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Abstract: This study presents a comparative analysis of titanium leaching from tionite (a byproduct
of the titanium dioxide production process) and carbothermally reduced red mud (derived from
aluminum residues). Tionites from the sulfate process and red mud residue are known for their
environmental impacts due to their metal content and acidic/basic nature. This study explored
leaching as a method to recover titanium and other metals under high-pressure and high-temperature
conditions using sulfuric acid. Experiments were conducted in an autoclave with different parameter
changes, like varying oxygen pressure, temperature, and reaction time to optimize metal extraction.
The leaching efficiency of titanium was found to be higher in the carbothermal-reduced slag compared
to tionite due to the altered mineral phases in the reduced material. XRD and SEM-EDS analyses
confirmed the differing leaching behaviors, with titanium compounds in tionite showing greater
resistance to dissolution. These findings highlight the importance of thermal pre-treatment for
optimizing metal recovery from industrial residues. The main aim of this study is to contribute to the
development of sustainable waste management solutions for tionites and red mud, emphasizing the
potential of hydrometallurgical methods for metal recovery. The results are expected to inform future
research and industrial applications, advancing the recovery of valuable metals while reducing the

environmental footprint of titanium and aluminum residue disposal.

Keywords: carbothermally reduced red mud; titanium dioxide residue; high-pressure leaching;

titanium recovery

1. Introduction

Titanium dioxide residues (tionites) are solid residues generated during the production
of titanium dioxide (TiO,) via the chloride and sulfate processes. These residues typically
contain unreacted minerals, iron oxides, silicates, and other metal oxides, along with
residual titanium compounds. The specific mineralogical composition of tionites can
vary depending on the processing method, but they commonly include minerals such as
ilmenite (FeTiO3), rutile (TiO,), and anatase (TiO;), along with iron oxides such as hematite
(FepO3) and magnetite (Fe3Oy), as well as silicate minerals like feldspar and quartz. These
byproducts are often considered waste, yet they present significant environmental and
waste management challenges due to their complex composition and large volume [1-5].
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The sulfate process involves the digestion of ilmenite or titanium slag in sulfuric acid
to produce titanium oxysulfate, which is then hydrolyzed to form hydrated titanium diox-
ide. The tionites from this process are more complex, containing iron sulfate (Fe;(504)3),
unreacted ilmenite, and various metal sulfates such as calcium sulfate (CaSO,), magne-
sium sulfate (MgSO;), and aluminum sulfate (Aly(SO4)3). These residues are often acidic,
with a high content of sulfate compounds and iron sulfates, and can be more challenging
to manage due to their potential to generate a threat to the environment if not properly
treated [1,2].

Tionites can have significant environmental impacts if not properly managed. The
presence of heavy metals and acid-generating compounds can lead to soil and water
contamination. For example, sulfate-process tionites can contribute to the acidification of
water bodies and mobilize toxic metals, harming aquatic ecosystems. The chloride-process
tionites, while less acidic, can still pose risks due to the presence of heavy metals and other
hazardous substances.

To mitigate their environmental impact, researchers and industries are exploring ways
to utilize tionites as secondary raw materials. Potential applications include [6-9]:

1.  Cement and Construction Materials: Tionites can be used as a raw material in cement
production, leveraging their iron and silicate content.

2. Metal Recovery: Residual metals, particularly iron and titanium, can be recovered
from tionites through various chemical and physical processes.

3. Soil Amendment: In controlled applications, tionites can be used to neutralize acidic
soils, though care must be taken to avoid heavy metal contamination.

4. Land(fill Liners: Tionites with low leachability can be used as landfill liners to prevent
the spread of contaminants.

The utilization of tionites not only reduces waste but also transforms a potential envi-
ronmental liability into a valuable resource. However, the feasibility of these applications
depends on the specific composition of the tionites, the availability of processing technology,
and economic considerations.

Red mud is a byproduct of the Bayer process, which is used to extract alumina (Al,O3)
from bauxite ore. It is a highly alkaline waste material with a complex composition,
including oxides of iron, aluminum, titanium, and various other trace elements. Due to its
large volume, strong alkalinity (pH 10-13), and the presence of toxic elements, red mud
poses significant environmental challenges. The disposal of red mud is a major concern
because it can lead to soil and water contamination, particularly through the leaching of
heavy metals and other hazardous substances into surrounding ecosystems [10-12].

Red mud has substantial environmental impacts, including the potential for ground-
water pollution, harm to aquatic life, and soil degradation in areas near disposal sites.
Accidental spills, such as the one that occurred in Hungary in 2010, can have catastrophic
consequences for both the environment and human health. The high alkalinity of red mud
makes it corrosive, and managing its disposal requires substantial land area and careful
engineering to prevent environmental damage [13,14].

However, red mud also contains valuable elements, such as iron, titanium, and rare
earth metals, which have prompted research into its utilization as a secondary resource.
Potential uses include its application in the construction industry (e.g., as a component in ce-
ment or bricks), as a raw material for the extraction of valuable metals, and in environmental
remediation efforts, such as neutralizing acidic soils or wastewater treatment [3,15-17].

In the authors’ previous research, the focus was on the carbothermal reduction of
red mud, a process that involved heating red mud in the presence of carbon to reduce
metal oxides. That method aimed to transform the iron oxides into metallic iron or other
more easily leachable forms, thereby improving the potential for metal recovery. The
carbothermal reduction was followed by a leaching process, where the reduced red mud
was treated with sulfuric acid to extract titanium and other valuable metals.

The current study aims to compare the leaching efficiency of that carbothermally
reduced red mud from previous research with that of tionite (sulfate process). By comparing
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the leaching behavior of these two materials, the research seeks to optimize the recovery of
titanium and other metals while also exploring sustainable methods for managing industrial
waste. This approach not only addresses the environmental impact of red mud disposal
but also contributes to the circular economy by turning waste into a valuable resource.

Leaching is a critical process in extractive metallurgy used to obtain valuable metals
from ores. This technique involves treating the ore with specific chemicals that react with
the metal compounds, forming soluble salts while leaving the impurities behind. The
soluble salts can then be washed away and further processed to retrieve the pure metal.
The remaining material after metal extraction is known as tailings [18].

One major advantage of leaching over pyrometallurgy is its relative ease of operation
and the absence of harmful gaseous emissions, which can make it a potentially more envi-
ronmentally friendly option. While leaching can have lower direct energy requirements
compared to some high-temperature pyrometallurgical methods, the total energy consump-
tion for leaching and pyrometallurgy may be comparable in certain processes, depending
on the metal and specific conditions [18].

Despite these advantages, leaching has notable drawbacks. It is generally less efficient
than pyrometallurgy and produces large volumes of waste effluent and tailings. These
waste products are often highly acidic or alkaline and may contain toxic substances, posing
significant environmental and health risks [19].

Leaching can be carried out through various methods, including pressure leaching,
atmospheric leaching, and ultrasound-assisted leaching. It is often conducted at high
temperatures to enhance efficiency. Despite its challenges, leaching is a vital technique in
the mining industry, enabling the extraction of metals that might be otherwise economically
or technically unfeasible to recover by other methods. Effective management and treatment
of leaching effluents and tailings are crucial to minimize environmental impact and ensure
the sustainability of this extraction method [20-22].

The novelty of this work lies in its comparative approach to evaluating the high-
pressure, high-temperature dissolution of titanium from two distinct industrial residues:
tionites (a byproduct of titanium dioxide production) and carbothermally reduced red
mud (a byproduct of alumina extraction). This study uniquely combines thermal treatment
with subsequent chemical dissolution processes, offering new insights into how the initial
treatment conditions influence the recovery efficiency of titanium and other metals. By
exploring optimal conditions for titanium recovery from these residues, it contributes to
waste valorization and offers sustainable solutions for industrial waste management.

2. Materials and Methods

In this study, Tionite S (sulfate process) from Venator GmbH, along with slag (car-
bothermally reduced red mud) from the “Alumina” Ltd. factory in Zvornik, Bosnia and
Herzegovina , were utilized as raw materials. The tionites and red mud were dried, ground,
and prepared for the reduction process. Characterization of these materials was carried out
using X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS) analyses.

The tionite and slag samples were analyzed at room temperature using X-ray powder
diffraction with an Ultima IV Rigaku diffractometer, which employed CuK«1,2 radiation,
a generator voltage of 40 kV, and a current of 40 mA. The analysis covered a 20 range
of 10-100° in continuous scan mode, with a step size of 0.02° and a scan rate of 1°/min,
utilizing a D/TeX Ultra high-speed detector. A glass sample carrier was used for sample
preparation. Phase composition and identification were evaluated with PDXL2 (Ver. 2.8.4.0)
software, and all powders were identified using the ICDD database.

Scanning Electron Microscopy (SEM): The surface morphology and microstructural
characteristics of the solid samples before and after the leaching experiments were analyzed
using a Quattro S scanning electron microscope (Thermo Fisher, Hillsboro, OR, USA). The
Quattro S was operated in high vacuum mode with an accelerating voltage of typically
5-20 kV. The images were obtained at various magnifications to observe both the overall
particle morphology and finer surface details. Energy-dispersive X-ray spectroscopy (EDS)
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was also performed to identify the elemental composition of the sample surfaces, providing
insight into the distribution of titanium and other relevant elements across the material
matrix. The chemical composition of elements dissolved in the solution was analyzed
using high-resolution inductively coupled plasma optical emission spectroscopy (ICP-
OES). This technique allows for the detection of elements with atomic mass numbers
ranging from lithium (Li) to uranium (U). The analysis was conducted using a Spectro
Genesis spectrometer.

Particle size distribution was analyzed using a HELOS (H4011i) laser diffraction sys-
tem equipped with the RODOS dry dispersion unit (Sympatec GmbH, Clausthal-Zellerfeld,
Germany). The HELOS system provides high-resolution measurements across a wide parti-
cle size range, utilizing laser diffraction principles. The RODOS dispersion unit ensures
efficient deagglomeration of particles through controlled high-velocity air streams, facili-
tating accurate size distribution analysis. Prior to measurement, samples were dispersed
under standardized conditions to achieve consistent reproducibility. Data acquisition and
analysis were conducted using the associated WINDOX software 5.7.

Leaching of the slag was performed in a Buchi autoclave from Switzerland, designed
specifically for acid leaching (capacity of 1.53 L, max. pressure of 200 bars, and max.
temperature of 270 °C). Leaching was carried out using sulfuric acid. This setup includes a
heat exchanger with a thermostat, a mixer, pressure adjustment probes, and the capability
to extract samples during operation. The autoclave is connected to a computer, allowing
for complete control via software that records all operational data for subsequent analysis.
The pressure was monitored using both a manometer and digital sensors. The system’s
pressure comprised oxygen (6-9 bars) and water vapor (total 12-15 bars). Cooling was
achieved with a specialized cooling system, and the heating rate was set at 10 °C/min.
Prior to each operation, the autoclave was manually sealed with screws and underwent a
pressure test to ensure integrity.

The slag, along with Tionite S, was leached under various conditions as detailed in
Table 1. Prior to leaching, the slag was ground and sifted.

Table 1. Design of leaching experiments.

) Temperature Initial Concent‘ration Liquid{Solid ] ]
Exp. No. Material e) Pressure of of Ac1d3 Ratio Time (min)
0O, (bar) (mol/dm?) (mL/g)
1 Slag 150 0 5 10:1 60
2 Slag 150 6 5 10:1 120
3 Slag 180 6 5 10:1 120
4 Slag 150 9 5 10:1 120
5 Tionite S 150 6 5 10:1 120
6 Tionite S 150 6 5 10:1 60
7 Tionite S 180 6 5 10:1 120
8 Tionite S 150 9 5 10:1 60
9 Tionite S 150 9 5 10:1 120

Leaching these materials, particularly the slag, which primarily contains iron oxide, is
a highly complex process with intricate mechanisms. However, the following reactions are
typically considered during the leaching process:

Fe203(s) +3 H2SO4(aq) — Fep (504)3(aq) + 3 H,O (@)
TiO, + HySO4 — [TiO} 504 + Hy,O (2)
TiO[SO4] + %Oz — [TiO-0]SO, 3)

Al,O3 + 3 HpSO4 — Al (804)3 + H,O 4)
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CaO + HyS0, — CaSOy,) + Hp0 (5)
CaTiO3 + HpS04 4 1.50, — TiOSO4 + H,O + CaSO,4 6)

The design of the leaching experiments is shown in Table 1 and Figure 1.

Slag or Tionite S -

H,SO.

Reaction in
autoclave

<l

Solid residue

Leachate

Figure 1. Experimental setup for leaching in an autoclave.

All experiments have been carried out in the laboratories of the IME RWTH.

In this paper, leaching is used to extract titanium from the earlier reduced slag and
represents a combination of pyrometallurgical and hydrometallurgical methods of red
mud processing in order to optimize and find the optimal processing process. Pure oxy-
gen was needed to react with titanium from slag in order to form a dissolved form of
titanium oxysulfate.

3. Results and Discussion

The XRD pattern for tionite from the sulfate process (Figure 2a) primarily shows
strong peaks corresponding to rutile (TiO;), with additional contributions from silica (5iO5),
armalcolite, and minor ilmenite. Rutile dominates the pattern, with silica and armalcolite
adding distinct, though weaker, peaks.

For the carbothermally reduced slag (Figure 2b), the XRD pattern is more complex,
featuring prominent peaks from CaTiO3, metallic iron, and hematite (Fe;O3). Other phases
such as magnetite (Fe30;), silica, gehlenite, rutile, and CaAl,SiOg contribute to a variety of
additional peaks, making this pattern more intricate compared to that of the tionite.

Particle size distribution of slag (Figure 3) shows an increase in particle size due to the
reduction in red mud and agglomeration of the particles.
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The composition data confirm the XRD analysis (Table 2). Tionite S shows a high

titanium content, consistent with the dominance of rutile in the XRD pattern, along with
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iron and silicon levels that align with the presence of ilmenite and silica. The slag has lower
titanium and iron contents but higher aluminum, reflecting the complex mix of phases like
CaTiOs3, iron oxides, and aluminosilicates seen in the XRD pattern. Overall, the elemental
analysis (EDS) supports the identified mineral phases in both materials.

Table 2. Composition of Tionite S and slag.

Sample Ti (%) Fe (%) Al (%) Si (%)
Tionite S 29 10.1 1.53 7.63
Slag 59 8.2 12.2 6.4

The microstructure of Figure 4a Tionite S reveals a predominantly fine-grained, frag-
mented morphology with irregularly shaped particles. The smaller particles and their
agglomeration suggest a high surface area, which may influence its reactivity during
leaching. The overall structure appears brittle and heterogeneous.

3
T el i

10, Oyl

Figure 4. (a) SEM image of Tionite S and (b) SEM image of slag.

In contrast, Figure 4b Slag displays larger, more consolidated structures with layered
and plate-like formations. These features suggest higher thermal stability and a denser
composition compared to Tionite S.

Figure 5 presents the leaching efficiencies of iron (Fe), titanium (Ti), and aluminum
(Al) from slag using 5 M sulfuric acid under varying conditions of oxygen pressure and
temperature. The first experiment showed that leaching of the slag at atmospheric pressure
showed low leaching efficiencies of all three elements, particularly titanium. In the second
experiment, conducted at 150 °C for 2 h under 6 bars of oxygen pressure, Fe, Ti, and Al
were all leached with relatively high efficiencies.

In the third experiment, where the temperature was increased to 180 °C while main-
taining the same reaction time and pressure, Fe and Al leaching efficiencies improved
significantly. However, Ti leaching efficiency dropped considerably, which might be due to
the formation of more stable titanium compounds or a re-precipitation process under the
higher temperature, making Ti less soluble.

In the fourth experiment, where the oxygen pressure was increased to 9 bars while
keeping the temperature at 150 °C and the reaction time at 2 h, all three metals—Fe, Ti,
and Al—achieved near-complete leaching. The higher oxygen pressure likely enhanced
the oxidation process, improving the dissolution of these metals, especially Ti, which had
the highest leaching efficiency under these conditions. This trend suggests that increased
pressure can be a critical factor in maximizing the extraction of metals from slag, partic-
ularly for those like Ti that are otherwise more challenging to leach effectively at higher
temperatures. Leaching efficiencies were calculated by comparing the concentration of
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selected elements in the leachates (performed by ICP-OES) to the total amount of those
elements initially present in the solid material before leaching.
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Figure 5. Leaching efficiency of slag under different parameters.

Figure 6 shows the leaching efficiencies of iron (Fe), titanium (Ti), and aluminum
(Al) from Tionite S using 5 M sulfuric acid under 6-9 bars of oxygen pressure across three
different experiments. In the fifth experiment, conducted at 150 °C for 2 h, Fe was leached
efficiently, while Ti and Al showed moderate to low leaching efficiencies. When the reaction
time was reduced to 60 min while maintaining the same temperature, Fe and Al leaching
efficiencies remained consistent, but Ti leaching increased slightly.
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Figure 6. Leaching efficiency of Tionite S under different parameters.
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In the seventh experiment, where the temperature was raised to 180 °C and the reac-
tion time was kept at 2 h, there was a notable increase in Fe leaching efficiency. However,
Ti and Al leaching efficiencies decreased. The reduced leaching of Ti at the higher tem-
perature could be attributed to the formation of more stable titanium compounds or the
re-precipitation of Ti as less soluble species under these conditions, which prevents their
dissolution. This suggests that while higher temperatures enhance Fe extraction, they may
simultaneously limit the leaching of Ti due to changes in the mineral’s chemical behavior.

In the eighth experiment, where oxygen pressure was increased to 9 bars, we observed
a decrease in titanium (Ti) leaching compared to the sixth experiment at 6 bars. This suggests
that the higher oxygen pressure may have influenced the formation of more stable titanium
phases, reducing the efficiency of Ti leaching. On the other hand, the leaching of iron (Fe)
slightly increased, likely due to a more pronounced oxidation effect at higher pressure.
For aluminum (Al), which exhibited the lowest leaching efficiency across all experiments,
the result indicates that aluminum compounds are more resistant to leaching under the
given conditions. In the ninth experiment, the reaction time was extended to 120 min under
the same 9-bar oxygen pressure, leading to the lowest Fe leaching efficiency observed
in all experiments. This could be attributed to the preferential leaching of more reactive
components before the reaction time was extended. While Ti leaching also decreased, Al
leaching showed a slight increase, indicating that longer exposure times may help in the
partial dissolution of aluminum-containing compounds.

These findings suggest that Tionite S may require thermal exposure to alter its com-
position and structure, potentially enhancing the leaching process. We have emphasized
this point in the revised manuscript to provide a clearer understanding of the experimen-
tal trends.

In Figure 7, SEM-EDS results for slag are shown.

O Kal Si Al Kal

Figure 7. SEM-EDS analysis for Experiment 2.

The SEM coupled with EDS analysis provides insights into the elemental composition
of the slag after leaching under 6 bars of oxygen pressure, 150 °C, and a reaction time of
120 min. Due to the localized nature of EDS, the results represent the micro-area component
distribution rather than a comprehensive view of the entire sample’s bulk composition.
This micro-scale analysis can vary due to inherent randomness in the small-area scanning,
which may not perfectly correspond to the overall leaching efficiency observed in the
bulk material.

The EDS results indicated a high oxygen content of 65.9%, suggesting the presence of
oxidized compounds in the analyzed areas of the residual slag. Silicon (Si) was detected at
9.4%, likely pointing to the persistence of silicate minerals that were not fully dissolved
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during leaching. Analysis in Figure 7 shows the presence of sulfur (S), which was found at
6.2%, likely as sulfates formed during leaching.

Aluminum (Al) content was found to be 8.2%, while calcium (Ca) and sulfur (S) were
present at 7.3% and 6.2%, respectively. These elements suggest the formation of stable
compounds such as sulfates that remain in the residual material. Titanium (Ti) and iron
(Fe) contents were relatively low, at 2.3% and 0.3%, respectively, which is consistent with
the high leaching efficiency of these metals observed in Experiment 2.

The distribution of elements, such as Si and Al, which remain in significant quantities,
may reflect the partial dissolution of these components rather than complete removal. The
granular and porous morphology observed in the residue suggests selective dissolution,
where more soluble components have been removed, leaving less soluble phases intact.
The rough and irregular surface features, characteristic of acid leaching, combined with
the presence of particles of different sizes, reflect varying degrees of dissolution within
the material.

In Figure 8, SEM-EDS results for Tionite S are shown.

The SEM coupled with EDS analysis for Tionite S after leaching under the conditions
of 6 bars of oxygen pressure, 180 °C, and a reaction time of 120 min provides valuable
micro-scale insights into the composition of the residual slag. It is important to note
that EDS analysis reflects the elemental composition of specific micro-areas, and inherent
variability in these localized results may not directly correspond to the bulk leaching
efficiency observed in macro-scale experiments like in the previous case.

O Kal Ti Kal

o
al
o4 o
03 ifi]

Fowered by Tru-Q®

i 25um

Figure 8. SEM-EDS analysis for Experiment 6.

The EDS results indicate a significant oxygen content of 52.1%, suggesting the presence
of oxidized compounds within the specific areas analyzed. Titanium (Ti) appears as the
most prominent element after oxygen, with a concentration of 29.9%. This relatively high
residual Ti content suggests that under the higher temperature conditions used in this
experiment, more stable and less soluble titanium compounds may have formed, which
resisted dissolution. However, this micro-scale observation may not fully represent the
overall efficiency of titanium leaching across the entire sample.

Silicon (Si) was found at 7.9%, indicating that silicate minerals were not entirely
dissolved in the localized areas. Aluminum (Al) was observed at a low concentration of
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1.3%, consistent with the generally low leaching efficiency for Al under these conditions,
though results may vary throughout the bulk material. Calcium (Ca) was minimal, detected
at 0.3%, suggesting only trace amounts in the residue.

Sulfur (S) was detected at 8.8%, likely indicating sulfur-containing compounds, such
as sulfates, persisting in the analyzed regions of the slag. Iron (Fe) content was also low at
1.8%, reflecting effective Fe leaching.

The morphology of the residue shows signs of significant structural breakdown, with
residual components displaying dissolution and acid leaching effects. The fragmented,
porous, and irregular surface likely results from the removal of more soluble phases,
leaving behind porous residue typical of acid leaching. This surface structure, which
has been observed in the localized areas, aligns with the dissolution patterns of more
soluble components, though it may not uniformly represent the material’s macro-scale
dissolution behavior.

Along with SEM-EDS analysis, XRD analysis of solid residues is also performed
(Figure 9).
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Figure 9. XRD analysis of (a) solid residue after Tionite S leaching and (b) solid residue after
slag leaching.

In the XRD pattern shown in Figure 9a, which corresponds to Tionite S, the peaks are
dominated by titanium oxides (TiOy) and iron-titanium oxides (Fe;TiOs), indicating that
these phases remain largely unaltered after the leaching process. The presence of these
crystalline phases suggests that titanium was not effectively leached, which is consistent
with the earlier SEM-EDS analysis that showed a high residual Ti content in the sample.
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The detection of iron oxides further supports the SEM-EDS findings, indicating incomplete
iron leaching under the tested conditions.

Figure 9b represents the XRD pattern of the slag after leaching. The dominant phase
observed is calcium sulfate (CaSO,), implying that most other components, particularly
Fe, Ti, and Al, were successfully leached. The absence of significant peaks corresponding
to other oxides suggests that the leaching process was effective in dissolving the majority
of the original minerals. However, the presence of Si and Al compounds detected in the
SEM-EDS results indicates that some of these elements may remain in amorphous forms,
which are not visible in the XRD analysis. This difference in crystallinity could explain why
these compounds were not detected by XRD despite their presence in the residual material.

In conclusion, the XRD and SEM-EDS results together confirm the limited success of
titanium leaching from Tionite S, likely due to its more resistant structure, while the slag
exhibited a more complete leaching process, with the residual phase primarily consisting of
calcium sulfate. The absence of crystalline Si and Al phases in the XRD pattern of the slag
suggests that these elements, although present, are in an amorphous form after leaching.

4. Conclusions

The leaching experiments conducted on both Tionite S and slag using 5 M sulfuric acid
under varying conditions of temperature, oxygen pressure, and reaction time offer valuable
insights into the effectiveness of the leaching process for extracting iron (Fe), titanium (Ti),
and aluminum (Al). The results highlight significant differences in the leaching behaviors
of these two materials, which can be attributed to their distinct mineralogical properties
and thermal histories.

For the slag, high leaching efficiencies were achieved across all experiments, with near-
complete extraction of Fe, Ti, and Al under optimal conditions, especially with increased
oxygen pressure. SEM-EDS and XRD analyses confirmed that the residual slag contained
minimal Fe and Ti, supporting the high leaching efficiency observed. The slag’s structure,
formed through carbothermal reduction, appears to be more amenable to leaching due
to its altered mineral phases and the breakdown of its crystalline structure during the
reduction process, which likely enhanced the dissolution of metals.

In contrast, Tionite S, which has not undergone thermal treatment, exhibited more
resistance to leaching. While Fe leaching improved significantly at higher temperatures, Ti
remained largely in the residue, as confirmed by the SEM-EDS and XRD results. The high
residual Ti content in Tionite S suggests that the natural structure of the mineral is more
robust, with titanium potentially existing in forms that are less reactive or more resistant to
dissolution under the tested conditions.

The key difference between Tionite S and slag lies in the fact that the slag underwent
carbothermal reduction, altering its mineralogical structure and potentially increasing
its susceptibility to acid leaching. In contrast, the unaltered natural structure of Tionite
S appears to make it more stable and resistant to dissolution, particularly for titanium
compounds. This difference in leaching behavior underscores the importance of thermal
treatment in enhancing the leachability of certain minerals.

However, further investigation is required to determine whether thermal treatment
and reduction would similarly enhance the leaching efficiency of Tionite S. Exploring
alternative or additional processing methods, such as further thermal exposure or different
leaching agents, could optimize the extraction of valuable elements from Tionite S. Addi-
tionally, future studies will incorporate kinetic analyses to provide a deeper understanding
of the leaching processes and to optimize conditions for maximum efficiency. This study
provides a foundation for improving metal recovery from complex ores and highlights
the potential for more efficient processing techniques to extract useful materials from both
Tionite S and slag.
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