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Abstract: Self-reducing briquettes made with waste (silica fume, iron ore and charcoal fines) from the
FeSi75 industry were studied. The objective was to determine if these briquettes could be used as a
complementary load in submerged arc furnaces (SAF). Characterization of this waste was performed
and the briquettes were produced without and with binders (Portland cement, hydrated lime, and
sodium silicate), in accordance with the proportion of binder (2.50%; 5.00%; 7.50% and 10.00%). These
self-reducing briquettes were tested for apparent density, porosity, shatter strength and resistance
to hot degradation. To select the best briquettes, pre-established set points were used based on the
scientific literature. Within this framework, only two treatments—out of a total of 52—met all the
requirements of eligibility. In the two types of briquettes, the binder of solid silicate (5.00 and 7.50%)
was produced with 15.00% of water. The briquettes have the following characteristics: apparent
density: 1165 kg/m3 and 1247 kg/m3 respectively, porosity: 46.2% and 46.0%; shatter strength
(1.50 m): 99.3% and 98.8%; and resistance to thermal degradation: 81.2% and 82.5%. Reduction tests
to investigate the self-reducing character, under different heating temperatures (1750, 1800, 1850
and 2000 ◦C) were performed on these two treatments. The metallic phases that were identified
by SEM/EDS analyses were Si, FeSi, FeSi2, thus obtaining the production of FeSi50 and FeSi75, in
addition to the formation of the SiC and slag. It was found that the values for SiO gas formation
are in the same range as in the industrial FeSi furnace. From the results, it is possible to verify the
potential for carbothermal reduction of these residues, but it is punctuated by the need for more
research aimed at optimizing the mass percentage in the formulation.

Keywords: silica fume; fines; FeSi; reduction

1. Introduction

The formation of solid residues in the industry has become the current agenda of
several scientific studies, in response to the environmental, social and economic impacts
related to disposing of such potentially harmful waste, and also due to the pressures of
society worldwide. Consequently, the various metallurgical and process industries are
taking preventive measures to mitigate the problem, and to comply with current laws and
regulations [1–4]. It is important to develop alternative processes that enable a sustainable
utilization of the residues generated in the different production processes [4–8].

Ferrosilicon (FeSi) is an alloy of iron and silicon, and its production process involves
the carbothermic reduction of these two raw materials in a submerged electric arc furnace
(SAF). In steelmaking, FeSi acts as a source of silicon to reduce metals from their oxides and
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as a deoxidizing agent in the production of steel and other types of ferroalloys. It is also
a raw material in the manufacture of alloys resistant to corrosion and high temperatures,
used in electromotors and transformers [9].

In ferrosilicon (FeSi) production, the raw materials used are: (i) quartz, as the main
silicon (Si) supplier; (ii) iron ore, as a source of iron (Fe); and (iii) carbon (C), as the main
reducer, with charcoal being the most frequently used in Brazil. The raw materials are
fed into the furnace around the electrodes, and are then reduced at temperatures around
800 ◦C to 2000 ◦C. Ferrosilicon is produced by processing quartz rock (SiO2) with carbon as
a reducing agent, according to Equation (1) [10,11].

SiO2(s) + 2C(s) = Si(l) + 2CO(g) ∆H
◦

2000 ◦C = 688 kJ/mol (1)

The generation of waste from this production process is often related to the formation
of fines due to the handling and/or transformation processes of raw materials [6,12]. Thus,
the fractions of quartz fines, iron ore and charcoal are residual materials generated due to
physical degradation, which is also related to the morphological characteristics of the raw
materials used in the process [9,13]. It is recommended to remove such fines by sieving
before introducing the calculated load. The fines will severely affect the permeability in the
furnaces and thus cause an inadequate distribution and insufficient percolation of gases.
This will again lead to high losses of gases and a low Si-yield [7,8,13–16].

During the FeSi production process, silicon monoxide gas (SiO) is formed. SiO reacts
with O2(g) at the top of the furnace charge and the two form silicon dioxide (SiO2), also
known as silica fume. The particles of silica fume are removed and collected by the off-
gas systems to reduce atmospheric emissions of the submerged electric arc furnaces in
accordance with environmental legislation. If released into the atmosphere, this particulate
material is considered to be a primary pollutant. The waste consists of spherical particles
of amorphous silica with an average diameter of 0.10 micrometers and apparent density
ranging from 130 to 430 kg/m3 [6,16].

Due to the need for adequate environmental disposal of iron ore fines; charcoal fines
and silica fume, alternatives for commercialization should be explored. As a last resort, they
should be deposited in an industrial landfill [4,6,8,17]. As the market utilisation of these
waste products is limited, the alternative, reusing them as components for the manufacture
of self-reducing briquettes, was considered. Whether or not these briquettes could be used
in an SAF depends on their behaviour in the furnace. Consequently, it is important to
determine the physical and metallurgical properties of the input materials, in order to
predict their behaviour during handling, and the reduction inside the furnaces [9,13].

It should be emphasized that the sizing of the input load in the mass balance would be
calculated paying attention to the efficient operation in SAFs, the concordant proportion of
silica and iron ore in relation to the reducing agent (charcoal), in addition to the adequate
energy input to promote the reduction of oxides. Thus, in relation to the operability of
agglomerates in SAFs, the concept of reprocessing depends intrinsically on issues related
to the establishment and maintenance of thermodynamics, in consensus with a favourable
kinetics of the reactions predominant in the process. Thus, research on the physical and
metallurgical properties of the input materials is of paramount importance, as it indicates
their behaviour during the handling and reduction processing within the furnaces [9,13,14].

The present work investigated the physical behaviour and reduction of self-reducing
briquettes produced with silica fume, iron ore fines and charcoal fines, and verified the
products obtained during the carbothermal reduction of these FeSi wastes. The intention
of using these self-reducing briquettes as a complementary charge, together with the raw
materials required for FeSi production, would be to promote a sustainable production cycle
for the ferroalloy segment.

It should be noted that the raw materials are sampled from the industry, while the
production of briquettes was on a laboratory scale. The composition of the self-reducing
briquettes was found through stoichiometric calculations of the simplified mass balance
to produce 1 ton of FeSi75. The binders used and selected for the manufacture of the
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self-reducing briquettes were hydrated lime, Portland cement, and sodium silicate. The
proportions of binders were 0.00%; 2.50%; 5.00%; 7.50% and 10.00%, based on existing
research [17–22]. The sum of the waste and binders used covers 100%, with water used
additionally, adopting four arbitrary levels of moisture for the tests: 0.00%; 5.00%; 10.00%
and 15.00%.

Finally, the performance of the briquettes was studied in relation to their physical
behaviour after a curing time of 10 days. They were subjected to density and shatter
tests, and were tested for porosity and disintegration during thermal heating. Using pre-
established points which are based on the scientific literature, they were then selected for
the high temperature reduction tests. Subsequently, the metallic or carbonaceous phases of
the briquettes were determined.

2. Materials and Methods
2.1. Sampling and Sample Preparation

The waste samples from the FeSi production process which were used as raw materials
in the production of the self-reducing briquettes were provided by a FeSi75% industrial
producer, located in the State of Minas Gerais in Brazil. Samples were collected from wastes
provided by this metallurgic plant using standard ABNT NBR 10004:2004 [23]. The size
distribution of the fines was <3.00 mm. The waste samples were chosen for the sampling by
the method of quarters in conical piles, until fractions for characterization and production
of briquettes were obtained.

2.2. Sample Characterization of Wastes and Composition of Self-Reducing Briquettes

For the characterization of the waste fines, granulometric analyses were performed of
dry samples of iron ore and charcoal fines. By using a sieving technique, the fines passed
through a series of sieves with 3.35 mm, 2.00 mm, 1.00 mm, 0.50 mm, 0.25 mm, 0.15 mm,
0.075 mm and 0.038 mm opening. The granulometric characterization of the silica fume
was carried out using dry samples and it was analysed by the laser diffraction technique
(Mastersizer 3000, Malvern Panalytical, Malvern, UK).

Then, chemical analyses were done using the inductively coupled plasma spectrometry
technique (ICP-OES, Perking Elmer Optima, 7300 DV). Determination of moisture, loss by
calcination (PPC) and immediate analysis (content of moisture, volatiles, ash, and fixed
carbon) in the charcoal fines were performed.

The formulation for the self-reducing briquettes was determined by the stoichiometric
calculations of the simplified mass balance to produce 1 ton of FeSi75. Effectively, to know
the amount of raw material needed to produce 1 ton of FeSi75, it is necessary to know the
chemical composition of the raw materials and the alloy to be produced. In this perspective,
as described in literature [9,15,16], to produce FeSi alloys, the control of the mixtures should
be performed in a quantitative (amount of carbon introduced in the carbon/quartz ratio)
and qualitative way (quartz nature, reactivity, particle size distribution of the raw materials,
and porosity of the charge).

The production of self-reducing briquettes reported in this work aims to use a high
fraction of silica fume in the mixture of the briquettes, increasing its reactivity, and reducing
waste in the production process. The silica fume will replace the quartz as the raw material,
supplying SiO2 for the self-reducing briquettes. The percentage composition of waste to
produce self-reducing briquettes is described in Table 1.

Table 1. Composition of self-reducing briquettes.

Material Quantitative Composition
of Burden (kg)

Proportion in the
Briquettes (%) Binders (%)

Silica fume 178.57 43.72
0.00; 2.50; 5.00;

7.50; 10.00
Ire ore fines 131.36 32.16

Charcoal fines 57.65 14.12
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Binders were added to the mixture when necessary. These were discounted in the
proportion of silica fume and when necessary, the addition was in the proportion of charcoal
used in the mixture.

Three types of binders were used in the briquettes: Portland cement, hydrated lime,
and sodium silicate. In addition, mixtures without binders were prepared. The addition of
binders was considered necessary, so was initially performed with variations that occurred
in the proportions of 0.00%; 2.50%; 5.00%; 7.50% and 10.00% based on studies related to the
works [17–19,21,24].

In total, 13 different mixtures were prepared using silica fume, iron ore fines, charcoal
fines, and binders, as shown in Table 2. To organize the various samples, they were labelled
M1 through 13, where M stands for mixture, and the following number indicates the type
of mixture. Four moisture levels were used for testing: 0.00%, 5.00%, 10.00% and 15.00%.
When water was added to the mixtures, the briquettes were produced and labelled with the
letters BM. As such, adding in the acronym BM, the numbering of the respective mixture
from 1 to 13, and then the digit (−), the letter A representing the water and its addition
percentage in numbering from 1 to 4, with the number 1 for 0.00%, the number 2 for 5.00%,
the number 3 for 10.00% and the number 4 for 15.00%, representing the percentage of
water added in the respective mixture, the labelling was completed. Thus, 52 treatments
were investigated.

Table 2. Mixtures used in the briquetting process.

Mix (M)
Percentage Composition of Blends

Silica Fume (%) Charcoal Fines (%) Iron Ore Fines (%) Binders (%) Water (%)

M1 54.0 32.0 14.0 -

0.0
5.0

10.0
15.0

M2 51.5 32.0 14.0

Portland cement

2.5 0.0
M3 49.0 32.0 14.0 5.0 5.0
M4 46.5 32.0 14.0 7.5 10.0
M5 44.0 32.0 14.0 10.0 15.0

M6 51.5 32.0 14.0

Hydrated lime

2.5 0.0
M7 49.0 32.0 14.0 5.0 5.0
M8 46.5 32.0 14.0 7.5 10.0
M9 44.0 32.0 14.0 10.0 15.0

M10 51.5 32.0 14.0

Sodium silicate

2.5 0.0
M11 49.0 32.0 14.0 5.0 5.0
M12 46.5 32.0 14.0 7.5 10.0
M13 44.0 32.0 14.0 10.0 15.0

The mixtures were submitted to briquetting in a hydraulic press (with a maximum
capacity of 10 t), using a cylindrical matrix and a compression piston. Approximately
30.00 g of each mix was inserted and placed inside the cylindrical matrix. The pressure of
compaction, 5.00 t (77.52 MPa) was defined in preliminary tests of structural evaluation
of the self-reducing briquettes. The compaction time was 60 s and the curing time at least
10 days. Five cylindrical briquettes were produced with each mixture in this way. Figure 1
shows an example of the cylindrical briquettes produced.

2.3. Physical Characterization of Self-Reducing Briquettes

The knowledge of the structural resistance behaviour of the self-reducing briquettes
was a prerequisite for the selection and eligibility of the briquettes. The structural resistance
may also be linked with the kinetic and thermodynamic conditions that would promote the
self-reduction [4,20–25]. Figure 2 shows the methodological flowchart with the experimen-
tation tests and analyses to which these agglomerates were submitted. The lower range
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was stipulated for each experimental test and this criterion was considered as a selection
filter of the treatments that would be submitted to the subsequent tests.
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2.3.1. Apparent Density

The apparent density was determined for a set of three briquettes for each sample
produced, achieving an average between the three series. For the cylindrical briquettes, the
apparent density was determined through an association between the mass and volume of
each briquette.

2.3.2. Shatter Test (Adapted Methodology)

Methods of measuring the shatter resistance of self-reducing briquettes are described
in ASTM D440:2002 [26], ISO 616:1995 [27] and JIS M8711:2011 [28]. Adhering to the
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described methodologies, the impact strength test consisted basically in submitting the
briquettes to successive falls from a preliminary height of 0.30 m. Only the briquettes that
obtained shatter resistance above 90% for the initial test were considered suitable for the
sequence of tests involving falling from a height of 1.50 m.

The shatter tests simulated a similar fall of the raw materials from the conveyor belt
to the surface in the SAFs. The shatter index was obtained by a series of five repetitions,
for the 52 types of produced treatments, where the average was calculated. The resulting
shatter index was the percentage in mass of the fraction passing 9.50 mm that was defined as
the index of fines generation by slump. Being the percentage in mass of the passing fraction
of the briquette (M1), in relation to the total mass of the sample of briquette tested (M).
Equation (2) shows the calculation of the breakage index and Equation (3) the calculation
for the determination of the shatter resistance (R):

shatter index :
M1
M

× 100 (2)

R: 100 − (%)shatter index (3)

2.3.3. Porosity

The porosity analyses were performed on the treatments of self-reducing briquettes
that obtained results equal to or higher than 90% in the drop resistance tests (1.50 m). The
porosity is an important parameter in the determination of the physical resistance and the
electrical resistivity; thus, to reach the necessary resistivity (0.13 Ω/m) at 1200 ◦C, for the
use of the aggregate in electric arc furnaces, the adequate porosity is 45–55% [4]. For the
analysis procedure, the gas pycnometry technique [Ultrapyc, model 5000, Anton Paar] was
employed by injecting the inert gas (helium) to be absorbed on the surface of the samples.
Equation (4) shows the calculation to determine the porosity of the self-reducing briquettes,
where Vg: represents the geometric volume (g/cm3) and Vp: pycnometer volume (g/cm3):

Porosity :
Vg − Vp

Vg
× 100 (4)

2.3.4. Disintegration during Thermal Heating

The influence of temperature on the structural integrity of the self-reducing briquettes
was analysed in those treatments that met the criteria of porosity between 45–55%. The
proposed tests evaluated the physical characteristics of resistance to high temperature of
briquettes, in a non-standardized test [29]. The procedures for quantification of this test
were based on the ISO 8371:2015 [30] and ISO 7215:2015 [31] standards. For iron ore pellets
for use in reduction reactors, the crackling index test is one of the main evaluations of the
metallurgical characteristics of this ore. The tests were performed in a muffle furnace, with
temperature variation from 0 ◦C to 1200 ◦C in 300 ◦C increments. The briquettes were
weighed, before and after the preheating treatment, and then sieved in a granule sieve
with a 9.50 mm mesh. The resistance to thermal heating was determined as the percentage
material retained in the sieve, and this size mesh was taken as a reference because it is
the minimum grain size for raw material in electric arc furnaces. Equation (5) shows the
calculation used for determination of the resistance to degradation (Rdr) against the thermal
gradient applied to the treatments of self-reducing briquettes M1. The mass of the material
retained in mesh of 9.50 mm (g) and M the mass of the initial agglomerate (g):

Rdr :
M1
M

× 100 (5)

Thus, only the self-reducing briquette treatments that presented Rdr values >80% [4,32,33]
were selected for evaluation of their reduction.
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2.3.5. Determination of Crystalline Phases by X-ray Diffraction (XRD)

The samples of the treatments that obtained the value of Rdr >80% were submitted
to the qualitative analyses by X-ray diffractometry (XRD) [Philips PANanalytical, model
PW1710, UFMG]. CuKalpha radiation and monochromator in 0.06◦ (2θ) step were used,
at 40 kV and 40 mA. The analysis method was based on the comparison of the values
of interplanar distances and peak intensities in the diffractograms of the samples anal-
ysed, and a reference sample, using the standard PDF-2 Release 2010 database of the
ICDD—International Centre for Diffraction Data and the software X’Pert HighScore PLUS
version 4.0 (Almelo, The Netherlands).

2.4. Metallurgical Characterization of Self-Reducing Briquettes

The evaluations of the metallurgical behaviour are determining factors for the in-
vestigation of the metallic and carbonaceous phases of the self-reducing briquettes as a
function of the experimental temperatures, as well as their self-reducing character. The
criteria adopted as pre-established conditions for the selection of the treatments of the
self-reducing briquettes conforms with the premises established for selection of the load
in the SAF. Thus, to verify the reduction of the briquettes, they were subjected to reduc-
tion tests at different temperatures (Table 3). Subsequently, the remaining materials from
these tests were analysed in SEM/EDS, to determine their composition and the individual
phases presented.

Table 3. Experimental matrix for the reduction tests.

Reduction Tests Temperature (◦C) Time Interval (min.) Time at Target
Temperature (min.) He (g) (L/min.)

1

1500 00:25:00

30 0.1
1800 00:15:00
1800 00:30:00

25 00:30:00

2

1500 00:25:00

30 0.1
1850 00:15:00

1850 * 00:30:00
25 00:30:00

3

1500 00:25:00

30 0.1
1750 00:15:00

1750 * 00:30:00
25 00:30:00

4

1700 00:25:00

30 0.1
2000 00:15:00

2000 * 00:30:00
25 00:30:00

Note: * target temperature (◦C).

2.4.1. Reduction-Fusion Tests

The selected self-reducing briquettes were submitted to different temperatures to verify
their self-reduction. These tests were intended to simulate the intermediate and lower zones
of the SAF during production of ferroalloys and metallic Si. According to [4,7,15,34–36]
the fusion tests aim to evaluate the composition of the products obtained in the process
by investigating the final alloy. Thus, a graphite tube furnace with a maximum operating
temperature of 2000 ◦C ± 10 ◦C was used at the Norwegian University of Science and
Technology (NTNU). The equipment is divided into two parts: (a) the SiO-condensation
chamber, located in the upper part, and (b) the high temperature chamber, in the lower
part, similar to the schematic described in [34].

The atmosphere inside the furnace was homogenized by purging by helium gas (He)
before starting the experiments and the pressure was reduced to 0.18 mmHg. The inert gas
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was used in a flow rate of 0.10 L/min at 1 atm. The briquettes that met the requirements
stipulated in the experimental procedure described in Figure 2 were then heated in a
graphite crucible at temperatures specified in Table 3.

A preliminary test to investigate the behaviour of self-reducing briquettes was carried
out. A sample with a mass of 24.65 g was held at 2000 ◦C for 30 min. The intention was to
verify how much of the mass of the briquette would be consumed and thus, to measure
the remaining material. This would help establish a methodology for the experiments as
regards to target temperatures and exposure times. After the exploratory test, only 4.50 g
of the sample remained, as shown in Figure 3a,b.
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2.4.2. Scanning Electron Microscopy (SEM) and Semi-Quantitative Analyses by Energy
Dispersive X-ray Spectroscopy (EDS)

After cooling to room temperature, the remaining material was removed from the
graphite crucible, and image analyses were carried out in an ULTRA 55 microscope (Zeiss,
NTNU, Trondheim, Norway).

Through the results obtained in semiquantitative analysis of SEM/EDS it is possible
to determine the composition of the individual phases present; metallic, carbonaceous or
slag. By confronting the results of mass or atomic composition of Si of the metallic phases
obtained by EDS analysis, it would be possible to relate them to the information provided
by the Fe-Si diagram, and thus confirm the presence of the respective metallic phase (Si;
FeSi and FeSi2).

3. Results and Discussion
3.1. Sample Characterization of Wastes

Table 4 shows the size distribution, percentage of passing material (10, 50 and 90%)
and the diameter (µm) of the amorphous silica fume particles, in accordance with the
results reported in several works [6–8].

Figure 4 shows the particle size distribution curve with the accumulated throughput
of the waste (ore fines and charcoal) in the form in which they were donated to produce
self-reducing briquettes. For both the fines of iron ore and of charcoal, it can be seen
that they are predominantly composed of fine particles. Approximately 50% (D50) of the
charcoal fines particles have sizes below 0.50 mm and the iron ore fines 0.20 mm, but 90%
(D90) of the particles for both samples have sizes below 2.00 mm.
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Table 4. Granulometric analysis performed on the silica fume.

% Passing Diameter (µm)

10 4.19
50 17.90
90 48.10

Medium diameter 23.30
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However, in general, the curve of the charcoal fines has fewer fines compared to the
iron ore fines. It was expected that the ultrafine and fine particles of the silica fume together
with the fine particles of the charcoal and the iron ore would agglomerate quite homo-
geneously so that the voids could be filled efficiently. As finer particles are preferred for
briquetting [37], pressure agglomeration is a prospective alternative process to agglomerate
fines [38].

The results of the elemental analyses of the silica fume, iron ore fines and charcoal
chips are described in Table 5, which shows the average values of the chemical analyses of
the waste used to produce the self-reducing briquettes.

As shown in Table 5, the silica fume presented a chemical composition typical of that
found in ferrosilicon metallurgical industries. This is similar to the results described in
several scientific works [4,6,12]. It can, however, be noted that the K2O content is quite high.
On the other hand, the chemical composition of the charcoal fines presented higher values
of SiO2 than the chemical composition of the charcoal described in the literature [13]. The
iron ore fines have a chemical composition with a lower percentage of iron oxide than that
the scientific literature stipulates is needed to produce FeSi [13,39], and contain high silica
content compared to the published chemical composition of the iron ore [3]. The analysis
of the charcoal fines is presented in Table 6, which shows the percentage of moisture (water
content of the material), ash (residual material after combustion), volatile materials (the
content of material that is burned in the gaseous state) and fixed carbon (the content of
material that is burned in the solid state). Based on the results described in Table 5, the
components of the charcoal fines presented compatibility with similar analyses generated
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in the screening process of metallurgical and or steel mills [40]. Compared to the charcoal
bulk material, the ash content in the fines is much higher.

Table 5. Mean values of chemical analysis and humidity of the samples of silica fume, charcoal ashes,
and iron ore fines.

Oxides (%)
Waste

Silica Fume Charcoal Ashes Iron Ore Fines

SiO2 90.00 65.86 38.46
Al2O3 0.16 10.10 0.32
P2O5 0.14 0.46 0.05
CaO 0.38 6.99 0.07
TiO2 0.007 0.34 0.012
MnO 0.08 0.25 0.02
Fe2O3 0.96 7.26 60.68
MgO 0.85 1.12 -
Na2O 0.50 - -
K2O 2.83 2.45 -
PPC 4.78 - 0.39

Moisture (%) 1.86 2.13 1.29

Table 6. Results of the immediate analysis of charcoal fines.

Components %

Volatile materials 20.98
Moisture 2.13

Ash 26.88
Fixed Carbon 50.01

3.2. Apparent Density and Shatter Test in Briquettes

Figure 5a shows the self-reducing briquettes without binders (BM01). It is evident
that these only obtained stipulated shatter resistance when the additions of water were
5.00%, 10.00% and 15.00% (R > 90%). This confirms that the greater the surface area and
the lower the packing density, the greater the water demand will be. It is also important to
note the effect that the amount of water exerted on the mechanical strength of self-reducing
briquettes, even in those without binder addition. The added water possesses, due to
its capillarity effect, the tendency to agglomerate the raw materials and confers initial
resistance essential to its modelling [41].

Figure 5b shows the relationship between the apparent density and strength of bri-
quettes with binders in the proportions of 2.50% for different types of binders, Portland
cement, sodium silicate and hydrated lime. As presented, the apparent density for all
treatments with a proportion of 2.50% binders obtained apparent density values within the
stipulated range (950.00 kg/m3–1250.00 kg/m3). It was also found that the results obtained
for the drop strength (0.30 m) were increasing in relation to the apparent density values in
most treatments.

However, it was observed that the treatments with Portland cement binder obtained
the highest values of apparent density (1070.97 kg/m3; 1170.08 kg/m3; 1226.68 kg/m3 and
1245.38 kg/m3) and minor variations for the results obtained for shatter resistance (0.30 m),
although only two treatments (BM02-A3 and BM02-A4) obtained the shatter resistance
index above the stipulated value (R > 90%).

On the other hand, the treatments with hydrated lime binder obtained the lowest
values of apparent density (985.64 kg/m3; 1041.48 kg/m3; 1054.79 kg/m3; 1118.22 kg/m3)
and greater variability for the obtained results of shatter resistance (0.30m), in which only
1 treatment (BM06-A4) obtained a value for the shatter resistance index above the stipulated
R = 99.18%.
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The treatments with sodium silicate obtained apparent density results between the
values obtained (1017.01 kg/m3; 1099.68 kg/m3; 1187.05 kg/m3; 1217.47kg/m3) It is
noteworthy that the highest obtained value of shatter resistance (0.30 m) comprised the
treatment BM10-A4, R = 99.27%.

Figure 6 shows the relationship between the apparent density and strength of bri-
quettes with binders at proportions of 5.00% for the different types of binders, Port-
land cement, sodium silicate and hydrated lime. The apparent density for all the treat-
ments with binder proportion 5.00% obtained values within the stipulated density range
(950.00–1250.00 kg/m3). Consequently, the results obtained for the shatter resistance
(0.30 m) were increasing in relation to the apparent density values. It was noticed that all
treatments obtained very close values of apparent density; with Portland cement binder
(1059.32 kg/m3; 1113.40 kg/m3; 1128.86 kg/m3 and 1188.45 kg/m3), with hydrated lime
binder (1013.66 kg/m3; 1028.08 kg/m3; 1074.3 kg/m3 and 1146.96 kg/m3), and with sodium
silicate binder (1059.76 kg/m3; 1072.66 kg/m3; 1120.01 kg/m3 and 1165.39 kg/m3). In
general, only two treatments with Portland cement binder (BM03-A3 and BM03-A4); one
treatment with hydrated lime binder (BM07-A4) and two treatments with sodium silicate
binder (BM011-A3 and BM11-A4) obtained the shatter resistance index above the stipulated
value (R > 90%).
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Figure 6. Relationship between the values of apparent density and shatter resistance obtained in
0.30 m drop for the self-reducing briquettes in composition 5.00% binders.

Figure 7 shows the relationship between apparent density and briquette strength with
binders in the proportions of 7.50% for different types of binders, Portland cement, sodium
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silicate and hydrated lime. The treatments of self-reducing briquettes made with the three
types of binders, with proportion of 7.50%, also obtained apparent density within the
stipulated range (950.00 kg/m3–1250.00 kg/m3). However, regarding the shatter resistance,
only two treatments made with Portland cement binder (BM04-A3 and BM04-A4), one
treatment with hydrated lime binder (BM08-A4) and two treatments with sodium silicate
binder (BM012-A3 and BM12-A4) obtained the shatter resistance index above the stipulated
value (R > 90%).
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Finally, Figure 8 shows that the treatments of self-reducing briquettes with the three
types of binders with a proportion of 10.00% also obtained apparent density within the
stipulated range (950.00–1250.00 kg/m3). On the other hand, regarding the shatter resis-
tance only two treatments made with Portland cement binder (BM05-A3 and BM05-A4),
one treatment with hydrated lime binder (BM09-A4) and three treatments with sodium
silicate binder (BM012-A2; BM012-A3 and BM12-A4) obtained a shatter resistance index
above the stipulated value (R > 90%).
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Thus, as shown in Figures 5–8, of the 52 treatments of self-reducing briquettes tested
for impact strength in a 0.30 m drop only 23 reached R > 90%.

The high impact strength of self-reducing briquettes using Portland cement as a binder
was confirmed. According to the literature [42], when water is mixed with cement, various
compounds are formed, including calcium silicate hydrate (C-S-H) and calcium hydroxide
(C-H). In addition, by adding silica fume along with Portland cement, a reaction with (C-H)
occurs, producing more (C-S-H), further increasing the mechanical strength of the mixture,
and the ratio for inserting silica fume into cement mixtures is 15% to 20%. However, it is
uncertain whether this can occur at these low temperatures.

The present work also explored the production of self-reducing briquettes using silica
as the main component and the potential use of Portland cement as a binder. Furthermore,
as certain variations in the mass of silica fume, binder and water proportions have already
been investigated [43], an attempt was made to evaluate the variations in the mechanical
strength of the mixture in accordance with the performed research.

In contrast, it is notable that the self-reducing briquettes made with hydrated lime
binder (BM06; BM07; BM08 and BM09) only obtained the stipulated impact strength >90.00%
when the maximum proportion of water, 15.00%, was used. Smaller proportions of water
(0.00%; 5.00% and 10.00%) obtained unsatisfactory results, since the degradation of the
materials was greater than 10%. These results were already expected, considering that
mixtures containing hydrated lime as a binder already presented low strength and fragility,
even during compaction.
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Previous research [22] produced briquettes from coal fines and different types of
organic, inorganic, and combined binders; the following basic mixture (% dry matter) was
assumed: coal fines-90, bio-mass-6 and binder-4. Thus, when using virgin lime or hydrated
lime, the briquettes prepared with this type of binder did not show satisfactory results,
causing deterioration both in compaction and later showing mechanical strength well
below the assumed minimum (R = 85%). Regarding the study of [44], when investigating
lignite agglomeration, they found that the cohesive properties of lime are not strong for
some types of materials and that the proportion of lime should be between 25–30% when
used as a single binder.

To conclude: when analysing the performance of the briquettes made with sodium
silicate binder, they showed adequate mechanical strength for the following treatments:
BM10—2.50% binder and 15.00% water; BM11—5.00% binder and when added 10.00% and
15.00% water; BM12—7.50% and when added 10.00% and 15.00% water; and BM13—10.00%
binder and when added 5.00%, 10.00% and 15.00% water.

This is in accordance with the literature [24] that described the mechanisms of bri-
quetting in rotary kilns (RHF). In the cited work, the briquettes were produced with blast
furnace dust and used sodium silicate as a binder. The results show that the oxygen and
silicon bonds produced between the acidic silica gel particles from the curing reaction
influence the negative ion connection bridge, linking the gel partitions and the sodium
carbonate particles into a complex network structure.

The presence of liquids as free moisture between the particles, especially in a wet
agglomeration process, causes cohesive forces between the particles, as the thin adsorption
layers (≥3.00 nm thick) are immobile. They can form strong bonds between adjacent
particles, smoothing the surface roughness and increasing the contact area between the
partitions or decreasing the distance between the particles and allowing intermolecular
attraction forces to participate in the bonding mechanism [45].

It is noteworthy that for all briquettes, the increase in apparent density of the briquettes
resulted in gains in shatter resistance, generating an inversely proportional amount in mass
of fines (Figure 9). Evidently, it is because higher densities provide a better packing and a
more effective contact between the particles, reducing the empty spaces, which increases
the resistance of the agglomerates.
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Figure 9. Relationship between the values of apparent density and shatter resistance obtained in 1.50 m
drop for self-reducing briquettes with different types of binders and their respective proportions.

As the proportion of silica fume in the mixture increased, the tendency is a decrease in
apparent density followed also by a decrease in the resistance of the briquettes. In relation
to the different water additions, humidity provided a cohesive force necessary for the
adherence of the particles to be agglomerated. This force also depends on the capacity of
water adsorption by the particles, thus helping in the mechanical resistance. As shown in
Figure 9, of the 23 treatments of self-reducing briquettes tested for impact strength in a
1.50 m drop, only 12 reached R > 90%.

3.3. Porosity in Self-Reducing Briquettes

The average porosity values are presented in Figure 10, respectively the twelve treat-
ments of self-reducing briquettes tested for porosity determination. Of the twelve treat-
ments of self-reducing briquettes that were analysed in the porosity determination tests,
only ten met the premise of adequate porosity (45.00–55.00%), a parameter established to
ensure that carbon monoxide formed in the furnace has access to the components of the
pellets [4].
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Figure 10. Mean values of the porosity results of the self-reducing briquettes.

It was observed in the self-reducing briquettes produced with Portland cement that,
when there was an increase in the percentage of binder, a decrease in porosity resulted.
Thus, it was found that the porosity of the briquettes depends on both the water/binder
ratio and the degree of hydration of the mixture. For the results in the case of cement
content, the H/C and S/C ratios increase in C-S-H, a component that promotes greater
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strength to the mixture. Furthermore, the increase in moisture allows a greater formation
of Ca(OH)2, which results in a decrease of C in the C-S-H gel, therefore resulting in an
increase in the S/C ratio and promoting the formation of a more compact composite with
reduced porosity [46].

Briquettes produced with sodium silicate binder also showed a de-creasing value
of porosity in relation to the increase in the percentage of binder. This shows that the
gel particles penetrate into the briquettes, block the capillary pores, and the connection
between the component particles of the briquette is reinforced by the silica acid gel particles.
Therefore, increasing the binder content will decrease the number and size of the pores [24].

Furthermore, the only self-reduced briquette treatment produced with water satisfied
the stipulated porosity premise. The same was true for the only treatment produced with
hydrated lime. This corroborates the important relationship between the composition of
water and binders [47].

After analysis and evaluation of the porosities of the self-reducing briquettes, the treat-
ments that met the values within the stipulated range were forwarded for disintegration
during thermal heating.

3.4. Disintegration during Thermal Heating

Figure 11 shows the average values of three repetitions of the resistance against thermal
heating in relation to the temperature levels of 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C. The
goal for the thermal heating was to obtain a Rdr > 80%.
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Figure 11. Influence of temperature on the resistance of self-reducing briquettes.

The resistance to thermal degradation and determination of the value of Rdr = 80%
for the briquettes produced with the composition of waste electrofilter were also evalu-
ated in the literature [4,33] and their average value of Rdr was equal to 82.50%. These
briquettes were produced with 23.00–27.00% silica fume, 51.00–53.00% carbon reducing
agent, 4.00–5.00% silicon fines and 14.00–15.00% sodium silicate binder. In relation to the
self-reducing briquettes of this present work, it was noticed that from 600 ◦C the resistance
of some treatments of self-reducing briquettes produced with Portland cement reduced
drastically for the studied levels. It is noteworthy that in the production of briquettes with
Portland cement, none obtained Rdr > 80%. This is in accordance with study [46], in which
it was found that the loss of strength related to the combined effect of the destruction of the
binding phase (C-S-H) and the beginning of phase transformations of iron oxides. Sequen-
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tially, the treatment BM 08-A4 with addition of hydrated lime as binder showed resistance
to thermal degradation with Rdr less than 45.00%, confirming published research [21,48].

It was noted that for the briquette samples without binders (from 600 ◦C), the Rdr
was <80% and was not stipulated to meet the premise of resistance to thermal heating.
However, in relation to the briquette samples without binders, BM01-A4, their resistance
behaviour against thermal heating (Rdr = 57.65%) was higher than some of the samples
that had Portland cement as binder (BM02-A4; BM03-A3 and BM05-A4).

The self-reducing briquettes with sodium silicate binder showed satisfactory results
in which two samples (BM11-A4 and BM12-A4) met the premise established for defined
selection, as demonstrated in Figure 11. The connections between sodium silicate and the
constituent particles occur approximately at 1000 ◦C, thus at a higher temperature than the
other agglomerants studied [24]. This is in accordance with the analysis of the influence of
sodium silicate in pellets of chromite and carbon fines [49], in which the binder added in
briquettes of 4.00% with room curing presented the best performance even after exposure
to high temperatures of 900 ◦C (1173K) to 1100 ◦C (1373K).

Finally, the hot mechanical resistance decreased at each elevation of the stipulated tem-
perature levels and the respective exposure time to the thermal gradient. This occurrence is
related to the breakage of bonds of binders and particles of the self-reducing briquettes, in
addition to the output of the volatiles of the fine charcoal because in this atmosphere (air),
part of the coal goes into combustion, which would not occur in an industrial oven. It was
observed that the variations of types and proportions of binders, the proportion of water
and composition of self-reducing briquettes are important factors to establish the pattern
for the structural stability of self-reducing briquettes [19,24,45,50].

After performing the tests of resistance to degradation against thermal gradient, only
two samples (BM11-A4 and BM12-A4) met the stipulated premise (Rdr > 80%). Figure 12
shows the images of the samples produced with sodium silicate binder (B12-A4; BM12-
A3 and BM11-A4) after being submitted to the temperatures proposed for the thermal
degradation tests.
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Figure 12. Self-reducing briquettes made with sodium silicate binder (a) BM-12-A4; (b) BM12-A3 and
(c) BM11-A4 submitted to the degradation tests against thermal gradient.

3.5. Analysis of the Crystalline Phases

The samples (BM11-A4 and BM12-A4) that obtained the value of Rdr > 80% were
subjected to qualitative analyses by X-ray diffraction (XRD) and the main crystalline phases
present in the raw materials of the self-educated briquettes were identified.

The results obtained by the analyses were consistent with others already reported in
the scientific literature, related to iron ore fines, charcoal fines and silica fume [13,14,51].

As shown in Figures 13 and 14 the presence of quartz (SiO2) phases was observed,
this predominantly amorphous phase coming from silica fines and charcoal [6,13,14,41].
Hematite phases were also identified relating to iron ore fines, one of the main repre-
sentatives of iron minerals (Fe2O3) and in higher concentration in Brazilian mineral de-
posits [29,35,51,52]. On the other hand, the presence of calcite (CaO) phases is predomi-
nantly related to charcoal fines [14].
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This indicates that the mineral phases that were found are oxides and high temperature
furnace processes can reduce these. It is worth noting that the results obtained by XRD
analyses corroborate with the content obtained from the chemical analyses performed by
ICP, described previously in Table 5.

3.6. Reduction Tests

The loss of mass of the briquettes was an indicator for carbothermal reactions con-
suming the raw material while generating SiO(g) and CO(g). This means that the increase
in temperature promoted greater production of gases and thus led to loss of mass [51].
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Figure 15 shows the total mass loss of each treatment of self-reducing briquettes subjected
to the reduction tests at high temperature.
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The total mass loss was between 58.00 to 82.00% with temperatures increasing from
1750 ◦C to 2000 ◦C. Similar results to these were reported by other researchers using
agglomerates of quartz fines and SiC; in the temperature range of 1550–1820 ◦C, the mass
loss obtained was 49.3–85.5% [53]. In the experimentation with agglomerates of quartz
fines <70µm in reduction tests covering temperatures 1600 ◦C–1900 ◦C, it was respectively
55.8–77.7% [53]. On the other hand, agglomerates produced with quartz fines of particle size
0.4 mm and SiC with particles of 0.5mm to 10.0mm, during heating at target temperatures
between 1700 ◦C and 1900 ◦C, obtained mass loss of 35.61–90.13% [35]. Thus, it was possible
to verify that the results found are in consistency with the inherent mass loss of the raw
materials during the processing and production of the metallic alloy [10,53–55]. The cold
load inside the SAF captures the SiO-gas. A sufficient reduction in the viscosity of the
molten SiO2 at 1750 ◦C is observed together with a rapid loss of mass, possibly related to
the increase of the reaction rate. The melting temperature of pure silica is 1720 ◦C, although
softening and melting temperatures for different industrial quartz varieties vary between
1600 ◦C and 1800 ◦C [9,14].

Phase Distribution

At the temperatures of the reduction tests, all the metal was in the form of a Fe-Si liquid
solution and when cooled after the experiments, it solidified into FeSi-FeSi2 or FeSi2-Si,
depending on the amount of Si in the liquid solution. Thus, by checking how much Si, FeSi
and FeSi2 that occurs in metallic phase, one can determine the composition of the metal [56].
The metallographic analysis in SEM/EDS determined the composition of the individual
phases present: metallic, carbonaceous and slag in the two treatments of self-reducing
briquettes (BM11-A4 and BM12-A4) that were submitted to reduction. Confronting the
results of mass or atomic composition of Si, of the metallic phases obtained by the EDS
analyses, it is possible to relate them to the information provided by the Fe-Si diagram.
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In accordance with the Fe-Si phase diagram [39], any Fe-Si alloy must contain more
than 58.2% by mass of silicon to form silicon crystals during equilibrium solidification
above the eutectic temperature.

The investigation of the original phases (SiO2, FeOx, C) as well as of the formed
phases is of extreme importance for determination of the viability of insertion of the self-
reducing briquettes as complementary load for the SAF. The formed phases will be SiC,
FeSi with variable composition of Fe to Si, and the generation of slag of FeO, SiO2 and
oxides originating from the agglomerate. SiC and FeSi are interesting components in a
self-reducing briquette [54].

Figure 16 shows cross-section views of a sheet containing metallic Si and FeSi2 phases
and formation of the carbonaceous SiC phase after reaction at 1800 ◦C for 30 min of the
BM11-A4 treatment. Along the whole SiC/graphite interface, metallic particles of micron
size were found. It is noteworthy that, as shown in Figure 16a,b there was a prevalence of
SiC phase formation in all visible phases. Figure 16c shows metallic incrustations and slag.
Figure 16d shows the condensation of SiO gas, at 1800 ◦C, at the graphite/SiC interface
on the top of the crucible. SiO-gas is one of the reaction products of the silica at high
temperature. It was observed that the SiO gas from the self-reducing briquettes reacted
with the C(s) in the crucible and produced some carbonaceous phase granules of SiC(s)
embedded in the crucible. This indicates that some of the silicon left the experimental
system as SiO gas; as shown in Equations (6)–(8):

SiO2(s) + C(s) = SiO(g) + CO(g) (6)

SiO2(s) + 2C(s) = SiC(s) + CO(g) (7)

SiO(g) + 2C(s) = SiC(s) + CO(g) (8)

Slag formation containing predominantly CaO-SiO2 (32.55–76.27%) was also observed,
the optimum values in slag composition for silicon production being 75% in the metal
phase, with composition 29.1 % Al2O3, 25.9 % CaO and 45 % SiO2 [16].

Figure 17 shows a cross-section of the BM11-A4 treatment under a temperature of
1850 ◦C for 30 min. The amount of carbon present in the FeSi2 phases is smaller in com-
parison to the chemical composition at a temperature of 1800 ◦C, which suggests that
the increase in temperature favours the carbo-chemical reactions inherent to the FeSi pro-
duction process, with the gradual evolution of the C(s) consumption reactions (7, 16, 55).
Two mechanisms of Si production have been observed: transpiration of Si metal from
the condensate layer around the crucible and production of Si in SiC particles [56,57].
Figure 17a,b, shows the presence of metal droplets containing Si phases, FeSi2 and those
containing SiC incrustations. Figure 17c shows that there was formation of the metal-
lic phase of FeSi2, but also SiC particles containing high contents of SiO2, CaO-Al2O3.
Although the FeSi production process is considered to be a slag-free process due to the
high purity of the raw materials, there is still slag formation. The most abundant oxide
impurities are the aluminium (Al2O3) and calcium (CaO) oxides that form a phase together
with SiO2, to form an Al2O3-CaO-SiO2 system [9,16,58]. Figure 17d shows the image of
the crucible bottom containing slag and SiC, with demonstration of the metallic pockets
formed on the SiC and slag/graphite interface.
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Figure 16. Scanning electron microscopy (SEM) image sample of the BM11-A4 treatment that re-
acted at 1800 ◦C for 30 min. Slag, SiC and metal phase samples, respectively, indicated by red
arrows: (a) metal phase and SiC interface; (b) predominant SiC; (c) metal phases interface with slag;
(d) graphite/SiC interface (top of crucible).
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Figure 18 shows a cross-section of the BM11-A4 treatment at 2000 ◦C for 30 min, in
which metallic and SiC phases were found. Especially at 2000 ◦C, the formation of metallic
droplets with phase composition in the FeSi2-FeSi area can be observed (Figure 18a,b)
which demonstrates that metal formation occurred below FeSi 50% [59]. The presence
of SiC(s) presented a lower proportion in the Si/SiC ratio, having a less porous and
more consolidated characteristic, besides having higher carbon contents (%) than at the
temperatures previously investigated. At 2000 ◦C the SiC particle is much denser, and the
original carbon structure no longer exists in the samples. SiC was found on the surface
of FeSi heated at 2000 ◦C; however, it presented in lower proportions in the Si/SiC ratio
than at the lower temperatures (1800 and 1850 ◦C) investigated previously. The reason for
this is not fully understood, but one explanation may be that SiC is formed on the silicon
surface particles/droplets at low temperatures due to the presence of small amounts of CO
and that SiC reacts with silica at higher temperature [60–62]. What is suggested is that the
increase in temperature led to the carbo-chemical reactions inherent to the FeSi production
process, with the gradual evolution of the C(s) consumption reactions [10,16,54].

Sustainability 2022, 14, x FOR PEER REVIEW  24 of 29 
 

  

(c) (d) 
 

Figure 17. Scanning electron microscopy (SEM) image sample of the BM11-A4 treatment that 

reacted at 1850 °C for 30 min. Slag, SiC and metal phase samples, respectively, highlighted by blue 

arrows: (a) and (b) metal phase/SiC interface (c) metal phases and SiC/slag interface; (d) deposition 

of metal phases on SiC and slag/graphite interface (crucible bottom). 

Figure 18 shows a cross-section of the BM11-A4 treatment at 2000 °C for 30 min, in 

which metallic and SiC phases were found. Especially at 2000 °C, the formation of metallic 

droplets with phase composition in the FeSi2-FeSi area can be observed (Figure 18a,b) 

which demonstrates that metal formation occurred below FeSi 50% [59]. The presence of 

SiC(s) presented a lower proportion in the Si/SiC ratio, having a less porous and more 

consolidated characteristic, besides having higher carbon contents (%) than at the 

temperatures previously investigated. At 2000 °C the SiC particle is much denser, and the 

original carbon structure no longer exists in the samples. SiC was found on the surface of 

FeSi heated at 2000 °C; however, it presented in lower proportions in the Si/SiC ratio than 

at the lower temperatures (1800 and 1850 °C) investigated previously. The reason for this 

is not fully understood, but one explanation may be that SiC is formed on the silicon 

surface particles/droplets at low temperatures due to the presence of small amounts of CO 

and that SiC reacts with silica at higher temperature [60–62]. What is suggested is that the 

increase in temperature led to the carbo-chemical reactions inherent to the FeSi production 

process, with the gradual evolution of the C(s) consumption reactions [10,16,54]. 

  

(a) (b) 

Figure 18. Scanning electron microscopy (SEM) image sample of the BM11-A4 treatment that 

reacted at 2000 °C for 30 min. Slag, SiC and metal phase samples, respectively, highlighted by blue 

arrows: (a,b) metal phase/SiC interface. 

FeSi2 

SiC 

FeSi2 

Si 

SiC 

slag 

37SiO
2
, 

37CaO, 

26Al
2
O

3
 

(mass%) 

FeSi2 

FeSi 

SiC 

FeSi 

FeSi2 

SiC 

Figure 18. Scanning electron microscopy (SEM) image sample of the BM11-A4 treatment that reacted
at 2000 ◦C for 30 min. Slag, SiC and metal phase samples, respectively, highlighted by red arrows:
(a,b) metal phase/SiC interface.



Sustainability 2022, 14, 10963 24 of 28

Figure 19 shows the products obtained after reduction of treatment BM12-A4 It is
worth noting that there was formation of the FeSi metallic phase at 1750 ◦C for the BM12-
A4 treatment (Figure 19a,b), which was not observed at 1800◦ for the BM11-A4 treatment
(Figure 16).
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Figure 19. Scanning electron microscopy (SEM) of the imaging sample of BM12-A4. Slag, SiC
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treatment that reacted at 1750 ◦C for 30 min; (c,d) metal phases and SiC/slag interface treatment that
reacted at 1850 ◦C for 30 min.

Comparing the treatment BM12-A4 (Figure 19c,d) with the phases of the treatment
BM11-A4 (Figure 17), both at a temperature of 1850 ◦C, the phases produced were similar.
In fact, when comparing the results obtained for the FeSi and FeSi2 phases, there were no
strong variations in the Si, C and Fe contents. However, on the other hand, it was observed
that in the slag produced in both treatments the percentage of CaO present was 30.18%
for BM 11-A4 and 5.05% for the BM12-A4 treatment, which may be related to the lower
proportion of 2.50% of active silica in the BM12-A4 treatment.

It is worth noting that the values obtained by calculating the equation of reactions and
the mass balance applied for this research do not seem to fit the 75% FeSi production, due
to the larger amount of SiC that can be seen in the micrographs generated by SEM. Thus,
when the calculations are based on a Si content of 60% in the alloy to produce 75% FeSi,
the theoretical amount of SiC produced would be around 1.90 g for treatment BM11-A4
and 2.70 g for treatment BM12-A4 respectively a percentage of 7.60 and 10.72% for the total
mass of the treatments studied. Thus, if the average Si in the metal was assumed to be 50%,
the percentage values would better represent the results of the products obtained. Thus,
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the theoretical amount of SiC produced would be around 4.10 g for treatment BM11-A4
and 4.90g for treatment BM12-A4, respectively; a percentage of 16.40% and 19.60% for the
total mass of the researched treatments.

Finally, it is assumed that this occurrence is due to the heterogeneity of the raw
materials, which are wastes, which may also describe the deviation, i.e., the actual analyses
would not be the average analyses assumed for the self-reducing briquettes produced.

4. Conclusions

It was concluded that the thirteen types of mixtures studied presented adequate bri-
quetability, but the variations of binder and water percentage affected structural behaviour
and process operability. There was an increase in the apparent density in relation to the
elevation of the water/binder proportion of the mixture for all the self-reducing briquettes
produced. It was also noted that with the increase in the proportion of binders—Portland
cement and sodium silicate—there was a decrease in the porosity. In relation, the resistance
to hot thermal degradation was decreasing with each increase in the temperature/time
of exposure to thermal gradient, with this characteristic being observed in all types of
self-reducing briquettes submitted to these tests. Consequently, only two of the produced
treatments BM11-A4 (5.00%) and BM12-A4 (7.50%), both with addition of sodium silicate
binder, showed Rdr > 80%.

As for the reduction tests, it was shown that the steps of the FeSi process can be
simulated in a small-scale induction furnace, even using only self-reducing briquettes. The
formation of metallic Si particles was evident from 1750 ◦C onwards. At temperatures from
1800 ◦C to 1850 ◦C, the analysed metal had 50/50 Si-FeSi2 phases, i.e., FeSi75. However,
some metal nodules are found in the area with FeSi-FeSi2 phases, below 50% FeSi, especially
at 2000 ◦C. In addition, it was observed that Si was also condensed as SiO gas, which can
be seen at the top of the carbon crucible, and this was partially transformed into SiC. In
addition, no SiO2 was found except as CaO-Al2O3-MgO-SiO2 slag.

Additionally, the relative percentage error with respect to the introduction of silicates
and the carbonaceous material into these agglomerates was calculated. Thus, describing
a relative error of 4.26% for the BM11-A4 treatment and 4.50% for BM12-A4 for the silica
fumes, the results were present as if there was a smaller amount than reported. On the
other hand, the fines for the charcoal showed results as if there was a greater amount of
carbonaceous material than reported in both treatments, showing a relative error of 5.88%.

Thus, it is understood that the introduction of self-reducing briquettes as a possible
complementary load could represent a viable and advantageous alternative, being used in
the production of FeSi types that have wider specification limits.

This work added significant and unpublished data, which can contribute positively in
relation to the properties presented by self-reducing briquettes with the respective wastes
from the FeSi industrial segment, but pointing out the need for further research in order to
optimize its metallurgical processing, aiming at sustainable development that is a necessary
commitment to the industrial sectors and that is certainly correlated with the ore extraction
enterprise and its metallurgical processing.
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