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Abstract: The behavior of impurities in cast copper was investigated to simulate produc-
tion with increased utilization of secondary sources within the framework of a circular
economy. The incorporation of impurities, particularly Ni, Sn, and Sb, from recycled Cu
may significantly impact the electrorefining process. In this study, commercial anodes
were doped with Ni, Sn, and Sb concentrations of 2500-6500 g/t, 300-900 g/t, and 450-950
g/t, respectively. Anode concentrations of Pb and Bi were maintained at 1000 g/t and 350
g/t, respectively. As concentrations were examined at two levels, 860 or 1700 g/t, depend-
ing on the commercial anode used to create the doped samples. Electron microscopy with
microprobe analysis revealed that the commercial anodes contained three predominant
phases: Cu20, (Cu,Ag)2(Se,Te), and a complex oxide phase of Cu, Pb, As, Sb, and/or Bi.
Ni, the main impurity, primarily accumulated within the Cu grains, while Sn and Sb
tended to form oxidized inclusions. The distribution of Ni in Cu grains was ca. 20% lower
in the anodes doped at higher Ni concentrations due to the formation of nickel-bearing
inclusions, such as Kupferglimmer and NiO. The doped anodes showed lower quantities of
Cu20 inclusions than the commercial anodes due to the preferential formation of oxides with
other impurities, including SnOz. These findings highlight potential challenges for Cu electro-
refining in a circular economy, as Ni, Sb, and Sn may impact the deportment of these impuri-
ties to slimes or electrolyte and may cause copper depletion in the refining electrolyte.
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1. Introduction

Increasing human population, non-renewable resource utilization, and waste generation
are changing our planet. To reverse societal impacts, a more circular economy is needed to
replace the current production model based on “take-make—dispose”. In a circular economy,
the aim is to maximize resource efficiency by extending product life cycles, promoting reuse,
employing remanufacturing techniques, and utilizing wastes as resources [1-3].

With the ongoing green energy transition, the global demand for refined copper (Cu)
increased by 2.7% in 2023, and it is expected to rise by 50% by 2040 [4]. This may result in
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supply limitations [5] as global Cu mine production is anticipated to peak due to decreasing
ore grades [6,7]. Thus, increasing the recycling rate of Cu is foreseen as a global need [2].

Secondary supply and re-use are forecasted to account for more than 50% of the an-
ticipated increase in copper demand [4]. In highly industrialized areas with an established
recycling industry, such as Europe, secondary Cu (obtained from scrap) represents ca.
40% of the total demand, and it has been projected that it will reach 65% [7]. In other
regions, like China, it is expected to account for 80% of the demand for recycled domestic
scrap [8]. Since copper can be recycled without losing its chemical or physical properties,
processing more secondary copper sources is very feasible [9].

The largest source of Cu scrap for future secondary smelters is anticipated to be waste
electrical and electronic equipment (WEEE). The amount of WEEE collected in Europe is
growing by 3-5% per year [10]. Currently, only about 10% WEEE is of suitable quality for
copper smelters, resulting in losses of copper to landfills, but recycling is expected to increase
as device designs change in accordance with the demands of a circular economy [11,12].

Most valuable components of WEEE are related to PCBs [13,14]. The composition of
PCBs is variable, with the Cu content ranging from 6 to 40 %, while the grades of Fe, Al,
Sn, Pb, Ni, Sb, Cr, Ag, Pd, Bi, and Co range from 1.2 to 8 %, 0.3 to 7.2%, 1 t0 6.3 %, 1 to 4.2
%, 0t0 5.4%, 0.1 to 0.4 %, 0.04 to 0.13 %, 0.01 to 0.45 %, 0 to 0.4 %, 0.006 to 0.01 %, and 0 to
0.4 %, respectively [13]. However, from these impurities, only Sn, Ni, Sb, Bi, Ag, and Pd
have been reported to be present in anodes to a significant extent during copper pyromet-
allurgical processes [15].

Secondary copper can be incorporated into existing primary processing methods.
The addition of scrap as cold charge into a converting furnace is a common practice. How-
ever, scrap can also be fed into smelting or anode furnaces. Furnace scrap addition is an
energy consumer, as latent heat is consumed to melt the solid material. This counteracts
the heat generated by sulfur oxidation during smelting or converting, or by combustion
during fire refining. Thus, the quantity of secondary copper that can be added to primary
smelting furnaces is limited by the heat balance of the system [16]. Fortunately, scrap is
needed during matte converting because of excess heat generated during iron removal
and copper making. While secondary copper can be recycled into the anode furnace, it is
more common to just add scrap anodes from the electrorefining process [17].

Since the ability to add copper scrap into primary furnaces is limited and a certain
scrap quality is required, smelters designed to only treat secondary scrap are increasingly
being built. Secondary copper smelters use top-submerged lance furnaces and top-blown
rotary convertors to smelt scrap with low-Cu grades [18]. The smelting product contains
80 % Cu (molten black Cu), which is converted to rough Cu with 96% purity and then fire-
refined and cast into anodes for electrorefining (98.5% Cu).

Most high-purity (>99.99%) refined Cu is produced by electrorefining [17]. The elec-
trorefining process is impacted by the presence of impurities in the anodes. Previous char-
acterizations of refinery anodes and impurity deportment during electrorefining have fo-
cused mainly on materials generated by primary processing of concentrates. The impact
of increased scrap utilization (e.g., secondary copper) on anode microstructure, impurity
deportment during casting, and electrorefining is less well established [19]. The incorpo-
ration of more WEEE into the Cu production process will generate extra inputs of certain
impurities (e.g., Sb, Sn, Ni, and Pb) that may affect the ability to produce high-purity cop-
per through electrorefining. These impurities can affect electrolyte conductivity, current
efficiency, slime production, slime leachability, and anode passivation [20-25].

In this context, Atlantic Copper, a primary Cu smelter located in Southern Europe, is
undertaking an innovative project in which a primary smelter is combined with a second-
ary smelter to produce anodes for a single electrorefining facility where high-purity cop-
per will be produced. The combination of primary and secondary materials in a novel



Metals 2025, 15, 113

3 of 16

approach justifies the necessity of studying the behavior of the impurities coming from
the WEEE and their impact on electrorefining. It is anticipated that increases in Ni, Sn,
and Sb will occur and potentially be the most challenging impurities resulting from in-
creased utilization of WEEE [26].

Prior to electrorefining, anodes with increased Ni, Sb and Sn contents will be cast with
copper produced from a combination of primary and secondary sources. During anode solid-
ification, elements can either be soluble in solid copper grains or increase in concentration in
remaining molten phase. This tendency is described by their distribution coefficient, k. The
distribution coefficient is a parameter that describes the deportment of an element to report to
crystallized Cu or melting the solidification process. This coefficient is defined as:

c
= (M)
where C;s is the concentration of the element in solid copper and C, is the element concentra-
tion in the melt or liquid. If k is greater than 1, this element occurs preferentially in solid solu-
tion and if k is less than 1, this element will accumulate in the molten phase until a separate
phase forms [27]. Cooling rates can affect the effective k value observed in copper anodes as
non-equilibrium conditions can occur due to the fast cooling rates employed industrially.

Impurities that accumulate in the molten phase tend to form oxides due to the pres-
ence of oxygen, which has a k value of ~0.01 [22]. Oxide phases are immiscible with solid
and molten copper and result in impurity precipitation and accumulation along grain
boundaries and at grain corners because these volumes are the last to freeze. Anoxide
compounds with a Gibbs free energy of formation (AG) which is more negative than the
AGt of Cuz20 are thermodynamically more stable than Cu20, and then form insoluble par-
ticles. Oxide compounds with higher AGt than the AGt of Cu20 will not form, and the
metallic or metalloid elements will be found in solid solutions. Some impurities are found
in oxide inclusions and Cu grains due to the combination of their distribution coefficients,
nonspontaneous formation of oxides due to low concentrations, and/or kinetic limitations.

During electrorefining, more than 95% of the anode impurities report to the electro-
lyte or slimes. Impurities in solid solution with Cu are in elemental form. They will dis-
solve into the electrolyte at the anode surface during the electrorefining process. Once in
the electrolyte, these elements may (1) remain in solution and diffuse away from the anode
surface into the bulk electrolyte or (2) precipitate due to solubility constraints and produce
slime phases. Impurities that are part of inclusions may report directly to the slimes if the
inclusions do not dissolve into the electrolyte or may dissolve if the inclusion is acid-sol-
uble. Specifically, NiO, Kupferglimmer and SnO: inclusions are refractory in nature and
do not readily dissolve during electrorefining [20]. Complex oxides of Cu-Pb-As-Sb-Bi
may or may not dissolve based on prior characterization [28]. Therefore, the analysis of
impurity content in both Cu grains and inclusions found in copper anodes produced from
primary and secondary sources is needed to understand the future deportment of ele-
ments, such as Ni, Sb, and Sn, during electrorefining.

To investigate the impact of potential increases in the Ni, Sn and Sb to copper anodes,
primary anodes from Atlantic Copper (AC) were melted in a laboratory-scale furnace and
doped with these impurities. The resulting “doped anodes” (DAs) were physically char-
acterized to examine the deportment of impurities in the cast anode microstructures with
heightened attention to the concentration of these elements in solid solution within the Cu
grains and the oxide inclusions.
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2. Materials and Methods
Doped Anodes with Ni, Sn and Sb

Two commercial anodes from the Atlantic Copper refinery in Huelva, Spain, named
AC1 and AC2 (each ca. 300 kg), were selected and the concentrations of the major impu-
rities were determined using optical emission spectrometry (OES) (Thermo Scientific ARL
4460 OES, Waltham, MA, USA) (Table 1), using ERM-EB074A (electrolytic copper) as ref-
erence material. Oxygen was determined using an elemental analyzer (Eltra ON900, Eltra
GmbH, Hann, Germany) within a calibration range of 100-5000 g/t. The two anodes were
selected based on their arsenic concentration (anode ACl—a lower As value; anode
AC2—a higher As value). Two commercial anodes with different As concentrations were
selected due to restrictions at the casting laboratory with adding As. Pb and Sn were 3-
fold higher in concentration in AC1 as compared to AC2. Chemical composition of the
doped anodes was selected based on the projected inputs of incoming WEEE feed to a top
submerged lance (TSL) furnace that could be installed at Atlantic Copper.

Table 1. Chemical composition of the commercial (AC1 and AC2) and doped (DA1 to DA13) anodes
(in g/t). The limits of detection (g/t) of metals and metalloids by OES are Ni 0.7, Sn 0.1, Sb 0.8, As
0.6, Ag1.3,Bi0.7, Pb 1.7, Se 0.2, Te 0.5.

Anode Ni Sn Sb As 0) Ag Bi Pb Se Te
AC1 929 113 194 81 1545 300 250 1106 396 60
AC2 985 30 159 1744 1135 302 340 397 355 52
DA1 2962 324 481 843 1944 254 364 1072 372 58
DA2 2813 342 593 698 2100 219 385 1135 505 109
DA3 2804 355 501 15082 1576 205 258 90 312 45
DA4 55622 306 457 783 1630 251 314 919 366 53
DAS5 52412 305 429 586 1900 209 392 996 480 108
DA6 2885 360 741~ 842 2070 268 366 1015 370 56
DA7 2935 6902 477 831 2134 269 361 970 374 59
DAS 2868 7482 520 758 1466 244 504 1078 358 49
DA9 2721 7442 7092 617 2203 207 437 926 480 117

DA10 56432 398 526 15552 1522 215 296 904 340 50
DA11 55002 395 7532 815 2036 255 336 1031 358 55
DA12 51722 7692 9302 684 2026 236 514 1005 531 127
DA13 65332 8292 8812 14662 1543 200 696 1162 308 43

2 Higher concentration levels of Ni, Sn, Sb and As for doped anodes.

Each commercial anode was sectioned into 30 kg pieces. The pieces were melted and
doped with Ni, Sn, Sb or a combination thereof, and casted at the Institute for Process
Metallurgy and Metal Recycling (IME RWTH, University of Aachen, Aachen, Germany),
as shown in Figure S1 in the Supplementary Information. This institute has the facilities
to cast experimental Cu anodes [29-33]. After casting, rectangular specimens (19 cm x 21.5
cm) were obtained and employed as anodes in subsequent laboratory-scale electrorefining
experiments not reported here. Circular (2.5 cm diameter) and rectangular (0.5 cm x 1 cm)
specimens were also obtained from each casting for OES and electron probe microanalysis
(EPMA). The design of the different samples obtained from cast experimental anodes is
shown in Figure S2.

EMPA was performed with a JEOL JXA-8200 Super Probe (JEOL Ltd., Tokyo, Japan)
using an accelerating voltage of 20 kV and a current of 20 nA. Standards for each element
were used for calibration of the equipment. Limits of detection were determined during
calibration which employed a ZAF matrix effect correction. The detection limits of the
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elements analyzed by EPMA (in wt.%) were As 0.05; Ni 0.04; Sb 0.03; Sn 0.04. The calcu-
lation of the limits of detection (LD) was carried out using Equation (2):

1 ’2 X Ipack
LD m) =
(pp ) Inet STD tback (2)

mass (%) srp

where Iua is the average intensity of background X-ray signals, fvack is the counting time
of the background X-ray signals, Ineistp is the intensity of net X-rays of the standard sample,
and mass (%)sto is the mass concentration in weight percent of the standard sample.

A total of 13 doped laboratory anodes were manufactured from samples of AC1 and
AC2. For each DA, elements were added to achieve either a low or a high concentration
of Ni, Sn, and/or Sb. Impurity concentrations as measured by OES for the doped anodes
are summarized in Table 1. Impurities ranges were ca. 2500-6500 g/t for Ni, 300-900 g/t
for Sn and 450-950 g/t for Sb. Other elements, such as Pb and Bi, were also doped to main-
tain their concentrations at ca. 1000 g/t and ca. 350 g/t, respectively.

The 0.5 cm x 1 cm specimens were polished (Figure S3) following the methodology
described in Table S1 and analyzed by optical microscopy and EPMA. Optical microscopy
was employed to analyze the Cu grains sizes of AC1, AC2 and the doped anodes. Two
specimens were considered for each anode for grain size analysis. EPMA provided com-
positional data for Cu grains and inclusions. Field emission scanning electron microscopy
(FESEM, model JEOL IT-300HR-LV, JEOL Ltd, Tokyo, Japan) with an acceleration voltage
of 20 kV, a probe current of 70% and a working distance of 10 mm was employed to ap-
preciate the structure of the inclusions smaller than 5 pm in size that formed around Cu
grains. The FESEM had higher limits of detection (0.1-0.5 %wt range) than the EPMA
employed in this study.

3. Results and Discussion
3.1. Grain Size Distribution

The intention of this work was to simulate the production of anodes containing cop-
per produced from a combination of primary and secondary sources. Anode production
at Atlantic Copper utilizes a casting wheel where the cooling rate is controlled by water
cooling of copper molds. Casting parameters such as superheat temperature and heat re-
moval rate result in microstructures with a range of grain sizes. Thus, it is important when
casting anode materials in a laboratory that simulates future production to have similar
grain sizes and microstructures.

Using optical microscopy, copper grain sizes of commercial anodes and doped an-
odes were examined (Figure 1). A total of 500 Cu grains per anode were analyzed using
NIS_Elements software v. 5.21.00 to determine the average grain size [34]. It was found
that Cu grain sizes in the commercial anodes ranged from 100 to 150 pm, and grain sizes
in doped anodes ranged from 90 to 130 um. While Mitan [34] correlated decreasing grain
size with increasing impurity concentrations in industrial copper anode samples, no cor-
relation was found in this study.

Grain size can be impacted by casting parameters, metal composition and the pres-
ence of secondary phases. To ensure that the casting process in the laboratory replicated
the industrial process, an experiment was conducted where doping impurities were not
added to commercial anode samples. The grain size distribution in the resulting labora-
tory anode was comparable to the commercially cast anodes. This indicated the laboratory
casting procedure produced microstructures like the industrial process. Thus, the doped
impurities examined in this study did not significantly impact grain size in the cast anodes
at the levels studied [27].
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The Cu grains, as shown in Figure 1, were dendritic. The texture of the Cu grains near
the anode surface tended to be irregular because of rapid solidification caused by water
cooling the mold. Cu grains were coarser away from the surface due to a slower cooling
rate. This pattern is common in anodes casted on an industrial casting wheel. Copper
grains are also larger toward the open face of the casting due to the slower cooling rate at

the copper-air interface [20].

(b)

Figure 1. Optical micrograph showing the distribution of the Cu grain: (a) commercial anode; (b)
doped anode.

3.2. Chemical Distribution of Impurities in Cu Grains

EPMA analysis (Figure 2) was performed to examine the impurity content within Cu
grains of the two commercial anodes (AC1 and AC2) and the doped anodes (DA). Thirty
Cu grains were analyzed for the solid solution impurity content for each anode. The re-
sults of the analysis are shown in the Supplementary Materials (Table S2). Of the elements
studied, Ni, As, Ag and Sn were detected in solid solution at measurable quantities (Table
2). Ni concentrations in Cu grains as measured by EPMA were in most cases higher than
bulk Ni analyzed by OES. This was observed by other authors but not discussed [28]. It
appears that the method employed in EPMA does not adequately account for matrix ef-
fects when measuring low concentrations of nickel (<1 wt.%) in copper grains.

JEOL COMP 15, Dky 45 108pm W1 1mm

Figure 2. Backscattered electron micrograph showing the general structure of a commercial anode
(AC1). The large black shapes are casting voids found in the specimen.
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Table 2. Analyses of elements found within copper grains in anodes doped at high and low concentration
levels, and the calculated percentages of the elements present in solid solution. Bulk concentration deter-

mined by OES analysis. A total of 30 Cu grains were analyzed by EMPA for each doped anode.

Low Concentration Level High Concentration Level
Element Concentration Percentage to Concentration Percentage to
(g/t) Solid Solution (%) (g/t) Solid Solution (%)
Ni 2900 >100 5600 100
As 755 40 1570 60
Sn 350 32 750 9
Sb 490 0 800 0

Figure 3 shows the ratio of the measured concentration of Ni in Cu grains by EPMA
to measured bulk concentration of Ni in anodes by OES. When the nickel concentration is
less than 3000 g/t (0.3 wt.%), the percentage of Ni found in the Cu grains is similar for the
commercial anodes from Atlantic Copper and the doped anodes. For anodes that had Ni
concentrations of 5000-6000 g/t, a reduction of ca. 20% in the deportment of Ni to the Cu
grains was observed. Previous studies established that when Ni concentrations in anodes
were above 2500-3000 g/t, NiO and Kupferglimmer were found along Cu grain bounda-
ries [35,36]. Thus, the nickel not contained in the copper grains in this study are expected
to be found in nickel-bearing inclusions like NiO and Kupferglimmer.

200%
180%
160%
140%
120%
100%
80%
60%
40%

Deportment Ni to Cu grains

20%
0%
0 1000 2000 3000 4000 5000 6000 7000

Ni in anodes (ppm)

Figure 3. Ni deportment in Cu grains at low doped (ca. 3000 g/t) and high doped (ca. 5000-6500 g/t)

Ni concentration in anodes. Error bars correspond to standard deviation.

Arsenic was measured above its detection limit for some Cu grains. For this analysis,
in copper grains with measured As concentrations less than the limit of detection, it was
assumed that no arsenic was present in those Cu grains. This produced a conservative
estimate of solid solubility. Arsenic distribution depends on its concentration in anodes.
For anodes with <1000 g/t As, 40% of the arsenic reported to the solid solution, while an-
odes with >1000 g/t As had 60% of their arsenic found in solid solution with the copper
grains. Another work found ca. 30% of anode arsenic content within Cu grains [27].

Tin was found above its detection limit in some Cu grains. Like arsenic, when Sn
concentration was below the limit of detection, it was assumed no tin was present in solid
solution. The deportment of Sn to the Cu grains also depends on its concentration.
Roughly 32% of the Sn reported to the Cu grains in anodes with Sn concentrations from
300 to 400 g/t. A previous study examined anodes with <400 g/t Sn and found a similar
deportment of 30% to solid solution as the current study [19]. For anodes with Sn concen-
trations higher than 700 g/t, only ca. 9% reported to Cu grains. This indicated that
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increasing Sn concentration from 400 g/t to 700 g/t led to the formation of more tin-bearing
inclusions.

Sb concentrations of all Cu grains examined were below the detection limit of EPMA.
Sb was only found in complex oxide inclusions and Kupferglimmer. In a previous study,
20 % of the total Sb was found in solid solution [37]. A Sb content > 0.01 wt. % causes a
spheroidization of Cu20 inclusions, as shown in Figure 4 [27].

JEOL COMP  15.BkY %550 18pm WO11mm

Figure 4. Backscattered electron micrograph showing the general structure of an AC1. 1—Cu:20, 2—
CuPbAsBiSb oxide, 3—(Cu, Ag)2(Se,Te),4—Cu grain.

3.3. Chemical Distribution of Impurities in Inclusions

SEM (Figure 4) and EPMA of commercial anode samples identified three predominant
inclusion phases: (i) copper (I) oxide, (ii) a complex oxide mainly containing Cu and Pb with
minor amounts of As, Sb, Bi, and (iii) copper selenide with traces of Ag and Te (Table 3).

Table 3. Phases found in inclusions of commercial (AC) and doped (DA) anodes. AC anodes contain
three phases: Cu20, complex Cu-Pb-As-Sb-Bi oxide and (Cu, Ag)2(Se, Te), labelled together as AC

inclusions.

Anode Impurity Phases
AC1, AC2 AC inclusions

DA1 AC inclusions + SnO2 + Kupferglimmer
DA2 AC inclusions + SnO2 + Kupferglimmer
DA3 AC inclusions + SnO2 + Kupferglimmer
DA4 AC inclusions + SnO:2 + Kupferglimmer + NiO
DA5 AC inclusions + Kupferglimmer + NiO
DA6 AC inclusions + SnO2 + Kupferglimmer
DA7 AC inclusions + SnO2 + Kupferglimmer
DAS8 AC inclusions + SnO2 + Kupferglimmer
DA9 AC inclusions + SnO2 + Kupferglimmer
DA10 AC inclusions + SnO2 + Kupferglimmer + NiO
DA11 AC inclusions + SnO2 + Kupferglimmer + NiO
DA12 AC inclusions + SnO:2 + Kupferglimmer + NiO
DA13 AC inclusions + SnO:z + Kupferglimmer + NiO

In SEM images, Cu20 appears as small dark particles along grain boundaries and
eutectic areas at grain corners (Figure 4, point 1). This phase was analyzed as 88.8 wt% Cu
and 11.2 wt% O, which are the expected values for Cu20. The size of the inclusions varies



Metals 2025, 15, 113

9 of 16

from <1 to 20 um. The shapes of the oxides were elongated or circular. This phase com-
pound has been extensively described by Chen and Dutrizac, who also reported diameters
from less than 1 pm up to 10 um [28], 15 pm [20] and 20 pm [38]. Cuz0 is an important
compound to consider during electrorefining as it dissolves chemically and results in in-
creased copper concentrations in the electrolyte. Elevated copper concentrations increase
the electrolyte density and the risk of anode passivation if the electrolyte concentration of
Cu + Ni is greater than 65 g/L [39].

Complex oxide particles appear white in backscatter SEM images due to the high
atomic mass of lead in the phase (Figure 4, point 2). The diameters of the complex oxides
varied from 2 to 15 um, which again is like previous studies [20]. This phase occurs as
inclusions along Cu grain boundaries. No differences were detected between complex ox-
ides that formed near the center of the anode and those that formed near the anode sur-
face. The composition of the complex oxide was highly variable, with Pb ranging from 10
to 70 wt%. On the other hand, Cu, As, Sb and Bi represented less than 20 wt% individually
in most complex oxides. This composition variability has been mentioned by Chen and
Dutrizac, although, in their studies, one or two of the Group 15 constituents were absent
in some of the complex oxides [20].

The selenide phase appears as grey rings in the backscatter SEM image, encircling
partially both the complex oxide and the Cu20 oxide phases (Figure 4, point 3). The cross-
section thickness of the ring structures was found to be typically 1-2 um. Selenide phase
compositions varied depending on the area analyzed. Cu ranged from 60 to 66 wt%, Se
from 30 to 35 wt%, Ag from 0.1 to 0.5 wt% and Te from 3 to 4 wt%. Previous research had
found that Ag substitutes for Cu, and Te for Se, forming (Cu, Ag)2(Se, Te) inclusions [28],
which seems to be confirmed by this study. Se and Te are not expected to be detected in
solid solution by EPMA, as the solubility of Se in copper at 500°C is believed to be less
than 3 g/t [40].

The surface area of inclusions in the EPMA images was determined using Image ]
image analysis software v. 1.54g. The number of pixels which were a different shade of
gray than the copper matrix was counted. Then, the percentage of the area covered by the
inclusion was calculated using the counted pixels and the total number of pixels. The sur-
face area, which represents the volume of inclusions in the anodes studied, was 2% to 5%.

Examination of the doped anodes (Figure S4) revealed that increasing impurity con-
tent resulted in a decrease in the formation of Cu20 both along the grain boundaries and
as eutectic formations. This was especially observed for doped anodes with high concen-
trations of Ni, which had the lowest levels of Cu20. The presence of Cu20 inclusions was
clearly seen as darker gray circular areas along grain boundaries in the AC1 sample (see
Figure 5a). Cu:0 inclusions were almost nonexistent in the doped anodes with high levels
of impurities (see Figure 5b).

This can be explained due to the increase in impurities (e.g., Sn, As, Sb, Pb and Ni)
with higher affinities for oxygen than Cu. These differences in oxide stability are shown
in the Ellingham diagram presented in Figure 6. At the refining furnace temperature (ca.
1250 °C), oxide compounds with a lower AGt than the AGt for Cu20 are more likely to
form. This resulted in a decrease in the amount of Cu20 formed as the anode solidified.
The oxides formed are not dissolved in Cu grains, but form inclusions in the doped an-
odes. These new inclusions, which are not found in commercial anodes, corresponded to
(i) SnOy, (ii) NiO and (iii) a complex Cu-Ni-Sb-5n oxide called Kupferglimmer.
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(b)
Figure 5. Backscattered electron micrograph showing the general structure of two anodes: (a) anode
ACI; (b) anode DA13.

-100

-200
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AG (KI /mol)

-700
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Temperature (2C)

Figure 6. Ellingham diagram for common metal oxides that can form during copper anode solidifi-
cation. Solid lines correspond to condensed metals and oxides. Dashed lines correspond to con-
densed metals and gaseous oxide.

As discussed previously, Sn is mainly found in inclusions and not in solid solution
within the copper grains. To examine the different species within complex oxide clusters,
FESEM was employed instead of EPMA due to the equipment’s higher spatial resolution.
In the commercial anodes, no SnO2was found by FESEM because of the low concentration
of tin in the anodes. SnO: was observed in doped anodes as either euhedral free crystals
or clustered with complex oxide inclusions (see Figure 7). This type of inclusion was pre-
sent in all the doped anodes.

The SnO: phase exhibited a consistent composition of 70 wt% Sn and 30 wt% O,
which is similar to the expected values of 79 wt% Sn and 21 wt% O. These inclusions had
a size of ca. 5 um, which is within the range presented in a previous study [19].

In the electrorefining process, Sn present in Cu grains will react with the electrolyte
and precipitate as anode slime. On the other hand, SnO: in the anode will fall as slimes to
the bottom of the cell and not dissolve into the electrolyte [19]. Thus, increasing tin in
anodes will likely cause more tin oxide in refining slimes.



Metals 2025, 15, 113

11 of 16

2.5um

Figure 7. Backscattered electron micrograph showing the structure of the inclusions in doped an-

odes. 1-2—SnOz; 3—4 —Kupferglimmer.

NiO was observed in doped anodes as discrete circular inclusions or as part of the
complex oxide clusters, as shown in the FESEM image in Figure 8. NiO composition was
measured at 70 wt% Ni and 30 wt% O, which is similar to the expected values of 79 wt%
Ni and 21 wt% O. All NiO inclusions were less than 3 um in size. According to the litera-
ture, NiO forms in anodes when the Ni concentration is higher than 2500 g/t [36]. The NiO
phase does not readily dissolve during electrorefining and deports to the slimes [41].

NiO was only found in the doped anodes with Ni concentrations between 5200 and
6500 g/t. In this work, it appeared that all NiO in the doped anodes with lower concentra-
tions of Ni (27002900 g/t) reacted with Cu20, Sb20s and SnO: to form Kupferglimmer.
This seems to indicate that Kupferglimmer formation is limited in commercial anodes by
the quantity of Sb and Sn present in the melt. This statement reinforces the results by Chen
and Dutrizac [35], who commented that Kupferglimmer formation also depends on the
Sb content in the anode.

—_—

5um

Figure 8. Backscattered electron micrograph showing the structure of the inclusions in doped an-

odes. 1-3—Kupferglimmer; 4-5—complex lead copper oxide; 6—NiO.

Kupferglimmer is a complex copper nickel oxide phase that has been described in
the literature as CusNiz»SbOs-, where x = 0.1-0.2 [20]. Kupferglimmer occurs either as
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euhedral crystals or grouped with other complex oxide phases, such as SnO2 and NiO
(Figure 7, points 3—4; Figure 8, points 1-3). Chen and Dutrizac reported that Kupferglim-
mer was found around a core of NiO [34]. This was not observed in this research. These
inclusions have a size below 5 pm. In previous studies, Kupferglimmer was found as
platelets with a size up to 10 um [35] and from 2 to 15 pm [20]. This compound is formed
in the molten phase by reacting Cu20, Sb20s, SnO2 and NiO [35]. It is considered as a
refractory slime compound, as it is difficult to leach and results in a loss to Cu recovery
during slime processing [35].

Kupferglimmer was present in all doped anodes regardless of Ni concentration (Ni
2700-6500 g/t), Sb (430-930 g/t) and Sn (305-829 g/t). Previous research indicated that con-
centrations of Ni and Sb needed to be above 3000 g/t and 200 g/t, respectively, in anodes
for Kupferglimmer to form [35]. This work indicates that Kupferglimmer can form at
nickel concentrations as low as 2700 g/t.

While Kupferglimmer was detected in all doped anodes, NiO was only observed
with doped anodes at the higher level studied (5200-6500 g/t Ni). To examine this phe-
nomenon, the available nickel, antimony and tin for Kupferglimmer formation were cal-
culated by subtracting 2500 g/t Ni, 200 g/t Sb and 100 g/t Sn from each anode composition.
The Ni and Sb values were selected based on the amount needed to form Kupferglimmer,
as indicated by Forsen et al. [36,41,42] and Chen and Dutrizac [20], respectively. The tin
value was selected based on this study’s Sn concentration found in solid solution in cop-
per grains. From the available amount, the number of moles per ton available for Kupfer-
glimmer formation were calculated. Using a molar stoichiometry of 2 Ni to 1 (Sb + Sn), it
was calculated that excess Sb and Sn were present to form Kupferglimmer with all avail-
able nickel for all doped anodes that did not have NiO present. For doped anodes where
NiO was detected, an excess of nickel was calculated, indicating that all Sb and Sn were
consumed. Thus, it appears that Kupferglimmer likely formed at the expense of NiO if
enough Sb and Sn were present during anode casting.

In the present study, Kupferglimmer was found to contain Sn (Figure 9). This hap-
pened for all anodes regardless of Sn content (300 to 800 g/t). The presence of Sn in Kup-
ferglimmer was mentioned in previous studies [20,35], although the concentrations of Sn
in the anodes were not reported.

35
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wt% Sn in Kupferglimmer

0 100 200 300 400 500 600 700 800 900

Sn in anodes (ppm)

Figure 9. Sn deportment in Kupferglimmer at low doped (300-400 g/t) and high doped (700-800 g/t)

Sn concentrations in anodes. Error bars correspond to standard deviation.
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The concentration of Sn in Kupferglimmer depended on the anode’s Sn concentra-
tion. The Sn content in Kupferglimmer varied from 8 to 12 wt% in anodes with 300-400
g/t Sn to 15-24% for anodes with 700-800 g/t Sn. This result indicates that the amount of
SnO: reacting with Cu20, Sb20s and NiO depended on the Sn content of the anode.

4. Conclusions

The present study characterized commercial Cu refining anodes and doped anodes
created in a laboratory to resemble possible compositions created in a combination pri-
mary/secondary smelter. The Cu anodes doped with Ni, Sn, and Sb simulate potential an-
ode materials created by the recycling of electronic scrap in a circular economy. These im-
purities deported between the Cu grains and inclusions decorating the Cu grain boundaries.

Electron microscope analyses (EPMA and FESEM) showed that Ni reported mainly
to Cu grains as a solid solution impurity, with a minor amount deported to inclusions. In
anodes with high Ni concentration (ca. 6000 g/t), it was estimated that 20% of the Ni con-
tent was found in inclusions of NiO and Kupferglimmer. NiO was not found in anodes
with 25002700 g/t Ni, but Kupferglimmer was found in these materials. This indicated
that the formation of Kupferglimmer is preferred to NiO and is limited by the availability
of antimony and tin. Kupferglimmer was found to be more enriched in Sn when anodes
had higher tin content over the range studied (300-900 g/t Sn).

Arsenic was present both within Cu grains and complex oxide inclusions. The de-
portment of As to Cu grains depends on its concentration in an anode. Approximately
40% of As was found in solid solution in anodes with <1000 g/t As, while ca. 60 % was in
solid solution for anodes with >1000 g/t As. Arsenic was present in complex oxide phases
with Pb, Cu, Sb and Bi.

Sb was present both in complex oxides and Kupferglimmer. Antimony competed
with Sn in Kupferglimmer formation.

Sn was present both in Cu grains and as oxide inclusions. The deportment of Sn to
Cu grains depended on its concentration in anodes. Ca. 32% of Sn was found in solid
solution for anodes with 300—400 g/t Sn and ca. 9 % for anodes with 700-800 g/t Sn. Sn was
present either as SnO2 or within Kupferglimmer. Higher concentrations of antimony and
tin increased the likelihood of Kupferglimmer formation and depressed NiO creation.

These results highlight the possible changes expected in the chemical composition of Cu
anodes as our society moves to a more circular economy. Anodes will likely contain more
impurities and the presence of Kupferglimmer, NiO and SnO: in slimes will increase.

The impact of the higher impurity concentrations in the anodes provided by WEEE
and the phases formed will affect the electrorefining process in terms of Ni deportment,
Kupferglimmer generation, and the properties of electrolyte and slimes. Ni in Cu grains
will accumulate in the electrolyte, affecting its conductivity and viscosity, and may lead
to anode passivation. NiO will accumulate in the slimes, increasing slime production per
ton of anode. Kupferglimmer may decrease current efficiency because of slime entrap-
ment in the cathode. As Kupferglimmer is a refractory material, the recovery of its Cu
content during slime processing will be difficult. The study of these potential changes in
the electrorefining of doped anodes deserves further research.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/met15020113/s1, Figure S1: Anode block received for cutting
into pieces; Figure S2: Anode block design for cutting into pieces. Blue rectangular pieces were used
for electrorefining. Yellow round pieces were used for OES analysis. Green rectangular pieces were
used to analyze the internal structure of the anodes by EPMA, FESEM and Optical microscopy.
Purple round piece was employed for Oz analysis by ELTRA; Table S1: Sanding and polished steps
for probes analyzed by Microscopy; Figure S3: Probe generated for Electron Microscopy analysis
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(left) and after etching (right) with 100 mL H20, 25 mL HCl 37% and 5 g FeCls for grain size analysis
by Optical Microscopy; Figure S4: Backscattered electron micrograph showing the general structure
of doped anodes. (A) DA1; (B) DA2; (C) DA3; (D) DA4; (E) DA5; (F) DA6; (G) DA7; (H) DAS; (I)
DAY; (J) DA10; (K) DA11; (L) DA12; (M) DA13; Table S2: Impurity content in solid solution (wt. %) of
commercial (AC1 and AC2) and doped (DA1 to DA13) anodes. 30 Cu grains were analyzed for each
doped anode. For the rest of the elements, only maximum values are shown, as minimum values and
means are below the limits of detection (LD), are in wt.%: As 0.05; Ni 0.04; Sb 0.03; Sn 0.04.
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