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Abstract For better understanding and maximal value utilization of the WEEE
smelting process, the behavior and distribution of different trace elements must be
known. In this study, the behavior of nickel as a trace element was studied in an
equilibrium system with metallic copper—spinel saturated iron silicate slag (with 3
wt-% K,0)—iron aluminous spinel—gas. The experiments were conducted in
alumina crucibles at 1300 °C, in oxygen pressure range of 107'°-107> atm. A time
series of 15—60 min experiments was also conducted for investigating the formation
rate of the primary spinel phase in the system. The results show that the distribution
coefficient of nickel between metallic copper and liquid slag changes from
approximately 70 to 0.4 along the increasing oxygen pressure range. In addition, a
significant part of the nickel deports into the spinel phase. The spinel formation was
investigated based on composition analysis results and visual observations from
SEM-images.
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Introduction

One of the most viable options for treating crushed and sorted WEEE (Waste
Electrical and Electric Equipment) copper scrap fractions is pyrometallurgical
processing via black copper smelting [1, 2]. This process is followed by
hydrometallurgical refining for recovering valuable or harmful trace elements from
the produced copper alloy. For the recovery of trace elements, which preferentially
distribute into the slag phase, some slag cleaning processes have been suggested
and developed [3-6]. A few integrated state-of-the-art factories, such as Umicore in
Belgium, recover multiple elements from different material streams [7]. The base
metal produced after the aforementioned process steps is copper, but the compo-
sition of the slag varies according to the raw materials and fluxes used. Alumina
and potassium oxide are examples of slag components, which do not necessarily
play a significant role in primary copper smelting, but may be present in consid-
erable amounts when processing secondary raw materials, such as WEEE.

The behavior of different trace elements in secondary copper smelting condi-
tions with high-alumina slags have not been very extensively studied, but a few
studies have been published regarding for example precious metals and PGM’s
(platinum group metals) [8—10] and critical low-volume metals in electronics [11].
The present study continues to expand this knowledge by adding nickel to the list
of trace metals investigated experimentally. When considering EEE, nickel is used
for example in smart phones, tablets, CRT monitors, and LCD/LED notebooks
[12], as well as different types of batteries (namely Li-ion and Ni—Cd) [13]. In
different types of PCB’s (Printed Circuit Boards), nickel represents 0.3-5.4 wt-% of
the total mass [14]. Even though nickel is not as economically attractive as PGM’s
nor as scarce as indium for example, as its price is currently around two times that
of copper (10.5 €/kg vs. 5.6 €/kg [15]), it is definitely worth recovering as we aim
towards circular economy.

The behavior of nickel in copper—slag—gas systems with different types of slags
has been studied to some extent previously. Takeda et al. [16] determined the
distribution coefficient of nickel, among other trace elements, between metallic
copper and calcium ferrite slags at different temperatures and oxygen pressures, and
compared their results to those obtained with iron silicate slags [17]. Kaur et al.
[18] studied the distribution of nickel between ferrous calcium silicate (FCS) slag
and metallic copper (pO, 107® atm, T = 1300 °C), and compared their results with
calcium ferrite and iron silicate slags. Sukhomlinov and Taskinen [19] determined
the distribution behavior of nickel between metallic copper and silica saturated iron
silicate slag in pO, range of 107°~107* atm, at 1300 °C. Reddy and Acholonu [20]
investigated the distribution of nickel between Cu—Ni alloy and alumina-saturated
iron silicate slag. Their experimental system was closer to the one employed in this
paper, as the equilibrations were conducted in alumina crucibles, in pO, range of
107'°-107® atm, at 1300 °C.

The aim of this work was to investigate the distribution of nickel as a trace
element in pyrometallurgical secondary copper processing conditions with
iron-aluminous spinel saturated slags, with and without K,O. Additional emphasis
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was placed on the formation of iron-aluminous spinel, which acts as the solid
primary phase in the experimental system.

Experimental Methods

Slag—copper alloy—gas equilibration experiments were performed in a vertical tube
furnace (Nabertherm RHTV 120-150/18) equipped with MoSi, heating elements,
Nabertherm P310 temperature controller and an alumina work tube (impervious
pure alumina, 45/38 mm OD/ID). The temperature was measured with a calibrated
Pt/Pt10Rh thermocouple (Johnson-Matthey, accuracy +3 °C). The desired gas
atmospheres in the work tube were obtained using CO/CO, gas mixture (total flow
rate 300 ml/min, STP), and these gases were flushed out between the experiments
with nitrogen. Further details of the experimental set-up are presented in [21].

The copper alloy and slag were prepared from pure powders. The copper alloy
mixture consisted of copper (99.999%, Alfa Aesar) with 1 wt-% of Ni (99.996%,
Alfa Aesar), Sn (99.85%, Alfa Aesar), Sb (99.9%, Alfa Aesar), and Te (99.99%, Alfa
Aesar). However, only the behavior of nickel as a trace element is presented in this
article. The slag was mixed of SiO, (99.99%, Umicore) and Fe,O3 (99.99%, Alfa
Aesar). Approximately 3 wt-% of K,O (initially as K,COs3, 99.5%, Sigma-Aldrich)
was added to the second slag mixture for studying the effect of potassium on the
system. Fe/SiO, ratio was 1.3 in the initial slag powder mixture. 200 mg of both
copper and slag mixtures were weighed into alumina crucibles (Frialit AL23, 8/
15 mm ID/H, respectively), which reacted with the system resulting in Al-Fe spinel
saturation. The selected equilibration temperature was 1300 °C, equilibration time
16 h (confirmed with time series experiments of 8, 16 and 24 h at oxygen pressure
(pO,) 107° atm), and the oxygen pressure range of interest from 10" to 107> atm.
Duplicate experiments were conducted for both slag compositions in the pO, range
of 107°=107% atm, and these results have been included in the calculation of average
values and standard deviations in Figs. 1, 2, 3 and 4.

The equilibrated-quenched samples were cast in epoxy resin and prepared for
microanalysis with traditional dry polishing techniques. Analyses were conducted
with SEM-EDS (Zeiss LEO 1450 Scanning electron microscope and Oxford
Instruments X-Max 50 mm® Energy dispersive spectrometer) for determining
whether the samples had reached equilibrium and observing the resulting
microstructure. After SEM-EDS, the phase compositions were analyzed directly,
phase-by-phase (copper alloy, liquid slag, solid spinel), with EPMA (Cameca
SX-100 Electron Microprobe equipped with five Wavelength dispersive spec-
trometers). Eight analysis points were randomly taken from each phase for statis-
tical reliability, and PAP-ZAF matrix correction procedure [22] was employed for
raw data processing. The acceleration voltage was selected to be 20 kV, and the
beam current 60 nA. For the copper alloy phase, a 100 pm diameter electron beam
was used. The slag phase was analyzed with a 50-100 um beam and the spinel with
a 1 um beam, due to its small size and concentration gradient from the crucible side
to the slag interface [11].
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Table 1 Elemental detection limits in each phase with EPMA

Element 0 Si Al K Cu Ni Fe
Det. lim. (ppmw)

Copper 1215 273 4497 116 348 107 179
Slag 1443 202 3258 94 278 95 197
Spinel 1365 193 183 92 272 92 195

The standards used in EPMA analyses were hematite (O Ko and Fe Ka), quartz
(Si Ka), sanidine (K Ka), pentlandite (Ni Ka), alumina (Al Ko for spinel, Al K for
copper and slag), and copper (Cu Ka). Elemental detection limits were slightly
different for each phase, as presented in Table 1. The detection limits were suffi-
cient for detecting nickel in every phase in the entire oxygen pressure range
investigated.

Results

Figure 1 (left side) shows the iron-to-silica ratio after equilibration as a function of
oxygen partial pressure. The ratio was significantly reduced in all experimental
conditions compared to the initial 1.3. The reason for this is mainly the formation of
a spinel layer at the slag—crucible interface, which consumes a part of the iron. The
composition of the spinel phase changes as a function of pO,, causing a decrease in
the Fe/Si0O, ratio in higher oxygen pressures. Moreover, the liquid domain and slag
boundaries are significantly influenced by the increased dissolution of copper into
the slag in higher oxygen pressures [11]. Basic oxides, in this case K,O, increase
the activity coefficient of iron in the slag, thus lowering its concentration. Therefore,
the Fe/SiO, ratio is consistently lower in the K,O containing slag.

The concentration of potassium oxide remained constant between 3.0-3.3 wt-% in
the whole oxygen pressure range investigated. The changes in oxygen pressure did
not alter the alumina concentration either, as shown in Fig. 1 (right side). Potassium
oxide addition seems to decrease slightly the solubility of alumina into the slag.
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Fig. 1 Left: Iron-to-silica ratio in slags after 16 h equilibration as a function of oxygen pressure.
The ratio in the starting material mixture was 1.3. Right: Alumina concentration in slags
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Fig. 2 Left: Nickel concentration in copper alloy. Right: Nickel concentration in slags
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Fig. 3 Left: Nickel concentration in solid Al-Fe spinels. Right: Concentration of aluminum and
iron in spinel phase as a function of oxygen pressure

The concentrations of nickel in copper alloy and liquid slag are presented in
Fig. 2 on the left and right side, respectively. As the oxygen pressure increases,
nickel concentration decreases in the copper phase and increases in the slag phase.
The increasing concentration of nickel in the spinel phase along the increasing
oxygen pressure range is shown in Fig. 3 (left side). The concentration of nickel in
the spinel is 2—4 times higher than copper concentration at lower pO,’s, but copper
dissolution becomes more dominant in oxidizing conditions. The total volume of
the spinel phase in the system is difficult to estimate and, therefore, the extent of
nickel vaporization at higher oxygen pressures is somewhat uncertain. However, it
appears that even in the most oxidizing conditions, at least half of the original
amount of nickel remains within the solid and liquid phases of the system based on
the nickel concentrations in copper, slag and spinel.

The concentration of iron in the spinel phase increases significantly along the
increasing oxygen pressure range, and the aluminum concentration decreases cor-
respondingly, as depicted in Fig. 3 (right side). As the addition of K,O decreases
the iron concentration in the liquid slag phase, the spinel consequently becomes
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richer in iron. The spinel phase at the crucible—slag interface has a concentration
gradient, and the areas adjacent to the liquid slag are in equilibrium with the
copper—slag—gas system [11]. In oxidizing conditions (pO, 10~'=107> atm), indi-
vidual spinel grains surrounded by the slag also formed. Therefore, in experiments
with reducing atmospheres, the spinel analyses were taken from the slag side of the
edge spinel, and in oxidizing conditions from the spinels surrounded by liquid slag
(i.e. slag spinels).

Discussion

The distribution of an element [Me] between two phases can be described with a
thermodynamic parameter called distribution coefficient. This parameter can be
expressed in its simplest form according to Eq. (1):

Lcapper/slag [Me] _ [Wt —% Me]m[’[“’f (1)

T (wr— %Me)slag
Considering a typical equilibrium reaction (Eq. 2) in copper—slag system, the
distribution coefficient can also be written according to Eq. (3):

(Me] (1) + 5 02(g) = (Me0,) (s.1) )
1L [Me] = — Zgp0; +1gC (3)

where [ ] and () brackets refer to metal and slag phases, respectively, and C in-
cludes the thermodynamic constants K, ny and y (equilibrium constant of reaction
(2), number of moles in 100 g of alloy and slag, and the activity coefficients of the
investigated metal and its oxide form). When plotting the logarithm of the distri-
bution coefficient as a function of logarithm of the oxygen pressure, the oxidation
state of the element in the slag phase can be determined from the slope of the
experimental result points. The aforementioned plots for copper and nickel are
presented in Fig. 4 left and right side, respectively. For copper, the distribution
coefficient between copper alloy and slag decreases from approximately 90-100 in
reducing conditions to 5 in most oxidizing conditions studied. As the distribution
coefficient has constantly higher values with K,O-containing slag, K,O decreases
copper losses into the liquid slag phase. The slope of the trend line fitted to the
experimental points is —0.26 with both slags, which, according to Eq. (3), indicates
dissolution into the slag as a monovalent oxide Cu,O. This result is in line with
earlier observations [11, 21].
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Fig. 4 Left side: Distribution coefficient of copper between copper alloy and liquid slags. Right
side: Distribution coefficient of nickel between copper alloy and slags

The distribution coefficient of nickel (Fig. 4 right side) decreases from
approximately 50-70 in most reducing conditions of this study to 0.4 in oxidizing
atmosphere. These values correspond quite well with the results of Kaur et al. [18]
for FCS slags at pO, 107% atm, and Sukhomlinov and Taskinen [19] for iron silicate
slags in pO, range of 107°~107> atm. Based on the results of this study, a slight
decrease in nickel losses to the liquid slag phase can be obtained by changing the
slag composition from silica saturated iron silicate slag to iron-aluminous spinel
saturated slag. A more significant reduction is obtained with the addition of 3 wt-%
K,0. However, the considerable deportment of nickel into the solid spinel phase
complicates the comparison regarding combined nickel losses.

The slope of the trend line for the distribution coefficient of nickel between
copper alloy and slag is approximately —0.44 with both slags used in this study.
This indicates dissolution into the slag as divalent oxide NiO, which agrees with the
results of Takeda et al. [16] and Kaur et al. [18] obtained using calcium ferrite, FCS,
and iron silicate slags. However, as the slope is slightly less negative than —0.5
(which corresponds to dissolution as NiO), nickel may dissolve both as Ni** and
Ni°. This would agree with the observations of Reddy and Acholonu [20], although
their distribution coefficient values were much higher than the ones obtained in this
study.

For the recovery of nickel, distribution into the copper alloy phase is desirable.
In reducing conditions, most of the nickel behaves in this manner. When the oxygen
pressure increases, nickel starts to deport into the slag and spinel phases and,
consequently, the concentration decreases in the alloy phase. For recovering nickel
from the slag and spinel phases, the slag can be circulated back to earlier process
steps [3], downstream pyrometallurgical processes [S], or possibly be treated with
hydrometallurgical processes [4, 6].

SEM-images of the spinel layer evolution at pO, 10™® atm with the 3 wt-% K,O
containing slag are shown in Fig. 5a—d. After 15 min in 1300 °C, the copper alloy
and slag phases are already completely molten, and the solid primary spinel phase
has started forming. With increasing equilibration time, the spinel layer at the
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crucible—slag interface becomes more uniform. As Fig. 5a—c show, the initial spi-
nels appear brighter compared to the liquid slag. This phenomenon is referred to as
the Z-contrast, which denotes the difference in the grey scale of the phases in an
SEM-BSE (Backscattered Electron) image, related to the mean atomic number
(Z) of the phase [23]. Phases with higher atomic number appear brighter compared
to those with lower atomic number. When the system has reached equilibrium after
16 h (Fig. 5d), the difference in Z-contrast has evened out almost completely,
indicating a similar average atomic number in the spinel and slag phases.
The change in the atomic number contrast is explained in Fig. 6, which shows that
the first spinel grains are preferentially comprised of iron oxides with very low
concentration of aluminum. The dissolution of alumina into the liquid slag phase
occurs through the spinel layer, and once the slag approaches saturation solubility
regarding its alumina concentration, the aluminum concentration in the spinel phase
begins to increase and the iron concentration decreases.

Fig. 5 SEM-BSE images of a 15 min, b 30 min, ¢ 60 min, d 16 h equilibrated samples at pO,
107 atm. The spinel layer on the crucible (dark grey at the bottom)-slag (grey) interface starts
forming almost immediately after raising the sample to 1300 °C. When the equilibration time
increases, the spinel becomes more uniform and the atomic number contrast difference compared
to the slag decreases. After reaching equilibrium (d), the spinel and slag have almost the same
mean atomic number, and the spinel layer is very uniform. The brightest areas are copper alloy
droplets
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Conclusions

This study investigated the behavior of nickel in secondary copper smelting con-
ditions with K,O-containing iron-aluminous spinel saturated slag. The results show
that K,O-addition decreases the losses of copper and nickel into the liquid slag
phase. The formation of the solid iron-aluminous spinel is very rapid, and it dis-
solves a significant part of the nickel in oxidizing conditions. The results of this
study expand the knowledge of trace element behavior in pyrometallurgical elec-
tronic scrap processing, and can be utilized in the industry to improve process
control, as well as obtain more accurate slag chemistry models. The effect of K,O
addition on the slag boundaries and liquid domain will be investigated more closely
in the future.
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