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Investigation on the Matte/Slag/Spinel/Gas Equilibria in the Cu-Fe-O-S-SiO2-(CaO, 
Al2O3) system at 1250 °C and pSO2 of 0.25 atm
Min Chen a, Katri Avarmaa a,b, Pekka Taskinen a, Radoslaw Michallikc and Ari Jokilaakso a

aDepartment of Chemical and Metallurgical Engineering, School of Chemical Engineering, Aalto University, Aalto, Finland; bDepartment of Mechanical 
and Product Design Engineering, Swinburne University of Technology, Melbourne, Victoria, Australia; cGeological Survey of Finland, Espoo, Finland

ABSTRACT
The equilibrium-phase relations between copper mattes and spinel-saturated iron silicate slags were 
investigated at 1250°C and pSO2 of 0.25 atm. The experiments were conducted in synthesized spinel 
crucibles (Fe3O4) in controlled CO-CO2-SO2-Ar gas mixtures using a high-temperature isothermal equili
bration/quenching technique. The equilibrium-phase compositions were characterized using an electron 
probe X-ray microanalyzer. The compositions of matte and slag were displayed as a function of matte 
grade or oxygen partial pressure. The present results obtained at spinel saturation in the matte-slag 
equilibrium system were compared with observations in the literature. This study improves the experi
mental thermodynamic data on the matte-slag-spinel-gas equilibria systems.

KEYWORDS 
Phase equilibria; copper 
smelting; spinel; slag 
chemistry; thermodynamics

1. Introduction

The Cu-Fe-S-O-SiO2-(CaO-MgO-Al2O3) system plays an 
essential role in the pyrometallurgical processing of copper 
sulfide ores forming the basis of the fayalite slags and the iron 
sulfide-based mattes (Djordjevic et al. 2014; Li and Rankin 
1994; Nikolic, Hayes and Jak 2009). Accurate information of 
this system in the matte-slag-gas phase equilibria provides 
guidance to improve the industrial operation and performance 
of the copper smelters, as well as to develop the databases used 
by different simulation and computational modeling programs.

Much work has been done for the matte-slag-gas equilibria 
at silica saturation; however, only limited data exist for the 
systems at iron spinel saturation, mainly due to the difficulties 
of conducting experiments with the aggressive slags formed 
during the annealing and when aiming to achieve an appro
priate quenching. The iron spinel is a common phase formed 
in the copper smelting processes (Chen et al. 2015; Hidayat 
et al. 2020; Shishin et al. 2016; Sun et al. 2020f; Wan et al. 2021; 
Wang et al. 2019); therefore, to deepen our understanding of 
the copper matte smelting processes, it is important to deter
mine the phase relations of the spinel saturated matte-slag-gas 
equilibrium systems.

Hidayat et al. (2016, 2018, 2020) investigated the matte/slag/ 
spinel/gas equilibria in the Cu-Fe-Si-S-O system at 1200–1250°C 
and pSO2 of 0.25 atm. It was reported that the concentration of 
sulfur, “FeO,” and copper in slag increased with increasing tem
perature at a given matte grade. Chen et al. (2019) and Sun et al. 
(2020a, 2020b) studied the effects of MgO and CaO on the matte/ 
slag/spinel/gas equilibria in the Cu-Fe-Si-S-O system at pSO2 of 
0.3 and 0.6 atm with fixed matte grade of 72 wt% Cu and in 
temperature range of 1180–1250°C. It was indicated that the 
presence of MgO and CaO has a similar increasing impact on 

the liquidus temperature of the iron silicate slags at a fixed SO2 
partial pressure. However, MgO exhibited a stronger impact than 
CaO at 1250°C. Moreover, they (Sun et al. 2020c, 2020d, 2020e, 
2020f, 2020g) also equilibrated blister copper/white metal and 
spinel saturated FeOx-SiO2/FeOx-SiO2-CaO slags under condi
tions of pSO2 = 0.4 atm, pO2 = 10−6 to 10−5 atm, and T = 1250– 
1300°C, related to the blister copper making and copper convert
ing processes. Sineva et al. (2020), Sineva et al. (2021a)) deter
mined the effects of SO2 partial pressure, and concentrations of 
Al2O3, CaO, and MgO on the matte/slag/spinel/gas equilibria at 
1200°C. They found the dissolved copper in slags decreased with 
increasing pSO2 at a constant matte grade. The concentrations of 
iron, sulfur, and chemically dissolved copper in slags decreased 
with increasing Al2O3, MgO, and CaO concentrations. A detailed 
literature review on the available studies for matte-slag-gas equili
bria at silica/MgO saturation can be found in our previous studies 
(Chen et al. 2020a, 2020b).

In summary, the matte/slag/spinel/gas equilibria have not been 
studied extensively and the effects of Al2O3 and CaO on this 
equilibrium system have not been investigated in copper matte 
smelting conditions. Therefore, this study investigated the phase 
equilibrium relations between copper mattes and iron spinel- 
saturated iron silicate slags (FeOx-SiO2, FeOx-SiO2-Al2O3, and 
FeOx-SiO2-CaO) at 1250°C and pSO2 of 0.25 atm. The results 
presented enrich the experimental thermodynamic data for the 
matte-slag-spinel-gas equilibrium system and subsequently pro
vide insights for improving the copper smelting processes.

2. Experimental

High purity powders of Cu2S (Alfa Aesar, −200 mesh, 99.5 wt%) 
and FeS (Alfa Aesar, −100 mesh, 99.9 wt%) were used to synthe
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size the copper matte mixtures. The slag mixtures were prepared 
using Fe2O3 (Alfa Aesar, 99.998 wt%), SiO2 (Alfa Aesar, −40 
mesh, 99.995 wt%), Al2O3 (Sigma-Aldrich, 99.99 wt%), and CaO 
(Sigma-Aldrich, 99.90 wt%) with initial slag compositions of Fe2 
O3/SiO2 = 80/20, Fe2O3/SiO2/Al2O3 = 62/28/10, and Fe2O3/SiO2 
/CaO = 62/28/10, respectively. Additionally, trace metals of Ag, 
Ni, Co, and Sn were included in the system, but their distribu
tion behaviors will be disclosed in a subsequent paper. 
Approximately 0.2 g of copper matte mixture and equal amount 
of slag mixture were pressed into a pellet using a hydraulic press 
for each experiment. Gas mixtures of CO (99.99 vol%), CO2 
(99.999 vol%), SO2 (99.99 vol%) and Ar (99.999 vol%), all from 
Linde-AGA Finland, were used to control the gas atmosphere in 
the reaction tube. DFC26 digital mass-flow controllers (Aalborg, 
USA) were used to regulate the flow rates of all gases. The partial 
pressures of O2 and S2 for different target matte grades were 
calculated using MTDATA thermodynamic software (Davies 
et al. 2002; Gisby et al. 2017) with its SGTE pure substance 
database, shown in Table 1. All sample pellets were equili
brated at high temperature in iron spinel (Fe3O4) crucibles 
that were prepared by oxidizing the folded iron foil (thickness 
0.25 mm, 99.5 wt%, Sigma Aldrich & Merck) at 1200°C and 
pO2 of 10−8 atm for 4 h. To verify the oxidized iron foil 
composition, one crucible prepared was crushed into powders 
and analyzed by X-ray diffraction (XRD, PANalytical X’Pert 
Powder XRD (alpha-1), The Netherlands) using Cu Kα radia
tion (40 kV, 40 mA). The XRD pattern of the synthesized 
spinel crucible, shown in Figure 1, indicates that metallic iron 
was fully oxidized to Fe3O4.

The high-temperature isothermal equilibration experiments 
were carried out in a vertical alumina tube furnace (Lenton 
PTF 15/45/450, UK) employing SiC heating elements (Kanthal, 
UK). The temperature of the sample was monitored with 
a calibrated S-type, Pt/90 wt% Pt-10 wt% Rh thermocouple 
(Johnson-Matthey Noble Metals, UK) (Avarmaa et al. 2018b). 
The experiments followed the routine of high-temperature 
isothermal equilibration in controlled gas atmosphere, rapid 
quenching in ice-water mixture, and the phase characterization 
by EPMA (electron probe microanalyzer). Detailed experimen
tal procedures utilized in this study are reported in previous 
publications (Avarmaa, Johto and Taskinen 2016; Avarmaa 
et al. 2022; Chen et al. 2021a, 2021b; Sukhomlinov et al. 
2019b, 2020).

To determine the time needed to reach the equilibrium, time- 
series experiments were conducted by annealing matte and FeOx 
-SiO2 slag at 1250°C, pSO2 = 0.25 atm, pO2 = 10−7.75 atm, and 
pS2 = 10−2.91 atm for 2, 4, and 6 hours. The equilibration time 
was determined based on the stabilization of the concentrations 

of Cu, Fe, and S in matte as well as the concentrations of Cu, 
“FeO,” and SiO2 in the slag measured by EDS. The results are 
presented in Figure 2 and it can be seen that the sample reached 
equilibrium in 4 hours; therefore, all samples were equilibrated 
under the experimental conditions for 4 hours.

The quenched samples were dried and mounted in epoxy 
resin. The samples were then ground and polished using a wet 
metallographic method. The polished cross sections were 
coated by carbon using a carbon vacuum evaporator (JEOL 
IB-29510VET). The microstructures and the major composi
tions of samples were pre-examined by a scanning electron 
microscope (SEM, Tescan MIRA 3, Brno, Czech Republic) 
equipped with an UltraDry Silicon Drift Energy Dispersive 
X-ray Spectrometer (EDS, Thermo Fisher Scientific, 
Waltham, MA, USA).

The chemical compositions of matte, slag, and spinel phases 
were characterized with a Cameca SX100 Electron Microprobe 
(Cameca SAS, Genevilliers, France) using the Wavelength 
Dispersive Spectrometers (WDS). The EPMA analysis was 
carried out at an acceleration voltage of 20 kV, beam current 
of 60 nA, and a probe diameter of 20 µm. The PAP on-line 
correction procedure (Pouchou and Pichoir 1986) fitted with 
the EPMA was applied for raw data processing. Standard 
materials of obsidian for O Kα, quartz (SiO2) for Si Kα, metal 
Cu for Cu Kα, almandine (Fe3Al2(SiO4)3) for Al Kα, diopside 
(MgCaSi2O6) for Ca Kα, and chalcopyrite (CuFeS2) for Fe Kα 
and S Kα were used for calibrating the results. Table 2 shows 
the composition of obsidian used in EPMA analyses. 
Compared with hematite, using obsidian for oxygen measure
ment yields a better matrix correction for the light element 
oxygen due to the nature of the slags being glassy as well as the 
average electron density of both materials (slag and standard). 
At least 24 individual points were selected from the well- 
quenched areas of each phase, i.e. the matte, slag, and spinel 
phases, for calculating the average concentrations and their 
standard deviations.

Table 1. The calculated gas flow rates for different target pO2 and pS2 at 1250°C 
and pSO2 of 0.25 atm.

Log[pO2, atm] Log[pS2, atm]

Gas flow rates (mL/min)

SO2 CO CO2 Ar

−7.50 −3.41 100.0 4.8 98.6 200.0
−7.62 −3.17 100.0 5.9 96.8 200.0
−7.75 −2.91 100.0 7.5 94.1 200.0
−7.84 −2.73 100.0 9.0 91.0 200.0
−7.90 −2.62 100.0 10.5 91.5 200.0

Figure 1. XRD pattern of the oxidized iron foil used as the primary phase, crucible 
material in the experiments.
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3. Results and discussion

Figure 3 shows the typical microstructures of samples obtained 
at different conditions. The matte/slag/spinel/gas equilibria 
were confirmed in all samples. The amount of discrete spinel 
crystals in slags decreased with decreasing the prevailing oxy
gen partial pressure. Copper matte is difficult to be quenched 
into fully homogenized phase (Hidayat et al. 2018), and also in 
this study, copper-rich veins were found in the matte phase due 
to insufficient quenching rate. More copper-rich veins were 
observed in mattes with lower matte grades. The compositions 
of matte and liquid slag with standard deviations (± 1σ) mea
sured by EPMA are shown in Table 3.

3.1 Matte composition

Figure 4 shows the concentrations of copper, iron, sulfur, and 
oxygen in matte as a function of oxygen partial pressure or 
matte grade. Data from literature (Chen et al. 2019; Hidayat 
et al. 2018, 2016, 2020; Sineva et al. 2020, 2021a) were also 
plotted in the figures for comparison.

3.1.1 Copper in matte vs Log10[pO2, atm]
Figure 4(a) and (b) indicates that the concentration of copper in 
matte equilibrated with all types of slags increased with increas
ing prevailing oxygen partial pressure since more iron was 
oxidized to the slag phase. Similar increasing trends were 
observed in the literature (Abdeyazdan et al. 2020a, 2020b; 
Chen et al. 2019; Fallah-Mehrjardi, Hayes and Jak 2018a; Fallah- 
Mehrjardi et al. 2017a, 2017b, 2018b; Hidayat et al. 2018, 2016, 

2020; Roghani, Takeda and Itagaki 2000; Sineva et al. 2020, 
2021a) and in our previous studies with silica saturation in 
slags (Avarmaa et al. 2015; Chen et al. 2020b, 2020c).

The addition of Al2O3 increased the copper concentration in 
matte at a fixed oxygen partial pressure, whereas the effect of 
CaO on matte grade at a given pO2 was not evident. It has been 
reported previously that CaO has a stronger impact than Al2O3 
on decreasing the activity of FeO in slag (Sukhomlinov et al. 
2019a; Yazawa 1974), leading to a higher copper concentration 
in matte. Sineva et al. (2020) observed only minor effects of Al2 
O3, CaO, and MgO on the copper concentration in matte. The 
present results obtained at 1250°C and pSO2 of 0.25 atm with 
spinel saturation in slags are close to the observations by Hidayat 
et al. (2020) and Chen et al. (2019). The increase of temperature 
and pSO2 increased the copper concentration in matte at a fixed 
oxygen partial pressure, when the present results were compared 
with the data by Hidayat et al. (2016), (2018) and Sineva et al. 
(2020), Sineva et al. (2021a)). Fallah-Mehrjardi et al. (2018b) 
investigated the phase equilibria of matte and silica-saturated 
slag at the same temperature and pSO2 as in the present study. It 
can be observed that the copper concentration in matte equili
brated with silica-saturated slag is higher than that equilibrated 
with spinel saturated slag at the same pO2.

3.1.2 Iron in matte vs matte grade
Figure 4(c) shows that the iron concentration in matte 
decreased from approximately 13 wt% to 2 wt% over the entire 
matte grade range studied, independent of the corresponding 
equilibrated type of slag, similar as reported by Sineva et al. 

Figure 2. Concentrations of Cu, Fe, and S in matte as well as the concentrations of Cu, “FeO,” and SiO2 in slag as a function of equilibration time.

Table 2. Elemental composition of obsidian for oxygen measurement in EPMA analyses.

Element H O F Na Mg Al Si Cl K Ca Ti Mn Fe Sum

Concentration/wt% 0.09 48.63 0.07 3.01 0.04 6.94 34.56 0.36 4.18 0.54 0.06 0.05 1.34 99.87
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(2020). The present results are slightly lower than the data from 
literature (Chen et al. 2019; Fallah-Mehrjardi et al. 2018b; 
Hidayat et al. 2018; Sineva et al. 2020, 2021a) but displayed 
similar decreasing trend as a function of matte grade. In the 
study by Hidayat et al. (2018), (2020), they observed that the 
increase of temperature from 1200°C to 1250°C, at pSO2 of 
0.25 atm had no obvious impact on the iron concentration in 
matte. Additionally, it was found by Chen et al. (2019), 
Roghani, Takeda and Itagaki (2000), and Sineva et al. (2021a) 
that the iron concentration in matte was not affected by the 
prevailing sulfur partial pressure, like our previous observa
tions for silica-saturated system at 1300°C, pSO2 = 0.1–0.5 atm.

3.1.3 Sulfur in matte vs matte grade
Figure 4(d) provides the relationship between sulfur concen
tration in matte and matte grade at 1250°C and pSO2 of 
0.25 atm. It can be found that the present sulfur concentration 

in matte equilibrated with all types of slags investigated 
decreased with increasing matte grade, as reported previously 
(Abdeyazdan et al. 2020a, 2020b; Chen et al. 2019; Fallah- 
Mehrjardi, Hayes and Jak 2018a; Fallah-Mehrjardi et al. 
2017a, 2017b, 2018b; Hidayat et al. 2018, 2016, 2020; 
Roghani, Takeda and Itagaki 2000; Sineva et al. 2020, 2021a, 
2021b). The present results are on the lower side of the data 
from literature (Chen et al.2019; Hidayat et al. 2018; Sineva 
et al. 2020, 2021a), but are still within the range reported 
previously. Similar to the results of iron in matte, the sulfur 
concentration in matte were not sensitive to the temperature 
and prevailing pSO2 of the equilibrium system (Chen et al. 
2018; Hidayat et al. 2018; Sineva et al. 2021a). The results by 
Fallah-Mehrjardi et al. (2018b) obtained at silica-saturation in 
the matte-slag-gas equilibrium system are close to the data by 
Hidayat et al. (2018), (2020) determined at spinel saturation of 
the slag.

Figure 3. Typical microstructures of matte/slag/spinel equilibrium systems obtained at 1250°C and pSO2 of 0.25 atm; (a)-(c): FeOx-SiO2 slag; (d)-(f): FeOx-SiO2-Al2O3 slag; 
(g)-(h): FeOx-SiO2-CaO slag.

316 M. CHEN ET AL.



Ta
bl

e 
3.

 E
xp

er
im

en
ta

lly
 m

ea
su

re
d 

co
m

po
si

tio
ns

 o
f m

at
te

, s
la

g,
 a

nd
 s

pi
ne

l p
ha

se
s 

in
 t

he
 m

at
te

-s
la

g-
sp

in
el

-g
as

 e
qu

ili
br

iu
m

 s
ys

te
m

s 
at

 1
25

0°
C 

an
d 

pS
O

2 
of

 0
.2

5 
at

m
.

Sl
ag

Sa
m

pl
e

Lo
g 1

0[
pO

2, 
at

m
]

M
at

te
 c

om
po

si
tio

n/
w

t%

Ph
as

e

Li
qu

id
 s

la
g 

an
d 

so
lid

 o
xi

de
 c

om
po

si
tio

n/
w

t%

O
Cu

Fe
S

“F
eO

”
Si

O
2

Al
2O

3
Ca

O
Cu

S
Fe

/S
iO

2 
ra

tio
  

of
 s

la
g

Fe
O

x-
Si

O
2

CS
P-

14
−

7.
5

0.
66

 ±
 0

.1
8

75
.2

9 
±

 0
.4

1
1.

89
 ±

 0
.1

9
20

.4
4 

±
 0

.1
2

Sl
ag

74
.3

3 
±

 0
.4

7
23

.0
7 

±
 0

.5
2

-
-

0.
91

 ±
 0

.3
2

0.
24

 ±
 0

.0
9

2.
51

 ±
 0

.0
6

Sp
in

el
99

.2
9 

±
 0

.0
1

0.
62

 ±
 0

.0
1

-
-

-
-

-
CS

P-
39

−
7.

5
0.

73
 ±

 0
.1

4
75

.0
4 

±
 0

.3
3

1.
97

 ±
 0

.1
4

20
.3

1 
±

 0
.2

1
Sl

ag
74

.8
2 

±
 0

.6
7

22
.8

7 
±

 0
.6

0
-

-
1.

06
 ±

 0
.4

2
0.

27
 ±

 0
.1

1
2.

55
 ±

 0
.0

8
Sp

in
el

99
.3

1 
±

 0
.1

9
0.

60
 ±

 0
.0

4
-

-
-

-
-

CS
P-

15
−

7.
62

0.
75

 ±
 0

.2
0

72
.8

0 
±

 0
.4

2
3.

48
 ±

 0
.1

9
21

.0
9 

±
 0

.1
4

Sl
ag

76
.5

7 
±

 0
.6

2
20

.7
1 

±
 0

.4
2

-
-

1.
15

 ±
 0

.4
4

0.
65

 ±
 0

.1
1

2.
88

 ±
 0

.0
7

Sp
in

el
99

.2
9 

±
 0

.0
3

0.
61

 ±
 0

.0
2

-
-

-
-

-
CS

P-
40

−
7.

62
0.

77
 ±

 0
.0

9
73

.0
8 

±
 0

.4
0

3.
41

 ±
 0

.1
0

20
.8

7 
±

 0
.1

4
Sl

ag
76

.6
1 

±
 0

.8
2

20
.7

8 
±

 0
.6

7
-

-
0.

77
 ±

 0
.2

1
0.

60
 ±

 0
.0

9
2.

87
 ±

 0
.1

2
Sp

in
el

99
.3

5 
±

 0
.0

2
0.

60
 ±

 0
.0

2
-

-
-

-
-

CS
P-

16
−

7.
75

0.
89

 ±
 0

.1
0

70
.0

8 
±

 0
.3

1
5.

86
 ±

 0
.1

3
21

.5
7 

±
 0

.1
3

Sl
ag

78
.2

1 
±

 0
.7

0
18

.3
2 

±
 0

.7
2

-
-

1.
15

 ±
 0

.5
5

1.
26

 ±
 0

.1
9

3.
32

 ±
 0

.1
4

Sp
in

el
99

.3
8 

±
 0

.0
2

0.
58

 ±
 0

.0
2

-
-

-
-

-
CS

P-
41

−
7.

75
0.

95
 ±

 0
.3

8
69

.9
9 

±
 0

.7
7

5.
69

 ±
 0

.5
3

21
.4

0 
±

 0
.2

7
Sl

ag
78

.0
9 

±
 0

.6
5

18
.8

9 
±

 0
.5

4
-

-
0.

88
 ±

 0
.1

7
1.

20
 ±

 0
.1

1
3.

22
 ±

 0
.1

1
Sp

in
el

99
.2

7 
±

 0
.0

3
0.

59
 ±

 0
.0

2
-

-
-

-
-

CS
P-

17
−

7.
84

1.
17

 ±
 0

.1
5

65
.5

7 
±

 0
.2

5
9.

17
 ±

 0
.2

6
22

.2
9 

±
 0

.1
0

Sl
ag

80
.6

6 
±

 0
.4

8
15

.2
3 

±
 0

.3
3

-
-

1.
18

 ±
 0

.1
4

2.
47

 ±
 0

.1
2

4.
12

 ±
 0

.1
1

Sp
in

el
99

.3
9 

±
 0

.0
9

0.
54

 ±
 0

.0
8

-
-

-
-

-
CS

P-
42

−
7.

84
1.

20
 ±

 0
.3

6
65

.5
6 

±
 0

.5
6

9.
17

 ±
 0

.4
0

22
.2

1 
±

 0
.2

6
Sl

ag
80

.4
4 

±
 0

.9
3

15
.3

8 
±

 0
.8

0
-

-
1.

28
 ±

 0
.2

7
2.

40
 ±

 0
.2

1
4.

08
 ±

 0
.2

5
Sp

in
el

99
.4

2 
±

 0
.1

1
0.

51
 ±

 0
.1

0
-

-
-

-
-

CS
P-

18
−

7.
9

1.
76

 ±
 0

.3
1

60
.8

1 
±

 0
.6

4
13

.0
3 

±
 0

.4
0

22
.5

8 
±

 0
.3

3
Sl

ag
82

.3
1 

±
 0

.5
5

11
.6

9 
±

 0
.3

1
-

-
1.

87
 ±

 0
.3

8
3.

78
 ±

 0
.1

9
5.

48
 ±

 0
.1

5
Sp

in
el

99
.3

7 
±

 0
.0

2
0.

52
 ±

 0
.0

2
-

-
-

-
-

CS
P-

43
−

7.
9

1.
58

 ±
 0

.2
9

61
.2

6 
±

 0
.7

3
12

.7
0 

±
 0

.4
0

22
.6

9 
±

 0
.4

2
Sl

ag
80

.4
3 

±
 2

.3
7

12
.2

3 
±

 0
.9

1
-

-
2.

41
 ±

 0
.7

1
3.

89
 ±

 0
.5

9
5.

15
 ±

 0
.5

0
Sp

in
el

99
.4

0 
±

 0
.0

2
0.

51
 ±

 0
.0

2
-

-
-

-
-

Fe
O

x-
Si

O
2-

Al
2O

3
CS

P-
19

−
7.

5
0.

46
 ±

 0
.1

0
75

.6
5 

±
 0

.5
0

1.
84

 ±
 0

.1
3

20
.6

0 
±

 0
.1

7
Sl

ag
67

.7
7 

±
 1

.2
1

25
.9

4 
±

 1
.0

4
4.

24
 ±

 0
.4

1
-

1.
24

 ±
 0

.3
9

0.
22

 ±
 0

.0
9

2.
03

 ±
 0

.1
1

Sp
in

el
90

.3
7 

±
 0

.9
6

0.
43

 ±
 0

.0
3

9.
19

 ±
 0

.9
8

-
-

-
-

CS
P-

34
−

7.
5

0.
74

 ±
 0

.1
0

75
.2

3 
±

 0
.4

0
1.

98
 ±

 0
.1

5
20

.5
4 

±
 0

.1
2

Sl
ag

68
.9

0 
±

 0
.3

7
24

.7
6 

±
 0

.4
0

3.
75

 ±
 0

.1
0

-
1.

43
 ±

 0
.4

3
0.

27
 ±

 0
.1

0
2.

16
 ±

 0
.0

4
Sp

in
el

92
.7

5 
±

 0
.8

1
0.

48
 ±

 0
.0

3
6.

74
 ±

 0
.8

6
-

-
-

-
CS

P-
20

−
7.

62
0.

59
 ±

 0
.2

0
73

.5
7 

±
 0

.7
1

3.
10

 ±
 0

.2
3

20
.9

7 
±

 0
.1

6
Sl

ag
69

.4
6 

±
 1

.3
2

23
.6

8 
±

 0
.5

2
4.

01
 ±

 0
.8

3
-

1.
26

 ±
 0

.3
9

0.
43

 ±
 0

.1
2

2.
28

 ±
 0

.0
9

Sp
in

el
89

.5
3 

±
 0

.5
1

0.
56

 ±
 0

.3
8

9.
91

 ±
 0

.4
9

-
-

-
-

CS
P-

35
−

7.
62

0.
69

 ±
 0

.1
2

73
.1

5 
±

 0
.2

9
3.

16
 ±

 0
.1

4
20

.9
8 

±
 0

.1
1

Sl
ag

70
.2

2 
±

 0
.9

2
24

.0
2 

±
 0

.4
0

3.
80

 ±
 0

.3
7

-
1.

23
 ±

 0
.3

2
0.

44
 ±

 0
.0

7
2.

27
 ±

 0
.0

6
Sp

in
el

92
.8

5 
±

 1
.1

8
0.

50
 ±

 0
.0

3
6.

65
 ±

 1
.1

9
-

-
-

-
CS

P-
21

−
7.

75
1.

01
 ±

 0
.0

9
70

.3
8 

±
 0

.2
6

5.
46

 ±
 0

.1
2

21
.4

5 
±

 0
.1

2
Sl

ag
72

.9
5 

±
 0

.4
5

21
.4

7 
±

 0
.4

4
3.

02
 ±

 0
.0

7
-

0.
83

 ±
 0

.3
0

0.
80

 ±
 0

.0
9

2.
64

 ±
 0

.0
6

Sp
in

el
91

.3
3 

±
 1

.0
7

0.
56

 ±
 0

.4
8

8.
11

 ±
 1

.2
5

-
-

-
-

CS
P-

36
−

7.
75

0.
81

 ±
 0

.2
5

71
.0

3 
±

 0
.6

0
5.

14
 ±

 0
.4

3
21

.3
2 

±
 0

.3
1

Sl
ag

73
.8

7 
±

 0
.7

2
21

.2
1 

±
 0

.5
2

2.
78

 ±
 0

.1
0

-
0.

88
 ±

 0
.3

8
0.

82
 ±

 0
.1

1
2.

71
 ±

 0
.0

9
Sp

in
el

93
.0

6 
±

 0
.7

1
0.

52
 ±

 0
.1

9
6.

41
 ±

 0
.7

9
-

-
-

-
CS

P-
22

−
7.

84
1.

25
 ±

 0
.1

7
66

.7
9 

±
 0

.5
2

8.
04

 ±
 0

.2
3

21
.9

1 
±

 0
.1

9
Sl

ag
75

.1
9 

±
 0

.5
9

19
.1

5 
±

 0
.2

8
2.

53
 ±

 0
.2

3
-

0.
64

 ±
 0

.1
5

1.
31

 ±
 0

.0
9

3.
05

 ±
 0

.0
6

Sp
in

el
92

.6
6 

±
 1

.3
7

0.
49

 ±
 0

.1
1

6.
86

 ±
 1

.4
1

-
-

-
-

CS
P-

37
−

7.
84

0.
97

 ±
 0

.1
3

67
.2

5 
±

 0
.3

1
7.

81
 ±

 0
.2

6
22

.0
0 

±
 0

.2
1

Sl
ag

75
.6

2 
±

 1
.0

6
19

.0
2 

±
 0

.4
3

2.
49

 ±
 0

.2
4

-
0.

82
 ±

 0
.2

6
1.

38
 ±

 0
.0

6
3.

09
 ±

 0
.1

0
Sp

in
el

93
.3

7 
±

 1
.4

9
0.

47
 ±

 0
.0

4
6.

16
 ±

 1
.5

2
-

-
-

-
CS

P-
23

−
7.

9
1.

33
 ±

 0
.4

2
62

.9
2 

±
 0

.7
1

10
.9

2 
±

 0
.5

5
22

.8
1 

±
 0

.3
9

Sl
ag

75
.8

3 
±

 0
.6

9
17

.3
7 

±
 0

.3
0

2.
44

 ±
 0

.1
5

-
1.

33
 ±

 0
.3

6
2.

17
 ±

 0
.2

1
3.

39
 ±

 0
.0

6
Sp

in
el

91
.4

6 
±

 1
.1

8
0.

44
 ±

 0
.0

3
8.

10
 ±

 1
.2

0
-

-
-

-
CS

P-
38

−
7.

9
1.

39
 ±

 0
.4

8
63

.0
2 

±
 0

.8
4

11
.1

7 
±

 0
.5

6
22

.6
2 

±
 0

.4
2

Sl
ag

76
.8

9 
±

 0
.5

0
17

.4
5 

±
 0

.3
2

2.
41

 ±
 0

.0
9

-
0.

92
 ±

 0
.2

3
2.

04
 ±

 0
.0

9
3.

43
 ±

 0
.0

7
Sp

in
el

93
.7

9 
±

 1
.1

9
0.

46
 ±

 0
.0

5
5.

75
 ±

 1
.1

7
-

-
-

-

(C
on

tin
ue

d)

MINERAL PROCESSING AND EXTRACTIVE METALLURGY REVIEW 317



3.1.4 Oxygen in matte vs matte grade
Figure 4(e) displays the dissolved oxygen concentration in 
matte as a function of matte grade. It was observed that the 
oxygen in matte decreased along with increasing matte grade, 
independent of the slag types, fitting well with the findings in 
previous studies (Chen et al. 2020b, 2020c; Hidayat et al. 2018, 
2020; Sineva et al. 2020). It was observed by Hidayat et al. 
(2018), (2020) that the increase of temperature from 1200°C 
to 1250°C at pSO2 of 0.25 atm increased the oxygen concentra
tion in matte and the impact of temperature on oxygen in 
matte weakened with an increasing matte grade.

3.1.5 Differences between the present study and literature
To demonstrate the reasons for the differences in iron and 
sulfur concentrations in matte between the present study and 
previous works (Fallah-Mehrjardi et al. 2018b; Hidayat et al. 
2018; Sineva et al. 2020, 2021a), the total concentrations of 
trace elements (Ag, Ni, Co, and Sn) in matte in this study were 
calculated and displayed as a function of matte grade, shown in 
Figure 4(f). It can be seen that the total concentration of trace 
elements in matte in this study was approximately 1.5–2 wt% 
and had no significant changes with increasing matte grade. 
The deportment of trace elements into the matte phase con
tributed to the gap between the present study and results from 
literature (Fallah-Mehrjardi et al. 2018b; Hidayat et al. 2018; 
Sineva et al. 2020, 2021a). On the other hand, the copper and 
iron concentrations in matte in the compared studies (Fallah- 
Mehrjardi et al. 2018b; Hidayat et al. 2018; Sineva et al. 2020, 
2021a) were calculated without considering oxygen in matte. 
They estimated the oxygen concentrations in matte by taking 
the difference between 100 and the sum of Cu, Fe and S in 
matte, whereas in the present study, the oxygen concentration 
in matte was measured and calibrated by obsidian in the EPMA 
analysis. The different calculation methods for the concentra
tions of copper, iron, sulfur, and oxygen in matte may also led 
to the existence of differences between the data.

3.2 Slag composition

3.2.1 Copper in slag vs matte grade
Figure 5(a) shows the copper concentration in slag as 
a function of matte grade. It can be observed that the copper 
concentration in all spinel-saturated slags obtained in the pre
sent study decreased with increasing matte grade from 
approximately 60 wt% to 70 wt% Cu, after which it started to 
increase at higher matte grades, similar to the trends observed 
by Hidayat et al. (2016), (2018), 2020) and Sridhar, Toguri and 
Simeonov (1997). However, the copper concentration in the 
silica-saturated slags increased over the entire matte-grade 
range (Chen et al. 2020c; Fallah-Mehrjardi et al. 2018b), oppo
site to the present observations. Hidayat et al. (2018) proposed 
that the increase of copper in slag at matte grade higher than 
70 wt% Cu attributed to the increase of oxidic dissolution of 
copper in slags, whereas the decreasing trend at lower matte 
grade was ascribed to the decrease of sulfidic copper dissolu
tion in slag. The concept of sulfidic copper dissolution 
(Nagamori 1974; Takeda 1992) in slags needs to be furtherly 
confirmed.Ta
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Figure 4. Concentrations of copper (a) and (b), iron (c), sulfur (d), and oxygen (e) in matte vs oxygen partial pressure or matte grade; (f) total concentration of trace 
elements in matte; (g) markers and legends.
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The addition of Al2O3 or CaO to the present iron spinel- 
saturated iron silicate slag decreased the copper concentration 
in slag at matter grades lower than 70 wt% Cu. However, the 
copper concentration in the Al2O3/CaO-containing slag was 
higher than that in FeOx-SiO2 slag at higher matte grades. The 
decreasing impacts of Al2O3, MgO, and CaO were also deter
mined by Sineva et al. (2020) at 1200°C and pSO2 = 0.25 atm. 

Moreover, in another study by Sineva et al. (2021a), they found 
that an increased prevailing sulfur dioxide partial pressure 
resulted in a decreased copper solubility in slag at any fixed 
matte grade. However, in few other studies (Chen et al. 2020c; 
Roghani, Takeda and Itagaki 2000) the copper solubility in the 
silica-saturated slag was observed to be independent of the 
prevailing sulfur dioxide partial pressure. Compared with the 

Figure 5. The slag compositions as a function of matte grade or silica concentration in slag; (a) copper; (b) sulfur; (c) “FeO”; (d) silica; (e) Fe/SiO2 ratio; (f) alumina and 
lime in slag; (g) alumina in spinel; (h) distribution coefficient of alumina between spinel and FeOx-SiO2-Al2O3 slag; (i) markers and legends.
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results in previous studies (Hidayat et al. 2018; Sineva et al. 
2020, 2021a) obtained at 1200°C and pSO2 of 0.25 atm, it can 
be found that the increase of temperature from 1200°C to 
1250°C led to an increase of copper concentration in slag.

3.2.2 Sulfur in slag vs matte grade
Figure 5(b) suggests that the sulfur concentration in slags 
decreased with increasing matte grade, as reported previously 
(Chen et al. 2020c; Fallah-Mehrjardi et al. 2018b; Hidayat et al. 
2018, 2016, 2020; Sineva et al. 2020, 2021a). The present results 
obtained for FeOx-SiO2 slag are close to the observations by 
Hidayat et al. (2020). The observations from the present alu
mina/lime-containing slag are similar to the results by Sineva 
et al. (2020), Sineva et al. (2021a)). In general, the sulfur 
concentration in the spinel-saturated slag was somewhat 
higher than that in the silica-saturated slag.

It is evident that the alumina and lime additions effectively 
decreased the sulfur concentration in slag, fitting well with the 
observations in the literature (Chen et al. 2020b, 2020c; Fallah- 
Mehrjardi, Hayes and Jak 2018a; Sineva et al. 2020; 
Sukhomlinov et al. 2019a). It was observed by Hidayat et al. 
(2020) that the increase of temperature resulted in a decrease of 
sulfur dissolution in slag. Sineva et al. (2021a) found that the 
sulfur concentration in spinel-saturated slag obtained at higher 
pSO2 was lower than that obtained at lower pSO2, whereas in 

few other studies (Chen et al. 2020c; Roghani, Takeda and 
Itagaki 2000), the sulfur content in the silica/MgO-saturated 
slag was not affected by pSO2.

3.2.3 “FeO” in slag vs matte grade
It can be seen in Figure 5(c) that the concentration of “FeO” 
in all spinel-saturated slags in the present study had a similar 
decreasing trend with increasing matte grade, fitting well 
with the trends determined by Hidayat et al. (2016), 
(2018), 2020) and Sineva et al. (2020), Sineva et al. 
(2021a)). However, the “FeO” concentration in slag at silica- 
saturation obtained by Fallah-Mehrjardi et al. (2018b) kept 
almost constant. The increase of oxygen partial pressure 
resulted in a decrease of iron oxide but an increase of silica 
content at spinel saturation boundary in the FeOx-SiO2 
(Chen et al. 2021b), FeOx-SiO2-Al2O3 (Chen et al. 2020a), 
and FeOx-SiO2-CaO (Yazawa 2000) systems, in contrast, no 
strong correlation between the prevailing oxygen partial 
pressure and the silica-saturation boundary was detected in 
the literature (Fallah-Mehrjardi et al. 2018b).

3.2.4 SiO2 in slag vs matte grade
Figure 5(d) presents the silica concentration results in the 
iron spinel-saturated slags. The silica concentration in all 
slags in the present study increased with increasing matte 

Figure 5. (Continued).
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grade, as observed in the previous studies (Hidayat et al. 
2018, 2020; Sineva et al. 2021a). This is due to the shift of 
the spinel primary-phase boundary along with pO2 to the 
higher silica content region. The increasing trend of silica 
concentration in the silica-saturated slag (Fallah-Mehrjardi 
et al. 2018b) was not as significant as that in the spinel- 
saturated slag, ascribing to the small effect of oxygen partial 
pressure on the silica primary-phase field, as mentioned 
beforehand.

3.2.5 Fe/SiO2 ratio, Al2O3, and CaO concentrations in slag 
vs matte grade
The Fe/SiO2 ratio as well as the alumina and lime concentra
tions in the slags are shown in Figure 5(e) and (f), respectively. 
The Fe/SiO2 ratio in slags obtained in the present study 
decreased along with increasing matte grade. This is in 
a good agreement with the results in previous studies 
(Hidayat et al. 2018, 2020; Sineva et al. 2021a). The results 
reported by Fallah-Mehrjardi et al. (2018b), obtained in silica- 
saturated slags, had no significant changes over the entire 
matte-grade range studied, which is due to the small changes 
of “FeO” and silica concentrations in slag at silica saturation. 
Figure 5(f) shows that the concentrations of alumina and lime 
in slag increased from approximately 2.5 to 4 wt% and 4 to 7 wt 
%, respectively, with increasing matte grade. However, the 
concentration of alumina in slag was lower than that of lime 
by approximately 3 wt% due to the dissolution of alumina in 
the spinel phase.

3.2.6 Al2O3 in spinel vs Log10[pO2, atm]
Figure 5(g) indicates that the concentration of alumina in spinel 
displayed an increasing trend with increasing oxygen partial pres
sure, ranging from 6 to 10 wt%. The dissolution of alumina in 
spinel equilibrated with matte and slag was also observed in the 
study by Sineva et al. (2020). However, the results were quite 
scattered, and no discussion was presented in their study. 
Avarmaa, Yliaho and Taskinen (2018a), (2020)) and 
Klemettinen, Avarmaa and Taskinen (2017) observed that the 
alumina concentration in the Al-Fe spinel equilibrated with 
metallic copper and iron silicate slag in alumina crucible were 
higher than 25 wt% and it had an opposite downward trend with 
increasing the prevailing oxygen partial pressure of the equili
brium system.

3.2.7 Distribution of Al2O3 between spinel and slag
To investigate the distribution behavior of alumina in the 
matte-slag-spinel-gas equilibrium system, the distribution 
coefficient of alumina between spinel and slag, LSpinel/Slag[Al2 
O3], was calculated using the following Eq. (1): 

Log10LSpinel=Slag Al2O3½ � ¼ Log10ð½wt%Al2O3�in spinel

= wt%Al2O3ð Þin slagÞ
(1) 

where [wt% Al2O3] and (wt% Al2O3) represent the experimen
tally measured Al2O3 concentration in spinel and slag, respec
tively. Figure 5(h) shows the logarithmic distribution 
coefficient of alumina between spinel and slag as a function 
of logarithmic oxygen partial pressure. It can be found that the 
logarithmic values were ˃ 0, indicating that alumina was 

preferentially distributed in the spinel phase and its deport
ment into spinel was promoted with decreasing oxygen partial 
pressure. Similar decreasing trends were observed by 
Klemettinen, Avarmaa and Taskinen (2017) and Avarmaa, 
Yliaho and Taskinen (2018a), (2020)) in the copper-slag equi
librium system. However, the results by Sineva et al. (2020) 
were scatter without a clear trend against oxygen partial pres
sure. As the oxidation degree of aluminum is 3+ in slag and 
spinel, the slope is caused by the variations of the activity 
coefficients in the phases where alumina is no more a trace 
substance.

4. Conclusions

The phase equilibria of copper matte and iron spinel-saturated 
FeOx-SiO2, FeOx-SiO2-Al2O3, and FeOx-SiO2-CaO slags were 
investigated at 1250°C and pSO2 = 0.25 atm in controlled CO- 
CO2-SO2-Ar gas atmospheres using an equilibration-drop- 
quenching technique. The phase compositions were measured 
using an electron probe X-ray microanalyzer. Sets of graphs 
were constructed to describe the compositions of matte and 
slag as a function of matte grade and oxygen partial pressure. 
The present experimental results were compared with previous 
data obtained at silica/spinel saturation in slag.

The comparison of the present results at spinel saturation 
with previous observations with slags at silica saturation indicates 
the copper concentration in slags was affected by the primary 
phase present at the same matte grade. In general, the copper 
concentration in the spinel-saturated slag was higher than that in 
the silica-saturated slag at a fixed matte grade, over the matte- 
grade range lower than 70 wt% Cu. Additionally, an increase of 
matte grade, i.e. the increase of oxygen partial pressure, had 
a stronger effect on the spinel primary-phase field than on the 
tridymite primary-phase domain.

Addition of alumina into spinel-saturated iron silicate slag 
had a greater impact on the copper concentration in slag when 
compared with lime addition. This study is useful for improv
ing the copper smelting processes through adjusting the pre
vailing oxygen partial pressure, temperature as well as by 
adding fluxes into slags.
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