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Abstract

To overcome the inexpressive recycling rate (<1%) of critical raw materials (CRM) such as Ta from slags originating from
the Cu industry, the enrichment of these metals in targeted minerals under specific conditions may facilitate the recycling.
Based on that, our study investigated the mineralogy of Ta-rich phases in a synthetic fayalitic slag at different holding times
in a specific transformation temperature, which was defined by thermochemical modeling. Laboratory scale samples of
fayalitic slags mixed with Ta,O5 were smelted in an electric resistance furnace under argon atmosphere. Subsequently, the
crystallization was achieved through cooling at a fixed rate of 25 °C/h to a specific temperature and held for different hold
times. The samples were then removed from the furnace into air atmosphere and room temperature. The thermochemical
modeling indicates that the oxidation of fayalite generates mainly magnetite (spinel) and silica, but also several other
phases, such as pyroxene. The analysis performed on the samples was electron probe microanalysis (EPMA) and X-ray
diffractometer (XRD), which showed that as the hold time increased, the individual crystals became larger and were
distributed evenly throughout the sample. Moreover, the analyzed spinel phases were not directly associated with
Ta-containing solidified phases. Rather, the metal exhibited preferential interaction with Ca-Si phases. In addition, the
dissolution of Ta was observed in the last liquid phases, which were mainly Ca-Al-Si oxides. Prolonged hold times do not
promote targeted Ta crystals nor control Ta mobility, but concentrate it in specific mineral phases which can allow further
segregation.
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1 Introduction

In Europe, Waste Electric and Electronic Equipment (WEEE) represents one of the fastest expanding waste streams, with
forecasts indicating an increase from nine million tons in 2005 to 12.3 million tons by 2020, and global production ranging
between 20 and 50 million tons annually [1—4]. The treatment process for WEEE typically comprises of three primary stages:
collection, mechanical pre-processing, and metal recovery. After the last step, precious metals like Ag, Au, and Pd exhibit
limited recoveries ranging from 11.5% to 25.6%, whereas base metals like Cu, Fe, and Al demonstrate higher recovery rates,
approximately 60-95.6% [1-5]. Despite the effective recycling of base and precious metals in Europe, Ta, In, Te, Ga, Se, and
rare earth elements (REEs) exhibit recovery rates <1%, resulting in their loss during metallurgical processing, which
categorizes them as critical raw materials by the European Union. Typical electronic waste undergoes pyrometallurgical
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steps in conjunction with other metal scraps with the main goal of recycling Cu, followed by hydrometallurgical steps to
purify and obtain other metals [6-8]. The problem lies with the slag phase in pyrometallurgical route: all the
low-concentration metals with high oxygen affinity are lost in this fraction, including Ta. The slag is normally disposed of
or used as construction material. Meanwhile, the demand for technological applications involving Ta increases constantly,
especially in capacitors and superalloys.

The potential for valorizing valuable target metals in various mineral waste streams depends on the thermodynamic and phase
equilibrium of the entire multicomponent mixture. Accurate slag modeling facilitates optimizing physical properties such as
melting point, viscosity, and density, as well as controlling the phases formed during solidification. To address this situation,
strategic handling of the slag could allow a crystallization that might enrich Ta in specific compounds. By prolonging the holding
time of the slag at selected temperatures, adjusting the oxygen partial pressure, or employing controlled and slow cooling rates,
different compounds are formed and these crystals grow.

Fayalite slag is the main component of the Cu recycling industry. It is a slag based on iron and other oxides (SiO,-Fe,O,-CaO/
MgO), which is preferred in nonferrous metallurgy due to several factors. Firstly, Fe is effectively managed in these slags since it
is a common and often undesired element in all scraps, which can be immobilized within the slag matrix [7, 9]. Additionally, the
ability of Fe to exist in two oxidation states contributes to a significant increase in oxygen partial pressure, which improves the
oxygen diffusion within the slag, favoring the equilibrium state [10]. Secondly, these slag systems normally have low viscosities
and relatively low melting points, which eases casting and stirring and lower the energy consumption, respectively. Industrial
slags contain also other oxides such as MgO, Al,O3, and TiO,, which might influence the physical properties and mineralogy,
forming spinels, olivines, pyroxenes, anorthites, cristobalite, andradite, garnet, among others [11, 12]. These characteristics
enhance the fayalitic slag’s retention capacity, which is crucial for the refining process of copper and other valuable elements
found in WEEE, such as Ta, once this behavior capture the impurities in high oxygen partial pressures (pO2 > 10°~10~° bar for
fayalitic slags compared to 10™'® bar for Si0,-CaO-Al,O3). Fayalitic slags, named after the predominant mineral Fayalite
(Fe,Si0y,), feature an olivine crystal structure and are primarily composed of this iron orthosilicate mineral. The oxidation state of
Fe in Fayalite depends on the specific crystallographic site and prevailing oxygen activity, resulting in variations in metal content
and the microstructure of the slag, which is influenced by the metallurgical treatment process and cooling conditions [10, 13—16].

Typically, the oxidation of Fayalite results in decomposition into iron oxide (magnetite and/or hematite) and silica. It is
predominantly found in association with magnetite, constrained by a quartz-fayalite-magnetite (QFM) phase boundary, as
described by Mackwell [17]. The magnetite content in fayalitic slag is influenced by oxygen diffusion and the precipitation of
solid mixtures during cooling, which contributes to the partially magnetic properties of fayalitic slags at lower temperatures [18].

Researchers have documented successful strategies leveraging these magnetic properties to concentrate metals like Fe, Ti,
and V from fayalitic slag. These efforts contribute significantly to resource recovery and sustainability within the metallurgical
industry, as highlighted by studies such as those by Chen and Chu [19] and Schoenthal et al. [20]. The solidification of slags
into either amorphous or crystalline structures depends on the cooling rate. Fast cooling tends to promote amorphous
structures, thereby enhancing the recovery of various metals such as Cu, Pb, Zn, and Co from copper matte smelting slags.
Conversely, a slow cooling rate can improve metal recovery by facilitating the formation of different crystalline phases. Guo
et al. demonstrated the beneficial effects of lime addition to fayalite Cu-slag and the optimization of Cu and Fe recovery
through a low cooling rate of 1.5 K/min [21]. Additionally, lime facilitated the precipitation of magnetite, enabling the
liberation of magnetite through comminution and subsequent separation via magnetic separation, thereby successfully
extracting Fe from the slag. Furthermore, low cooling rates also promoted the crystal growth of metal sulphides, which
could be subsequently recovered via flotation. The slag phase containing the oxides is disposed of, while the Cu metallic phase
is purified.

Based on that, the aim of the work is to address the Ta-rich compounds formed through prolonged hold times at a specific
temperature, dependent on the Ta concentration in different phases. Additionally, this study aims to engineer the slag
mineralogy and crystallization strategy to promote and enhance Ta-rich mineral phases.

2 Materials and Methods
2.1 Materials

The raw oxide minerals were obtained as follows: iron oxide (FeO) with a purity of 99.99 wt.% from Carl Roth; calcium oxide
(CaO) with reagent grade standards (>95%) from Thermo Fischer GmbH (Kandel, Germany); silica (SiO,) of commercial
grande, with a purity of >99.99 wt.% from Heraeus Quarzglas GmbH & Co. KG (Hanau, Germany); aluminum oxide (Al,O3)
with a purity of >99.6 wt.% from Nabaltec AG Schwandorf (Germany), and Ta;05 (99.99 wt.%) from Sigma-Aldrich Chemie
GmbH (Germany).
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Table 1 Components and concentration used in the thermochemical modeling and smelting trials

FeO SiO, CaO Al,O4
Content (wt.-%) 55 25 15 5

The smelting trials were carried out in an electric resistance heating furnace (Gero HTRV 100-250/18, ThermoStar,
Germany) with thermocouple type S able to record temperature. Alumina crucibles (C799) with 5 cm internal diameter were
used. Argon and air were used as surrounding gases depending on the condition of the trial.

2.2 Thermochemical Modeling

The thermochemical modeling was performed by calculations using FactSage 8.2™ FEgquilib module in which FactPS
(database of pure substances) and FToxid (database containing oxide solutions and other components) were active
[22]. The components and their concentrations, as well as 1 wt.% of Ta, used in the modeling as input data are in Table 1,
which were selected based on literature survey [5, 23]. The oxygen partial pressures of 10~ '® to 107! bar and process
temperature up to 1300 °C were also evaluated. It is important to highlight that Ta-containing phases are limited for
commercial thermodynamic databases. Nevertheless, considering that Ta is a minor element in the slag it is expected that
the modeling of the slag system is still valid to explain the bulk mineralogy.

23 Smelting Trial Procedure and Characterization

Summing up 100 g, the metal oxides were mixed, including 1% of Ta (calculated from Ta,Os) according to analytical
detection limit of the characterization techniques employed in this study, dried and heated (at 300 °C/h) in the furnace under
argon atmosphere (5 L/min) to 1300 °C. Once the target temperature was reached, the melt was held for 1 h for homogeniza-
tion by visually and manually stirring the molten slag with a paddle. Then, at a cooling rate of 25 °C/h under air atmosphere at
a constant flow of 5 L/min the sample was held at 1100 °C (temperature defined by the thermochemical modeling presented in
the result section) for 0 h, 8 h, and 24 h. Finally, after each of the hold times was completed, the samples were taken out of the
furnace and allowed to cool in ambient atmosphere to room temperature. The samples were then crushed and analyzed.

Electron probe microanalysis (EPMA) was used with an accelerating voltage of 15 kV and a beam current of 100 nA. Line
scans were performed at a fixed position, step size of 40 nm up to 1 pm, and dwell time of 5 s, where a few points were chosen
in different phases of the microstructures to evaluate the chemical content. For the analysis the samples were embedded in
Epoxy resin, grinded, and polished until a flat and scratch-free surface finish was achieved. Finally, the cross sections were
coated by a thin carbon layer similar to the one of the used standards to get sufficient conductivity. Carbon was chosen as
coating element due to less absorption- and overlapping effects.

X-ray diffraction (XRD—STADI P made by STOE&Cie GmbH, Darmstadt, Germany) was carried out using a molybde-
num (Mo) source with K radiation of 30 kV and 10 mA. For the XRD analysis, the sample was ground under 44 pm, which is
the standard sample preparation for the technique. HighScore Plus software was used for searching and matching peaks with
the database from the PDF-4/Axiom.

3 Results and Discussion
3.1 Thermochemical Modeling

Among the results of the calculations, we were interested in finding a temperature in which there was a thermodynamic
preference for magnetite phase formation in function of the oxygen partial pressure close to the liguidus temperature. The
specific temperature at which this happens was discovered to be 1100 °C at oxygen partial pressure (pO,) of 10 '° bar.
Figure 1 shows the model result for the weight fraction of possible mineral phases versus temperature in this scenario. The
phase distribution with respect to temperature suggests that spinel followed by olivine are the first potential precipitating
phases at the equilibrium at 1100 °C. In these conditions, spinel crystals should be formed representing around 50 wt.% of the
total mass. Nevertheless, the growth of these crystals is mainly dependent on the oxygen absorption within the system. As can
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Fig. 1 Thermochemical simulation at equilibrium at fixed oxygen partial pressure of 1-10~'* bar. The mass distribution is plotted as a function of
the temperature

be observed in the system, below 800 °C there is still ongoing mineralogical changes, but it eventually stabilizes due to low
available kinetic energy to reach equilibrium and limited oxygen diffusion below this temperature. In other temperatures and
pOa, only circa maximum 40 wt.% of spinel phase was observed, suggesting that its formation is not thermodynamically
susceptible. Thus, as described in 2.3, at 1100 °C the different hold times were tested in the experiments.

It is known that fayalitic slag decomposes into silica and iron oxide, which have two different oxidation states, leading to an
increase of the oxygen partial pressure. Magnetite can form solid solutions with other members of the spinel group such as
hercynite (Fe**Al,Q,). This opens a window for engineering mineral phases with magnetic properties with valuable element
occupying tetrahedral and octahedral sites of the spinel and inversed spinel structure [24]. Several authors had highlighted the
use of magnetite to enhance the separation of Ta, Nb, V, Ti, and Fe in poor-grade tailings by mechanical methods [19, 20,
25]. Thus, it raises the possibility to capture Ta in the spinel phase, which highlights the speciation of iron as a determining
role in fayalitic slags system. With the practical experiments involving different extended hold times, the intention to provide
the fayalitic slag system with sufficient time to reach the equilibrium was tested in practice, while also investigating whether
tantalum would be preferentially associated with magnetite grains during the crystallization process.

3.2 Phase Characterization

The thermochemical modeling showed that the list of possible compounds formed from the smelting of these five oxides can
be numerous. For this reason, it is very difficult to track all the phases and compounds that were really generated according to
the conditions used in our work. The following XRD analysis of the three samples in Fig. 2 matched four main phases
suggested by the simulation: spinel as a majority, hematite, silica, and kirschsteinite (CaFe'SiO,), which is in accordance with
previous investigations of the same slag system [26] and the FactSage™ database. The whole spectrum was divided into three
regions to enhance the comprehension. In the first region close to 12°26 it is possible to observe a peak of silica phase present
only in 0 h sample (light blue). This happened again in the second region, close to 20°20 and 22°20. Possibly the diffusion of
silica within other compounds was hindered by the insufficient hold time. The other samples, 8 h and 24 h, showed similar
peaks throughout the three regions, which means that the phases are not changing during the extended holding time, as also
observed through Mineral Liberation Analysis carried out but other author [23]. The olivine phase is probably formed, but
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Fig. 2 XRD analysis of three samples: 0 h (light blue), 8 h (orange) and 24 h (dark blue) divided into three regions according to the 20 angle

oxidized to magnetite and hematite, releasing the silica molecule to react with calcium and aluminum oxides, as well as traces
of iron.

To have a better understanding of these phases and observe the crystallization, the microstructures were studied by EPMA
analysis, in which both the observation of the grain shapes and sizes and determination of the chemical composition of said
grains could be performed. Figure 3 presents the changing in morphology throughout the hold times. At 0 h (left—I) elongated
structures in dark gray are present with crystals in light gray in a heterogeneous and disordered formation. With increasing
hold time a more homogeneous scenario was observed with bigger light gray grains and wider dark gray elongated crystals in
the 24 h sample (right—III), which are darker meaning a denser phase.

The assessment of the chemical composition of these phases was performed only for the 8 h and 24 h samples, since XRD
of the 0 h sample showed the presence of SiO, phase, thus configuring a partial equilibrium. As shown in Fig. 4, a line of
spaced points crossing different phases was analyzed, and the graph beside it expresses the chemical composition of each
point (wt.%). The EPMA chemical analysis shows the light gray round crystals correspond to spinel grains with only Fe and O
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Fig.3 EPMA scan analysis: overview of a common area of the analyzed samples I, II, Il with holding time of O h, 8 h, and 24 h respectively; 140x%,
accelerating voltage 20.0 kV
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Fig. 4 EPMA scan analysis: quantitative line scan on sample of 8 h of holding time

as components. From points numbered 1219, the Fe content decreases to less than 5%, at the same that Ca and Si content
increases, corresponding to the mineral kirschsteinite, supported by the XRD analysis. Tantalum could only be verified in low
contents in points 1, 4, and 30, which highlight a tendency to be associated with Ca and Si compounds, as well as Fe in lower
quantities.

Since Ta was not found in significant quantity in any of the phases in sample 8 h, a deeper investigation was carried out in
the sample of 24 h. Figure 5 shows different phases with chemical composition in five points. The white phase (point 5) is
composed of O and Fe, corresponding to a spinel structure. The points 1 and 2 are coincident and are represented by the crystal
adjacent to the white crystal (spinel) with irregular shape. The chemical composition of this crystal contains all five elements
and ~3 wt.% of Ta. Next to it, the phase where point 3 is located shows chemical composition with the lowest Fe
concentration, which indicates a pyroxene mineral [26, 27]. In the last formed crystal, point number 4, it is found the highest
Ta content, more than 4 wt.%. According to the FactSage™ database and simulation, it is believed that magnetite is the first
solid phase formed (crystal of point 5), followed by the crystal of points 1 and 2, and then 4, where the Ta finally concentrates,
which also contains significant amounts of Fe, Si, and Ca, obtaining characteristics of the augite mineral [26].
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Fig. 5 EPMA scan analysis:
quantitative point scan of 24 h of
holding time sample

in wt.-%
Point [0} Si Al Fe Ca Ta
1| 4549 20.18 4.50 14.38 14.11 2.85
2[  46.90 20.69 4.60 13.90 13.53 2.99
3| 46.12 23.08 0.08 1.77 33.89 0.08
4 4261 17.03 3.65 23.71 13.84 4.24
5 30.08 0.05 1.08 63.23 0.39 0.12

4 Conclusion and Outlook

Based on the thermochemical equilibrium simulation of a fayalite slag, it was possible to establish in which temperature and
oxygen partial pressure the magnetite formation was preferred: 1100 °C and 10~'° bar, respectively. The effect of extended
hold time and 1% Ta addition was evaluated on the mineralogy of the synthetic slag. Throughout the hold time, the main
difference was observed at 0 h, when peaks of SiO, were still detected. From hold time of 8 h to 24 h, the change in
mineralogy was not significantly impacted. The EPMA chemical analysis provided similar phases in both hold times:
magnetite as main component and Ca-Si-oxides. The Ta enriched phase could only be found in a small crystal structure,
with concentration of ~4 wt.-%, at the last solid solution formed. The other chemical elements in this Ta-rich phase were Ca
and Si oxides, but also Fe, which characterize an augite mineral. The spinel phases concentrate no Ta, regardless of the hold
time. These findings turn the strategy of phase’s separation through mechanical processing techniques interesting, e.g.,
magnetic separation, thereby contributing to the development of efficient methods for tantalum recovery from industrial slags.
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