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Abstract

Tin slags generated during cassiterite smelting in Brazil contain significant amounts of tech-
nologically important metals such as niobium, tantalum, and zirconium. Improper disposal
of these materials represents both an environmental concern and the loss of a valuable sec-
ondary source of critical elements. This study aimed to characterize a Brazilian tin slag sam-
ple to evaluate its composition, morphology, and potential for metal recovery. The material
was homogenized and analyzed by laser diffraction (particle size), ICP-OES (chemical com-
position), X-ray diffraction (mineral phases), differential scanning calorimetry (metallic tin),
and scanning electron microscopy with energy-dispersive spectroscopy (morphology). The
slag exhibited a heterogeneous particle size distribution (D90 = 0.75 mm, D50 = 0.30 mm,
D10 = 0.09 mm) and a complex multiphase structure composed mainly of silica, calcium
silicate, and zirconia. The chemical analysis revealed 4.8 wt% Nb and 0.8 wt% Ta, along
with high concentrations of Zr (11.1 wt%), confirming the material’s potential as a sec-
ondary resource. Thorium (2.7 wt%) and uranium (0.3 wt%) were also detected, indicating
the presence of radioactive constituents. The detailed characterization of the slag pro-
vides essential insights into its chemical and mineralogical complexity, which directly
influence the selection of suitable recovery routes. Understanding the distribution of Nb-
and Ta-bearing phases within the refractory silicate—zirconia matrix is fundamental for
defining pretreatment and leaching strategies. Therefore, this study establishes a necessary
foundation for the design of efficient hydrometallurgical processes aimed at recovering
critical metals from Brazilian tin slags.

Keywords: circular economy; non-ferrous slags; transition metals

1. Introduction
1.1. Production Process

Different types of slag are obtained in various metallurgical processes and can be
classified as ferrous slags, non-ferrous slags, and incineration slags. Their classification
depends on the origin of the material and its characteristics. Despite being part of the waste
class, slags are a secondary source of metal recovery, as they contain metals of technological
interest [1,2].

Ferrous slags are characterized by their iron-rich composition and are obtained from
the recovery of iron in natural ores or in the recycling of materials for steel production. The
main ferrous slags include iron slag (produced in blast furnaces), steel slag, alloy steel slag,
and ferroalloy slag, with the first two representing most ferrous slags [3]. And non-ferrous
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slags are obtained through the process of recovering non-ferrous metals present as oxides
in ores. This classification includes zinc, copper, vanadium, nickel, and tin slags. Their
production is like that of ferrous slag and consists of three main stages: concentration,
roasting, and smelting [1,4,5].

1.2. Waste Disposal

Among waste management options, waste reuse stands out as a sustainable alternative
from economic, environmental, and social perspectives. However, in Brazil, waste is still
largely sent to landfills, which, for the most part, do not meet the required environmental
quality standards. Recycling waste requires special attention, as it helps minimize negative
environmental impacts compared to improper disposal. Improper disposal, for instance,
can lead to soil contamination due to the presence of metals in high concentrations [6].

As established in NBR 10004 (2004) [7], slag can be classified as hazardous or non-
hazardous solid waste, depending on the composition limits of the elements that affect the
quality of the soil and water resources when disposed of improperly. For the verification
of solid waste, the concentrations of the elements must be higher than the concentration
limits presented by the elements present in the extract leached from the waste, according
to Table 1.

Table 1. Concentration limit for non-hazardous elements present in leached extract of solid waste.
Adapted from ABNT NBR 10004 [7].

Element NBR 10004 Limit (ug/L)
Barium 70,000.00
Zinc -

Selenium 1000.00
Manganese -
Chromium 5000.00
Chromium 1000.00

Copper -

Cadmium 500.00

Arsenic 1000.00

In the European Union, slags are treated within the regulatory framework established
by Directive 2008/98/EC on waste, which provides criteria for classification, assessment,
and management of hazardous properties. Those materials may be classified as haz-
ardous wastes when they contain heavy metals (antimony, arsenic, cadmium, chromium
(VI), copper, lead, mercury, nickel, selenium, tellurium, thallium, and tin) or transition
metals (scandium, vanadium, manganese, cobalt, copper, yttrium, niobium, hafnium,
tungsten, titanium, chromium, iron, nickel, zinc, zirconium, molybdenum, and tanta-
lum) that display hazardous properties. To ensure proper disposal of slags, the EU indi-
cates stabilization or solidification processes to reduce the mobility and hazardousness
of constituents, which increase operational costs and may hinder the feasibility of certain
processes [8].

On the same note, in the United States, slags from primary and secondary mineral
processing are regulated under the Resource Conservation and Recovery Act (RCRA)
and the Land Disposal Restrictions (LDRs) program. By these directives, the land dis-
posal of untreated hazardous wastes is forbidden and it requires that mineral processing
residues exhibiting hazardous characteristics undergo treatment to reduce their toxicity
or mobility [9].
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1.3. Reuse of Slags

To reduce the negative environmental impacts caused by the improper disposal of
slag, such as soil and water contamination, which is harmful to the environment and to
society, reuse processes are being implemented [1]. In addition, the reuse of slag generally
has an economic appeal, since failure to treat slag leads to the damming up of capital, as
valuable metals are discarded [10].

In the case of Brazilian tin slag, for example, the presence of Th and U, radioactive
materials, requires special storage controls, and the subsequent use of this slag requires prior
decontamination of these elements, thus reaffirming the need for secondary alternatives for
the disposal of this slag [11].

Various processes can be used to reuse slag; however, its composition will define
whether it can be returned to the production process, or whether it should be disposed of
in landfills, sold as a raw material to another industry, or destined for another reuse alter-
native [6]. Among the possible applications of slag for reuse, the following are presented
in Table 2.

Table 2. Overview of the possible applications of slag as a reuse alternative. Adapted from Shen
(2003) [1].

Industrial Segment Application
Heavy construction Asphalt
Heavy construction Road bases
Heavy construction Road drains
Civil construction Portland cement
Civil construction Embankments
Civil engineering Mineral wool
Civil engineering Railway ballast
Civil engineering Yard covering
Steel industry Furnace recycling
Steel Iron ore
Agriculture Agricultural corrective
Agriculture Limestone substitute
Sanitation River banks
Sanitation Water and sewage treatment

As an example, the utilization of slags from the iron and steel production process
for cement clinker manufacturing is an alternative adopted by several industries. This
process is possible because slag contains a high amount of calcium in the form of CaO,
which can replace the limestone normally used in cement production. The use of waste
as a raw material makes the processes cheaper and since calcium is present as an ox-
ide, rather than in its traditional carbonate form, the cement production process emits
less carbon and consumes less energy. However, the use of slags in cement produc-
tion can alter its final properties, and in some cases, metals such as Fe, Mn, Mg, and
Cr may occur at high concentrations, which makes slag utilization unfeasible due to its
toxicity [12].

Pasetto, Baliello, Giacomello, and Pasquini (2023) [13] highlight that the reuse of
steel slags in asphalt pavements represents an alternative for both waste management
and road construction. Due to their mechanical properties, steel slags can partially or
fully replace natural aggregates in bituminous mixtures. The authors indicate that steel
slag-based mixtures may also enhance fatigue resistance and moisture susceptibility when
compared with conventional aggregates. As a counterpoint, the authors also highlight
some difficulties regarding volumetric stability and leaching behavior.
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Regarding non-ferrous slags, their utilization is more limited due to the higher concen-
tration of transition metals and, consequently, their greater toxicity and leaching instability.
Each case must be individually assessed. Nevertheless, the typical silicon and calcium
contents of these slags make them suitable for replacing limestone or aggregates in civil
construction or in the cement industry, provided that hazardous elements are not present
at significant concentrations. For these slags, the recovery of secondary metals may also
represent a viable alternative [14].

1.4. Recovery of Elements of Economic Interest

Slags from metallurgical reduction processes accumulate metals that have not been
reduced, thus, representing secondary sources for metal recovery. However, due to their
matrix, which is rich in silicon oxides, calcium oxides, and other refractory materials, this
recovery is complex and generally requires chemical leaching processes [14].

According to Wang (2016), ref. [14] the leaching process can be defined as the disso-
lution of one or more minerals by an aqueous solution of the leaching agent. Its aim is to
separate the metals of interest from a large mass, in this case, other metals (impurities).

The extraction process can be carried out through acid or alkaline leaching, or even by
methods that combine both acids and bases, depending on the composition and structure
of the slag to be treated, with the aim of recovering the metals it contains [15].

1.5. Brazilian Tin Slag

The slag generated in the production of metallic tin from cassiterite occurs through
the pyrometallurgical process. This process initially consists of comminuting the mineral
in crushing and grinding operations. This material is then concentrated using physical-
chemical techniques such as flotation. The concentrated material is sent for sintering,
with the aim of increasing the size of the particles and adding the components necessary
for its reduction. During this operation, reducing agents (coke) and slagging agents
(limestone and quartz) are added to the system. Finally, the material is sent to the furnace
(1100-1200 °C), where the carbothermal reduction in cassiterite occurs, generating raw tin
and tin-rich slag [16]. The slag formation process is shown in Figure 1.

In the process described by Zulhan and Ryanta (2018) [16], only a single reduction step
is carried out. This approach aims to prevent the reduction of iron, which would otherwise
contaminate the tin produced and generate an Fe-Sn alloy that is difficult to separate.
Other processes involve multiple reduction steps, such as the one reported by Clemente
et al. (2024) [17], where reductions are performed at progressively higher temperatures,
leading to products increasingly contaminated with iron but with the tin almost completely
removed. The Fe-Sn alloy formed in this case can then be treated for iron removal. The
route to be applied ultimately depends on the technology and infrastructure available.

Cassiterite concentrate is predominantly composed of tin oxide. It also contains
niobium, tantalum, silicon, and calcium. The high zirconium content in the slags originates
from the natural enrichment of zirconium-bearing minerals, mainly zircon (ZrS5iO4) and
baddeleyite (ZrO,), in cassiterite deposits formed on zircon-rich granitic soils [17]. During
the carbothermal reduction stage, these elements also concentrate in the formation of slag
as oxides. The presence of these oxides in the slag makes it economically attractive, so this
material can become a strategic secondary source for the recovery of these elements, such
as niobium and tantalum [18].

To evaluate if tin slag derived from cassiterite is a potential secondary source for Nb
and Ta recovery, this study aims to perform a detailed characterization of the material and
compare it with the minerals found in Brazil that are currently used for the extraction of
these metals.
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Figure 1. Schematic representation of slag formation during the tin production process.

2. Materials and Methods

The methodology of this study consists of the homogenization and characterization
of tin slag obtained from a stockpile. The ore is extracted in northern Brazil, and after the
physical and metallurgical processes, the slag is generated and deposited in piles. Chemical,
physical, and morphological characterizations were performed, which will be detailed in
this section.

2.1. Homogenization and Quartering

The slag sampling was carried out from different points of the slag pile. Upon receiving
approximately 80 kg of material, homogenization was performed in a rotary concrete mixer
for 15 min. Next, the material was quartered, first using the conical pile technique, and
then with a Jones-type riffle splitter, to ensure the representativeness of the study.

2.2. Particle Size Distribution

The material was characterized using laser diffraction (LD) particle size analysis with
low-angle laser light scattering, employing a Mastersizer 2000 (Malvern Panalytical). The
sample was analyzed using the wet method, which consists of dispersing the raw slag in
water as the dispersing medium. Ultrasound was periodically applied to prevent particle
agglomeration. Material was added until an appropriate obscuration level was reached,
and measurements were then carried out in triplicate.

2.3. Elemental Composition

For the chemical characterization of the slag, complete solubilization of the material
was required. Lithium metaborate fusion method was applied to be able to achieve that.
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The procedure consisted of fusing the sample in a muffle furnace at a ratio of 1:6 (slag:LiBO5)
using a graphite crucible. The material was heated in an argon atmosphere (1.5 L min~1) at
1000 °C for 30 min. The molten sample was poured into a 10% HCI solution under constant
stirring until complete solubilization was achieved. The solution was then filtered to remove
any fragments from the crucible and subsequently analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Agilent Technologies 700, Agilent). The analyses
were made in triplicate.

2.4. Mineralogical Analysis

To identify the constituent phases of the tin slag matrix X-ray diffraction (XRD) analysis
(Miniflex 300, Rigaku) was performed. The sample was first dried in an oven at 60 °C for
24 h and subsequently ground in an agate mortar. Scanning was conducted over a 20 range
of 20-80°, with a step size of 0.02° and a scanning speed of 1.5° min~!, under operating
conditions of 30 kV and 10 mA.

Fragments of metallic tin were identified in the sample, and their quantification was
performed by differential scanning calorimetry (DSC, Maia F300, Netzsch). For these
analyses, approximately 40 mg of sample were weighed into a crucible and heated from
30 to 300 °C at a heating rate of 15 °C min~!, under an argon purge flow of 100 mL min~!.
The energy required for melting, as recorded by the DSC, was then compared with metallic
tin standards of known quantities, analyzed using the same equipment and under identical
conditions, to estimate the tin content in the sample.

2.5. Morphological Characterization

The morphology of the slag was analyzed by scanning electron microscopy with an
energy-dispersive spectrometer (SEM-EDS, Pro X, Phenom). The sample was mounted in
bakelite resin to allow surface polishing and observation of the internal grain structure.
The analyses were performed using backscattered electrons at an accelerating voltage of
15 kV. The bakelite was kept in a vacuum chamber for 30 min to ensure that no volatile
compounds or residual moisture remained.

3. Results and Discussion
3.1. Particle Size Distribution

The particle size distribution analysis, shown in Figure 2, presents two curves. The
blue curve represents the accumulated material smaller than each particle size, also called
cumulative passing; with this analysis, it is possible to determine the granulometric
profile. In this case, D90 = 0.75 mm, D50 = 0.30 mm, and D10 = 0.09 mm. The black
curve represents the passing material at each size; with this curve, it is possible to graph-
ically observe how heterogeneous the particle sizes of the material are. Broad-based
curves without a well-defined peak indicate a material with a greater variation in particle
size, while curves with narrower bases indicate more homogeneous materials in terms of
particle size.

The studied slag presents a broad base, covering two orders of magnitude, which may
indicate different types of particles or agglomeration. If this slag is to be used in metal
recovery processes, it may be necessary to grind the material or perform granulometric
separations to obtain standardized results.

According to Anes et al. (2024) [19], a similar slag from the same region was studied,
and comparable particle sizes were obtained by sieving rather than by laser diffraction,
with a granulometric profile of D90 = 0.806 mm, D50 = 0.304 mm, and D10 = 0.092 mm.
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Figure 2. Particle size distribution of raw tin slag.

On the other hand, Permana et al. (2016) [20], who studied tin slag from Bangka
Island in Indonesia, had a different particle size distribution profile of D10 ~ 0.74 mm,
D50 ~ 0.98 mm, and D90 > 1.00 mm. The larger particle sizes can be justified by the way
the slags are processed after leaving the reduction furnaces. Brazilian slag is more viscous
due to its higher zirconium content, which is characteristic of the local ore. As a result,
the separation of the metallic and vitreous phases in the furnace is hindered, producing
a slag rich in metallic tin fragments. To overcome this, the slag is finely ground, and
physical separation processes are applied to recover metallic tin. This treatment results in
a finer slag compared with traditional processes in which such an additional step is not
carried out.

3.2. Mineralogical Analysis

In the mineralogical analysis performed at XRD, it was possible to identify three
crystalline phases in the tin slag: ZrO, (00-086-1451), SiO, (00-082-1563), and CaOSiO,
(00-076-0186). The corresponding diffractogram is shown in Figure 3.
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Figure 3. X-ray diffractogram of the tin slag.
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The majority presence of silicon is due to the characteristic silicate soil in which cassi-
terite is obtained, and consequently, it remains in the tin slag [21]. Calcium is introduced
during the slagging process, as it is associated with the smelting process. In contrast,
zirconium is naturally present in the material, being a geological characteristic of the region
of origin.

Both Anes et al. (2024) [19] and Machaca et al. (2025) [22] studied tin slags from the
same region; however, their works focused on the development of leaching routes rather
than on material characterization. Both authors presented X-ray diffraction patterns of
their samples and, as in the present study, identified calcium silicate, zirconia, and silica
phases. In neither their studies nor the present one was it possible to detect niobium- or
iron-bearing phases, the main transition metals present in the material. This absence is
attributed either to the low crystallinity of these compounds or to the limited resolution of
the benchtop X-ray equipment.

To determine the metallic tin fraction in the sample, a DSC test was carried out by
comparing the metallic tin standard with slag samples. It was assumed that all the energy
near 232 °C (the melting temperature of metallic tin) was consumed in this process. The
curve of the standard is shown in Figure 4, and the curve of the sample is presented

in Figure 5.
DSC /(mW/mg)
1 exo Peak:232.9 °C/, 1.447 mW/mg
14
04
-1 4
-2
-3 4
U]
-4
-5
-6
Area: 127 Jig
50 100 150 200 250

Temperature /°C

Figure 4. DSC analysis of a metallic tin standard sample.

The analysis of the area under the DSC curve of the standard, at the melting tempera-
ture of tin, indicated that for each gram of metallic tin, 127 J of energy was consumed. For
the slag sample, only 0.9878 | of energy were consumed per gram. The total sample mass
was 0.0366 g, corresponding to a total energy of 0.036 ] and, therefore, 0.000284 g of metallic
Sn, which represents 0.78% of the sample. This analysis is an approximation, since the tin
present in the slag is not pure and, therefore, the energy required for its melting is different.
Nevertheless, this method provides a way to verify and estimate the number of metallic
phases in slags.
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Figure 5. DSC analysis of a raw slag sample.

3.3. Morphological Characterization

Examining the morphology of slags and how the elements of interest are distributed
within the slag grains are as important as understanding their chemical and mineralogical
composition to evaluate the feasibility of slags as secondary sources of residues. Due to its
vitreous structure and the way it solidifies, it is common for particles of unreduced and
unmelted material to become trapped in the slag matrix, and these are often the metallic
oxides of interest for recovery. Therefore, processes are required to release this material,
such as slag grinding or chemical treatments to decompose the matrix [19,22].

Backscattered electron images of the tin slag were obtained. Figure 6 shows an
overview of the slag and elemental mapping obtained by EDS. The highlighted elements
were carbon, silicon, calcium, zirconium, niobium, and tin. Carbon is related to the support
used to fix the slag during the microscopy analysis and is not part of the sample itself.
Silicon and calcium are the main components of the slag matrix, being present in almost
all particles. A particle located near the center of the image, with a darker gray tone, is
especially evident in the silicon mapping. This particle is composed only of silicon without
calcium and corresponds to unreacted silica, as indicated by XRD analysis. Its presence can
be explained either by incomplete fusion of silicon or by contamination of the slag during
operations after the fusion step. Tin is found either dispersed throughout the material or
concentrated in brighter particles in the image. The dispersed tin, which was not reduced,
is present as oxide mixed with the slag matrix. The reduced tin, which was not separated,
appears as bright particles without the presence of the other mapped elements. Finally,
zirconium and niobium occur as small bright particles distributed on the surface of the
slag matrix.

A second image was taken focusing on a metallic tin particle (Figure 7). Fragments of
metallic tin were not separated from the slag, either in the furnace or during the subsequent
milling and physical concentration processes. It is important to note that the tin present is
not pure but most likely an alloy with iron, as indicated by the EDS spectrum.
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Figure 6. Backscattered electron image of raw slag with elemental mapping of carbon, silicon, calcium,
zirconium, niobium, and tin.
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Figure 7. Scattered electron image of a metallic tin fragment present in the raw slag.

Analyses of the slag particles were carried out at two different magnifications, 350x
magnification (Figure 8) and 1600x (Figure 9). The slag particles are mainly based on
calcium silicate (Figure 9, Point 2), within which other particles are embedded. According
to SEM-EDS analyses, two main types of associations were observed. The first are zirconium
oxide particles (Figure 8, Point 1), one of the major constituents of the slag, which apparently
did not fuse homogeneously with the calcium silicate matrix. The second are particles
containing niobium and other refractory metals such as thorium and titanium (Figure §,
Point 2 and Figure 9, Point 1).
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Figure 8. Backscattered electron image of a slag particle showing embedded materials: zirconium
oxide (Point 1, blue) and fragments containing niobium (Point 2, purple).
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Figure 9. Backscattered electron image of a particle containing niobium (Point 1, red) in contrast with
the calcium silicate slag matrix (Point 2, green).

3.4. Elemental Composition

The chemical characterization, carried out by ICP-OES, has its results presented in
Table 3. As expected, the material is a slag with a matrix composed of silicon (18.2%),
calcium (9.0%), and zirconium (11.1%). The other elements are due to those present in
the ore. The presence of columbite ((Fe,Mn)(Nb,Ta),Og) justifies Nb (4.8%), Ta (0.8%),
Fe (3.3%), and Mn (0.4%), while the presence of uraninite (UO, or U3Og) and possibly
monazite ((Ce,La,Nd, Th)POy) explains the radioactive elements U (0.3%) and Th (2.7%).
The possible presence of monazite also opens up the possibility for rare earth elements
such as lanthanum, cerium, europium, etc.; but for their determination, due to their low
content, other characterization techniques such as ICP-MS are recommended.

Table 3. Chemical characterization of the slag.

Element Composition (%)
Si 182 £ 0.6
Zr 11+2
Ca 9+1
Nb 48+0.8
Fe 33£03
Th 2.7 £0.6
Al 26+0.2
Mg 20+0.2
Sn 1.5£05
Hf 1.3+0.6
K 12+0.1
Ta 0.8+0.1
Ti 0.8 +£0.2
Na 0.8 +0.2
Zn 04+05
Mn 04+£02
U 03+0
Y 0.10 £ 0.04
Ba 0.080 +£ 0.004

O (Balance) 38.62
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In order to compare different tin slags, both by their compositions and their potentials,
the work of Clemente et al. (2024) [17] was used as a reference. The authors surveyed
the main tin slags found worldwide, including the Indonesian slag studied by Zulhan
and Ryanta (2018) [16], the Congolese slag studied by Allain et al. (2019) [23], and the
Brazilian slag from another refining route—a two-step reduction process—studied by
Clemente et al. (2024) [17]. In addition to these selected slags, the slag investigated in this
study was included, as well as those studied by Anes et al. (2024) [19] and Machaca et al.
(2025) [22], and similar one-step process Brazilian slags and the Bangka tin slag studied by
Permana et al. (2016) [20]. The synthesis of the characterizations of the principal elements
is presented in Table 4.

Table 4. Synthesis of the characterizations of the principal elements in tin slags.

Refrence Zulhan and Permana etal. Clementeetal., Allainetal. Anesetal. Machacaetal. Present
Ryanta, (2018) [16] (2016) [20] (2024) [17] (2019) [23] (2024) [19] (2025) [22] Work
Steps 1 1 Multiple 2 1 1 1

Origin Indonesia Indonesia Brazil Congo Brazil Brazil Brazil
SnO, (Wt%) 13.3 NA 0.5 0.7 2.5 2.6 1.9
FeO (wt%) 26.8 8.8 2 3.3 5.1 4.3 42
SiO; (wWt%) 15.7 34.3 46 419 42.8 35.5 38.9
CaO (wt%) 49 15.4 15.8 11.6 15.4 18.0 12.6
ZrO; (wt%) 49 4.8 11.3 0.9 18.9 15.5 14.9

Nb205 +

TapOs (Wt%) NA 1 6.9 12.7 6.3 6.2 7.8
Al,O3 (Wt%) 7.1 11.7 6.5 11.2 3.8 45 49
TiO, (Wt%) 7.3 11.9 1.4 1.3 1.7 1.5 1.3
MgO (wt%) 0.4 NA 14 NA 6.6 3.2 3.3
MnO (wt%) 0.4 NA NA 3.7 0.8 0.6 0.5
ThO, (Wt%) 0.3 NA NA NA NA 2.1 3.1

NA: No available data.

When analyzing the Fe and Sn contents in slags, it is possible to observe that multi-step
processes generate slags with lower Fe and Sn contents, since these metals are removed
in the metallic phase. These differences are discussed by Clemente et al. (2024) [17], who
compared Brazilian slags obtained from multi-step reduction processes with Congolese
slags produced in only two reduction steps. The authors also highlight that Brazilian tin
slags are originate mainly from three regions—Rondonia, Amazonas, and Pard—and in all
cases, the ores are rich in Zr, which increases slag viscosity but simultaneously reduces its
melting point. This reduction in melting temperature may allow the use of lower reduction
temperatures.

The characterizations summarized in the table indicate that Brazilian slags contain
significant amounts of Nb and Ta, reflecting the association of cassiterite with columbite.
Clemente et al. (2024) [17] reached similar conclusions when comparing different Brazilian
slags, reporting an average content of 6.8 wt% in the studies analyzed. In contrast, the
material from Indonesia studied by Permana et al. (2016) [20] contained only about 1 wt%
of the combined oxides, a much lower value than that found in Brazilian resources. On
the other hand, the Congolese material showed values of 12.7 wt%, consisting mainly of
tantalum, which may suggest an association with tantalite, a mineral commonly found in
the region.

When compared with Nb and Ta ores, tin slags exhibit relatively high concentrations.
The world’s largest niobium mine, located in Minas Gerais, Brazil, reports an average
ore grade of 2.5% Nb,Os [24]. In countries with limited reserves, even materials with
concentrations in the ppm range are considered ores; for instance, in Jiangxi Province,
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China, the deposit studied by Lv et al. (2022) [25] contained Nb and Ta concentrations of
228 and 130 ppm, respectively.

Regarding the radioactive materials and rare earth elements, no studies that exten-
sively discuss the presence of these constituents specifically in tin slags were found in the
literature. Nevertheless, the occurrence of radioactive materials represents an operational
challenge, while the presence of rare earth elements offers an additional opportunity for
the utilization of slags as secondary resources.

3.5. What Does the Characterization of the Slag Indicate for a Future Recycling Process of Nb
and Ta?

The characterization of the slag indicates that it is a refractory material, with a matrix
composed of sodium silicate and zirconium oxide, and that within this material are the
phases containing Nb and Ta, the metals of interest.

To recover Nb and Ta through hydrometallurgical routes, it is necessary to ensure the
release of these elements from the slag matrix. This can be achieved either by grinding
the material or by reacting to the sodium silicate to decompose it. Microscopy analysis
indicates that the particles containing Nb and Ta are in the order of tens of micrometers,
which is the recommended grain size range for complete liberation through comminution
processes. For the de-composition of the matrix, the strategy most used in the literature,
exemplified by the work of Matinfar and Nychka (2023) [26], is the reaction with molten
sodium hydroxide, which converts calcium silicate into calcium hydroxide and sodium
silicate, a soluble species that can be totally or partially removed through a water-washing
step prior to leaching. It is worth noting that both processes entail costs for the overall
operation, and their use is subject to detailed economic analyses, with a combination of the
two perhaps being the best alternative.

Regarding the metal leaching process, it will depend on whether pretreatment with
sodium hydroxide is carried out. Such treatment would convert the niobium and tantalum
oxides into niobates and tantalates, species that are more reactive and easier to leach.
The traditional leaching routes, reviewed by Shikika et al. (2020) [2], are hydro-fluoric or
alkaline leaching using potassium hydroxide. These processes can be followed by solvent
extraction steps for the separation and eventual recovery of the metals.

As examples of leaching routes applied to slags derived from ores of the same region,
the studies by Anes (2024) [19] and Machaca (2025) [22] can be cited. In the work of Anes
et al. (2014) [19], the authors investigated the use of fluoride salts to leach niobium and
tantalum from the slag without any thermal pretreatment. In contrast, Machaca et al.
(2025) [22] reacted the slag with sulfuric compounds, such as concentrated sulfuric acid,
at temperatures above 200 °C to promote the formation of soluble species. Both authors
reported niobium leaching efficiencies higher than 95%.

4. Conclusions

The results obtained from the characterization of the Brazilian tin slag demonstrate
that the material is heterogeneous in composition and morphology, consisting mainly of a
silicate and zirconia matrix in which metallic and refractory phases are embedded. The
particle size distribution analysis revealed a wide granulometric range (D90 = 0.75 mm,
D50 = 0.30 mm, D10 = 0.09 mm). The ICP-OES results showed silicon (18.2 wt%), calcium
(9.0 wt%), and zirconium (11.1 wt%) as the main matrix elements, while the presence
of niobium (4.8 wt%) and tantalum (0.8 wt%) confirmed the potential of this slag as a
secondary source of critical metals. The detection of thorium (2.7 wt%) and uranium
(0.3 wt%) further indicates the need for controlled handling and evaluation of radiological
safety during future processing steps.
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The mineralogical and morphological analyses corroborated these findings. XRD
identified zirconia (ZrO,), silica (5iO,), and calcium silicate (CaSiO3) as the predominant
crystalline phases. DSC measurements detected a metallic tin content of approximately
0.78%, consistent with the bright metallic particles observed by SEM-EDS. The microstruc-
tural evaluation revealed a calcium silicate matrix with dispersed zirconia- and Nb-rich
inclusions, suggesting partial segregation of these refractory phases during cooling.

Altogether, these results indicate that the studied tin slag should not be treated merely
as industrial waste but as a complex multiphase material with significant concentrations
of technologically valuable elements. Its detailed characterization provides a necessary
foundation for future investigations on liberation behavior and selective leaching strategies
aimed at recovering niobium and tantalum from this secondary resource.
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