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Study of limestone and mill scale as fluxing agents for
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Abstract

Tin-slags with significant Sn and ZrO, levels are stored in Brazilian smelters and present potential to provide a
Sn alloy to the market without additional cassiterite mining, thus contributing to minimizing environmental and social
impacts. Some of these slags contain occluded metallic phases, so improving coalescence and sedimentation conditions
during pyrometallurgical processing could enhance the recovery of Sn from these sources. However, critical information
for process optimization, such as the melting temperature and viscosity of high ZrO, slags, is scarce. This research
measured the melting temperatures of these slags using a softening and melting microscope under air atmosphere and
used models to infer their viscosity. Based on results and optimization studies, the addition of mill scale and limestone as
fluxes was proposed. The aim was to modify the properties of the slag, enhancing the recovery of Sn as a metallic button.
The recovery of Sn as a metallic button was achieved at 1573K using combined additions of limestone and mill scale, but
with a limited yield. Magnetic separation, which was used as an auxiliary technique, effectively retrieved most occluded

metallic particles, even at 1473K.
Keywords: Tin; Melting temperature; FeSn; Tin slags.

1 Introduction

Tin (Sn) is a metal with high value and is used in
various applications [ 1]. Its only economically viable ore is
cassiterite [2,3], whose main reserves are in China, Indonesia,
Burma, Australia, and Brazil [4]. Cassiterite mining in Brazil
can occur in regions with the presence of conservation units
and may lead to environmental impacts [5]. Examples are
erosion and inappropriate discharge of tailings [3], the use of
environmentally concerning reagents for flotation [6], among
others. Furthermore, Sn ore is considered a conflict mineral,
and its supply chain can be associated with social risks [7,8].
To minimize risks and impacts, it is crucial to optimize the
recovery of Sn from secondary sources, producing more
alloy without additional mining. According to Li et al. [9],
this is an important approach to increase the lifetime of
primary resources. Besides, Su et al. [10] reported that Sn
reserves are running out, and secondary sources will become
the main form of extracting Sn in the future.

Previous works have shown the origin of tin-slags.
It should also be noted that primary tin-slags obtained
during the reduction of cassiterite can be further processed,

if necessary, to recover more Sn, and limestone is used as
a flux in each processing step [2,11,12]. It can be inferred
that components present in the cassiterite that are not easily
reduced tend to be enriched in the slag. Up to around 20%
ZrO, were measured in Brazilian slags [13,14], indicating
this oxide could significantly influence its properties. Since
stocks of high ZrO, tin-slags were reported at least in
smelters in the states of Sdo Paulo [14] and Ronddnia [15],
this could be an opportunity to increase the output of Sn
without incurring the mentioned risks.

Clemente etal. [11] investigated occluded metallic phases
in similar slags. They verified that these phases consisted of
FeSn alloys that did not separate to the bottom of the furnace
during the pyrometallurgical process. Thus, these were dragged
by the final slag (named “end-slag” by these authors). Their
research highlighted a lack of thermodynamic data concerning
high ZrO, tin-slags but indicated that these exhibit high melting
temperatures, potentially contributing to the loss of Sn. While
conducting recovery experiments, they verified that a greater
addition of limestone led to a higher coalescence of metallic
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particles, but even with an addition of 45% limestone, some
metallic prills were still dragged by the end-slag.

Based on this information, the present research studied
the use of mill scale and limestone as fluxing agents for the
pyrometallurgical recovery of Sn from these tin-slags. It was
aimed at enhancing processing conditions by promoting a higher
level of coalescence of metallic particles. For this research,
the melting temperature of the tin-slag was determined, and
process optimization studies were carried out. Then, recovery
experiments with a carbon resistance furnace were performed
at 1573-1473K, and slag melting temperature measurements
were conducted to support the results.

2 Materials and methods

This research employed tin slag concentrate, mill scale,
and limestone as process inputs. This section presents the
material description, characterization methods, theoretical
studies, and the procedures used for melting temperature
determination and pyrometallurgical experiments.

2.1 Materials

The tin-slag concentrate was provided by a Brazilian tin
smelter with grain size <0.5 mm and was initially studied by
Clemente etal. [11], who obtained it by concentrating Sn in the
slag using a jig. Some slag/non-magnetic fractions generated in
that earlier work were also made available for the present study.

In particular, the non-magnetic fraction of the
tin-slag concentrate, referred to as the “oxidized phase of
the concentrate” in the previous study, is of special relevance
here: it represents the slag without metallic prills, which will
be diluted by the proposed fluxing agents.

Mill scale and limestone (calcitic) were investigated as
fluxing agents, and their composition is available in Table 1.

Mill scale is a by-product of the steelmaking process
and consists mostly of Fe, in addition to contaminants such
as Si, Mn, and Al, among others. Fe is found as FeO, Fe,O,,
and Fe O,, FeO being the major phase present [16,17].
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2.2 Methods
2.2.1 Characterization and chemical analyses

Characterization of the concentrate was initially
performed by Clemente et al. [11] and consisted of analyses by
iodometric titration for Sn, energy dispersive X-ray fluorescence
(EDXRF), microanalyses in a scanning electron microscope
(SEM), and by an automatic mineralogical analysis system
(TIMA-MIRA). These are briefly presented in the results

section for better understanding. End-slags, non-magnetic
fractions, magnetic fractions, as well as metallic buttons
obtained in the current research were analyzed by iodometric
titration for Sn (using the methodology reported by Price
and Smith [18]) and by EDXRF. For the EDXREF, pressed
pellets were prepared using samples ground in a planetary
mill, passed through a 0.074 mm sieve, and pressed under
aload of 20 t for 10 s. The equipment used was an Epsilon
3XL device from Malvern Panalytical. Slags were quantified
as oxides, and results were normalized, except for the %Sn,
which was determined via iodometric titration.

2.2.2 Melting temperature measurements

Melting temperatures of various slags/non-magnetic
fractions were measured under an air atmosphere using a
softening and melting microscope from Ernst Leitz GmbH,
located at the Pyrometallurgy and Simulation Laboratory at
UFOP (LAPSIM). The slag sample, ground below 0.074 mm,
was pressed to form a cylinder with a diameter and height
of 3mm, using alcohol as a binder. A digital camera follows
the shape evolution of this cylinder under a heating rate of
10 K/min until 1073K, and 5 K/min thereafter. The melting
point is visually identified when the height of the sample
reaches 50% of its original size [19,20], according to the
hemisphere method. Further details from the experimental
setup were presented in another research [19].

The initial experiments in this study utilized
different non-magnetic fractions previously generated by
Clemente et al. [11], which originated from tests with additions
of limestone ranging from 0 to 45 wt%. These non-magnetic
fractions consist of high ZrO, tin-slags diluted with different
additions of limestone and without metallic prills. After the
pyrometallurgical experiments for Sn recovery performed in
the present study, which used mill and scale and limestone
as fluxing agents, the obtained non-magnetic fractions were
also subjected to melting temperature measurements.

2.2.3 Theoretical studies aiming process optimization

FactSage 8.0 was used to assess the influence of
additions of CaO and FeO on the melting temperature of the
slag phase. For this, FToxid and FactPS databases were utilized.

The viscosity of the non-magnetic fraction from the
concentrate from Clemente et al. [ 11] was assessed through
the models of Urbain, Riboud, lida, and optical basicity.

This was necessary since viscosity measurements of
tin-slags with high ZrO, are unavailable. Besides, the viscosity
modulus of FactSage 8.0 does not present data on ZrO,.
The viscosity expressions are from Eisenhuttenleute [21]

Table 1. Chemical composition (wt%) of limestone and mill scale analyzed by EDXRF

CaCo, SiO, ALO, MnO FeO Others
Limestone 98.8 0.5 <0.1 0.1 0.2
Mill scale - 2.8 0.7 95 0.4
Tecnol Metal Mater Min., Sdo Paulo, 2026;23:¢3272 2/10
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for Urbain and Riboud models, and from Iida et al. [22]
for Ida’s model. Optical basicities were extracted from
Mills et al. [23], Duffy [24], and Mills [25]. Divergences
regarding the role of ZrO, and other oxides in the formation/
modification of the slag, as well as their impact on these
models, were reported by Clemente et al. [26]. Thus, to
minimize errors, the average value from these models was
taken for these analyses. Finally, the influence of additions
of CaO and FeO on the viscosity of the oxidized phase was
also studied using these models.

2.2.4 Pyrometallurgical experiments
for the recovery of Sn

A 40 kVA carbon resistance furnace made by
Ruhrstrat and located at the LAPSIM (UFOP) was used for
pyrometallurgical experiments. In this furnace, the entire
thermal cycle is performed under nitrogen atmosphere, and the
sample is kept inside a graphite crucible. Samples were kept
at the test temperature for 45 min, which was maintained with
an accuracy of + 5 K. Further details from the experimental
setup were presented in previous research [11].

Different additions of mill scale, as well as combined
additions of limestone and mill scale, were studied.
All inputs were individually ground below 0.5 mm in
a decontaminated planetary mill. For each experiment,
inputs were sampled using a Jones Riffle Splitter and kept
in a muffle at 373K for 48 h. Then, they were weighed
in an AD330 semi-analytical balance from Marte, mixed,
and placed in a graphite crucible. Table 2 details the
temperatures, burdens, main test objectives, fluxes, and
indicates which end-slags were magnetically separated.
The percentage of each addition was calculated in relation
to the mass of the concentrate.

Clemente et al. [11] found that even though the addition
of limestone did not effectively lead to the recovery of Sn
as a metallic button, it improved coalescence conditions, in
some cases resulting in partially formed buttons found in the
bottom of the crucible. These findings suggest that enhanced
coalescence conditions could imply higher recovery of Sn as
a metallic button. Based on this reasoning, the coalescence

Table 2. Experimental conditions of each test

was assessed in tests A-I in the present study. For this, the
end-slag from each test was gradually ground down to
1.7 mm using a mortar, while occluded metallic particles
were retrieved by magnetic separation (with a neodymium
magnet with 5300 Gauss). Then, alloy size distribution
curves were plotted and compared. Considering the best
achieved coalescence conditions, the recovery of Sn as a
metallic FeSn button was investigated in tests J, K, and L.

Quantitative criteria to evaluate the Sn yield were
established. In Equation 1, only the alloy obtained at the bottom
of the crucible as a single metallic button was considered.
When magnetic separation was applied, Equation 2 was used
(both magnetic fraction and metallic buttons were considered).

SnYield (%)

SnMass ,aic bution) +100 )

Sn Mass

metallic button —

(concentrate)

SnYield (%)

Sn Mass
Ilic by s ic i
(metallic button, magnetic fraction ) %100 (2)
Sn Mass

metallic button and magnetic fraction —

(concentrate)

3 Results and discussion
3.1 Characterization of the tin-slag concentrate

Table 3 shows the composition of the concentrate
analyzed by Clemente et al. [11], revealing that it contains
relatively high levels of Sn and Fe. Additionally, the presence
of elements such as Si, Ca, Zr, Nb, and Al was verified. Also
noteworthy is the high level of estimated %O, supporting
the identification of the concentrate as a metal/slag mixture.

An analysis using the TIMA-MIRA system was
performed by Clemente et al. [11], and has shown different
metallic phases, such as Sn, Sn(Fe), and Fe(Sn). These are
occluded inside oxidized phases such as Augite (Zr) and
Slag (Fe,Sn), which have high values of estimated %0 and
different concentrations of Zr, Nb, Ca, Si, and Al, among
other elements. The composition of this non-magnetic

Test ID T (K) Limestone (wt%) Mill scale (wt%) Main objective Magnetic separation
A 1573 0 15 Study the influence of mill scale on the metallic Yes
B 1573 0 30 coalescence Yes
C 1573 15 10 Yes
D 1573 15 20 Yes
E 1573 15 30 Study the influence of combined additions of Yes
F 1523 15 10 limeston}; and mill scale on the metallic coalescence Yes
G 1473 15 10 Yes
H 1473 15 20 Yes
1 1473 15 30 Yes
J 1573 15 10 Study the influence of combined additions of No
K 1573 15 20 limestone and mill scale on the recovery of Sn as a No
L 1573 15 30 metallic button No

Tecnol Metal Mater Min., Sdo Paulo, 2026;23:¢3272
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fraction (oxidized phase of the concentrate) is presented in
Table 4. It is highly complex and contains many oxides at
significant levels, such as SiO,, CaO, ZrO,, Nb,O, and AL,O,.

Using the methodology described in section 2.2.2, its
melting point was determined in the current research as 1403K.
This value is even below those described by Wright [2] for
tin slags with much lower ZrO, content, which ranged from
1523-1673K. The determination process is presented in Figure 1.

3.2 Melting temperature and viscosity
measurements and calculations

Clemente et al. [ 11] tested limestone additions varying
from 0 to 45 wt%. The present research measured the melting
temperatures of some slags from these authors and compared
the results to predicted values from FactSage 8.0 (Table 5).
The measured values significantly differ from the calculations,
and certain factors aid in explaining these differences. Firstly,
Sn is said to be lost in the slag as SnO.SiO, [2]. However,
previous research [11] using FactSage estimated Sn to be
present as SnO, (which has a high melting point of 1903K [27]).
Furthermore, the software also identified relevant levels of
Nb,O, and Ta,O; in the solid slag phases, which are also oxides
with high melting points. However, the TIMA-MIRA analysis of
the concentrate [ 11] indicated that oxides containing Nb and Ta

Table 3. Composition (wt%) of the Sn concentrate (Clemente et al. [11])

tend to solidify together with oxides with Fe, Si and Al, which
possibly lead to compounds other than Nb,O, and Ta,O,. Thus,
itis likely that the software didn’t correctly identify the proper
phases for such complex slags, leading to incorrect calculations.
X-ray diffraction (XRD) analysis of the solidified slag could
have helped to confirm the presence of crystalline Nb- and
Ta-bearing phases other than Nb,O, and Ta,O,, although the
possible presence of amorphous phases must be considered.
This analysis will be the subject of future studies. Finally,
FactSage calculations were performed at iron saturation, while
the melting experiments were performed under air atmosphere.
Despite these divergences, there are two important conclusions:
there is indication that melting temperatures of these slags are
not as high as previously thought, and additions of up to 45%
limestone do not significantly influence this property.
Considering these inconsistencies, FactSage 8.0 was
used only to better understand the expansion of the fluid
phase field by the addition of FeO. For this analysis, a
Ca0.Si0,.ZrO, phase diagram is presented in Figure 2A,
and this diagram has only a limited fluid region at 1773K.
The composition of the oxidized phase of the concentrate
(normalized for SiO,, CaO and ZrO,) lies outside the fluid
region. Then, Figure 2B simulates a 30% FeO addition at
1773K, resulting in an expansion of the liquid area. The
oxidized phase is almost inside this region, indicating a

Sn Si Fe Ca Zr Nb Ta Al Ti Mg Mn P Others O (balance)
27.0 15.0 134 9.4 52 3.7 0.7 2.5 0.8 0.5 0.6 0.1 5.6 15.5
Table 4. Composition (wt%) of the oxidized phase of the concentrate (Clemente et al. [11])
SnO, FeO SiO, CaO Zr0, Nb,O, ALO, TiO, MgO Ta,O, Others
0.5 2.0 46.0 15.8 11.3 6.5 1.4 1.4 0.9 7.1

Table 5. Melting temperatures of different slags

Test ID from Addition of

Melting temperatures calculated by

Measured melting

Clemente et al. [11] limestone FactSage (K) temperatures (K)
1 0% 1801 1403
2 15% 1701 1413
5 30% 1719 1378
6 45% 1770 1396

1273 K

1373 K

1388 K 1398 K 1403 K

| 1 1~

1 - Thermocouple positioned behind the sample

Figure 1. Melting temperature determination of the oxidized phase of the concentrate.
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high level of liquid phase. Thus, based on this simplified
study, it is hypothesized that additions of FeO could lead to
better conditions for the coalescence of metallic particles.
Another important aspect is the impact of additions of
CaO and FeO on the slag’s viscosity. The role of CaO in the
breakage of SiO,* polymeric chains is well known, and this
flux is normally used in tin metallurgy to reduce the slag’s
viscosity [2,21]. However, studies on the influence of FeO are
unavailable for these slags. According to the viscosity models
described in section 2.2.3, it is indicated that additions of CaO
(Figure 3a) and FeO (Figure 3b) result in lower viscosity values.
Naturally, this reasoning is valid for liquid slags only.

3.3 Influence of mill scale on the metallic
coalescence (tests A-B)

Some larger metallic particles were found at the
bottom of the crucible with an addition of 15% mill scale,
and a clear metallic button was verified with 30% mill scale.
However, even under this last condition, many metallic prills
could be seen dispersed in the end-slag, indicating incomplete
alloy removal. Magnetic separation was applied and metallic

A) Ca0o
Ca0 - Si0, - Zro, 5 >
Projection (A-Slag-lig), 1 atm

1-Ca,Si,0, (Rankinite)

Composition of
@ the oxidized phase

buttons, as well as magnetic fractions are presented in
Figure 4. These were used to plot grain size distribution
curves, in which can be observed that the level of coalescence
is increased when compared to the original concentrate, as
most particles are larger than 0.5 mm (maximum grain size
of the concentrate). This indicates that the mill scale may
enhance processing conditions at 1573K.

The metallic buttons and magnetic fractions were
ground together and analyzed for each test. Results are
presented in Table 6, revealing that these are FeSn alloys
with high Sn content. As they can be used as input in other
processes [2], they were accounted as a form of Sn recovery.
The recovery levels of tests A and B, including magnetic
separation, reached 89.2% and 90.8%, respectively.

Table 7 presents the chemical analyses of the
non-magnetic fractions (obtained in tests which used magnetic
separation) and end-slags (obtained in tests without magnetic
separation) for all experiments, and it is noteworthy that
higher SnO, levels were measured with an increase in mill
scale (tests A and B).

Besides, it should be noted that the oxidized phase
of'the concentrate shown in Table 4 was melted without any

B) Cao

Ca0 - Si0, - Zr0, - FeO
Fe0/(Ca0+Si0,+2r0,+Fe0) (g/g) =.30,
1773 K, 1 atm

1-Fe + Slag-liq + Ca2Si04

2-CaZrsi,0, f)‘* f h 2-Fe + Slag-liq
3 - CaSiO, (Ps-Wollastonite) _01* s 0 t e Concentrate 3 -Fe + Slag-liq + ZrSiO,
4-Cazrsi0, 810,683 _ 2 2 4-Fe + Si0,-Cristobalite
A CH e i L = fluid region * Slagiiq + 2810,
6-2rSi0, at 1773K §-Fe + S0, Cristobalite
+ Slag-liq

7 - SiO, (Cristobalite)

2

2ZrO2-tetragonal

233K

' sio,

mass fraction

Figure 2. (A) Ca0.Si0,.ZrO, phase diagram (B) Influence of FeO on the presence of liquid slag at 1773K. Adapted from FactSage 8.0.

-s-Viscosity without
additions

-e-Viscosity with a
dilution of 10%
CaO

log Pa.s

0 -»-Viscosity with a
dilution of 20%
CaO

1
Viscosity with a

dilution of 30%
Temperature (K) CaO

2073 1973 1873 1773 1673 1573 1473 1373

(b)

zro, "' sio,

mass fraction

-=-Viscosity without
additions

-s-Viscosity with a
dilution of 10%
FeO

log Pa.s

0 -s-Viscosity with a
dilution of 20%
FeO

Viscosity with a
dilution of 30%
Temperature (K) FeO

-1
2073 1973 1873 1773 1673 1573 1473 1373

Figure 3. Influence of additions of (a) CaO and (b) FeO on the viscosity of the oxidized phase considering average viscosity values obtained

using four models and liquid slags.
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30% mill scale

15% mII scale = 100%
R Y 5 0% —_—
g
o 60%
5 a0%
g 20%
O
o° 4P & Q‘f? ° o g‘g’ g‘o’b
oY O
mm
15% mill scale ===30% mill scale
Figure 4. Influence of mill scale on the coalescence of metallic particles at 1573K (tests A and B).
Table 6. Chemical analyses (wt%) of magnetic fractions/metallic buttons
Test T(K) Sn Fe Nb Si Pb Ca Zr Mn Cu Others
A 1573 58.9 38.0 0.1 0.7 1.0 0.3 0.1 0.1 0.2 0.6
B 1573 53.8 43.0 0.1 0.6 1.2 0.4 0.1 0.1 0.3 0.5
C 1573 61.1 354 0.1 0.7 1.2 0.5 0.1 0.0 0.2 0.7
D 1573 59.4 37.7 0.0 0.3 1.4 0.4 0.0 0.0 0.2 0.4
E 1573 57.8 39.2 0.1 0.2 1.4 0.5 0.1 0.0 0.3 0.4
F 1523 63.4 31.7 0.2 1.4 1.3 0.9 0.2 0.1 0.2 0.7
G 1473 64.2 28.9 0.2 2.4 1.2 1.5 0.4 0.1 0.2 0.9
H 1473 61.2 33.0 0.2 1.7 1.2 1.3 0.3 0.1 0.2 0.8
1 1473 59.0 37.7 0.1 0.7 1.1 0.5 0.1 0.0 0.2 0.6
J 1573 64.5 324 0.0 0.6 1.1 0.4 0.0 0.0 0.2 0.6
K 1573 61.9 355 0.0 0.0 1.4 0.3 0.0 0.0 0.3 0.5
L 1573 59.1 38.7 0.0 0.1 0.9 0.2 0.0 0.0 0.3 0.6
Table 7. Chemical analyses (wt%) of end-slags and non-magnetic fractions
Test T(K) SnO, FeO Sio, CaO 7Zr0, Nb,O, ALO, TiO, MgO Ta,0,  Others
A 1573 2.4 15.1 37.1 13.3 8.7 7.1 52 1.1 1.1 0.8 8.1
B 1573 2.7 26.9 304 10.9 7.5 6.0 4.1 1.0 0.9 0.7 8.9
C 1573 1.1 8.0 37.2 22.8 8.6 6.8 52 1.1 1.2 0.7 7.2
D 1573 1.9 18.3 31.8 19.7 7.4 5.9 44 1.0 1.1 0.6 7.9
E 1573 22 25.8 28.1 17.5 6.6 52 3.8 0.8 0.9 0.6 8.4
F 1523 1.7 12.3 34.8 21.6 8.1 6.4 4.8 1.0 1.1 0.7 7.4
G 1473 2.6 13.5 34.0 20.9 7.7 6.1 4.8 1.0 1.1 0.7 7.5
H 1473 2.9 21.6 29.7 18.6 6.8 5.5 43 0.9 1.0 0.6 8.2
I 1473 3.0 24.7 28.6 17.6 6.3 5.0 4.0 0.8 1.0 0.6 8.3
J 1573 10.7 10.6 34.1 19.2 6.2 4.8 4.9 1.0 1.2 0.6 6.6
K 1573 7.6 20.3 29.6 17.5 6.1 4.7 4.1 0.9 1.0 0.6 7.6
L 1573 6.1 22.7 29.0 17.2 6.0 4.7 4.0 0.9 1.0 0.6 7.9

flux and presented a level of only 0.5% SnO, reinforcing this
inference. This suggests potential oxidation of Sn by mill
scale, which is also supported by decreasing Sn content in
the metallic buttons/magnetic fractions from tests A and B.
A simplified reaction in Equation 3 between Sn/Fe and SnO/
FeO provides a plausible explanation for this oxidation. In
this context, higher additions of mill scale increased the FeO
concentration, and consequently the residual level of SnO.

SnO(l) +Fe(l) :Sn(l) +FeO(l)

Tecnol Metal Mater Min., Sdo Paulo, 2026;23:¢3272
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3.4 Influence of mill scale and limestone on
the metallic coalescence (tests C-I)

Figure 5 illustrates that combined flux additions of
mill scale and limestone enhanced the formation of metallic
buttons at 1573K (tests C, D and E). Furthermore, metallic
coalescence was mostly improved compared to individual
mill scale additions. Increasing the amount of this last flux
did not affect the distribution curves for grain sizes <5.6 mm.
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However, it is visually apparent that the coalescence was
improved for larger particles.

Interestingly, Sn levels in the alloy also diminished
with more mill scale addition, but in this case, this possible
oxidation effect seems to be less pronounced. For instance,
with a 30% mill scale (test B), 53.8% Sn was measured in
the metallic fraction, whereas with 10% limestone and 30%
mill scale (test E), the measured Sn was 57.8%. A higher
yield, ranging from 94.4% to 91.1%, was calculated for these
experiments considering magnetic separation.

Based on these results and the relatively low melting
temperatures presented in Table 5, experiments were extended
to 1523K (test F) and 1473K (tests G, H and I). As shown
in Figure 6A, temperature significantly influences metallic
coalescence and the formation of a metallic button, when
considering the same burden (in this case, 15% limestone
and 10% mill scale). Additionally, it seems that with less

15% limestone
20% mill scale

15% limestone
10% mill scale

15% limestone
30% mill scale

coalescence, it is more difficult to separate metallic prills
from the oxidized phase by magnetic separation. For instance,
the magnetic fraction of test G, performed at 1473K and
using the same burden, was contaminated with up to 4.3%
of Ca, Si, and Zr, which are elements mostly present in the
oxidized phase. For comparison, the sum of these elements
in the alloy in test C (1573K) is only 1.3%. Despite this, the
yield considering Equation 2 was high in any temperature
and ranged from 93.1% at 1473K to 94.4% at 1573K.

Figure 6B, in which experiments were conducted at
1473K, illustrates a significantly lower coalescence compared
to tests performed at 1573K. Even though increasing the mill
scale addition also resulted in better coalescence conditions,
the Sn yield with the use of magnetic separation was slightly
lower and ranged from 90.9-93.1%.

Higher Sn losses can be attributed to the poor separation
of metallic and oxidized phases, which are also supported by
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>
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Figure 7. Recovery of Sn as a metallic button considering the best conditions.

Table 8. Melting temperatures measured for the non-magnetic fractions of tests A-E

Test A15% M, 0% L) B (30% M, 0% L)

C (10% M, 15% L)

D (20% M, 15% L) E (30% M, 30% L)

Tm (K) 1373 1449

1363 1373 1386

M - Mill scale addition; L - Limestone addition; Tm - Measured melting temperature.

greater SnO, levels in the non-magnetic fractions of these
tests. A comparison between results from tests performed
at 1573K and 1473K suggest that smelters can also opt to
process concentrates with lower temperatures to minimize
energy costs, while retrieving the metallic particles using
magnetic separation with some slag contamination.

3.5 Influence of limestone and mill scale on the
recovery of Sn as a metallic button (tests J-L)

Considering the best coalescence conditions, which
were obtained at higher temperatures and with combined
additions of mill scale and limestone, tests were conducted
at 1573K to assess the recovery of Sn exclusively as a
metallic button. Yields as high as 70.8% were obtained for
15% limestone and 10% mill scale, as shown in Figure 7,
while further additions also enhanced the process. It is clearly
indicated that the dilution of the slag with limestone and
mill scale, as well as an increase in temperature favor the
formation of a metallic button.

However, SnO, levels from end-slags from these tests
surpassed those reported in the literature [2,11], which can
be attributed to occluded metallic particles trapped in the
slag, as demonstrated in previous sections. It is interesting
to note that the recovery using magnetic separation is much
higher when compared to the formation of a metallic button,
even under enhanced conditions. Thus, it should be used by
smelters as an auxiliary recovery technique.

3.6 Additional melting temperature measurements

To explain the increased coalescence and formation
of metallic buttons, the melting points of slags from tests

Tecnol Metal Mater Min., Sdo Paulo, 2026;23:¢3272

A-E, representing all proposed burdens, were also measured.
As presented in Table 8, the melting points are below the
experimental temperatures, and it is indicated that these slags
were liquid during the experiments. Thus, it is possible that
viscosity of the melt was diminished by additions of FeO
and/or CaO and that due to increased mobility of metallic
droplets, a greater level of collision between metallic particles
may also have occurred, resulting in a higher coalescence
level. However, this hypothesis should be further explored
in future studies with actual viscosity measurements.

4 Conclusions

This research aimed to optimize Sn recovery from
complex tin-slags with high ZrO, by improving coalescence
of metallic droplets dispersed inside these slags. To achieve
this, a tin-slag concentrate was characterized, slag’s melting
temperatures were determined, optimization studies were
performed, and smelting experiments were conducted at
1573-1473K using limestone and mill scale as fluxes.

Characterization suggested that Fe and Sn are present
mainly in metallic form and occluded in a complex oxidized
phase, which has CaO, SiO, and ZrO, as its main components.
The melting temperature of the oxidized phase, as well as
of other slags from previous research were measured and
results revealed lower temperatures than previously inferred.
Optimization studies indicated that additions of mill scale and
limestone could enhance process conditions by either expanding
the liquid region and/or diminishing the viscosity of the melt.

The impact of mill scale additions was studied at
1573K and led to increased coalescence, while also favoring
the formation of a metallic button. However, metallic prills
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were still found in the end-slag and magnetic separation was
employed, allowing a Sn yield ranging from 89.2% - 90.8%.
Combined additions of mill scale and limestone were performed
between 1573 - 1473K and the effect of adding both fluxing
agents, as well as the influence of temperature on the coalescence
conditions were evident. Once again, magnetic separation was
highly efficient for all conditions and allowed a yield ranging
from 94.4 - 91.1% at 1573K and 93.1 - 90.9% at 1473K. The
recovery of Sn as a metallic button was investigated at 1573K,
but the yield was limited to 70.8% - 80.1%.

At last, melting temperature measurements for all
test conditions were performed and indicated that the slags
were fluid during the experiments. Thus, it is possible that
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