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Novel fluxing strategy of copper matte smelting and trace metals in 
E-Waste recycling 

Min Chen a, Katri Avarmaa a,1, Pekka Taskinen a, Lassi Klemettinen a, Radoslaw Michallik b, 
Hugh O’Brien b, Ari Jokilaakso a,* 

a Department of Chemical and Metallurgical Engineering, School of Chemical Engineering, Aalto University, Kemistintie 1F, P.O. Box 16100, FI-00076 Aalto, Finland 
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A B S T R A C T   

The distribution behavior of trace metals between copper matte and spinel-saturated iron silicate slags was 
investigated at 1250 ◦C and pSO2 of 0.25 atm at low silica concentrations. The experiments were conducted in 
magnetite (Fe3O4) spinel crucibles in controlled CO-CO2-SO2-Ar gas mixtures using a high-temperature equili
bration-quenching technique. The concentrations of trace elements in matte, spinel, and slag were quantified by 
electron probe X-ray microanalysis and laser ablation-inductively coupled plasma-mass spectrometry. The trace 
metals (Ag, Ni, Co, and Sn) in all phases and their distribution coefficients were calculated as a function of matte 
grade. Results show that silver and nickel can be effectively recovered into matte, whereas cobalt and tin are 
predominantly deported into slag and gas phases, respectively. These results augment the fundamental ther
modynamic data of trace metal distributions in copper smelting processes at low-silica fluxing practices.   

1. Introduction 

Secondary materials, including metallurgical wastes and waste 
electrical and electronic equipment (WEEE), are some of the fastest 
growing waste streams in the world (Ogunseitan et al. 2009; Tesfaye 
et al. 2017; Yang et al. 2017; Zhang and Xu, 2016). Urban mining and 
recycling of the valuable metals within these materials convey impor
tant economic and environmental benefits under the current situation of 
natural mineral resource depletion. Apart from the main metals con
tained in WEEE, the presence of (valuable) trace metals has increased 
the importance of WEEE recycling (Cui and Forssberg, 2003; Cesaro 
et al. 2018; Messmann et al. 2019). 

The smelting technologies of base metals are efficient recycling 
methods for trace metals from secondary resources. Among these, the 
copper smelting routes are common on industrial scales (Brusselaers 
et al. 2006; Hagelüken, 2006a, 2006b; Lennartsson et al. 2018). Because 
of the thermodynamic properties of trace metals, they deport into 
different phases present (i.e., metal, matte, slag, gas, and spinel) in the 
smelting and refining processes. Therefore, the distribution equilibria of 

trace metals in copper smelting processes are of great interest for 
improving the recoveries of trace metals from wastes. Additionally, 
hazardous heavy metals such as Pb, As, and Cd exist in copper smelting 
slags making it a source of emissions for surface water, soil, and 
groundwater (Shen and Forssberg, 2003; Zhang et al. 2021; Zhou et al. 
2021). The utilization of copper smelting slags has been investigated 
broadly (Fan et al. 2018; Gorai and Jana, 2003; Košir et al. 2021; 
Lemougna et al. 2020; Shi et al. 2008; Wang and Erdenebold, 2020), but 
the utilization rate is very low. The disposal of the produced large 
quantities of copper slags requires large areas of land which may lead to 
human health challenges and loss of biodiversity due to the release of 
hazardous elements to the environment (Murari et al. 2015; Phiri et al. 
2021, 2022). Additionally, these slag dump areas require continuous 
and long-term maintenance. Thus, by lowering the slag formation in the 
copper smelting processes, the slag amount in landfills and the subse
quent release of hazardous elements to the environment can be effec
tively reduced, while improving the resource efficiency of valuable 
metals by reducing their amounts in the disposed slags. By decreasing 
the silica concentration in slags, the slag-to-metal/matte ratio of 

* Corresponding author at: P.O. Box 16100, FI-00076 Aalto, Finland. 
E-mail addresses: min.chen@aalto.fi (M. Chen), kavarmaa@swin.edu.au (K. Avarmaa), pekka.taskinen@aalto.fi (P. Taskinen), lassi.klemettinen@aalto.fi 

(L. Klemettinen), radoslaw.michallik@gtk.fi (R. Michallik), hugh.obrien@gtk.fi (H. O’Brien), ari.jokilaakso@aalto.fi (A. Jokilaakso).   
1 Current address: Department of Mechanical and Product Design Engineering, Swinburne University of Technology, John Str, Hawthorne, Melbourne, Victoria 

3122, Australia. 

Contents lists available at ScienceDirect 

Minerals Engineering 

journal homepage: www.elsevier.com/locate/mineng 

https://doi.org/10.1016/j.mineng.2022.107969 
Received 22 June 2022; Received in revised form 22 November 2022; Accepted 3 December 2022   

mailto:min.chen@aalto.fi
mailto:kavarmaa@swin.edu.au
mailto:pekka.taskinen@aalto.fi
mailto:lassi.klemettinen@aalto.fi
mailto:radoslaw.michallik@gtk.fi
mailto:hugh.obrien@gtk.fi
mailto:ari.jokilaakso@aalto.fi
www.sciencedirect.com/science/journal/08926875
https://www.elsevier.com/locate/mineng
https://doi.org/10.1016/j.mineng.2022.107969
https://doi.org/10.1016/j.mineng.2022.107969
https://doi.org/10.1016/j.mineng.2022.107969
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mineng.2022.107969&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Minerals Engineering 191 (2023) 107969

2

approximately 3 (w/w) in copper smelting and the resulting slag volume 
can be significantly decreased (Taskinen and Avarmaa, 2021). 

The distributions of trace metals in copper smelting systems have not 
been investigated systematically at low silica concentrations, which are 
limited by magnetite (‘spinel’) saturation. Therefore, the aim of this 
study was to investigate the equilibrium distributions of selected trace 
metals (Ag, Ni, Co, and Sn) between copper matte, spinel, and iron sil
icate slags (FeOx-SiO2, FeOx-SiO2-Al2O3, and FeOx-SiO2-CaO) at 1250 ◦C 
and pSO2 of 0.25 atm using magnetite crucibles that enabled the 
experimental conditions for low-silica slags. The present results help to 
deepen our understanding about the behaviors of trace metals in copper 
matte smelting processes at low silica concentrations and subsequently 
provide insights for improving the recoveries of metal values. The novel 
fluxing strategy proposed for copper smelting and trace metals recycling 

from e-waste can effectively reduce the slag amount, minimize land
filling spaces, and lower the discharge of hazardous elements into the 
environment. Simultaneously, it improves resource efficiency by 
lowering the mass amount of valuable metals lost in slag. The slag-matte 
phase relations at the spinel primary phase field in the same experiments 
were reported in an earlier paper (Chen et al. 2022c). 

2. Experimental 

The starting materials used in this study are listed in Table 1. Sulfide 
powders of Cu2S and FeS were used to prepare the copper matte mixture. 
Approximately 1 wt% of each trace element (Ag, Ni, Co, and Sn) were 
introduced into the copper matte mixture in metallic powder form. The 
prepared copper matte mixture with an initial mass ratio of Cu2S/FeS =
70/30 was used for the ease of reaching different target matte grades 
within a short experimental time. The experiments in this study followed 
the molten slag-solid spinel phase boundary in the FeOx-SiO2, FeOx- 
SiO2-Al2O3, and FeOx-SiO2-CaO systems in equilibrium with controlled 
gas phase at 1250 ◦C. Based on the phase boundaries of the FeOx-SiO2, 
FeOx-SiO2-Al2O3, and FeOx-SiO2-CaO systems in equilibrium with a 
controlled gas atmosphere, predicted by MTDATA using its MTOX 
database (Davies et al. 2002; Gisby et al. 2017), slag mixtures with 
compositions of Fe2O3/SiO2 = 80/20, Fe2O3/SiO2/Al2O3 = 62/28/10, 
and Fe2O3/SiO2/CaO = 62/28/10 were employed to ensure that proper 
proportions of molten slag and solid spinel could be obtained for EPMA 
and LA-ICP-MS analyses. Phase diagrams of the FeOx-SiO2 and FeOx- 
SiO2-Al2O3 systems calculated by MTDATA have been reported previ
ously (Chen et al. 2020a, 2021b). Fig. 1 shows the 1250 ◦C isothermal 
sections of the FeOx-SiO2-CaO phase diagram at pO2 of 10-8 and 10-7 

atm. The increase of oxygen partial pressure from 10-8 to 10-7 atm de
creases the concentration of iron oxide in liquid slag while increasing 

Table 1 
Materials used in the present study.  

Material Size and Purity Supplier 

Cu2S −200 mesh, 99.5 wt% Alfa Aesar 
FeS −100 mesh, 99.9 wt% Alfa Aesar 
Fe2O3 99.998 wt% Alfa Aesar 
SiO2 −40 mesh, 99.995 wt% Alfa Aesar 
Al2O3 99.99 wt% Sigma-Aldrich 
CaO 99.9 wt% Sigma-Aldrich 
Ag −100 mesh, 99.95 wt% Alfa Aesar 
Ni −120 mesh, 99.996 wt% Alfa Aesar 
Co −1.6 µm, 99.8 wt% Alfa Aesar 
Sn −325 mesh, 99.8 wt% Alfa Aesar 
CO 99.99 vol% Woikoski Oy (Finland) 
CO2 99.999 vol% Woikoski Oy (Finland) 
SO2 99.99 vol% Woikoski Oy (Finland) 
Ar 99.999 vol% Woikoski Oy (Finland) 
Iron foil thickness 0.25 mm, 99.5 wt% Sigma Aldrich & Merck  

Fig. 1. Phase diagram of the FeOx-SiO2-CaO system at 1250 ◦C and pO2 of 10-8 and 10-7 atm; solid line pO2 = 10-8 atm; dashed line pO2 = 10-7 atm (calculated using 
MTDATA and the MTOX database (Gisby et al. 2017)). 
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silica concentration at the spinel saturation boundary. 
In each experiment, 0.2 g of copper matte mixture and the same 

amount of slag mixture were pressed into a cylindrical pellet. The spinel 
(Fe3O4) crucible used for holding the sample pellet was prepared by 
oxidizing a folded iron foil at 1200 ◦C and pO2 of 10-8 atm for 4 h. The 
use of spinel crucibles ensured spinel saturation in slags equilibrated 
with copper matte. The calculated gas flow rates of CO, CO2, SO2, and Ar 
for different target pO2 and pS2 were calculated with MTDATA using its 
SGTE database (Davies et al. 2002; Gisby et al. 2017), shown in Table 2. 

In general, the experiments in the present study followed the route of 
sample preparation, high-temperature isothermal equilibration of sam
ples in spinel crucibles, ice-water quenching, and direct phase compo
sition analyses. A vertical tube furnace (Lenton PTF) heated by SiC 
heating elements with a three-zone temperature control technique was 
used for the equilibration experiments. An S-type Pt/Pt-10 %Rh ther
mocouple (Johnson-Matthey Noble Metals, UK) in an alumina sheath 
was placed next to the sample in the reaction tube for monitoring the 
sample temperature, as shown in Fig. 2. Preliminary experiments were 
carried out by equilibrating copper matte and FeOx-SiO2 slag at 1250 ◦C, 
pSO2 = 0.25 atm, pO2 = 10-7.75 atm, and pS2 = 10-2.91 atm for testing 
different equilibration times ranging from 2 to 6 h. The compositions of 
the matte and slag phases were found to stay constant after 4 h (Chen 
et al. 2022c). Therefore, all samples were annealed at the given condi
tions for 4 h in this study. Detailed experimental methodology can be 

found in the literature (Avarmaa et al. 2015, 2016; Chen et al. 2020a, 
2020b, 2020c, 2021b). 

The equilibrated samples were quenched into ice-water mixtures to 
retain the high-temperature equilibrium phase assemblages at room 
temperature. The quenched condensed phases were mounted in epoxy, 
polished, and carbon coated using a carbon evaporator device (JEOL IB- 
29510VET). The major elemental compositions and microstructures of 
samples were pre-examined using a scanning electron microscope (SEM, 
Tescan MIRA 3, Brno, Czech Republic) equipped with an UltraDry Sili
con Drift Energy Dispersive X-ray Spectrometer (EDS, Thermo Fisher 
Scientific, Waltham, MA, USA). A Cameca SX100 electron probe 
microanalyzer (EPMA, Cameca SAS, Genevilliers, France) at the 
Geological Survey of Finland (GTK) was used to measure the concen
trations of major elements and trace metals in all phases using wave 
dispersive spectroscopy (WDS) analysis. A defocused beam with 20 μm 
diameter was used for the matte and slag phases and 10 μm diameter 
beam for the spinel phase. A new three-spot analytical method was 
adopted for the matte and slag phases, shown in detail in our previous 
publications (Chen et al. 2021b, 2022b). The EPMA analyses were car
ried out with an accelerating voltage of 20 kV and a beam current of 
60nA. Analytical results were corrected using the PAP on-line correction 

Table 2 
The calculated gas flowrates at pSO2 of 0.25 atm for different target pO2 and pS2 
at 1250 ◦C.  

Log10[pO2, atm] Log10[pS2, atm] Gas flow rates (mL⋅min−1) 

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  

Fig. 2. Schematic of the equilibrium furnace and the sample holding arrangement.  

Table 3 
Standards used for EPMA analyses in the present study.  

Element X-ray line Standard 

O Kα Obsidian 
Si Kα Quartz 
Co Kα Cobaltite 
Ni Kα Metallic nickel 
Cu Kα Metallic copper 
Ag Lα Metallic silver 
Al Kα Almandine 
Ca Kα Diopside 
Fe Kα Chalcopyrite 
Sn Lα Metallic tin 
S Kα Chalcopyrite  
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program (Pouchou and Pichoir, 1986). Natural minerals and synthetic 
metals were used as standards for EPMA analyses, as shown in Table 3. 

The concentrations of some trace metals in matte, slag, and spinel 
were lower than the detection limits of EPMA. Therefore, laser ablation- 
inductively coupled plasma-mass spectrometry (LA-ICP-MS) housed at 
the Geological Survey of Finland (GTK) was also employed to determine 
the concentrations of all trace metals in all phases. The equipment used 
combined a Nu AttoM SC-ICP-MS (Nu Instruments ltd, Wrexham, UK) 
and a Photon Machines Analyte Excite 193 nm ArF laser ablation 
equipment (Photon Machines, San Diego, USA). The laser was set to a 
pulse frequency of 10 Hz and a pulse energy of 5 mJ at 30 % attenuation, 
leading to an energy flux of 2.17 J/cm2 on the sample surface with a 40 
µm spot size. Fig. 3 shows the laser pits produced in matte, slag, and 
spinel phases. 

The analyses were initiated with a 20 s baseline measurement fol
lowed by switching on the laser for 35 s (350 laser pulses) for signal 
acquisition in all phases. The time-resolved analysis (TRA) signals were 

collected using the fast-scanning mode at low resolution (M/ΔM = 300). 
For the slag and spinel phases, GSE-1G glass and 57Fe were used as the 
external and internal standard, respectively. Reference materials GSD- 
1G and BHVO-2G were analyzed as unknowns for monitoring the data 
accuracy. For the matte phase, FeS-1 was employed as the external 
standard and FeS-6 was used as a reference material for quality control. 
Isotopes of 107Ag for silver, 60Ni for nickel, 59Co for cobalt, and 120Sn for 
tin were used for calculating the concentrations of trace metals. The 
time-resolved analysis signal processing was performed using the Glitter 
software (Van Achterbergh, 2001). Table 4 presents the elemental 
detection limits of EPMA and LA-ICP-MS estimated in these 
measurements. 

The obtained TRA signals generally showed very homogeneous 
dissolution of the trace elements in the analyzed volumes of the matte 
phase, as shown in Fig. 4(a), but some of the Ag signals showed evidence 
of heterogeneous areas. Homogeneous dissolution was also generally 
observed in the slag phase, however, the elemental concentrations and 

Fig. 3. Laser pits in different phases; (a) matte; (b) slag; (c) spinel.  

Table 4 
Elemental detection limits of EPMA and LA-ICP-MS/ppmw.  

Technique Phase O Si Co Ni Cu Ag Al Ca Fe Sn S 

EPMA Matte 766 157 144 245 334 389 179 78 126 292 127 
Slag 1072 142 200 230 216 327 143 68 147 252 102 
Spinel 988 147 225 187 220 263 162 69 170 266 107 

LA-ICP-MS  29Si 57Fe 107Ag 60Ni 59Co 120Sn      
Matte 7.620 1.750 0.009 0.180 0.014 0.033      
Slag 10.250 1.870 0.005 0.170 0.013 0.039      
Spinel 11.130 2.070 0.007 0.190 0.015 0.043       

Fig. 4. Examples of TRA signals in matte (a) and spinel (b) as a function of analysis time.  
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homogeneity varied in the magnetite spinels, as shown in Fig. 4(b). The 
continuity of Fe signals in Fig. 4(b) indicates that the laser was burning 
through the spinel grain during the entire analysis. The Ag signals in 
spinel showed large peaks in many instances, corresponding to Ag- 
containing nano- or micro inclusions. Signal areas free of these in
clusions were used for concentration quantifications by limiting the 
great signal variations out from the analyses, as shown in Fig. 4(b) with 
the green rectangle. The Sn signals generally showed homogeneous 
dissolution, however, the concentration variations were much greater 
from one spinel crystal to another when compared to the deviations of 
the other minor metals. The dissolution of Ni and Co was the most ho
mogeneous in the spinels analyzed out of the four trace metals investi
gated in the present study. 

3. Results and discussion 

Fig. 5 represents typical microstructures of the matte-slag-spinel-gas 
equilibrium systems obtained at 1250 ◦C, pO2 of 10-7.50 atm, and pS2 of 
10-3.41 atm. Copper and trace metals segregations, most likely formed 
during quenching, were observed in the matte phase. That is typical to 
sulfide mattes which are extremely difficult to quench into glassy form. 

Some physically entrained copper matte droplets were observed in the 
slag, and they were aggregated to the edges of the spinel crystals (Bel
lemans et al. 2018a, 2018b; De Wilde et al. 2016a, 2016b, 2017), as 
shown in Fig. 5(d). The concentrations of trace metals in matte, slag, and 
spinel with standard deviations (±1σ) are shown in Table 5. 

3.1. Concentrations of trace metals in matte 

Fig. 6 presents the concentrations of trace metals in matte as a 
function of matte grade, Ag and Ni measured by EPMA, whereas Co and 
Sn by LA-ICP-MS. Fig. 6(a) shows that the concentration of silver dis
solved in all mattes equilibrated with spinel-saturated iron silicate slags 
kept almost constant over the entire matte grade range studied, fluctu
ating around 1 wt%. Evidence of areas with heterogeneous dissolution of 
Ag was found from some of the time-resolved signals from the mass 
spectrometer in LA-ICP-MS analyses. Additionally, silver begins to 
volatilize in the experimental conditions, possibly resulting in concen
tration gradients in the matte phase. Due to these two reasons, the 
standard deviations of silver are somewhat higher than those of the 
other trace elements. The present results for silver obtained at 1250 ◦C 
and pSO2 of 0.25 atm are close to the data presented by Avarmaa et al. 

Fig. 5. Typical microstructures of the matte phase in equilibrium with spinel and different slags; (a) and (d) FeOx-SiO2; (b) FeOx-SiO2-Al2O3; and (c) FeOx-SiO2-CaO.  
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(2016). The comparison of the present results obtained at spinel satu
ration in slags with previous data (Chen et al. 2020a, 2021a) determined 
at silica saturation indicates that the type of slag saturation and pSO2 
had little impact on the concentration of silver in matte. Additions of 
alumina and lime were shown to have no impact on the concentrations 
of silver in matte, similar as our previous observations at silica 

saturation (Chen et al. 2020a, 2021a). 
The nickel concentration in matte, as shown in Fig. 6(b), stayed 

almost constant at 0.8 wt% over the matte grade range from 60 to 70 wt 
% Cu, after which it slightly decreased with increasing matte grade. 
Fig. 6(c) indicates that the cobalt concentration in matte had a linear 
decreasing trend from approximately 0.2 to 0.05 wt% over the entire 

Table 5 
Concentrations of trace metals in matte, slag, and spinel at 1250 ◦C and pSO2 of 0.25 atm measured by EPMA and LA-ICP-MS.  

Type of 
slag 

Code Average concentration in matte  Average concentration in slag by LA-ICP- 
MS  

Average concentration in spinel by LA-ICP- 
MS 

**Cu/wt 
% 

**Ag/ 
wt% 

**Ni/ 
wt% 

*Co/ 
wt% 

*Sn/ 
ppmw  

Ag/ 
ppmw 

Ni/wt 
% 

Co/wt 
% 

Sn/ 
ppmw  

Ag/ 
ppmw 

Ni/wt 
% 

Co/wt 
% 

Sn/ppmw 

FeOx- 
SiO2 

CSP- 
14 

75.29 
± 0.41 

1.01 
± 0.31 

0.64 
± 0.11 

0.06 
± 0.00 

2.72 ±
0.25  

26.27 
± 4.32 

0.11 
± 0.01 

0.28 
± 0.01 

44.13 
± 6.56  

0.09 ±
0.09 

0.32 
± 0.04 

0.26 
± 0.01 

190.24 ±
146.10 

CSP- 
39 

75.04 
± 0.33 

1.14 
± 0.36 

0.70 
± 0.36 

0.07 
± 0.00 

4.35 ±
1.65  

18.12 
± 0.85 

0.07 
± 0.00 

0.28 
± 0.01 

40.49 
± 4.12  

0.10 ±
0.11 

0.16 
± 0.00 

0.25 
± 0.01 

118.31 ±
134.97 

CSP- 
15 

72.80 
± 0.42 

0.93 
± 0.28 

0.84 
± 0.28 

0.09 
± 0.00 

4.64 ±
0.35  

11.17 
± 2.69 

0.06 
± 0.01 

0.21 
± 0.01 

15.66 
± 2.23  

0.04 ±
0.03 

0.13 
± 0.03 

0.18 
± 0.03 

42.11 ±
36.94 

CSP- 
40 

73.08 
± 0.40 

0.95 
± 0.39 

0.80 
± 0.39 

0.10 
± 0.01 

5.00 ±
0.67  

18.45 
± 8.08 

0.08 
± 0.04 

0.26 
± 0.02 

28.31 
± 9.04  

0.12 ±
0.20 

0.19 
± 0.06 

0.22 
± 0.04 

76.49 ±
107.65 

CSP- 
16 

70.08 
± 0.31 

0.70 
± 0.31 

0.81 
± 0.31 

0.14 
± 0.03 

3.39 ±
0.61  

22.08 
± 5.87 

0.08 
± 0.01 

0.26 
± 0.02 

9.86 ±
1.54  

0.01 ±
0.00 

0.15 
± 0.01 

0.21 
± 0.01 

193.25 ±
118.56 

CSP- 
41 

69.99 
± 0.77 

1.05 
± 0.51 

0.79 
± 0.51 

0.13 
± 0.01 

4.79 ±
0.28  

18.21 
± 11.70 

0.07 
± 0.01 

0.23 
± 0.01 

22.28 
± 3.86  

0.04 ±
0.02 

0.19 
± 0.01 

0.20 
± 0.01 

126.74 ±
139.93 

CSP- 
17 

65.57 
± 0.25 

0.91 
± 0.25 

0.73 
± 0.25 

0.18 
± 0.01 

4.21 ±
0.34  

40.34 
± 6.65 

0.07 
± 0.00 

0.22 
± 0.01 

11.13 
± 2.13  

0.03 ±
0.03 

0.13 
± 0.01 

0.17 
± 0.02 

43.40 ±
38.50 

CSP- 
42 

65.56 
± 0.56 

0.88 
± 0.38 

0.81 
± 0.38 

0.17 
± 0.01 

6.02 ±
0.42  

17.11 
± 6.35 

0.06 
± 0.01 

0.23 
± 0.01 

17.20 
± 1.79  

0.06 ±
0.07 

0.11 
± 0.00 

0.19 
± 0.01 

48.98 ±
81.06 

CSP- 
18 

60.81 
± 0.64 

0.91 
± 0.11 

0.73 
± 0.14 

0.21 
± 0.01 

4.65 ±
0.60  

80.35 
± 19.05 

0.08 
± 0.00 

0.20 
± 0.01 

8.34 ±
0.89  

0.02 ±
0.00 

0.10 
± 0.01 

0.17 
± 0.03 

51.65 ±
68.17 

CSP- 
43 

61.26 
± 0.73 

0.88 
± 0.22 

0.70 
± 0.22 

0.19 
± 0.00 

5.32 ±
1.21  

35.96 
± 8.16 

0.08 
± 0.01 

0.20 
± 0.01 

11.29 
± 1.19  

0.03 ±
0.02 

0.10 
± 0.00 

0.15 
± 0.00 

25.92 ±
30.50 

FeOx- 
SiO2- 
Al2O3 

CSP- 
19 

75.65 
± 0.50 

0.89 
± 0.49 

0.49 
± 0.16 

0.06 
± 0.00 

5.16 ±
0.86  

42.43 
± 8.11 

0.08 
± 0.01 

0.26 
± 0.01 

27.49 
± 1.00  

0.23 ±
0.23 

0.18 
± 0.05 

0.24 
± 0.05 

57.89 ±
80.70 

CSP- 
34 

75.23 
± 0.40 

0.94 
± 0.37 

0.50 
± 0.13 

0.04 
± 0.00 

8.06 ±
1.08  

71.80 
± 8.30 

0.12 
± 0.00 

0.19 
± 0.00 

33.06 
± 1.55  

0.11 ±
0.09 

0.24 
± 0.04 

0.16 
± 0.01 

73.07 ±
100.42 

CSP- 
20 

73.57 
± 0.71 

0.94 
± 0.43 

0.73 
± 0.14 

0.08 
± 0.01 

5.23 ±
0.56  

12.99 
± 0.26 

0.04 
± 0.00 

0.16 
± 0.00 

23.51 
± 0.80  

0.02 ±
0.01 

0.20 
± 0.07 

0.20 
± 0.04 

62.21 ±
113.92 

CSP- 
35 

73.15 
± 0.29 

1.12 
± 0.31 

0.80 
± 0.08 

0.08 
± 0.00 

2.59 ±
0.21  

26.30 
± 6.07 

0.08 
± 0.01 

0.24 
± 0.01 

9.40 ±
1.82  

0.04 ±
0.04 

0.11 
± 0.03 

0.18 
± 0.03 

16.52 ±
18.20 

CSP- 
21 

70.38 
± 0.26 

0.85 
± 0.33 

0.73 
± 0.04 

0.10 
± 0.00 

4.72 ±
0.44  

68.76 
± 11.95 

0.09 
± 0.01 

0.18 
± 0.00 

10.80 
± 0.39  

0.06 ±
0.07 

0.16 
± 0.06 

0.17 
± 0.04 

52.10 ±
61.30 

CSP- 
36 

71.03 
± 0.60 

0.95 
± 0.44 

0.63 
± 0.06 

0.10 
± 0.01 

2.88 ±
0.26  

13.71 
± 2.68 

0.07 
± 0.00 

0.19 
± 0.01 

5.43 ±
0.27  

0.08 ±
0.10 

0.18 
± 0.02 

0.17 
± 0.02 

78.03 ±
130.88 

CSP- 
22 

66.79 
± 0.52 

1.01 
± 0.45 

0.83 
± 0.09 

0.15 
± 0.01 

5.51 ±
0.29  

22.46 
± 6.25 

0.06 
± 0.00 

0.20 
± 0.01 

14.06 
± 2.29  

0.08 ±
0.11 

0.11 
± 0.02 

0.16 
± 0.02 

49.86 ±
56.07 

CSP- 
37 

67.25 
± 0.31 

1.03 
± 0.32 

0.79 
± 0.13 

0.14 
± 0.00 

3.87 ±
0.36  

21.25 
± 9.21 

0.04 
± 0.00 

0.12 
± 0.01 

9.38 ±
2.83  

0.06 ±
0.07 

0.10 
± 0.02 

0.13 
± 0.02 

18.75 ±
22.79 

CSP- 
23 

62.92 
± 0.71 

0.97 
± 0.24 

0.86 
± 0.07 

0.21 
± 0.01 

6.50 ±
0.73  

49.63 
± 16.72 

0.07 
± 0.01 

0.20 
± 0.01 

9.84 ±
0.99  

0.19 ±
0.14 

0.12 
± 0.01 

0.18 
± 0.02 

60.56 ±
65.31 

CSP- 
38 

63.02 
± 0.84 

0.90 
± 0.18 

0.72 
± 0.06 

0.16 
± 0.01 

4.00 ±
0.34  

19.75 
± 6.12 

0.04 
± 0.00 

0.17 
± 0.01 

11.23 
± 1.09  

0.07 ±
0.04 

0.08 
± 0.00 

0.15 
± 0.01 

33.56 ±
33.68 

FeOx- 
SiO2- 
CaO 

CSP- 
24 

74.75 
± 0.39 

1.20 
± 0.30 

0.70 
± 0.14 

0.07 
± 0.00 

3.14 ±
0.85  

50.88 
± 5.75 

0.15 
± 0.00 

0.29 
± 0.00 

16.27 
± 0.18  

0.07 ±
0.05 

0.26 
± 0.06 

0.25 
± 0.02 

11.30 ±
3.48 

CSP- 
29 

74.76 
± 0.32 

1.17 
± 0.33 

0.68 
± 0.08 

0.07 
± 0.00 

5.17 ±
0.55  

52.32 
± 7.58 

0.14 
± 0.01 

0.27 
± 0.01 

15.83 
± 0.86  

0.04 ±
0.06 

0.28 
± 0.06 

0.26 
± 0.02 

73.68 ±
75.08 

CSP- 
25 

72.90 
± 0.39 

0.99 
± 0.30 

0.71 
± 0.08 

0.10 
± 0.01 

5.93 ±
0.70  

9.74 ±
2.39 

0.08 
± 0.01 

0.24 
± 0.01 

14.04 
± 1.51  

0.03 ±
0.02 

0.18 
± 0.05 

0.22 
± 0.03 

31.94 ±
26.70 

CSP- 
30 

72.81 
± 0.29 

1.05 
± 0.18 

0.82 
± 0.04 

0.08 
± 0.00 

6.54 ±
0.94  

13.09 
± 5.28 

0.09 
± 0.02 

0.20 
± 0.02 

14.57 
± 2.90  

0.02 ±
0.01 

0.16 
± 0.01 

0.18 
± 0.02 

8.90 ±
5.00 

CSP- 
26 

69.18 
± 0.63 

0.98 
± 0.34 

0.80 
± 0.05 

0.15 
± 0.01 

6.79 ±
0.60  

24.19 
± 3.84 

0.08 
± 0.00 

0.22 
± 0.01 

10.26 
± 0.83  

0.07 ±
0.05 

0.20 
± 0.03 

0.23 
± 0.03 

15.48 ±
4.33 

CSP- 
31 

69.57 
± 0.29 

0.86 
± 0.29 

0.78 
± 0.04 

0.12 
± 0.00 

8.14 ±
0.79  

48.28 
± 5.08 

0.07 
± 0.02 

0.18 
± 0.02 

11.92 
± 0.90  

0.02 ±
0.01 

0.13 
± 0.01 

0.21 
± 0.01 

33.84 ±
31.78 

CSP- 
27 

65.03 
± 0.38 

0.91 
± 0.22 

0.84 
± 0.04 

0.19 
± 0.00 

8.26 ±
0.59  

22.55 
± 8.81 

0.06 
± 0.01 

0.19 
± 0.01 

12.80 
± 1.61  

0.04 ±
0.02 

0.12 
± 0.01 

0.18 
± 0.00 

9.70 ±
5.43 

CSP- 
32 

64.63 
± 0.91 

0.97 
± 0.22 

0.75 
± 0.04 

0.17 
± 0.01 

8.12 ±
0.63  

43.41 
± 16.67 

0.05 
± 0.01 

0.17 
± 0.01 

9.17 ±
1.48  

0.03 ±
0.02 

0.08 
± 0.01 

0.14 
± 0.01 

15.58 ±
25.91 

CSP- 
28 

61.02 
± 1.05 

0.81 
± 0.24 

0.67 
± 0.06 

0.19 
± 0.01 

7.31 ±
0.81  

55.29 
± 9.45 

0.06 
± 0.01 

0.15 
± 0.01 

9.74 ±
0.57  

0.02 ±
0.01 

0.10 
± 0.00 

0.14 
± 0.00 

7.81 ±
2.86 

CSP- 
33 

60.50 
± 1.22 

0.91 
± 0.23 

0.78 
± 0.07 

0.19 
± 0.01 

6.70 ±
0.66  

95.81 
± 19.90 

0.07 
± 0.01 

0.17 
± 0.01 

8.94 ±
0.69  

0.07 ±
0.09 

0.10 
± 0.00 

0.15 
± 0.00 

58.90 ±
58.94  

* LA-ICP-MS measurement. 
** EPMA measurement. 
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matte grade range investigated, independent of slag modifiers. 
Tin exhibited the lowest concentration in matte, ranging from 2 to 8 

ppm. At spinel saturation, CaO addition in iron silicate slag led to a small 
increase in tin concentrations at a given matte grade, whereas the effect 
of Al2O3 was not evident. The data by Sukhomlinov et al. (2019) for tin 
in matte obtained from silica saturated iron silicate slags are even lower 
than the present results. They also found that the concentration of tin in 
matte was not affected by slag modifiers Al2O3 and CaO. 

3.2. Concentrations of trace metals in slag 

The concentrations of trace metals measured by LA-ICP-MS in spinel- 
saturated iron silicate slags with the experimental concentration vari
ability (±1σ) are shown in Fig. 7. Fig. 7(a) indicates that the silver 
concentration in all spinel-saturated slags decreased with increasing 
matte grade from 60 to approximately 70 wt% Cu, after which it started 
to display an increasing trend at the higher matte grade range. The ef
fects of alumina and lime on the concentration of silver in the spinel- 
saturated slag were not evident within the uncertainty of the present 
results. However, lime was found to have a decreasing impact on silver 
concentration in silica-saturated slags in our previous studies (Chen 
et al. 2020a, 2021a). Avarmaa et al. (2015) observed that higher tem
perature decreased the loss of silver in the silica-saturated iron silicate 
slags but increased its volatilization into the gas stream. 

Fig. 7(b) shows that nickel concentration in all spinel-saturated slags 
in the present study kept nearly constant at approximately 0.06 wt% 
when the matte grade varied from 60 to 70 wt% Cu and tended to 

increase at higher matte grades. The dissolution of nickel in the present 
spinel-saturated slags was not affected strongly by the slag modifiers. 
The concentration of cobalt in all slags displayed slightly increasing 
trends with increasing matte grade in the present study, as shown in 
Fig. 7(c). Additions of alumina and lime into spinel-saturated iron sili
cate slags slightly decreased the concentration of cobalt in slags. 

Fig. 7(d) shows that the concentration of tin in FeOx-SiO2 slag 
increased from approximately 10 to 40 ppm over the increasing matte 
grade range investigated. However, the concentration of tin in FeOx- 
SiO2-Al2O3 and FeOx-SiO2-CaO slags kept almost constant at 10 ppm 
over the matte grade range from 60 to 70 wt% Cu, after which it 
increased with the increasing matte grade. Alumina and lime had 
decreasing impact on the tin concentration in slag, especially at matte 
grades higher than 70 wt% Cu. It should be noted that most tin vapor
ized during the experiments. The tin concentrations in silica-saturated 
iron silicate slags determined by Sukhomlinov et al. (2019) were 
lower than 10 ppm and the effects of alumina and lime were not evident 
in their study. 

3.3. Concentrations of trace metals in iron spinel 

The magnetite spinel is a common phase formed in the copper 
smelter, e.g., in the freeze lining or when the feed materials react in the 
reaction shaft of the flash smelting furnace (Jansson et al. 2015; Taski
nen et al. 2011, 2013; Taskinen and Jokilaakso, 2021). The concentra
tions of trace metals in spinel in the present study were measured by LA- 
ICP-MS to get a big picture of their distributions, as shown in Fig. 8. 

Fig. 6. Concentrations of trace elements in matte vs matte grade at 1250 ◦C and pSO2 of 0.25 atm: (a) silver by EPMA; (b) nickel by EPMA; (c) cobalt by LA-ICP-MS; 
and (d) tin by LA-ICP-MS. 
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Silver exhibited the lowest dissolution in spinel (<1 ppm) when 
compared with the other trace metals investigated in the present study, 
similar to our previous observations (Chen et al. 2021b) in the Fe-spinel 
saturated copper-slag system at 1200–1300 ◦C. The concentrations of 
nickel and cobalt in the spinel had similar increasing trends with 
increasing matte grade, independent of the slag modifiers used. The 
concentration of cobalt in spinel was around 0.05 wt% higher than that 
of nickel when the matte grade was lower than 70 wt% Cu. The con
centration of tin in spinel varied between zero and approximately 300 
ppm without a clear trend and with a large standard deviation when 
compared to the other minor metals in the system. 

3.4. Distribution coefficients between matte and slag 

The logarithmic distribution coefficients of trace metals between 
copper matte and slag, Log10LM/S[Me], were calculated using the 
following equation [1]: 

Log10LM/S[Me] = Log10([wt%Me]inmatte/(wt%Me)inslag) (1)  

where [wt% Me] and (wt% Me) represent the average concentrations of 
trace metals in matte and slag, respectively. The calculated logarithmic 
distribution coefficients of all trace metals investigated in the present 
study as a function of matte grade are shown in Fig. 9. The present 
experimental results were compared with the selected data from the 
literature at different saturations and temperatures (Avarmaa et al. 
2015; Chen et al. 2021a; Chen et al. 2022a; Hidayat et al. 2016; Roghani 
et al. 1997, 2000; Shishin et al. 2019; Sukhomlinov et al. 2019; Yazawa 

et al. 1983). Most literature data were equilibrium results from labora
tory experiments with silica saturation except the results by Chen et al. 
(2022a). They investigated Fe-spinel saturated industrial samples from 
copper matte converting conditions of the Peirce-Smith process which 
means their samples may not have reached true equilibrium and 
included trace levels of many elements. Hidayat et al. (2016) measured 
the distribution of silver between copper matte and Fe-spinel saturated 
FeOx-SiO2 slag at 1200 ◦C and pSO2 of 0.25 atm. However, only a single 
datum was presented in their study. 

Fig. 9(a) indicates that silver preferentially deported into the matte 
phase and higher matte grades favored the deportment of silver into 
matte, as reported previously (Avarmaa et al. 2015). The effects of 
alumina and lime on the distribution of silver between matte and spinel- 
saturated iron silicate slag were not evident in the present study. 
However, it was found in the previous studies (Chen et al. 2021a; 
Roghani et al. 1997, 2000) that additions of alumina and lime into 
silica/MgO-saturated iron silicate slags can increase the deportment of 
silver into the matte phase. The present logarithmic distribution co
efficients of silver between matte and spinel-saturated iron silicate slags 
fit well with the results by Hidayat et al. (2016) and Roghani et al. 
(1997) which were obtained at spinel and magnesia saturation, 
respectively. 

The distribution coefficient of nickel in Fig. 9(b) indicates that the 
partition of nickel favored the matte phase over the entire matte grade 
range studied. The present distribution coefficients of nickel between 
matte and spinel-saturated iron silicate slags displayed a somewhat 
increasing trend with increasing matte grade from 60 to approximately 
65–67 wt% Cu, after which they decreased at higher matte grades. The 

Fig. 7. Concentrations of trace metals in spinel-saturated iron silicate slags measured by LA-ICP-MS: (a) silver; (b) nickel; (c) cobalt; and (d) tin.  
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decreasing trends for Log10LM/S[Ni] were also observed by Chen et al. 
(2022a) and Yazawa et al. (1983) from spinel and silica saturated 
samples, respectively. The present results for nickel are in good agree
ment with the observations by Chen et al. (2022a) but were on the 
higher side of the data by Yazawa et al. (1983) where bulk analyses of 
the phases were used. The slag modifiers alumina and lime had little 
impact on the distribution of nickel between the matte and spinel- 
saturated iron silicate slag. 

As can be seen in Fig. 9(c), the trend lines of the distribution co
efficients for cobalt between matte and spinel-saturated iron silicate 
slags indicate its preference to be deported into the slag phase with 
increasing matte grade. The present observations for cobalt agreed well 
with the results by Chen et al. (2022a) and Yazawa et al. (1983). Like the 
present results for cobalt, the logarithmic distribution coefficients of tin 
between copper matte and spinel-saturated iron silicate slags displayed 
decreasing trends with increasing matte grade. The results by Chen et al. 
(2022a) from spinel-saturated industrial samples and the data by 
Shishin et al. (2019) and Sukhomlinov et al. (2021) determined between 
copper matte and silica-saturated iron silicate slag were close to the 
present results, indicating that the saturation phase did not influence the 
distribution behavior of tin. The results by Yazawa et al. (1983) dis
played similar downward trend with increasing matte grade for tin, 
although their logarithmic distribution coefficient of tin was about 0.4 
log unit higher than the present results, showing predominant accu
mulation into matte from the condensed phases. Most tin was vaporized 
in the CO-CO2-SO2-Ar mixture in the present measurements as the 
concentration of tin was very low in all phases. The addition of lime into 
the spinel-saturated iron silicate slag increased the deportment of tin 

into matte. 

3.5. Distribution coefficients between spinel and slag 

To have a better understanding about the distribution mechanisms of 
trace metals in the copper matte smelting system, logarithmic distribu
tion coefficients of the trace metals between spinel and molten slag, 
Log10LSp/S[Me], were calculated and plotted in Fig. 10 against matte 
grade. 

Silver preferred the molten slag over the spinel phase and the spinel- 
slag distribution coefficients increased with the increase of matte grade. 
Additions of alumina and lime into the spinel-saturated iron silicate slag 
had no obvious impact on the distribution of silver between spinel and 
slag, similarly as for nickel, cobalt, and tin. 

Nickel was slightly enriched in the spinel as a function of matte 
grade, as seen in Fig. 10(b), as was tin. The distribution coefficient of 
nickel between spinel and slag increased with increasing matte grade. 
No significant correlation between the spinel-slag distribution coeffi
cient and matte grade was found for cobalt and tin. For tin, rather sig
nificant standard deviations in the spinel phase should be noted. The 
data reported here are novel and only very limited data for minor 
element dissolutions in spinel phase can be found from literature. 

Combined with the low concentrations of tin in matte, slag, and 
spinel phases, it can be concluded that tin was mainly vaporized to the 
gas phase under the present experimental conditions, similar to our 
previous observations obtained in copper/matte-slag-silica/spinel/ 
wüstite-gas equilibrium systems (Avarmaa et al. 2018; Chen et al. 
2021b; Sukhomlinov et al. 2019). 

Fig. 8. Concentrations of trace metals in spinel measured by LA-ICP-MS vs matte grade: (a) silver; (b) nickel; (c) cobalt; and (d) tin.  

M. Chen et al.                                                                                                                                                                                                                                   



Minerals Engineering 191 (2023) 107969

10

4. Application for industrial practice 

Optimal control of the slag chemistry of copper smelting is important 
for the stable operation of copper smelting processes and at the same 
time minimizing the loss of copper and other valuable metals in slags 
(Henao et al. 2010; Mackey 1982; Taskinen 2011). The use of oxygen- 
enriched air or pure oxygen in modern copper smelting as well as the 
corrosion of refractory materials resulted in the fact that Fe-spinel 
(magnetite) is a common phase in cooled copper smelting slags (Chen 
et al. 2015; Chen et al. 2022a; De Wilde et al. 2016a, 2016b, 2017; Wang 
et al. 2019). During the oxidation of copper concentrates in the reaction 
shaft, the magnetite (i.e., the spinel in this study) is formed around the 
concentrate particles (Hagni et al. 1988; Jun and Zhuo 2018; Jorgensen 
1983; Jokilaakso et al. 1991; Pérez-Tello et al. 2018; Stefanova et al. 
2004; Taskinen and Jokilaakso 2021). 

Thermodynamics of metal distributions are the key for metal recy
cling through pyrometallurgical processes (Shuva et al. 2016; Taskinen 
and Avarmaa, 2021). However, limited studies have been carried out for 
investigating the trace metal distributions between copper/matte and 
spinel-saturated slags with low slag-to-metal ratios, due to the diffi
culties of doing experiments in spinel crucibles with aggressive slags. 
Therefore, the present equilibrium trace metal distribution data provide 
guidance for accumulating varying trace metals into appropriate phases 
at low silica concentrations of the slag. 

The results described above indicate that the spinel saturation in slag 
was more beneficial for partitioning silver and nickel into matte than 

silica saturation. Moreover, the present observations indicate that the 
low-silica operation of copper matte smelting and the trace element 
distribution coefficients are relatively close to those values obtained at 
silica saturation. 

This means that the amounts of trace elements dissolving in the 
smelting slag are smaller than at silica saturation, due to the smaller slag 
amount. Therefore, the recoveries of silver and nickel can be effectively 
improved using the newly proposed fluxing strategy by adding fluxes 
such as Al2O3, MgO, and CaO into slag to adjust the slag properties. 

Furthermore, the distribution results for nickel between matte and 
spinel-saturated slag show that lower matte grades favored the deport
ment of nickel into matte. Hence, the improvement of the recovery of 
nickel can be also handled by decreasing matte grade through adjusting 
the injection of oxygen coefficient of the smelting. Cobalt and tin were 
preferentially deported into slag/spinel and gas, respectively. Thus, the 
subsequent slag cleaning and flue dust treatment processes are essential 
for the recovery of cobalt and tin. 

5. Conclusions 

The continuously growing slag-to-copper ratio in copper smelting 
can be cut down only by a radical modification of the operational point 
in the slag fluxing. A straightforward measure is to lower silica con
centration of the slag. As a part of a continuous process for finding more 
resource efficient smelting and fluxing practices for copper matte 
smelting and its trace metals recovery from secondary materials, the 

Fig. 9. Logarithmic distribution coefficients of trace metals between matte and spinel-saturated iron silicate slags at 1250 ◦C and pSO2 of 0.25 atm; (a) silver; (b) 
nickel; (c) cobalt; and (d) tin. 
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distributions of silver, nickel, cobalt, and tin in the matte-slag-spinel-gas 
equilibrium were investigated at 1250 ◦C and pSO2 of 0.25 atm by an 
equilibration and quenching technique. The concentrations of trace 
metals in matte, slag, and iron spinel at low silica concentrations were 
measured by combining EPMA and LA-ICP-MS techniques with samples 
at spinel saturation to avoid the presence of extra substances not 
belonging to the equilibrium. 

Silver and nickel were found to distribute strongly into the sulphide 
matte rather than into molten slag or spinel. Tin was markedly vaporized 
into the gas and cobalt deported predominantly into slag and spinel. It 
was also found that additions of alumina and lime into spinel-saturated 
iron silicate slag had no significant impact on the distribution co
efficients of silver, nickel, and cobalt between matte and slag. 

A comparison of the present results determined at spinel saturation 
and the previous data at silica saturation shows that spinel saturation in 
slag favored greater deportment of silver and nickel into matte than at 
silica saturation. However, the distribution coefficients of cobalt be
tween matte and spinel-saturated iron silicate slags were similar with 
the observations obtained at silica saturation, indicating that the slag 
saturation has no major impact on the distributions of cobalt. Moreover, 
the present distribution coefficients for tin obtained at spinel saturation 
are similar with previous results (Shishin et al. 2019; Sukhomlinov et al. 
2019) determined at silica-saturation and using the similar experimental 
and analytical techniques but deviate significantly from the observation 
by Yazawa et al. (1983) using different experimental and analytical 
methods. 
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RAMI (Raw Materials Infrastructure) by Academy of Finland hosted by 
Aalto University, VTT and GTK at Otaniemi Campus was used in this 
investigation. 
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