temperatures in argon
gas flow. The quenched samples were analysed by electron probe X-ray microanalysis
to obtain the microstructure and phase compositions at high temperatures. Optimised
parameters including slag composition, matte grade, and temperature have been
proposed for the flash smelting furnace operations to minimize the copper content in
the slag. The experimental results are also compared with the FactSage calculations.
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Introduction

Copper is produced around the world, and South America plays an essential role
in copper extraction with 40% mined in the world [1]. Approximately 80% of the
copper is processed from Cu—Fe—S ores. The pyrometallurgical process is the most
effective way to extract the copper from the Cu—Fe-S ores which includes smelting,
converting, and refining steps [1]. The demand for copper is rising continuously
and the amount and purity of the ores for its extraction have been decreased [2].
Continuous improvement of the extractive processes is essential to keep developing
the products at high quality and high recovery. One of the main problems that have in
the smelting plants is the metal losses in slags [2]. The understanding of the principles
which are involved in the metal production and its losses will help the copper industry
to optimise operational parameters and maximise the profits in its production.
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Copper smelting slag is a mix of different oxides originated from the oxidation of
the Cu—Fe-S ore and flux. These components include mainly ferrous oxide (FeO),
ferric oxide (Fe,03), and silica (SiO,) with minor components alumina (Al,O3),
calcium oxide (CaO), and magnesium oxide (MgO) [1]. In the smelting process,
there are two types of copper losses. One is a loss by chemical dissolution and
the other is mechanical entrainment of matte droplets [2]. Flash smelting furnace
(FSF) is one of the major copper-making technologies used in Chile. It has been
reported that chemical dissolution of copper in slags is the major loss of copper in
the flash smelting slag [3]. Two possible types of chemical dissolution can affect
the copper loss: oxidic and sulphidic copper dissolution [4]. The amount of copper
corresponding to the oxidic copper in slags can be calculated as [4]

wrpthuoxidicinslag =Ax ACu0ys (1)

1
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where A is the constant of proportionality and activity of CuQys related to the
equilibrium constant of Eq. (2). Values of the constant proportionality found in
the literature have a range between 22.7 and 35.9, depending on the Fe/SiO, ratio,
temperature, and CaO, Al,O3, and MgO contents [4].

Sulphidic copper dissolution had been investigated by a few researchers. The
research made by Nagamori [5] was based on thermodynamic properties of matte and
slag with the association of Cu—S bond to the copper dissolution. With this research,
the sulphidic copper dissolution was established as a function of the percentage of
sulphur in slag and the percentage of copper in the matte [4]. This methodology is
useful in operating plants, due to S% in slag and Cu% in matte are known values. The
amount of copper corresponding to the sulphidic copper in slags can be calculated
as [4]

U)tpthusulphidicin.vlag = 0.00495 * wr%Sslag * wr%cumazte (3)

where wt% S is the weight percentage of sulphur in slag and wt% Cu is the content
of copper in the matte [4].

The copper loss into the slags has been a topic of interest for researchers and
industrial operators. Understanding the effects of temperature, matte grade, and slag
composition to reduce copper loss in the slags is essential to develop an optimal
smelting process. These parameters will be studied in the conditions close to the
operation in Chuquicamata Smelter to find an optimal range which reduces the copper
loss in the slags.

The operational parameters of the flash smelting furnace in Chuquicamata Smelter
have a range between 1230 and 1320 °C for slag temperature, from 1 to 1.56 for iron
to silica ratio in the slag and 54—75 wt% of Cu for the matte grade [1]. Furthermore,
the slag and matte used for this study were provided by Chuquicamata Smelter. The
parameters to be studied for copper loss in the smelting slag included
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(1) matte grade at 55, 60, and 65 wt% Cu.

(2) temperature at 1250, 1300, and 1300 °C.

(3) effect of slag composition: iron to silica ratios (Fe/SiO;) of 1.2, 1.4, and 1.6 and
calcium oxide (CaO) at 2, 4, and 6 wt%.

The experimental results will be compared with the calculations of FactSage.

Experimental

The experimental procedure includes preparation of samples, high-temperature treat-
ment of these samples following by rapid quenching samples to water. The quenched
samples were mounted, polished, and carbon-coated for microscopical analyses.

The initial copper matte and slag samples were collected from the flash furnace
by Codelco Chuquicamata smelter. The compositions of the matte and slag analysed
by XRF are shown in Tables 1 and 2.

The initial copper matte and slag were mixed with different chemicals to obtain the
required compositions. FeS was added to prepare low-grade copper matte, SiO, was
added to decrease the Fe/SiO; ratio of the slag, and the CaO from CaCO; was used
to control its concentrations in the slag. Pure FeS, SiO,, and CaCO3 were supplied
by Sigma-Aldrich.

One gram matte and 1 g slag were mixed in an agate mortar and pelletized.
The pellet was placed in an alumina crucible (7 mm ID and 30 mm height). The
experiments were performed in a vertical furnace with an alumina reaction tube
(30 mm ID). The temperature inside the reaction tube was measured by a working
thermocouple next to the sample. The sealed reaction tube was flashed by ultra-high-
purity Ar. Preliminary experiments at 1350 °C for 30, 60, and 120 min shown that
the compositions of the slags did not change significantly indicating the dissolution
of copper from the matte and alumina from the crucible reached equilibrium. The
processing time was chosen to be 60 min for all experiments.

After equilibration, the samples were dropped into water for rapid quenching.
The dried samples were mounted in epoxy resin and polished for EPMA analysis.
A JXA-8200 electron probe X-ray microanalyser (Japan Electron Optics Ltd.) was
used for microstructural and compositional analyses. An accelerating voltage of

Table 1 Bulk composition of the matte from XRF analysis (wt%)
Cu Fe S Al As Ca Mg Pb Si Zn
67.1 10.8 20.4 0.02 0.79 0.01 0.02 0.13 0.07 0.71

Table 2 Bulk composition of the slag from XRF analysis (wt%)
Cu0 |FeO |[CaO |[SiO; |ALO3; |MgO |S ZnO | Asp;O3 | PbO | Fe/SiO;
22 585 0.8 283 6.2 0.3 05 |26 0.5 0.1 1.61
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15 kV and a probe current of 15 nA were used. ZAF correction procedure was
applied. The standards used for analysis were from Charles M. Taylor Co. (Stanford,
California): Al,O3 for Al, CaSiOj3 for Ca, and Si, Fe,O3 for Fe, and from Micro-
Analysis Consultants (Cambridge): Cu, O for Cu. The average accuracy of the EPMA
measurements was estimated to be within £ 1 wt%. EPMA analysis can only analyse
the elemental composition but cannot determine the electronic state of the elements.
Thus, iron is calculated as FeO and copper as Cu,O for the presentation purpose.
The predictions were calculated by FactSage 7.3 with the module “equilib”, the
databases “FactPS”, “FToxide”, and “FTmisc” [6]. The SO, partial pressure was
fixed at 0.2 atm and the O, partial pressure was fixed at 10”7—10 atm depending on
the matte grade and temperature for the calculations.

Results and Discussion

Typical microstructures of the samples quenched from 1250 °C are shown in Fig. 1. It
can be seen from the figures that the slag was fully liquid at 1250 °C. Small amounts of
matte droplets may be present inside the slag which confirmed that most of the copper
loss in the slag is in form of chemical dissolution. The focus of this study is therefore
the discussion on effects of operating parameters on the chemically dissolved copper
in the smelting slag. As EPMA can only analyse the elemental concentration, the
chemically dissolved copper in the slag is shown as “Cu,O” which includes copper
oxide and copper sulphide. The compositions of the liquid slag and the matte in the
samples measured by EPMA are given in Tables 3 and 4, respectively.

Sample 7, Fe/SiO; = 1.6 Sample 9, Fe/SiO; = 1.4

Fig. 1 Typical microstructures of the samples quenched from 1250 °C
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Table 3 Compositions of the liquid slag in the samples quenched from 1250 °C
Sample “FeO” Si0, “Cuy0” CaO AlLO3 MgO S Fe/SiO;
7 59.7 28.6 0.3 1.8 8.7 0.3 0.7 1.62
9 55.9 30.8 0.2 22 9.7 0.3 1.0 1.41

Table 4 Compositions of the matte in the samples quenched from 1250 °C

Sample Fe Cu S As
7 9.5 67.4 227 0.4
9 14.6 60.5 24.3 0.5

Effect of Iron to Silica Ratio on Dissolved Copper in Smelting
Slag

The samples with different iron to silica ratios (Fe/SiO,) were treated at 1250 °C
for 60 min in equilibrium with the fixed matte grade. The experimental results are
also compared with FactSage predictions. It can be seen from Fig. 2 that dissolved
copper in slag increases with increasing Fe/SiO, ratio. The slag in equilibrium with
higher grade matte contains higher dissolved copper. The same trends are obtained
in both experimental results and the FactSage calculations. However, it can be seen
that the predicted values by FactSage are much higher than the experimental results.
Part of the reasons is that the SO, and oxygen partial pressures were not controlled
in the high-temperature experiments.

The iron to silica ratio (Fe/SiO;) in the smelting slag is usually controlled by the
addition of silica flux. To decrease the dissolved copper in the slag, more silica is
required. Increased silica in the slag also decreases the liquidus temperature of the
slag [3]. However, a number of disadvantages are associated with the low Fe/SiO;:
(1) increased cost of the flux; (2) increased liquid slag viscosity; (3) increased slag
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Fig. 2 Effect of Fe/SiO; ratio on the dissolved copper in slag at 1300 °C
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Fig. 3 Effect of matte grade on dissolved copper in slag at 1300 °C

volume which will increase the heat loss and the cost for slag treatment. Thus,
an optimum Fe/SiO; needs to be determined according to the maximum economic
benefits.

Effect of Matte Grade on Dissolved Copper in Smelting Slag

Figure 3 shows the dissolved copper in slag as a function of matte grade at Fe/SiO,
of 1.2, 1.4, and 1.6. It can be seen in Fig. 3 that at the same Fe/SiO,, the dissolved
copper in slag increases with increasing matte grade. FactSage calculations show the
same trend but the predicted copper solubilities are much higher. Higher grade matte
means that more iron has been oxidised from the sulphide concentrate resulting in a
higher Fe/SiO; in the slag. Furthermore, high matte grade is always associated with
the high Fe/Si0,, both can increase the dissolved copper in slag. On the other hand,
low-grade matte will reduce the productivity of the smelter. It is desirable to maintain
a balance between the matte grade and Fe/SiO; in the slag.

Effect of Temperature on Dissolved Copper in Smelting Slag

Figures 4 and 5 show effect of temperature on the dissolved copper in slag at fixed
Fe/SiO, ratios 1.6 and 1.2, respectively. In each figure, two matte grades 60 and 66
are considered and the FactSage calculations are compared with the experimental
results. It can be seen from the figures that the dissolved copper in slag has different
behaviors for different Fe/SiO, ratios and matte grade. It can be seen from Fig. 4
that at fixed Fe/SiO; ratio 1.6 and matte grade 66, the dissolved copper in slag
increases with increasing temperature. However, if 60 wt% Cu matte is produced, it
seems that the solubility of copper in slag decreases slightly when the temperature
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Fig. 4 Effect of temperature on dissolved copper in slag at Fe/SiO; 1.6
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Fig. 5 Effect of temperature on dissolved copper in slag at Fe/SiO; 1.2

increases from 1300 to 1350 °C. It can be seen from Fig. 5 that, at Fe/SiO, 1.2
and matte grade 66 wt% Cu, the dissolved copper in slag increases with increasing
temperature. However, if 60 wt% Cu matte is produced, the copper solubility in slag is
almost independent of the temperature. It seems that low-temperature and low-grade
matte operation can reduce the copper solubility in the smelting slag. Figures 4 and
5 also show that the FactSage predictions are much higher than the experimentally
determined results. Less sensitivity of the copper solubility to the temperature is not
predicted by the FactSage.

Effect of Calcium Oxide on Dissolved Copper in Smelting Slag

Experiments were performed at 1300 °C with the fixed matte grade 60 wt% Cu and
iron to silicaratios 1.2 and 1.6. FactSage calculations were conducted under the same
conditions.
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Fig. 6 Effect of CaO on dissolved copper in slag at 1300 °C

It can be seen from Fig. 6 that the dissolved copper in slag slightly decreases with
increasing CaO concentration in the slag. However, the addition of CaO will increase
the material cost, liquidus temperature of the slag and slag volume. It is usually not
practical to use CaO as a flux in the copper smelting process. Again the figure shows
a significant difference between the experimental results and FactSage predictions
although they have the same trend.

In conclusion, the dissolved copper in slag increases with increasing Fe/SiO; ratio,
matte grade, and temperature but slightly decreases with increasing CaO concentra-
tion in the slag. Use of low-grade copper concentrate can control the temperature and
produce low-grade matte with low copper loss in the slag. However, productivity of
the smelting furnace and requirement of the converting furnace need to be taken into
account. Mechanically entrained matte droplets also need to be controlled together
with the chemically dissolved copper. Optimised Fe/SiO, ratio, matte grade, and
temperature are different in different smelters. The results were based on the flash
smelting slag but they can also be applied to other smelting furnaces.

Conclusions

This research explored the effects of different parameters used in copper smelter on
the dissolved copper in the flash smelting slag. The parameters include matte grade,
temperature, and slag composition. FactSage calculations were also compared to the
experimental results.

The experimental results indicated that a lower temperature can reduce the
dissolved copper in the slag. However, lower operating temperatures will increase
the viscosity of the slag which may increase the matte droplet in the slag. Iron to
silica ratio can increase the dissolved copper in the slag. The addition of more silica
can reduce the dissolved copper in the slag but will increase the viscosity of the slag.
The copper solubility in the slag increases with increasing the matte grade. The matte
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grade produced in the smelting furnace also needs to consider the requirement of the
converting furnace and overall productivity.

The FactSage predictions show the same trends as the experimental results.
However, the calculated data are generally higher than the experimental results. The
reasons could be the different conditions used in the calculations and experiments.
The FactSage databases also need to be further optimised.
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