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Recycling of waste electrical and electronic equipment (WEEE) is attracting increasing attention, due to the
presence of valuable metals and the risk of environmental emissions associated with WEEE disposal. In this study,
the distributions of trace elements (Ag, Ni, Co, and Sn) between copper alloy and magnetite/wiistite-saturated
iron silicate slags were investigated at 1200-1300 °C and Pgy of 10101065 atm, simulating the conditions of
WEEE reprocessing through secondary copper smelting and converting. The high-temperature isothermal
equilibration experiments were conducted in synthesized magnetite/wiistite crucibles under controlled CO-CO2
atmospheres followed by quenching in an ice-water mixture. The phase compositions and concentrations of the
trace elements in copper alloy, magnetite/wiistite, and slag were determined by Electron Probe X-ray Micro-
analysis and Laser Ablation-High-Resolution Inductively Coupled Plasma-Mass Spectrometry. The distribution
coefficients of all investigated trace elements between copper alloy and slag increased with decreasing oxygen
partial pressure and increasing temperature. Ag distributed strongly into the copper alloy at all conditions,
whereas Co mainly deported into the slag phase. Ni and Sn were concentrated in the alloy at lower Pp; and in the
slag at higher Poy. Varying concentrations of Ni, Co, and Sn were also dissolved into the solid magnetite/wiistite

phase.

1. Introduction

The rapid development of the electronic information industry and
the rapid upgrading of electronic devices have resulted in a surge of
waste electrical and electronic equipment (WEEE) (Marinello and
Gamberini, 2021). As the second largest WEEE generator after Asia, the
production of WEEE in European Union is currently estimated to be
approximately 11.6 million tonnes per year (Ibanescu et al., 2018).
Motivated by stronger legislation, economic and environmental factors,
efforts concerning recycling of WEEE are of high interest and in high
demand (Directive, 2012; Messmann et al., 2019).

WEEE is a heterogeneous combination of metallic and non-metallic
materials, including plastics, ceramics, copper, precious metals (Au,
Ag, Pt, and Pd), heavy metals (Pb, Hg, Cr, and As, etc.) and other typical
trace elements (Ni, Co, and Sn) (Zhang and Xu, 2016; Wang et al., 2017;
Cesaro et al., 2018; Cui and Zhang, 2008; Zeng et al., 2018; Shuva et al.,
2016), indicating WEEE can be an important raw material in many
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copper smelters (Lehner et al., 1999; Veldhuizen and Sippel, 1994;
Hageliiken, 2006; Hageliiken and Corti, 2010; Lennartsson et al., 2018;
Flores et al., 2014; Brusselaers et al., 2006; Khaliq et al., 2014) for
recovering metal values. The route for WEEE recycling involves collec-
tion, dismantling, shredding and, crushing, followed by hydro-/pyro-
metallurgical processing. From the perspective of industrial practice,
WEEE recycling, especially its copper-rich scrap fraction, is currently
mainly performed through pyrometallurgical copper smelting routes
(Tesfaye et al., 2017), due to the advantages of easy separation of
precious metals from base metals, large capacity, high yields and
convenient disposal of flue gas. Compared with available primary cop-
per smelters, a wider variety of WEEE can be incorporated into the
secondary copper smelters and subsequently produce copper as well as
valuable side products of multiple precious and critical elements
(Anindya et al., 2009). Among those secondary copper smelting routes,
the processing of WEEE in TSL furnaces, like Ausmelt and Isasmelt
technologies, are commonly used (Shuva et al., 2017). The precious and
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trace elements are introduced into the TSL furnace along with secondary
materials like WEEE and the metals distribute in smelting and convert-
ing into metal, slag, and gas phases. The subsequent converting and
refining operations in the same furnace are energy-saving and effective
recovery routes for extracting metal values from the valuable metals-
enriched copper. Fig. 1 shows the route for WEEE recycling through
secondary copper smelting.

There is a wealth of data revealing the distribution of Ag in pyro-
metallurgical copper smelting processes. A detailed literature review for
the distribution of Ag can be found in our previous studies (Chen et al.,
2020; Chen et al., 2021). Table 1 summarizes the details of the most
recent experimental studies (Anindya et al.,, 2013; Avarmaa et al.,
2018a, 2019, Danczak et al., 2020, 2021; Derin and Yiicel, 2002; Gortais
et al., 1994; Kashima et al., 1978; Kho et al., 2006; Klemettinen et al.,
2019; Nagamori and Mackey, 1977; Reddy and Healy, 1981a,b, Ren
et al., 2020, 2021, Sukhomlinov et al., 2019a,b, 2020; Takeda et al.,
1983; Tirronen et al., 2017; Wang et al., 1973; Klemettinen et al., 2018;
Avarmaa and Taskinen, 2018b; Avarmaa et al., 2017; Sukhomlinov and
Taskinen, 2017; Van den Bulck et al., 2018; Reddy, 1980; Louey and
Swinbourne, & D.R., Lehner, T, 1999) for investigating the behavior of
selected trace elements (Ni, Co, and Sn) in copper smelting processes.
Apart from the above mentioned primary and secondary copper smelt-
ing routes, the distributions of trace elements in other pyrometallurgical
processes and theoretical thermodynamic analyses have been reported
by many researchers (Choi and Cho, 1997; Hellstén et al., 2019; Holland
et al., 2019; Nakajima et al., 2011; Piskunen et al., 2018; Takeda et al.,
1990; Teague et al., 2001; Wang et al., 1974; Xu et al., 2012, 2013;
Yazawa, 1980; Nagamori and Mackey, 1978; Holland et al., 2018).

In those previous studies shown in Table 1, the behaviors of trace
elements have been investigated extensively between metallic copper/
sulfide copper matte and Al-Fe spinel/silica-saturated slags (Avarmaa
et al., 2018a, 2019, Danczak et al., 2020, 2021; Derin and Yiicel, 2002;
Kashima et al., 1978; Klemettinen et al., 2019; Nagamori and Mackey,
1977; Reddy and Healy, 1981a,b, Ren et al., 2020, 2021, Sukhomlinov
et al., 2019a,b, 2020; Wang et al., 1973; Klemettinen et al., 2018;
Avarmaa and Taskinen, 2018b; Avarmaa et al., 2017; Sukhomlinov and
Taskinen, 2017; Van den Bulck et al., 2018; Reddy, 1980), but none at
magnetite/wiistite saturation. Moreover, the chemical analysis methods
used in some earlier studies (Ren et al., 2021; Ren et al., 2020; Kashima
et al.,, 1978; Reddy and Healy, 1981; Reddy and Healy, 1981; Reddy,
1980; Anindya et al., 2013; Kho et al., 2006; Gortais et al., 1994; Takeda
etal., 1983; Louey and Swinbourne, & D.R., Lehner, T., 1999) may have
caused inaccuracies when measuring the concentrations of trace ele-
ments in metal, matte, and slag, due to the incomplete phase separa-
tions. To overcome the difficulties of accurately determining the trace
element concentrations in separate phases, direct phase microanalysis
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techniques were applied, thus avoiding distorted results caused by
imperfect bulk sample separation.

This study aims to measure the distributions of Ag, Ni, Co, and Sn
between copper alloy and magnetite/wiistite-saturated iron silicate
slags, related to WEEE recycling in secondary copper smelting. The
present results help to predict the conditions favorable for recycling
valuable metals from WEEE into the copper alloy phase. The distribu-
tions of valuable metals between copper alloy and slag provide potential
for improving recoveries of valuable metals from WEEE through
adjusting the slag composition, temperature, and oxygen partial pres-
sure. The trace element behaviors in the Cu-Fe-O-Si system have been
investigated so far in slags at silica-saturation in previous studies
(Sukhomlinov et al., 2019a,b; Sukhomlinov and Taskinen, 2017).

2. Experimental

High purity powders, shown in Table 2, were used for preparing the
copper alloy and slag. The concentration of each trace element added
into the copper alloy mixture was approximately 1 wt pct. The Fe;03/
SiOs ratio of initial slag mixture was determined based on the prediction
of the FeOx-SiO, phase diagram (Fig. 2) at copper saturation, simulated
by MTDATA (Gisby et al., 2017; Davies et al., 2002) thermodynamic
software using the MTOX database (Davies et al., 2002). Fig. 2 shows
that the slag is saturated with wiistite (FeO) at 1200-1250 °C and Pg3 <
10® atm but is saturated with magnetite (Fe3O4) at higher Pgy. At
1300 °C, the slag is wiistite-saturated at Poy of 10" atm but is magnetite-
saturated at Pgp = 107-10°° atm.

Approximately 0.2 g of copper alloy mixture was equilibrated with
equal amount of slag mixture in each experiment. The copper alloy
mixture and slag mixture were loaded into a mold and then pressed into
a pellet using a hydraulic press under high pressure of five tons.
Magnetite (Fe3O4) and wiistite (FeO) crucibles were used for holding the
sample pellet. The type of crucibles used at different conditions was
determined based on the saturation of slags predicted by MTDATA. The
magnetite and wiistite crucibles were prepared by oxidizing the iron foil
at 1250 °C and P of 107 and 1070 atm, respectively. Before being
oxidized, the iron foil was folded into a crucible shape and the bottom
was formed into a bowl shape using a hemispherical stamping rod. The
compositions of the crucibles were measured and validated by electron
probe microanalysis. The atmosphere in the furnace was controlled by
flowing CO-CO2 gas mixtures. The gas flowrates calculated by HSC
Chemistry software (Roine, 2017) for each target Ppp and the initial
Fe;03/Si0,, ratios are listed in Table 3.

A vertical tube furnace (Nabertherm, Lilienthal, Germany, RHTV
120-150/1) equipped with MoSi, heating elements was used for con-
ducting the high-temperature equilibration experiments. The
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Fig. 1. The pyrometallurgical WEEE recycling route through secondary copper smelting.
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Table 1
A summary table of most recent literature sources investigating the selected trace elements distributions in copper smelting.
Equilibrium System Slag LogPoy/ T/°C Elements Crucible Analytical methods Ref.
atm
Al,03/(Al-Fe) Spinel saturated slag
Copper alloy-slag FeOx-Si05-(K20) —10to -5 1300 Sn, Ni Alumina EPMA and LA-ICP-MS (Klemettinen et al., 2019; Klemettinen
et al., 2018)
Copper alloy-slag FeOy-Si0,-Al,03- —11to -8 1300 Sn,Ni,Co  Alumina EPMA and LA-ICP-MS (Danczak et al., 2020; Danczak et al., 2021)
(MgO)
Copper alloy-slag Fe0y-SiO5-(Al503- —-10to -5 1300 Sn Alumina EPMA and LA-ICP-MS (Avarmaa et al., 2018a, 2019)
Ca0-K20)
Copper alloy-slag FeOy-Si0,-Al,03 —10to -5 1300 Sn Alumina EPMA (Avarmaa and Taskinen, 2018b; Avarmaa
et al., 2017)
Copper alloy-slag FeOy-Si05-Al,03- —11to -6 1200-1300  Sn Alumina Polarographic (Nagamori and Mackey, 1977)
CuOg 5 techniques
Copper alloy-slag MnO-Si0,-Al,03 —-12to 1300-1350 Co Alumina AAS (Ren et al., 2021)
-10
Copper alloy-slag FeOy-Si0,-Al,03 —10to —8 1400 Co Alumina Not reported (Derin and Yiicel, 2002)
SiO; saturated slag
Copper alloy-slag Fe04-SiO5-(Al,03- —10to -5 1300 Sn Silica EPMA and LA-HR ICP- (Avarmaa et al., 2019)
Ca0-K,0) MS
Copper alloy-slag FeOy-Si0,-Al,03- —10to -5 1300 Sn Silica EPMA (Avarmaa and Taskinen, 2018b;
(Ca0) Sukhomlinov et al., 2020)
Copper alloy-slag FeO4-SiO5 —8to —4 1250-1350 Ni, Co Silica EPMA and LA-ICP-MS (Sukhomlinov et al., 2019a; Sukhomlinov
and Taskinen, 2017)
Copper matte-slag FeOx-Si05-(Al,03- —8to -7 1300 Sn Silica EPMA and LA-ICP-MS (Sukhomlinov et al., 2019b)
Ca0)
Copper alloy-slag MnO-SiO, —12to 1350 Co Silica AAS (Ren et al., 2020)
-10
Copper alloy-white Fe0,-SiO4 Not 1300 Ni, Co Silica AAS (Kashima et al., 1978)
metal-slag reported
Copper alloy-slag FeO,-Si0,-Ca0- Not 1300 Sn Silica EPMA (Van den Bulck et al., 2018)
CuOy reported
Copper alloy-slag FeOy-SiOy —10to —6 1250-1350 Co Alumina Gravimetric technique (Wang et al., 1973)
and XRF
Copper alloy-slag Cu0-Si0y Not 1200-1250 Co Silica AAS, XRD, and SEM-EDS  (Reddy and Healy, 1981; Reddy and Healy,
reported 1981; Reddy, 1980)
MgO saturated slag
Copper alloy-slag FeO,-Si0,-CaO -7 1300 Sn Magnesia ~ ICP-AES (Anindya et al., 2013)
Copper matte-slag FeOy-SiO4 Not 1250 Co Magnesia  ICP-AES (Kho et al., 2006)
reported
Copper alloy-slag CaF,-CaO0-MgO- Not 1227 Ni, Sn Magnesia  ICP and XRF (Gortais et al., 1994)
Si0y reported
Copper alloy-slag FeO4-CaO —12to -5 1250 Sn,Ni,Co  Magnesia  AAS (Takeda et al., 1983)
Copper matte-slag FeO,-SiO, Not 1250 Sn Magnesia  ICP-AES (Louey and Swinbourne, & D.R., Lehner, T.,
reported 1999)
Magnetite saturated slag
Copper alloy-copper FeO4-SiO, Not 1200-1275 Ni, Co Silica EPMA and LA-ICP-MS (Tirronen et al., 2017)
matte-slag reported

AAS: Atomic absorption spectroscopy.

XRF: X-ray fluorescence spectroscopy.

XRD: X-ray diffractometry.

ICP: Inductively coupled plasma spectroscopy.

ICP-AES: Inductively coupled plasma atomic emission spectrometry.
LA-ICP-MS: Laser Ablation Inductively Coupled Plasma-Mass Spectrometry.

Table 2
Materials used for preparing the copper alloy and slag.
Material Quality/Purity Supplier
Fe,03 99.998 wt pct Alfa Aesar
Si0, —40 mesh, 99.995 wt pct Alfa Aesar
Cu —625 mesh, 99.9 wt pct Alfa Aesar
Ag —100 mesh, 99.95 wt pct Alfa Aesar
Ni —120 mesh, 99.996 wt pct Alfa Aesar
Co —1.6 pm, 99.8 wt pct Alfa Aesar
Sn —100 mesh, 99.85 wt pct Alfa Aesar
Cco 99.99 vol pct AGA-Linde (Finland)
CO, 99.999 vol pct AGA-Linde (Finland)
Iron foil thickness 0.25 mm, 99.5 wt pct Sigma Aldrich & Merck

temperature of the furnace was regulated by a Nabertherm P310 tem-
perature controller. A calibrated S-type Pt/Pt-10 wt pct Rh thermo-
couple (Johnson-Matthey Noble Metals, UK), placed next to the sample,

was used for measuring the furnace hot-zone temperature. The platinum
basket holding the crucible was hooked by a platinum wire which was
inserted into the furnace from the top end of the guiding tube. The
experimental set-up and the sample holding technique are displayed in
Fig. 3. To verify that equilibration was attained, all samples were
equilibrated in the furnace for at least 24 h (Danczak et al., 2020;
Danczak et al., 2021; Avarmaa et al., 2019; Avarmaa et al., 2020) before
being quenched in an ice-water mixture. The experimental procedure
has been described in detail in our earlier publications (Klemettinen
et al., 2017; Avarmaa et al., 2016).

The quenched samples were dried and mounted in epoxy resin
(EpoFix, Struers, Denmark). The sample surfaces were ground, polished,
and then carbon coated using a carbon vacuum evaporator (JEOL IB-
29510VET). The microstructures were obtained using a Scanning Elec-
tron Microscope (SEM; Tescan MIRA 3, Brno, Czech Republic) coupled
with an UltraDry Silicon Drift Energy Dispersive X-ray Spectrometer
(EDS; Thermo Fisher Scientific, Waltham, MA, USA).
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Table 3
The crucibles (primary phases) used and the calculated gas flow rates at
1200-1300 °C for the target Pos.

Temperature/ Logi0Po2/ Crucible  Gas flow rates/  Pcoa/ Fe,03/
°C atm (mL-min~1) Pco Si0,
- weight
€0, co ratio of
slag
1200 -10 FeO 226.3 73.7 3.1 85/15
-9 FeO 272.0 28.0 9.7 80/20
-8 Fe304 290.5 9.5 30.7 80/20
1250 -10 FeO 177.5 1225 1.5 85/15
-9 FeO 246.3 53.7 4.6 85/15
-8 Fe304 280.6 19.4 14.5 80/20
-7 Fe304 293.6 6.4 458 80/20
-6.5 Fe304 296.4 3.6 815 80/20
1300 -8 FeO 263.3 36.7 7.2 90/10
-7 Fe304 287.3 12.7 227 90/10
-6.5 Fe304 292.7 7.3 403 85/15

The concentrations of trace elements in the metal phase as well as the
major element compositions of the metal, slag, and magnetite/wiistite
phase were obtained with a CAMECA SX100 electron probe micro-
analyzer (EPMA) using wavelength dispersive spectrometry (WDS)
technique. The accelerating voltage and beam current were 20 kV and
60nA, respectively. A defocused beam diameter set to 20 um for the
magnetite/wiistite phase and 50 um for the metal and slag phases was
used. The standard materials used were obsidian for O K,, quartz for Si
Ky, hematite for Fe K,, and metallic copper for Cu K,, silver for Ag L,
nickel for Ni K, cobalt for Co K,, and tin for Sn L,. Analytical results
were corrected using the PAP on-line correction program (Pouchou and
Pichoir, 1986). At least eight points were measured for the metal phase.
A three-spot analysis technique was used for the slag and magnetite/
wiistite phases, i.e., 24 analyzing spots were selected from the slag/
magnetite/wiistite phase and the result for one point was determined by
using the average of every three separate analysis spots next to each
other. The analytical total of EPMA measurements was within 98-100.7

wt pct. The analyses were taken from areas where all phases were pre-
sent and in direct contact with each other, examples shown in Fig. 4.

Laser ablation single collector inductively coupled mass spectrom-
etry (LA-ICP-MS) analyses of trace element concentrations in slag and
magnetite/monoxide phases were performed at the Geological Survey of
Finland (GTK), using a Nu AttoM SC-ICPMS (Nu Instruments Ltd.,
Wrexham, UK) and an Analyte 193 ArF laser-ablation system (Photon
Machines, San Diego, USA). The laser was run at a pulse frequency of 10
Hz and a pulse energy of 5 mJ at 30 % attenuation to produce an energy
flux of 2.5 J/cm? on the sample surface with a 40 um spot size. This spot
size was chosen to provide the best compromise between adequate
resolution, to allow spot analysis of individual phases determined by
SEM imaging set at high contrast yet keeping limits of detection (LOD) as
low as possible. Each analysis was initiated with a 20 s baseline mea-
surement followed by switching on the laser for 40 s for signal acqui-
sition. The trace element concentrations were obtained using time
resolved analysis (TRA) with continuous acquisition of data for each set
of points (generally following the scheme of primary standard, quality
control standard, 20 unknowns). Both phase analyses of magnetite/
wiistite and slag were conducted close to each other from the same well-
quenched areas.

For the trace element analyses by LA-ICP-MS, GSE glass was used as
the primary external standard, and GSD, BHVO-2G and BCR-2G glasses
were used as reference materials for quality control. The isotope >’Fe
was used as the internal standard for magnetite/wiistite and 2°Si for slag
by employing the EPMA measurement results for Fe and Si, respectively.
The measurements were performed on isotopes °°Ag for silver, ®°Ni for
nickel, ®°Co for cobalt, and 2°Sn for tin at low resolution (AM/M = 300)
using the fast scanning mode. Data reduction was handled using the
GLITTER™ (Van Achterbergh, 2001) software which allows for baseline
subtraction, signal integration over a selected time window and quan-
tification using known concentrations of the external and internal
standards. The detection limits of EPMA and LA-ICP-MS obtained for
this experimental series are listed in Table 4.
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Fig. 3. Schematic of the equilibration furnace and sample holder setup used for the experiments.

- e .
Crucible

Slag

Copper alloy

Magnetite

(b)

Copper alloy

Crucible

Wiistite
A

1

Epoxy

Fig. 4. Typical microstructures of the copper alloy-slag-magnetite/wiistite equilibria at different temperatures and Py = 10 atm; (a) 1200 °C; (b) 1250 °C;

(c) 1300 °C.

Table 4

Elemental detection limits of EPMA and LA-ICP-MS analyses obtained in this study/ppmw.

Element o

Si

Fe Co Ni Cu Ag Sn
EPMA Copper 437 155 111 120 169 389 232 189
Slag 692 119 141 206 160 197 196 165
Magnetite/Wiistite 606 118 158 222 166 199 199 166
LA-HR ICP-MS Isotope 29gi 57Fe 1097g SONi 59Co 1206
Slag 7.6 1.1 0.004 0.08 0.01 0.02
Magnetite/Wiistite 8.3 1.2 0.004 0.09 0.01 0.03

3. Results and discussion

The microstructures of samples obtained at 1200-1300 °C and P of
10°® atm are shown in Fig. 4. As can be seen in Fig. 4, the copper alloy
was equilibrated with molten slag phase and solid magnetite/wiistite,
depending on temperature and the prevailing oxygen partial pressure.
The fraction of recrystallized magnetite/wiistite phase decreased with

increasing oxygen partial pressure. The detailed primary phases of

saturation in the slags can be seen in section 3.2.

3.1. Concentrations of trace elements in copper alloy

The concentrations of trace elements in copper alloy as a function of

Py are shown in Fig. 5. Fig. 5(a) shows that Ag concentrations in the
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Fig. 5. Concentrations of Ag (a), Ni (b), Co (c), and Sn (d) in copper alloy as a function of Py at 1200-1300 °C; Open symbols-results from literature; colored full

symbols-present study.

copper alloy were somewhat scattered and had no significant change in
the oxygen partial pressure range of 107:%-10"® atm at 1200-1250 °C,
whereas it showed a slightly decreasing trend with increasing Py from
108 to 105> atm at 1250 °C. The results at 1300 °C fluctuated around
0.2 wt pct and at 1200 °C around 1 wt pct. The concentration of Ag in
copper alloy decreased from around 1 wt pct to approximately 0.2 wt pct
when temperature varied in the range of 1200-1300 °C, indicating a
stronger vaporization of Ag at higher temperatures. The decreasing
impact of higher temperature on the deportment of Ag into copper alloy
was also observed by Sukhomlinov et al. (Sukhomlinov et al., 2019a).
The results by Avarmaa et al. (Avarmaa et al., 2020; Avarmaa et al.,
2016) were almost constant at 0.9 wt pct at Poy of 101°-107 atm, similar
to the present results obtained at 1200 °C. In another study by Avarmaa
et al. (Avarmaa et al., 2019), the concentration of Ag in copper alloy
equilibrated with silica-saturated slags was approximately 0.2-0.3 wt%,
close to the present results at 1300 °C.

Fig. 5(b) shows that concentration of Ni in the copper alloy had a
linearly decreasing trend with increasing Py at all temperatures
investigated. With increasing temperature from 1250 °C to 1300 °C, the
concentration of Ni in copper alloy increased by approximately 0.1 wt
pct. The present results for Ni in copper alloy were lower than the ob-
servations by Klemettinen et al (Klemettinen et al., 2018) and
Sukhomlinov et al. (Sukhomlinov et al., 2019a) but showed similar

decreasing trends.

Co displayed the lowest concentration in the copper alloy when
compared with other trace elements investigated in this study, as shown
in Fig. 5(c). Co concentration in the copper alloy had a downward trend
with increasing Pgo, as reported in previous studies (Danczak et al.,
2020; Sukhomlinov et al., 2019a). However, the decreasing trend was
less vigorous at higher Pgy. The increase of temperature favored the
deportment of Co in the copper alloy. The results by Sukhomlinov et al.
(Sukhomlinov et al., 2019a) were within the range observed in the
present study but were significantly lower than the data by Danczak
et al. (Danczak et al., 2020).

The trend line for Sn in copper alloy exhibited a similar decreasing
trend as Co. However, the impact of temperature was not as strong as for
the other trace elements. The present results of Sn in copper alloy
equilibrated with magnetite/wiistite-saturated slags were somewhat
lower than the observations (Avarmaa et al., 2018a, 2019; Danczak
etal., 2021; Hidayat et al., 2021; Klemettinen et al., 2019; Avarmaa and
Taskinen, 2018b) obtained from copper alloy in equilibrium with silica/
(Al-Fe) spinel-saturated slags, which showed different downward
trends. However, the results by Avarmaa et al. (Avarmaa et al., 2019)
determined from the copper alloy in equilibrium with silica-saturated
slags were close to the present results at 1250 °C. The present results
obtained at 1200 °C were slightly higher than the data by Nagamori and
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Mackey (Nagamori and Mackey, 1977) in the Poy range of 1071° to 108
atm, whereas the present results at 1300 °C were lower than their data
(Nagamori and Mackey, 1977) by approximately 0.1 wt pct. The impacts
of Ca0O, Al;0O3, and MgO on increasing the Sn concentration in copper
alloy were reported in literature (Avarmaa et al., 2018a; Danczak et al.,
2021; Avarmaa and Taskinen, 2018b).

3.2. Concentrations of trace elements in Magnetite/Wiistite

The loss of trace elements in the solid magnetite/wiistite primary
phase in the copper-slag-magnetite/wiistite-gas equilibria system was
investigated by LA-ICP-MS for the first time in the present study, as
shown in Fig. 6. Fig. 6(a) indicates that the dissolution of Ag to the
magnetite/wiistite phase was extremely low (<1ppm), compared with
the other trace elements. The results for Ni, Co, and Sn displayed a
similar increasing trend with increasing Ppy, wherein the loss of Ni and
Co in the magnetite/wiistite phase were higher than that of Sn. The
effect of higher temperature on decreasing the concentration of trace
elements in magnetite/wiistite was evident for all minor elements,
although less clear for Ag between 1250 and 1300 °C. The phenomenon
of trace element dissolutions in solid phase, i.e., in magnetite/wiistite in
the present study, was not observed in our previous studies (Avarmaa
et al., 2019; Sukhomlinov et al., 2019a) focusing on the copper alloy/
slag/tridymite equilibria system.
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3.3. Concentrations of trace elements in slag

The concentrations of trace elements in the slag by LA-ICP-MS with
their standard deviations (+10) against Poy are presented in Fig. 7. Fig. 7
(a) indicates the concentration of Ag in all magnetite/wiistite-saturated
slags in equilibrium with copper alloy was lower than 70 ppm, sug-
gesting a strong deportment of Ag into the copper alloy phase, when
combined with above mentioned low Ag concentrations in magnetite/
wiistite. The results at all temperatures investigated increased with
increasing Pgy. The increase of temperature reduced the loss of Ag in the
slag to varying degrees, depending on the Pgy. The data by Avarmaa
et al. (Avarmaa et al., 2016) for silver at Al-Fe spinel saturation were
higher than the present results and the observations in literature
(Sukhomlinov et al., 2019a), but they displayed a similar increasing
trend with increasing Pgy. The Ag concentrations in slag reported by
Hidayat et al. (Hidayat et al., 2019) had some scatter but were within the
range of present observations. Additionally, it was reported in the study
(Avarmaa et al., 2020) that the loss of Ag in slag can be reduced by
adding CaO into the iron silicate slag.

The observed concentration of Ni in slag, as shown in Fig. 7(b),
increased throughout the Pg, range investigated at all temperatures, as
have been reported in literature (Danczak et al., 2021; Sukhomlinov
et al., 2019a; Klemettinen et al., 2018). The present results for Ni in the
slag decreased with increasing temperature at fixed Pgy, contrary to the
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Fig. 6. Concentrations of trace elements in magnetite/wiistite vs. Poy at 1200-1300 °C; Ag (a), Ni (b), Co (c), and Sn (d).
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Fig. 7. Trace element concentrations in FeOy-saturated slag as a function of Py at 1200-1300 °C; Ag (a), Ni (b), Co (c), and Sn (d).

findings by Sukhomlinov et al. (Sukhomlinov et al., 2019a). The dis-
crepancies might attribute to the strong dissolution of Ni in magnetite/
wiistite. The Ni concentration in slag measured by Klemettinen et al
(Klemettinen et al., 2018) and Danczak et al. (Danczak et al., 2021) at
1300 °C increased approximately from 300 ppm to 0.13 wt pct along
with increasing Pgp, which is close to the present results obtained at
1250-1300 °C. They also reported that K;O and MgO additions in the
iron silicate-based slag decreased the loss of Ni in slag.

Fig. 7(c) indicates that the concentration of Co in the slag displayed a
non-linear but increasing trend with increasing Poy. However, the slope
was steeper at Poy lower than 10 atm at 1200-1250 °C and at 1300 °C
below 107 atm. The influence of higher temperature on decreasing the
Co concentration in slag was more significant in the lower Py, range of
101% to 10°® atm. A contradictory impact of temperature on Co loss in
slag was observed by Sukhomlinov et al. (Sukhomlinov et al., 2019a).
Reddy et al. (Reddy and Healy, 1981) reported that the solubility of Co in
Cuy0-Co0-SiO, slags increased with increasing ratios of Cuz0/SiOq,
metal-to-oxide and the concentration of Co in the alloy, which fits well
with the observations by Derin and Yiicel (Derin and Yiicel, 2002) for the
solubility of Co in FeO-SiO2-Al;03 slags. The concentrations of Co in the
MgO-containing slag reported by Danczak et al. (Danczak et al., 2020)
were around 30-70 ppm, which are much lower than the present results.

As shown in Fig. 7(d), concentration of Sn in the slag increased
significantly with increasing Poz at 1200 °C. However, the results

obtained at 1250-1300 °C had no significant changes over the entire Poy
range studied. The increase of temperature from 1200 °C to 1250 °C
reduced the Sn concentration in slag substantially at Poy higher than 10
10 atm, owing to its stronger volatilization at more oxidizing conditions
(Avarmaa et al., 2019), whereas temperature influenced much less on
the Sn concentration between 1250 °C and 1300 °C. The present results
at 1200 °C were slightly higher than the data by Nagamori and Mackey
(Nagamori and Mackey, 1977), but at 1300 °C the present results were
on the lower side of their observations obtained in the same conditions.
The results reported by Hidayat et al. (Hidayat et al., 2021) ranged from
580 ppm to 0.45 wt pct and 528 ppm to 1.33 wt pct, at 1250 and
1300 °C, respectively, which are on higher side of the present observa-
tions. It was also reported in literature (Anindya et al., 2013; Avarmaa
et al., 2018a; Danczak et al., 2021; Klemettinen et al., 2019) that ad-
ditions of K30, MgO, and CaO into iron silicate slags depressed the loss
of Sn into slags.

3.4. Distribution coefficients between copper alloy and slag
The high-temperature equilibrium reactions of a trace element Me
between molten copper and slag in WEEE processing can be described

using the following equation:

Me + %02 — MeO, 8]
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where the valence of trace element Me in slag equals to 2v. The
equilibrium reaction constant K for reaction (1) can be defined as:
a(MeO,)
— 2)
a[Me]P; /22
where a[Me] and a(MeO,) refer to the activities of Me and MeO, in
the copper alloy and slag, respectively. The distribution coefficient of Me
between copper alloy and slag can be defined as:

Cufs _ [

wipctMe),,. oy
a incopperalloy 3)

(wtpctMe)

inslag

where [wt pct Me] and (wt pct Me) denote the concentrations of trace
element in copper alloy and slag, respectively. As suggested by Takeda
et al. (Takeda et al., 1983), the distribution coefficient can be expressed
further as:

-y
LCM/S _ [nT][m‘oppemllay(yMeOD )PO:/ (4)

Me K{¥ue) (nT)in.\'lag

where K represents the equilibrium constant of equation (1) and nr
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represents the total mole number of mono-cationic constituents in 100 g
copper alloy and slag. [yme] and (ype0,) denote the activity coefficients
of Me in copper alloy phase and MeO, in slag phase, respectively. By
reorganizing equation (4), the logarithmic distribution coefficient can
be represented as:

Wateo ) tlincopperaoy v
K (nT)in.Vlag [Vaze] 2

As the concentration of Me in the copper alloy and MeO, in the slag

LOglOLAC/;Z/S = Log, Log,oPo, 5)

are quite low, thus obeying Henry’s law, the Loglow can be

regarded as a constant at a fixed temperature. —§ is the slope of the
linearly fitted relationship between Log, L5/ and Log,,Po, which can be
used to determine the oxidation state of trace element Me in slag. The
calculated logarithmic distribution coefficients of trace elements be-
tween copper alloy and slag as a function of logarithmic Pgy are dis-
played in Fig. 8. The present experimental results were also compared
with the data from literature.

Compared with the other trace elements investigated in this study,
the logarithmic distribution coefficient of Ag in Fig. 8(a) is rather
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Fig. 8. Logarithmic distribution coefficients of trace elements between copper alloy and slag vs. Po, at 1200-1300 °C and FeOy saturation; Ag (a), Ni (b), Co (c), and

Sn (d).
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scattered, ranging from 1.6 to 3.4 at 1200-1300 °C and P of 10°%°-10°
10 atm. This suggests that Ag was highly accumulated in the copper
alloy. The present distribution coefficient values at 1200-1250 °C
decreased with increasing Pgp, as reported by Sineva et al. (Sineva et al.,
2021); however, the results obtained in this study at 1300 °C remained
almost constant around 2.6. The logarithmic distribution coefficient of
Ag increased by approximately 0.2 units with increasing temperature
from 1200 °C to 1250 °C. A depressing impact of higher temperature on
ng/ 5 was determined by Hidayat et al. (Hidayat et al., 2019), contrary to
the observations by Sukhomlinov et al. (Sukhomlinov et al., 2019a). The
present results at 1200 °C were on the high side of the data between
molten copper and Al-Fe spinel saturated slag at 1300 °C determined by
Avarmaa et al. (Avarmaa et al., 2016) at hercynite-magnetite saturation.
The logarithmic distribution coefficients of Ag between copper alloy and
silica-saturated iron silicate slags reported by Avarmaa et al. (Avarmaa
et al., 2019) at 1300 °C were close to the present extrapolated results at
1250 °C. In another study by Avarmaa et al. (Avarmaa et al., 2020), the
distribution coefficient of Ag increased with addition of CaO into slag.
As for the dissolution mechanism of Ag in slags, some researchers sug-
gested AgOos (Ag*) (Avarmaa et al., 2019; Kashima et al., 1978;
Sukhomlinov et al., 2019a; Takeda et al., 1983; Park and Min, 1999) in
slags. Avarmaa et al. (Avarmaa et al., 2020; Avarmaa et al., 2016) and
Hidayat et al. (Hidayat et al., 2019) proposed a mixed valence of Ag™
and Ag?*. The slopes of the trend lines at 1200 °C and 1250 °C in this
study were —0.40 and —0.39, respectively, giving an indication that Ag
oxide dissolves in the slag with a combination valence of 1 + and 2+,
similar to the observations by Avarmaa et al. (Avarmaa et al., 2020;
Avarmaa et al., 2016) and Hidayat et al. (Hidayat et al., 2019).

The distribution coefficient of Ni in Fig. 8(b) decreased with
increasing Py over the entire Ppy range studied. The increase of tem-
perature from 1200 to 1300 °C favored the deportment of Ni into copper
alloy, in good agreement with the observations by Sukhomlinov et al
(Sukhomlinov et al., 2019a). The present results at 1300 °C were slightly
higher than the data by Klemettinen et al. (Klemettinen et al., 2018),
which were determined between copper alloy and K;O-free slags, but
they fit well with their results for slag containing 3 wt% K»O. The results
by Danczak et al. (Danczak et al., 2021) were slightly higher compared
with the present and other studies (Sukhomlinov et al., 2019a; Kle-
mettinen et al., 2018). Klemettinen et al. (Klemettinen et al., 2018)
observed that addition of KO into Al-Fe spinel saturated iron silicate
slags increased the distribution coefficient of Ni between copper alloy
and slag. The slope of the current trend lines at 1200-1300 °C was
approximately —0.5, indicating that Ni dissolved into the slag as diva-
lent oxide NiO, which agrees well with the results of previous studies
(Kaur et al., 2009; Sukhomlinov et al., 2019a; Takeda et al., 1983; Wang
et al., 1973, 1974). Reddy and Acholonu (Reddy and Acholonu, 1984)
proposed that Ni dissolved in Al-Fe spinel saturated fayalite slags as a
combination of Ni?* and Ni°.

As shown in Fig. 8(c), the distribution coefficient of Co between
copper alloy and slag decreased with increasing P, at all temperatures
investigated. The logarithmic values of the present distribution co-
efficients were below zero, suggesting that Co was markedly accumu-
lated in the slag phase. The distribution coefficient of Co decreased
around 0.5 and 0.4 log units with increasing temperature from 1200 °C
to 1250 °C and from 1250 °C to 1300 °C, respectively, at Poy of 108 atm.
Similar impact of temperature was also observed by Sukhomlinov et al.
(Sukhomlinov et al., 2019a). The results by Danczak et al. (Danczak
et al., 2020) were intermediate between the present results at 1250 °C
and 1300 °C. The present results at 1250 °C generally fitted well with the
trend line by Takeda et al. (Takeda et al., 1983). The slopes of the trend
lines of the present results at 1200-1300 °C were around —0.60. This
indicated that Co in the slag existed as a combination of Co?>" and Co>*,
as the species CoO and Co,03 would have slopes of 0.5 and 0.75,
respectively. However, in most previous studies (Danczak et al., 2020;
Derin and Yiicel, 2002; Kho et al., 2006; Reddy and Healy, 1981a,b, Ren
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et al., 2020, 2021; Sukhomlinov et al., 2019a; Takeda et al., 1983;
Teague et al., 2001; Yazawa, 1980; Sukhomlinov and Taskinen, 2017),
Co was suggested to exist as a divalent oxide species of CoO.

Similar to the present results for Ni and Co, the distribution coeffi-
cient of Sn between copper alloy and slag displayed a decreasing trend
with increasing Ppy. Moreover, a higher temperature favored the
deportment of Sn into the copper alloy phase, as reported by Nagamori
and Mackey (Nagamori and Mackey, 1977). The results by Avarmaa
etal (Avarmaa et al., 2018a) at Al-Fe spinel saturation were close to the
present data at 1250 °C, whereas the data between copper alloy and
silica-saturated iron silicate slags by Avarmaa et al. (Avarmaa et al.,
2019) are intermediate between the present results at 1250 °C and
1300 °C. It was reported by Danczak et al. (Danczak et al., 2021) at Al-Fe
spinel saturation that the distribution coefficient of Sn increased with
increasing the concentration of MgO in slags. Anindya et al. (Anindya
et al., 2013) observed that the FeO/SiO; ratio and CaO content in slags
had strong impacts on the distribution coefficient of Sn. They found that
the logarithmic distribution coefficient of Sn increased by approxi-
mately 0.8 with increasing the FeO/SiO5 ratio from 1.0 to 1.1 and CaO
content from 13.8 wt pct to 21.9 wt pct (Anindya et al., 2013). The
slopes of the trend lines determined by Anindya et al. (Anindya et al.,
2013) were close to —0.5 and they suggested that tin was present in slags
as SnO. In the present study, the slopes of the trend lines at
1200-1300 °C were from —0.6 to —0.7, which suggested that tin in slags
had a mixed valence of 2 + and 4+, since the species SnO and SnO,
would have slopes of 0.5 and 1, respectively. Takeda et al. (Takeda et al.,
1983) observed that tin preferred to concentrate in calcium ferrite slag
when compared with iron silicate slag. In addition, they described that
tin in calcium ferrite slags presented as SnO; at Poy higher than 10® atm
(Takeda et al., 1983). Avarmaa et al. (Avarmaa et al., 2018a) proposed
that tin had a mixed valence in the Al-Fe spinel saturated FeOy-SiOs-
Al,O3 slag but presented as SnO; 5 in the FeO-SiO5-Alo03-CaO slag at
1300 °C and Poy of 107 to 107 atm. They also reported that tin pre-
sented as SnO in both slags over the Pg, range of 107° to 10® atm.
Starykh et al. (Starykh et al., 2021) investigated the phase equilibria of
the Fe-free Cu-Sn-Si-O system at 1180-1665 °C with tridymite/cuprite/
cristobalite saturation in slags. They reported that tin existed as SnO and
SnO; in slags and the total amount of tin oxide in slags decreased with
increasing temperature. The loss of tin is similar to the present obser-
vations where more than 80 % was vaporized at high oxygen partial
pressures at 1250 and 1300 °C during the equilibration.

3.5. Distribution coefficients between Magnetite/ Wiistite and slag

As described in sections 3.2 and 3.3, trace elements dissolved into the
solid magnetite/wiistite and molten slag phases to varying degrees. To
have a deeper understanding of the trace element distribution mecha-
nism in secondary copper smelting, the logarithmic distribution co-
efficients of trace elements between the solid magnetite/wiistite phase
and molten slag were calculated and presented in Fig. 9 as a function of
logarithmic Pop.

Fig. 9(a) indicates that Ag preferred the slag phase when compared
with the solid magnetite/wiistite and the distribution coefficients at
1250-1300 °C decreased with increasing Pog. The logarithmic distri-
bution coefficient results at 1200 °C showed constant value around —2.
The increase of temperature from 1250 to 1300 °C increased the dis-
tribution coefficient of Ag by approximately 0.6 log units.

As can be seen in Fig. 9(b), Ni distributed 2-4 times more in the solid
magnetite/wiistite phase than in the molten slag. The distribution co-
efficient of Ni between magnetite/wiistite and slag at all temperatures
investigated had a decreasing trend first and then increased with
increasing Pog. Co displayed similar trends as Ni, however, Co distrib-
uted more into the slag phase at a certain Poy which was depended on
the experimental temperature employed.

Fig. 9(d) suggests that the distribution coefficient of Sn increased
with increasing Po at all temperatures. A higher temperature favored
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Fig. 9. Logarithmic distribution coefficients of trace elements between solid magnetite/wiistite and slag vs. Poy at 1200-1300 °C and FeO, saturation; Ag (a), Ni (b),

Co (c), and Sn (d).

the distribution of Sn into slag than into magnetite/wiistite. Further-
more, Sn distributed more into the molten slag phase at lower Pgy,
depending on temperature.

The distribution of trace element between molten slag and solid
magnetite/wiistite can be described by equilibrium reaction (6):

(Me0,) +30 = [MeO,..] 6)

where (MeO,) and [MeO, ] represent the oxides of trace element in
slag and magnetite/wiistite, respectively. Similar to the calculation for
the logarithmic distribution coefficient of a trace element between
copper alloy and slag, the logarithmic distribution coefficient of a trace
element between magnetite/wiistite and slag can be expressed as:

Solid/s
Log oLy

v
=A+ ELongoZ ()

where A is a constant at a given temperature. The slope, v/2, of the
trend line for the logarithmic distribution coefficient of a trace element
between magnetite/wiistite and slag as a function of logarithmic Poy can
be used to evaluate the change of valence for trace elements during their

distributions between magnetite/wiistite and slag. If the trace element

11

in slag is reduced to a lower valence state in magnetite/wiistite, the
slope v/2 should be negative, i.e., the logarithmic distribution coeffi-
cient of trace element between magnetite/wiistite and slag decreased
with increasing logarithmic Ppy. On the contrary, if the trace element
distributes increasingly into the magnetite/wiistite by further oxidizing
the trace element species from slag, the slope should be positive, i.e., the
logarithmic distribution coefficient of trace element increases with
increasing Poga.

Fig. 9(a) indicates that Ag was reduced to a lower valence state in
magnetite/wiistite from the molten slag, independently of the slag
saturation phase. In contrast, Sn was oxidized to higher valence states
from the molten slag phase to magnetite/wiistite. It dissolves in iron
spinels as Sn** in the octahedral sites (Berry et al., 1998). Thus, the
mixed tetra- and divalent tin oxide in the slag (Avarmaa et al., 2018a,
2019; Klemettinen et al., 2019) is predominantly divalent in wiistite
(FeO), and tetravalent in magnetite (Fe304). As for Ni and Co in the solid
phases, both of them were reduced to lower-valent oxide species (MeO)
from the molten slag when the slag was saturated with wiistite. How-
ever, they were oxidized further to higher valent species when the slag
was saturated with magnetite which indicates the fact that cobalt and
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nickel (inverse spinels) in ferrite can dissolve both in octahedral and
tetrahedral sites (Lu and Dieckmann, 1995; Salazar-Tamayo et al., 2019)
as divalent and trivalent species. Fig. 9(b) and 9(c) suggest that a higher
temperature favored the deportment of Ni and Co into wiistite but
depressed their distributions into magnetite.

4. Conclusions

With a purpose of exploring the potential of recycling valuable
metals from WEEE through secondary copper smelting and finding the
optimal fluxing practices, the distributions of selected trace elements
(Ag, Ni, Co, and Sn) between copper alloy and magnetite/wiistite-
saturated iron silicate slags were investigated at 1200-1300 °C and Pg3
of 101° t010"%° atm using the high-temperature equilibration followed
by drop-quench technique and in situ phase composition analyses.

It was found that silver was highly deported into the copper alloy,
however, cobalt markedly distributed into the slag and magnetite/
wiistite phases. Nickel and tin mainly deported into the copper alloy at
lower Pg3, depending on the temperature. The distributions of all trace
elements between copper alloy and slag investigated in this study were
highly dependent on Pg, and temperature, and generally decreased with
increasing Pop and decreasing temperature which indicates that they
dissolved in the slag as oxides.

By comparison of present results at magnetite/wiistite saturation in
slag and the previous data (Avarmaa et al., 2018a; Katri Avarmaa et al.,
2019; K. Avarmaa et al., 2019; Danczak et al., 2021; Hidayat et al., 2019;
Sukhomlinov et al., 2019a; Avarmaa et al., 2016) at Al-Fe spinel/silica-
saturation, it can be concluded that the type of slag saturation has a
small impact on the distribution coefficients of trace element between
copper alloy and slag. Cobalt and nickel concentrations in magnetite and
wiistite were high and they favored the solid phases compared to their
dissolution concentrations in slag. The trace element distribution mea-
surements in the magnetite and wiistite phases also indicated that their
speciations are different in the slag and the solid oxide primary phases.
The present results indicate that the trace elements from WEEE can be
effectively recovered into the copper alloy through secondary copper
smelting route and their recoveries can be improved by increasing
temperature and lowering Pgy.

From the perspective of industrial practices, e.g., the WEEE pro-
cessing in a TSL furnace, the improvement of the recoveries of trace
elements can be handled by adjusting the injection of fuel to air/oxygen
ratio into the furnace through the submerged lance. The present ob-
servations also confirmed the substantial vaporization tendencies of
some trace elements reported earlier (Avarmaa et al., 2019; Starykh
et al., 2021).
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