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Abstract
The amount of copper flash smelting slag has increased during the recent years along with an increasing slag-to-metal ratio.
During slag tapping, some copper sulfide is mechanically entrained. As a result, it is necessary to recover copper matte from the
slag by suitable methods. At present, the most common way is slow, controlled cooling in a transfer ladle. However, research on
the detailed effects of slow cooling and the function of slag modification is rare. This paper described experiments that were
performed at different cooling rates (0.5, 1.5, 3, and 7 °C/min), with and without additive. A detailed characterization of the
copper-rich phase and its particle size was subsequently made using SEM-EDSmicrographs and image analysis software. With a
decrease in cooling rate, the particle size of the copper-rich matte phase became larger. The addition of gypsum and carbon as a
slag modifier affected the size of the copper-rich phase slightly, and its chemical composition was modified compared with the
experiments without additive.

Keywords Slag cleaning . Ladle cooling . Coppermatte . Image analysis

1 Introduction

Flash smelting technology has been widely applied in the
smelting of copper sulfide concentrate because of its numerous
merits, such as environmental friendliness, for example high
SO2 fixing, and its low demand for external fossil fuels [1].
However, some copper matte is dispersed mechanically and
entrained during slag tapping, and some copper dissolves in
molten slag as cuprous oxide, resulting in a waste of resources
[2]. It has been estimated that 2.2–3.0 metric tons of slag is
produced for each ton of metal [3]; about 46 million tons of slag

are produced annually in the copper industry [4]. Although the
concentration of copper in the discarded slag is not large, typi-
cally about 0.8–1 wt%, the total amount contained in slags is
significant [5, 6]. As a result, it is necessary to recover the copper
in the slags by suitable methods in a separate slag cleaning step.

In the past few years, methods like flotation [7, 8], leaching
[9, 10], and bioleaching [11] have been proposed. Milling and
froth flotation methods are quite common when dealing with
slow-cooled slags. Before flotation, the slag needs to be cooled
in a controlled manner. There are multiple options for this, such
as natural cooling, casting mill cooling, water quenching, and
slow cooling in a ladle [12]. At present, the most popular meth-
od for cooling slag is slow cooling in a ladle, with typically 24 h
cooling freely in air and 48 h cooling under water sprays [13].

This kind of recovery research has attracted some interest
in the literature. Subramanian and Themelis [14] studied cop-
per recovery by flotation and revealed the forms of copper in
slags and the effect of the cooling rate. They measured the size
distributions of copper particles in the Noranda process as a
function of cooling rate. Jalkanen et al. [2] discussed the phe-
nomena in copper slag solidification and plotted the particle
size distribution of copper as well as copper matte particles in
slowly cooled FSF (flash smelting furnace) and PS converter
(Peirce-Smith) slags. Zhai et al. [15] studied the effects of the
holding and cooling time on the crystallization and perfor-
mance of copper slag, finding that it was possible to obtain a
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higher-grade copper slag concentrate at a cooling rate of
2 °C/min, and that a proper holding time was favorable for
increasing the (molten) copper-containing phase. In order to
achieve safe production and to optimize beneficiation, Li [16]
established a slag ladle cooling system by testing the copper
grade, the number of red dots (the middle of the copper slag is
still liquid state), and the amount of solid bulk obtained by
different slag types at various cooling rates. Wang [17] exper-
imentally studied the influence of the cooling method and
slow cooling on the copper grade and recovery in slag bene-
ficiation, optimized the structure of the slag ladle, and de-
signed an automatic monitoring system for measuring the sur-
face temperature of the slag ladle. Mihajlović et al. [13] used
COMSOL Multiphysics software for simulating the process
of non-stationary slag cooling and experimentally tested the
properties of slow-cooling slags. They verified that, under
slow-cooling conditions, the generation of larger copper and
copper sulfide particles was promoted, and thereby the parti-
cles could be better collected in the subsequent flotation to
reduce copper losses in the waste slag.

In addition to testing the cooling time and controlling the
cooling rate, some researchers have even considered using
slag modification to increase copper recovery. Wang [18]
studied the role of an additive, which was mainly waste bio-
diesel, in regulating the viscosity of the slag. Guo et al. [19]
improved the beneficiation of copper and iron by modifying
the viscosity of a molten copper slag. Huang [20] found that it
was beneficial for copper recovery to maintain a cooling rate
of less than 3 °C/min in a temperature range of 1000 °C to
1250 °C, in order to obtain a higher copper grade in slag
beneficiation. Apart from the recovery of copper from copper
slag, Yuki et al. [21] studied the recovery of magnetite from
copper slag by slow cooling, finding that slow cooling and an
oxidizing atmosphere, while holding the temperature con-
stant, promoted the formation and crystal growth ofmagnetite.

However, few specific research studies on the effects of
cooling rates on the particle size of copper or copper sulfide
have been reported in the literature. The impact of slag modifi-
cation by an additive, such as a gypsum-carbon mixture, is also
unknown. As a result, a series of experiments was conducted on
the particle size distribution of a copper-rich matte phase at
different cooling rates, in order to better conduct the froth flota-
tion process and to recover copper from slag with a higher yield.

2 Materials and Methods

2.1 Materials

2.1.1 Copper Slag

The copper slag for this research was obtained from an indus-
trial copper flash smelting process. The color of the slag was

black, and it was dried and ground into fine powder prior to
the experiments. For each experiment, the initial slag mass
was 13 g.

As shown in Table 1 (the elements below 0.1 wt% have
been removed), the main chemical components in the slag
were SiO2 and iron oxides, containing 31.7 wt% SiO2,
37.9 wt% total Fe, and 12 wt% Fe3O4. The total concentration
of copper was 1.2 wt%. The notations in Table 1 refer to the
analytical method used for each substance.

The existing phases in the copper slag were also character-
ized by X-ray diffraction (XRD, PANalytical X’Pert Pro
Powder, Almelo, the Netherlands) using Co Kα radiation at
a scan rate of 2°/min from 15° to 90° (acceleration voltage
40 kV, emission current 30 mA).

Figure 1, showing the X-ray diffraction pattern of copper
slag, reveals the main crystalline phases in the slag, i.e.,
fayalite (2FeO·SiO2) and magnetite (Fe3O4). No copper
phases were detected, mainly because of their small fraction
in the slag and the resolution of X-ray diffraction (percentage
of a phase should be over 5%, otherwise it cannot be detected),
but according to the ICP results, the slag is a typical flash
smelting slag.

2.1.2 Modifying Additives

The additive used for modifying the slag was a mixture of
gypsum anhydrate and carbon (as metallurgical coke with a
Cfix of 88%). Gypsum is a cost-effective and “green” source
for lime since it is a common by-product and waste from
various industrial processes in the chemical and power indus-
tries. If it can be used to improve copper recovery, it would be
beneficial for general resource efficiency. During modifica-
tion, the following chemical Reaction (1) was expected to
occur at the slag cleaning temperatures [22]:

Table 1 Chemical composition of the copper slag (wt%)

Substance Concentration

Na* 0.4

Mg* 1.2

Al* 2.3

K* 0.9

Ca* 0.8

Fe(tot)* 37.9

Cu* 1.2

Zn* 1.8

S(tot) with S/C** 0.4

SiO2*** 31.7

Satmagan**** (Fe3O4) 12

*Inductively coupled plasma spectrometry; **combustion method;
***colorimetry; ****magnetic balance for measuring Fe3O4 concentra-
tions in iron silicate slags and iron concentrates

1594 Mining, Metallurgy & Exploration (2020) 37:1593–1601



2CaSO4 sð Þ þ 3C sð Þ ¼ 2CaO sð Þ þ S2 gð Þ
þ 3CO2 gð Þ ΔGΘ kJ=molð Þ

¼ 320:38−0:66T °Cð Þ ð1Þ

ΔGΘ of Reaction (1) at 1300 °C is − 537.62 kJ/mol, which
means Reaction (1) proceeds spontaneously to produce pure
CO2 and S2(g). The ΔGΘ data were fitted from the HSC
Chemistry [23] database.

For the experiment with additive, the target calcium oxide
content in the slag was set to 1 wt% of the slag. As a result, the
mass of lime needed was 0.13 g. According to Reaction (1),
the weight of anhydrous calcium sulfate and carbon required
was 0.316 g and 0.055 g, respectively. Before being added to
the slag, gypsum (pro analysis grade, Riedel de Haën) was
treated in an oven at 110 °C in air for 20 h, in order to remove
its crystal water and thereby obtain calcium sulfate anhydrate.

2.2 Apparatus

The experimental apparatus used in this research is shown in
Fig. 2 a. It comprised a vertical tube furnace (LTF 16/-/450;
Lenton, Nottingham, UK) and a Eurotherm PID temperature
controller (Eurotherm, Ashburn, VA, USA). The vertical fur-
nace was equipped with four (4) silicon carbide (SiC) heating
elements. The working tube was made of impervious pure
alumina (AL 23; Friatec AG, Germany) with dimensions of
45/38mmOD/ID. On top of the furnace, a furnace headwith a
water-cooling system included an inlet for an S-type Pt/Pt-
10Rh thermocouple (Johnson–Matthey Noble Metals,
London, UK), inside a protective alumina sheath. Its
thermovoltage was measured with a Keithley 2000 DMM
multimeter (Keithley, Solon, OH, USA). A Pt100 resistant
thermometer (SKS Group, Vantaa, Finland) was connected
to the Keithley 2010 DMM multimeter to perform the cold-

junction compensation. The temperature data were logged
with LabVIEW software (National Instruments, Austin, TX,
USA). A detail of the magnesium oxide crucible (25/30 mm
OD/H; Tateho Ozark Technical Ceramics, Webb City, Mo,
USA) is shown on the right of Fig. 2 a. The crucible was used
to hold the slag sample in the hot zone of the furnace with an
alumina rod inserted through the water-cooled bottom of the
furnace.

2.3 Experimental Conditions and Procedures

Before the experiments, the slag sample was weighed in a
crucible. Then the temperature of the furnace hot zone was
set to 1300 °C. After that, the valve of the N2 (99.999 vol%;
AGA-Linde, Finland) line was opened to flush the working
tube so that the atmosphere of the furnace was nitrogen during
slag melting, homogenization, and cooling. Inserting the sam-
ple into the hot zone of the furnace was slow (20 min) because
of the fragility of alumina and magnesia against thermal
shocks. When the sample reached the hot zone, the holding
time for the slag was 120 min to ensure that the slag would be
molten and fully homogeneous when the cooling was started.

After the holding time, the program for controlling the
cooling rate was switched on. Altogether, four cooling rates
were studied (0.5 °C/min, 1.5 °C/min, 3 °C/min, and
7 °C/min) in a temperature interval from 1300 to 1000 °C. A
schematic of the homogenization and cooling process is
shown in Fig. 2 b. When the temperature reached 1000 °C,
the crucible with the slag was removed from the furnace hot
zone within a 15-min period in flowing N2, and then it was
cooled in air to ambient temperature.

The cooled samples were first cut into four (4) pieces in
the vertical direction and then cast in an epoxy resin. These
pieces were ground and polished by traditional metallo-
graphic techniques. A carbon coating (Leica EM SCD050,
Leica Microsystems, Wetzlar, Germany) was used after
polishing to ensure sufficient conductivity. A Tescan
MIRA 3 Scanning Electron Microscope (SEM; Tescan,
Brno, Czech Republic) equipped with an UltraDry Silicon
Drift Energy Dispersive X-ray spectrometer (EDS; Thermo
Fisher Scientific, Waltham, MA, USA) and NSS microanal-
ysis software were utilized to analyze the coated samples.
The following parameters were used: accelerating voltage
of 15 kV, beam current of 10.9 nA, and working distance
of 20 mm. The external standards used for EDS analyses
were metallic Al (for Al, Kα), metallic As (for As, Lα),
metallic Bi (for Bi, Mα), calcite (for Ca, Kα), metallic Co
(for Co, Kα), metallic Cr (for Cr, Kα), metallic Cu (for Cu,
Kα), hematite (for Fe, Kα), sanidine (for K, Kα), metallic
Mg (for Mg, Kα), tugtupite (for Na, Kα), metallic Ni (for Ni,
Kα), quartz (for O, Kα), metallic Pb (for Pb, Mα), marcasite
(for S, Kα), metallic Sb (for Sb, Lα), quartz (for Si, Kα), and
metallic Zn (for Zn, Kα). For each phase, at least 10 points

Fig. 1 X-ray diffraction pattern of the copper slag used
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were randomly selected to ensure the homogeneity of the
sample and accuracy of the averages. The Proza (Phi-Rho-
Z) matrix correction procedure was employed for raw data
processing before normalizing the EDS results. EDS quanti-
fication in the Phi-Rho-Z mode is an elemental quantifica-
tion method based on the matrix correction with the depth
distribution function (Phi), mass density (Rho), and mean
atomic number (Z). Modern Phi-Rho-Z methods include
fluorescence correction.

For each sample, around 100 micrographs were captured
by SEM using a magnification of × 200. In order to obtain the
particle sizes of the copper-rich phase, Image-Pro Plus (vers.
6.0) software was used. Image-Pro Plus (Media Cybernetics
Corporation, USA) is image analysis software capable of tak-
ing information from a picture and processing it by a variety of
methods into numerical data.

Figure 2 c shows how the software was adjusted to identify
the phase(s) of interest: the one on the left is an SEM electron
image, and the one on the right is its binary image for the
copper-rich phase, after which the software was able to calcu-
late the area fraction and diameter of the identified phases by
pixel. The data can be exported for further analysis of the
phase morphology. Since the shapes of many copper and
matte droplets were not regular spheres or polygons, the

definition of mean diameter Dmean used in the study included
measurements of the diameter di at intervals of 2°, passing
through the object centroid, as given in Eq. (2).

Dmean ¼ d1 þ d2 þ……þ d181ð Þ=181 ð2Þ

3 Results and Discussion

3.1 The Form of the Copper-Rich Phase in the Cooling
Results

Figure 3 shows the process used for analyzing one polished
cross-section in the vertical direction in the crucible. The first
picture reveals a macro view of the polished cross-section,
while the second micrograph shows an overall view of it at
low magnification, where the dark gray area (a) is the crucible
wall, the light gray part (b) represents the copper slag, and the
black section (c) is the epoxy resin.

The last micrograph on the right in Fig. 3 shows the four
typical phases in the slag using four different shades.
According to the EDS results shown in Table 2 (elements
below 0.1 mol% were removed), area 1 shown in medium

Fig. 2 a Schematic of the
experimental furnace and a detail
of the crucible. b Schematic of the
homogenization and cooling
processes in this research. c
Principle of Image-Pro software
for obtaining the phase dimen-
sions and shapes
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gray belongs to crystalline fayalite 2FeO·SiO2 with the ele-
ment ratio of (Fe +Mg) to Si equal to 2:1 (mol/mol), and area
2 with a dark gray color is the glassy intergranular phase with
an Fe to Si atom ratio of 1:2. The brightest phase 3 is copper-
rich sulfide matte, with a Cu to S atom ratio equal to approx-
imately 2:1. Last, the gray part 4 belongs to magnetite Fe3O4.
As a result, attention in this study was paid to the brightest
phase (the copper matte-copper phase fields), especially re-
garding the development of the size and size distributions of
the phases in different cooling conditions. During the
cooling without additive, the sulfide was formed by physical
separation when its solubility product was exceeded, and by
growth of the droplets. Some metallic copper was also
formed in the final solidification when magnetite was formed
[2, 14].

Figure 4 compares the copper-rich phases after experi-
ments at different cooling rates and slags with and without
the slag-modifying gypsum + coke additive. As can be seen,
there are four phases in each micrograph. Each phase has been
checked by EDS as described above, finding that only the
bright phases are rich in copper. The detailed results for the
bright phase areas can be found in Table 3.

As shown in Table 3, the compositions were quite similar
for all the bright phases (1–4) in the samples without additive
at different cooling rates, and the main elements were Cu and
S, with average fractions of 67 mol% and 23 mol%, respec-
tively. However, for the bright phases in the modified sample
with added gypsum and carbon (#5), the main elements were

Cu, Fe, and S. This means that in slag modification, the iron
dissolved into copper sulfide or the sulfide composition was
closer to that of the tapped matte. There were no other differ-
ences in the copper-rich phases between the slag without ad-
ditive and the slag with additive.

3.2 Effect of the Cooling Rate on the Copper/Copper
Matte Particle Size

As clearly shown in the line chart of Fig. 5 a, with an increase
in the cooling rate from 0.5 to 7 °C/min, the percentage of
small matte size fractions shows a sharp rise, whereas the low
cooling rate demonstrates a lower rise and a larger average
diameter. For example, at a cooling rate of 0.5 °C/min, the
fraction of the matte droplets lower than 5 μm in diameter is
55%, which is in sharp contrast with the percentage of approx.
72% at a cooling rate of 7 °C/min. Again, at the cooling rate of
7 °C/min, the fraction of matte particles with a diameter of
lower than 15μm is nearly 100%, which means that almost all
the particles were smaller than 15 μm, whereas at a cooling
rate of 0.5 °C/min, particles smaller than 15 μm account for
about 90%.

According to the bar chart in Fig. 5 a, a similar conclusion
can be made based on the matte droplet sizes. The matte par-
ticle diameters were divided into the following size classes:
1~2μm, 2~3 μm, 3~4μm, 4~5μm, 5~10μm, 10~20 μm, and
20~50 μm. Matte particles with a diameter over 50 μm were
rare and, therefore, omitted from the analysis. For the first

Fig. 3 Typical analysis process of the polished copper slag cross sections: (a) macrograph of the sectioned crucible, (b) vertical cross-section of the
crucible, and (c) microstructure of the slag

Table 2 EDS results of the typical phase areas in Fig. 3(c) (mol%)

Area O Na Mg Al Si S K Ca Fe Co Ni Cu Zn As Pb Bi

1 54.6 0 2.1 0.1 14.6 0.04 0 0.1 27.4 0.3 0 0 0.7 0.03 0 0

2 58.9 1.2 0.3 5.1 21.2 0.1 1.2 2.03 9.2 0.1 0 0.01 0.7 0.1 0 0.02

3 0 0 0 0 0 29.7 0.03 0.01 4.8 0 0.2 64.1 0 0 0.7 0.5

4 25.1 0 0.12 2.4 0.3 0.1 0 0.02 69.39 0.88 0 0 1.6 0 0 0
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three size groups, with the decrease in cooling rate, their per-
centages decreased systematically, while for the last three size
groups, the opposite trend was revealed. This clearly con-
firmed that larger copper matte/copper particles were generat-
ed at low slag cooling rates.

In Fig. 5 b, a plot was obtained from the present image
analysis data with the slag cooling rate and copper matte/
copper droplet diameter as abscissa and ordinate, respectively.
The solid line shows the average matte droplet size as a func-
tion of cooling rate and the dotted line depicts the maximum
droplet size observed at each cooling rate. From the line show-
ing the average droplet size, it is clear that, with a decrease in
cooling rate, the average diameter of the copper/matte phase
became larger (3.6μm to 5.8 μm). In addition, at cooling rates
lower than 3 °C/min, the diameter grew dramatically with the
reduction of the cooling rate (4 μm to 5.8 μm). When the
cooling rate was higher than 3 °C/min, the rate of growth
was smaller (4 μm to 3.6 μm). For the line describing the

maximum droplet diameter, except for the cooling rate of
1.5 °C/min, the diameter was the largest (175 μm) at the
slowest cooling rates. The overall trend that an increase in
the cooling rate will lead to a smaller particle size was similar.

To sum up, a decrease in the slag cooling rate extends the
time for the copper and matte droplets to grow and settle
before the final solidification of the silicate slag matrix. This
temperature range (1000 °C–1300 °C) should be controlled
carefully for better recovery of copper in the subsequent mill-
ing and flotation steps. In addition, based on the current ob-
servations, it can be concluded that when the cooling rate was
less than 3 °C/min, the effect of cooling control was more
evident.

3.3 Effect of Additive on the Particle Size

As mentioned before, the tested amount of additive in the slag
modification was small, just 1 wt% CaO of the total slag
weight. According to Fig. 6, the effect of additive was not
significant in terms of the matte droplet size. Although the
impact was small, the simultaneous addition of gypsum and
carbon in fact systematically increased the size of the copper-
rich phase. In the copper/matte droplet size classes smaller
than 12 μm, the percentage in the modified slag was slightly
smaller, whereas in the size classes larger than 12 μm, the
matte size fractions in the modified slags were larger. The
results are summarized in Fig. 6.

Fig. 4 A comparison of the morphologies of the copper-rich phases in different conditions. The EDS analyses of the labeled phases are given in Table 3

Table 3 EDS results of several areas in different conditions (mol%)

Area Mg Al S K Ca Fe Ni Cu As Sb Pb Bi

1 3.5 0 25.3 0.02 0.1 3.1 0.1 65.5 1.0 0.1 1.0 0.3

2 1.2 0 27.6 0 0.04 5.0 0.2 64.3 0 0.1 1.1 0.3

3 0 0 18.0 1.2 1.2 2.7 0.1 69.2 5.6 0.7 1.2 0.1

4 0 0 21.0 1.5 0.8 5.6 0.2 68.9 0 0.2 1.3 0.5

5 0 0.7 22.3 1.3 0.2 15.4 1.0 57.0 0 0.1 1.4 0.6
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The bar chart in Fig. 6 shows a similar trend to that for
different cooling rates, i.e., the normal slag accounts for a
larger proportion in the small droplet size (1 μm ≤ D ≤
3 μm), and the sample with modified slag induced slightly
larger matte fractions in the larger diameter classes where
the copper/matte droplet diameter was between 3 and
20 μm. The effect was, however, significant in the mass of
copper present in the large droplet fractions. However, the
small number of very large droplets, 20–50 μm, may have
distorted the results shown in Fig. 6.

By using the additive, the oxygen partial pressure of the
system was reduced and the sulfur potential of the system was
increased because of the formation of sulfur vapor in Reaction
(1). The main oxide phase in the initial slag was magnetite and
the SEM micrographs indicated that Fe3O4 was reduced to
FeO and magnetite was no longer present in the solidified
slag. This may have reduced the viscosity of the slag and thus
promoted the separation of matte and slag. Reaction (1) pro-
duces gaseous CO2 and the bubbles that stir the slag and it is
thus possible to promote clustering of the fine matte and

Fig. 5 a Effect of cooling rate on the cumulative particle size distribution and on the fractions of different size classes. b Change in the matte/copper
droplet diameter with the slag cooling rate

Fig. 6 Comparison of particle sizes after cooling at 1.5 °C/min with and without modification
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copper droplets, increasing their particle size, which improves
settling and ultimately reduces the amount of copper dispersed
in the discard slag. However, more evidence needs to be col-
lected by means of further experiments over a wider range of
operational conditions before firm conclusions can be made
about the feasibility of slag modification using waste gypsum
and, for example, biocoke reductant.

4 Conclusions

An investigation was made of the effects of the cooling rate
and slag modification by simultaneous additions of gypsum
and carbon on copper and copper matte particle sizes in an
industrial copper matte smelting slag. The development of the
copper-rich phase was quantified using image analysis. The
following conclusions were made based on the statistical treat-
ment of a large number of SEM micrographs and the EDS
phase composition data:

(1) The decrease in cooling rate in a temperature range from
1300 to 1000 °C increased the average size of the
copper-rich droplets in the slag, which is beneficial for
the recovery of copper in the subsequent slag cleaning by
flotation. Therefore, in industrial operations, it is benefi-
cial to cool the slag at a low rate before final solidifica-
tion of the iron silicate slag at about 1150 °C.

(2) The effect of slag modification on the copper-rich phase
was evident even on a level of 1 wt% CaO addition. For
slags without modification, the copper/matte phase
mainly consisted of copper and sulfur, whereas in the
modified slag, the copper-rich phase also contained a
significant fraction of iron. A certain proportion of iron
from the slag was dissolved in the matte.

(3) With the simultaneous addition of gypsum and carbon to
the slag, the copper/matte droplet size increased slightly
in all size classes. Since the proportion of additive was
relatively small, more experimental data need to be col-
lected before making firm conclusions about the feasibil-
ity of this new technique.
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