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Abstract: The ceramic materials industry has vast potential for use of waste from industrial pro-
cesses, such as iron mining tailings. The aim of this study was to test technological use of tailings
samples from the dam rupture of the Samarco S.A. Company in 2015 to produce structural ceramics.
Sedimentation and flotation processes were used to improve their characteristics, analyzing their
chemical and mineralogical composition and granulometry. We produced 48 samples with a mixture
of soil and residues in proportions of 10, 20, and 30 wt%, with sintering at 950 ◦C. The results showed
that co-processing of iron mining tailings can be considered viable for improving certain aspects of
some technological properties. The maximum amount of residue used was 30 wt% for any of the
fractions used, as above this concentration the specimens lose important characteristics.

Keywords: sedimentation; flotation; structural ceramics

1. Introduction

Brazil has a major presence in the ceramic materials industry with 4.8% of the con-
struction sector, with an annual revenue of U$4.5 billion and an estimated production
of 63.6 billion pieces/year, which corresponds to an estimated use of 140 Mt of clay [1,2].
Therefore, the ceramic materials industry is a viable alternative for incorporation of tailings
from numerous industrial activities such as extraction and processing of iron ore. The
Alegria mine, in Mariana (MG, Brazil), controlled by the Samarco S.A. mining company,
represents 7.86% of national iron ore production. The mine’s tailings dam broke in Novem-
ber 2015, spreading 43.7 million cubic meters of mud along the Doce River, with 10.5 million
cubic meters being retained by the Candonga dam of the Risoleta Neves hydroelectric
power plant, between the municipalities of Rio Doce and Santa Cruz do Escalvado, in the
state of Minas Gerais, Brazil.

The aim of this study was to test technological use of samples of these iron ore tailings
from the Candonga Dam for production of structural ceramics, adding value to products to
generate positive social and economic impacts in the production region of these materials,
besides proposing a viable destination for tailings with an efficient environmental gain.

Iron ore exploitation in the state of Minas Gerais generates a substantial volume of
tailings, the denomination given to remaining portions of soil after ore extraction. These
tailings have a high moisture content, so they are dammed next to mines, which causes large
environmental impacts in such areas, besides the recurring risk of rupture and downstream
destruction. On 5 November 2015, rupture of the Fundão dam, which belongs to the
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Samarco mining company, hit over 40 cities in the states of Minas Gerais and Espírito Santo,
even reaching the sea, mainly affecting districts of Mariana (MG), as well as the bed of the
Doce River downstream of the dam. It is considered the largest environmental disaster in
Brazil, killing 19 people and depositing a large volume of tailings along the course of the
river [3,4]. On 25 January 2019, another mining tailings dam broke in Minas Gerais, this
time with a smaller volume of tailings but causing a higher number of human victims.

This study is therefore justified by the relevance of technological development regard-
ing the reuse of mining tailings, their appeal and consequent decrease in the use of dams
for deposition of this material. Thus, our aim is to evaluate the technological use of iron
ore tailings for ceramics production for the construction sector.

In the co-processing proposed in this study, we used separation processes to obtain
fractions of ore tailings to use in admixture with a soil, with the aim of improving the
characteristics of ceramic pieces produced using sedimentation and flotation operations [5].
Mining companies use both processes to benefit iron ore, but they consign the resulting
fractions to dams. Therefore, besides the proposed destination of the generated tailings,
we suggest future actions regarding reuse to produce structural ceramics, offering a new
method for mining industries since these companies execute similar processes, although
the benefited phases are mixed prior to disposal. As such, the proposition of a destination
for tailings prior to their disposal opens up the possibility of their redirection soon after
ore extraction processes executed by miners.

Considering the mentioned context, the main aim of this study was to investigate the
use of different proportions of iron ore mining tailings or their fractions in a mixture with
soil, in the composition of ceramic masses and to test their effects on the properties of the
produced pieces through physical, chemical and mechanical tests.

2. Materials and Methods

The tailing samples explored in this study come from the Candonga dam, between
the municipalities of Rio Doce and Santa Cruz do Escalvado, in the Zona da Mata Region
in Minas Gerais, Brazil. The iron ore tailings deposited in this dam come from the breach
of the Fundão dam, in Mariana (MG). The soil comes from the Cerâmica Baixio pottery in
São João do Oriente (MG). The soil samples studied were collected from the storage area of
Cerâmica Baixio and selected randomly, aiming at representativeness of the raw material
used by the company.

Description of the materials and experimental procedures used to characterize the raw
materials and sintered specimens was separated into four parts. First, the sedimentation
and flotation processes used to obtain the tailings fractions are described. In the second
part, the materials and methods adopted for characterization of raw materials (soil, tailings,
and fractions of tailings) are presented, along with a discussion on the characterization
techniques used. In the third part, the preliminary procedures of specimen production
are described, including formulation of masses with the proportions of tailings and their
fractions, and the experimental procedure adopted for molding, drying, and sintering. In
the fourth part, the methods used in the trials evaluating the technological properties of
the specimens are described.

2.1. Sedimentation and Flotation Processes to Obtain Tailings Fractions (Part I)

The sedimentation procedure was conducted after dispersion of 500 g of tailings
in 500 mL of water (50 wt%) and pH adjustment to 10.5 with the addition of sodium
hydroxide (NaOH). A 1000 mL beaker was used and sedimentation time was 10 min, after
which the settling zone was drained and placed in a heat chamber at 105 ± 5 ◦C, and the
sludge zone was moved to a 1000 mL beaker and placed in a heat chamber for drying.

For the flotation process, the same colloidal dispersion was carried out with 500 g of
tailings in 500 mL of water (50 wt%) and pH 10.5, adjusted with the addition of sodium
hydroxide. The flotation process was performed with the use of a horizontal flotation
module, using cornstarch as a depressant to increase the hydrophilic behavior of hematite,



Sustainability 2021, 13, 911 3 of 17

reducing the buoyancy of particles [6], and amine as a collector, acting as a stabilizer of
foam and collector of quartz minerals [7].

2.2. Characterization of Raw Materials (Part II)

The granulometry of the soil is related to plasticity and other properties of ceramic
mass, whereby clays with very fine granulometry (less than 2 µm) have greater plasticity
and high chemical reactivity, whereas clays containing thicker grains, with granulometry
above 60 µm [8–10], are characterized as presenting less plasticity and specific surface, but
greater thermal stability. Granulometric analysis was performed in a laser granulometer,
model CILAS 1190 Particle Size Analyzer, at the Nuclear Fuel Laboratory (LABCON) of
the Center for the Development of Nuclear Technology (CDTN), with a reading range
of 0.04 µm to 2500.00 µm. Approximately 5 g of material were dispersed in 50 mL of
water and reading was carried out in 60 s on an ultrasonic device with dispersing function
for particles.

The crystalline phases of the soil samples, mining tailings, and tailings fractions were
analyzed using X-ray diffractometry (XRD) of the powder using a Rigaku diffractometer,
model D/MAX Ultima Plus, with copper tube (λ = 1.541838 Å), voltage of 40 kV and current
of 30 mA, at the X-ray Diffraction Laboratory/Service of Mineral Technology—SETEM of
the CDTN. XRD scanning was in the range of 0 to 80◦ (2θ), with a velocity of 4◦ (2θ) min−1.

Elemental chemical composition determination of materials with grain size < 75 µm
was carried out through energy dispersive X-ray fluorescence using a Shimadzu EDX-720
spectrometer, detecting chemical elements with an atomic number between sodium (Z = 11)
and uranium (Z = 92), at the LIPEMVALE/UFVJM Multiuser Laboratory. In this technique,
the sample was irradiated for a short time using high-intensity polychromatic X-rays,
which have their energy absorbed by the sample, causing displacement of orbital electrons
and resulting in an X-ray emission spectrum characteristic of each component chemical
element [11].

2.3. Production of Test Pieces (Part III)

The manufacturing process of ceramics involves at least four steps: Preparation of
raw materials by grinding; mixing and conformation of a ceramic mass with the addition
of water and the extrusion of pieces or pressing in a mold; drying, which may be natural
or artificial; and sintering, in which pieces gain their final properties [12,13]. Some prod-
ucts may need other steps for finishing, which we shall not address in this study, since
production of structural ceramics does not require post-firing treatment.

The soil used in this study has a much higher concentration of silica than iron min-
erals, so it has a more yellowish tone, while tailings and their fractions have a higher
concentration of hematite and goethite, showing a more reddish color. These tonality
characteristics were tested in specimens through qualitative analysis with the Munsell soil
color charts [14].

The experiment was designed considering the variables involved in the process of
manufacturing specimens, the percentage of tailings or their fractions added to the soil,
setting temperature and firing level. Contents of 10, 20 and 30 wt% of analyzed tailings or
their fractions were used in partial replacement of soil in the ceramic mass. Test specimens
prepared only with soil without addition of tailings were also used as controls. Firing
temperature was set at 950 ◦C. At the end of pressing process, all the specimens were
named for easy identification and subsequent analysis. The nomenclature was organized
according to the variables considered here, using letters “A” for soil, “R” for tailings, “S” for
sludge zone, “C” for sedimentation settling zone, “N” for non-floated, and “F” for floated
in the flotation process, accompanied by percentages of tailings or fractions added to each
formulation. For example: Test piece S20 contains 20 wt% bottom sedimentation (sludge
zone) and 80 wt% soil, and so on. In this study, mass compaction occurred through molding
in a rectangular metal mold of 20 × 60 mm. The moisture content used for mixing the mass
and shaping in the molds was 10 wt%, the minimum required for good workability and
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molding, given the particle size of the samples. A uniaxial press with a pressure of 20 MPa
(200 kgf/cm2) was applied to specimens [12] for five minutes using a P60100 BOVENAU
hydraulic press with a capacity of 60 tons.

Drying was carried out in a LUCA-82 oven at 105 ± 5 ◦C for 24 h until the difference
between successive weighings at 1 h intervals did not exceed 0.1%. For firing, the rapid
sintering cycle (15 ◦C/min) [15] in a MAGNU muffle oven was selected, with a first plateau
of one hour at a temperature of 600 ◦C and a firing plateau of 120 min at a temperature
of 950 ◦C. Natural cooling was used with the furnace being turned off and opened after
24 h, with the samples being removed when internal temperature of the muffle oven
corresponded to room temperature.

2.4. Evaluation of Technological Properties of Test Bodies (Part IV)

Tests of linear shrinkage (LS), mass loss (ML), water absorption (WA), apparent
porosity (AP), coloration, and scanning electron microscopy (SEM) were performed to
analyze the physical properties of the ceramic materials produced. Flexural strength (σ)
tests were used to verify the strength of the specimens to mechanical stresses.

All the results of the tests performed in this study were verified using Tukey’s test,
after checking normality and independence of data and homogeneity of variance, to verify
if there was a statistically significant difference between the values obtained in each test. In
cases where the results did not follow normal distribution, the Kruskal Wallis test was used
to verify if there was a difference between data and the Tukey HSD (honestly significant
difference) test to analyze which data most differed from one other.

Linear shrinkage presents the sum of the contraction presented by test specimens after
drying, called drying linear shrinkage and sintering linear shrinkage. A digital caliper
with 0.01 mm resolution was used to measure the dimensions of specimens. The values
for linear shrinkage will be positive when there is retraction and negative when there
is expansion; its definition is important to establish dimensions of the molds used, with
preference for the use of soils with low LS values.

Mass loss is the difference in mass between drying (105 ± 5 ◦C) and sintering (950 ◦C).
It occurs mainly as a result of loss of coordinated and adsorbed waters, hydroxyls of clay
minerals (Al(OH)3 and Fe(OH)3), carbon dioxide and sulfur, organic matter, and volatile
components [10,16–18]. To determine this parameter, a Shimadzu AUY220 analytical
balance with a capacity of 220 g and an accuracy of 0.1 mg was used. It is known that the
higher the sintering temperature and organic matter content, the greater the mass loss to
fire, due to release of a larger amount of oxidized carbon and oxygen. To reduce ML, it is
essential that the drying process is effective, eliminating as much water as possible during
this step [19].

Coloration analysis was used as a preliminary screening test, since red is not always
indicative of the characteristics desired for ceramic products (structural ceramics), and there
are clays poor in ferruginous species that produce light-colored ceramics with satisfactory
characteristics [13]. In this study, the Munsell Chart was used for a qualitative analysis
of product color and more detailed classification of specimen tone variation. Coloring is
given according to nomenclature, value, and chroma proposed in soil color charts [14].

To perform a Water Absorption test, the dry sintered specimens must be weighed and
then submerged in water at room temperature for 24 h, or in boiling water for 2 h. After this
time, the specimens are taken out of the liquid and excess surface water is removed with
a damp cloth and the specimen weighed again; water absorption is calculated according
to the Brazilian norm NBR 15270-1 [20]. In ceramic and structural ceramic blocks, water
absorption must be over 8% and less than 22% [20], because blocks with high water
absorption have problems with mortar adhesion [21]. For ceramic tile production, water
absorption needs to be less than 20% [20].

Apparent Porosity presents the measured percentage of the volume of the test spec-
imens’ open pores, based on Archimedes’ principle of immersion in water at room tem-
perature. The required porosity value must be below 20% to maintain the mechanical
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integrity of the pieces during transportation. However, porosity facilitates the drying
process, avoiding defects caused by gas evaporation. It is known that porosity and water
absorption are related to each other and inversely related to the occurrence of molten
flux in raw material composition, which fills the pores during formation in the melted
phase [9,22].

Flexural strength (σ) or bending rupture stress from the three-point flexure test was
obtained using a 4 kN load cell bending test press from the Construction Materials Labora-
tory, at the Federal University of Viçosa (UFV). Test specimens had their three dimensions
measured with a caliper and, after rupture in the test, flexural strength was calculated
according to rupture load. Flexural strength is related to porosity properties of material,
such as AP and WA, and firing temperature, since denser products have higher mechanical
strength [9,17,23]. The flexural strength test is very useful for ceramic tile production, as
they are most requested in relation to bending during their lifetime, during transportation,
handling and assembly, or even after installation, when the user may need to transit over
the tiles [10]. Thus, NBR 15,310 [24] defines 130 kgf as the minimum limit for flexural load
for composite tiles and 100 kgf for other types.

Scanning electron microscopy (SEM) was used for qualitative identification of surface
porosity and the occurrence of micro-cracks in ceramic pieces. In this study, a Shimadzu
scanning electron microscope, model SSX-550, was used, at the X-Ray Diffraction Lab-
oratory of the Department of Chemistry of UFVJM, with electron acceleration between
20 kV.

3. Results

The yield of the sedimentation process from the mining tailing was 17.5% settling zone
and 82.5% sludge zone, and the yield obtained in the flotation process was 49% floated and
51% non-floated.

The data obtained in the granulometric analysis performed with a laser granulometer
show that the soil collected from the Cerâmica Baixio pottery has a clay fraction of 10.05%,
82.15% silt, and only 7.80% fine sand, while the tailings contain 6.20% clay, 53.69% silt,
and 40.11% fine sand. In the sedimentation process, we observed that the settling zone
contained a portion of smaller particles, presenting a clay fraction of 17.42% and 82.58%
silt, without the occurrence of a sandy fraction, while the sludge zone presented only 4.05%
clay, 57.40% silt, and 38.55% sand. In flotation, there was 6.37% and 3.75% clay, 61.90%
and 33.40% silt, and 31.73 and 62.85% of sand, for the floated and non-floated portions,
respectively. Figure 1 presents granulometric composition according to the distribution of
particle size based on clay, silt, and sand.
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All the raw materials have low clay content, and, individually, are outside the most
important range for the production of structural ceramics (<2 µm), as, according to the
McManus diagram [25], coarse particle size has high permeability and porosity, impairing
workability and consistency. Therefore, we required a higher moisture content in molding
or use of preliminary mechanical grinding [25–27].

The results of the elemental chemical composition, as determined by X-ray fluores-
cence (XRF), are shown in Table 1, and Figure 2 shows the X-ray diffraction patterns of
the soil and mining tailing samples (proportions of the corresponding mineral phases
in Table 1). The soil is composed of quartz, kaolinite, microcline, and rutile, while the
tailings contain quartz, hematite, goethite, and kaolinite. By analyzing the diffractograms
of different fractions of sedimentation and flotation (Figure 3 and Table 2), a significant dif-
ference can be observed between compositions. The sludge zone did not contain kaolinite,
while the settling zone concentrated all the clay minerals and a smaller amount of quartz.
The non-floated fraction of the flotation process concentrated hematite and a larger amount
of goethite of the mining tailings, although the floated fraction showed a small amount
of iron minerals and had, similarly to the settling zone, concentrated the clay minerals of
said tailings.

Table 1. Results of mineralogical and elemental chemical analyses of soil and tailing samples.

Minerals—XRD % Oxides—XRF Mass%

Soil Quartz 53.2 SiO2 43.26
Kaolinite 32.9 Al2O3 35.58

Microcline 12.7 Fe2O3 16.13
Rutile 1.2 K2O 2.33

TiO2 1.13
CaO 0.59

Others 0.98

Tailing Quartz 79.3 SiO2 47.22
Hematite 10.2 Fe2O3 37.11
Goethite 9.9 Al2O3 15.00
Kaolinite 0.6 K2O 0.41

CaO 0.11
Others 0.15
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Table 2. Results of mineralogical and elemental chemical analyses of the sludge zone and settling
zone (sedimentation process) and floated and non-floated fractions (flotation process).

Minerals—XRD % Oxides—XRF Mass%

Sludge zone Quartz 77.0 SiO2 53.35
Hematite 17.2 Fe2O3 35.74
Goethite 5.8 Al2O3 10.43

K2O 0.29
MnO 0.12
CaO 0.07

Settling zone Goethite 42.6 Fe2O3 52.26
Quartz 25.5 SiO2 24.69

Hematite 19.5 Al2O3 21.92
Kaolinite 10.3 K2O 0.68

Muscovite 2.1 MnO 0.28
CaO 0.17

Floated Quartz 88.3 SiO2 54.26
Hematite 6.4 Fe2O3 28.85
Goethite 3.9 Al2O3 16.03
Kaolinite 1.4 K2O 0.62

MnO 0.14
CaO 0.10

Non-floated Quartz 79.3 SiO2 45.78
Goethite 10.9 Fe2O3 39.28
Hematite 9.8 Al2O3 14.51

K2O 0.19
MnO 0.14
CaO 0.10



Sustainability 2021, 13, 911 8 of 17

The soil sample presented high levels of quartz (53.2%) and kaolinite (32.9%) and
lower proportions of microcline (12.7%) and rutile (1.2%). The XRF analyses were useful
for identifying the percentage of amorphous iron present in the sample, which is necessary
for ceramic mass composition. The mineralogical composition of the Samarco S.A. mining
tailing was 79.3% quartz, 10.2% hematite, 9.9% goethite, and 0.6% kaolinite. Therefore,
the co-processing of iron ore tailings with soil is justified by the environmental issue of
availability of mining tailings, as well as the increase in proportions of ferruginous species
in the final mass.

The X-ray fluorescence (XRF) data for soil samples from Cerâmica Baixio show high
silicon content (expressed as SiO2) in the soil, with a SiO2/Al2O3 ratio of ~1.22. The sum of
silicon and aluminum contents (expressed as SiO2 and Al2O3, respectively) exceeds 78%;
the silicon occurs as clay-minerals and free quartz, and the aluminum as clay-minerals,
mainly kaolinite [17]. The sum of the iron and titanium contents of 17.26% (expressed as
Fe2O3 and TiO2, respectively) is above the recommended limit, which is below 10% [11,22].
Likewise, the sum of the calcium and potassium proportions (expressed as CaO and
K2O, respectively), which act as molten fluxes in the clay mass, exceeds 2.9%. Therefore,
attention should be paid to the high iron content, which may darken the color of the
products [28], but has the advantage of facilitating sintering at lower temperatures of
around 750 ◦C. The high Si contents contribute to increasing mechanical resistance and
decreasing specimen retraction, behaving as a “skeleton” during the formation of the
melted phase. The occurrence of potassium is compatible with the microcline (alkaline
feldspar of chemical composition KAlSi3O8) identified by XRD.

Regarding the iron ore tailings from Samarco SA (Table 1), the high iron content
(expressed as Fe2O3), of 37.11 wt% stands out, which leads to an increase in mixtures with
a soil containing this quantity of molten fluxes and other elements, affecting the color of
the product. The ratio of SiO2/Al2O3 in these tailings is ~3.15, because of the high quartz
content, as detected through XRD analyses, such that the sum of proportions of these
elements exceeds 62% of the chemical composition by mass.

After the sedimentation and flotation processes, the sludge zone and settling zone,
and the floated and non-floated fractions also had their elemental chemical composi-
tion determined using XRF, and their mineral phases identified through XRD, as shown
in Figure 3 and Table 2.

Regarding the sedimentation process, XRD analyses show a high concentration of
quartz (77.0%) and lower proportions of hematite (17.2%) and goethite (5.8%), with no
signs of kaolinite and muscovite in the sludge zone, or bottom fraction. In the settling zone,
there is a high concentration of ferruginous species, such as goethite (42.6%) and hematite
(19.5%), and quartz (25.5%), kaolinite (10.3%), and muscovite (2.1%). The high proportion
of goethite and hematite in the settling zone thus pointed to the marked darkening of
specimens produced with this fraction of tailings. As observed, XRF data showed higher
silicon concentration (expressed as SiO2) in the sludge zone and iron (expressed as Fe2O3)
in the settling zone. These results are compatible with data obtained through XRD, which
showed 62.1% hematite and goethite to 37.9% quartz and clay minerals in the settling zone;
and 23.0% iron minerals and 77.0% quartz in the sludge zone.

In relation to the flotation process, there was a smaller variation in silicon content
(expressed as SiO2) in the floated and non-floated fractions (54.26 and 45.78%, respectively)
in relation to the corresponding content in the tailings (47.22 mass%); there being a concen-
tration of kaolinite (1.4%) and quartz (88.3%) in the floated fraction, and a concentration of
goethite (10.9%) and hematite (9.8%) in the non-floated fraction.

Due to the absence of kaolinite in the tailings and the high quartz content, the flotation
process showed little effect on silica concentration in the floated fraction (quartz—88.3%
and kaolinite—1.4%) when compared to the non-floated (quartz—79.3%). However, in
relation to iron minerals, the non-floated fraction had twice the sum of the percentages of
iron minerals (20.7%) when compared to the floated fraction (10.3%), especially in relation
to goethite (10.9% in non-floated and 3.9% in floated). As for elemental chemical analysis,
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the floated fraction had a higher silicon content (54.26%; expressed as SiO2) than the non-
floated fraction (45.78%), which was due to the high proportion of silicates, clay minerals,
and free quartz in the floated fraction. However, in relation to iron, due to the higher
percentage of hematite and goethite in the non-floated fraction, the content (expressed as
Fe2O3) was 39.28% in this fraction and 28.85 wt% in the floated fraction.

In relation to the raw materials used, the most expressive molten fluxes are related
to the iron in the mining tailings. With this initial analysis, it was possible to predict
the intensification of color of sintered specimens to which a proportion of these residues
was added. Considering the above, it is possible to predict a greater difference between
specimens produced with sedimentation fractions, since we identified a more significant
difference between the mineralogical and elemental chemical composition of the two
phases. The ternary diagram (Figure 4) shows the distribution of compositions in relation
to the vertexes represented by Si, showing the presence of free silica, Al, as indicative of
clay minerals, and the vertex composed of elements Fe, Ti and K, being considered the
sum of the components of free oxides, carbonates and feldspars. In this representation, the
proximity can be observed of the tailings in relation to sedimentation sludge, to floated
and to non-floated, with a difference of close to 10% on the three vertexes. However, there
is a distance from the settling zone, except for on the vertex composed of Al, and from soil,
especially on of the Al and the Fe, Ti, and K vertexes.
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Figure 4. Tertiary diagram of SiO2/Al2O3/Fe2O3 + TiO2 + K2O system.

Regarding total linear shrinkage of the specimens, it was observed that the addition
of tailings or their sedimentation and flotation fractions to clayey masses caused a decrease
in the value of this parameter, except in the case of the settling zone, which retained an LS
value closer to that recorded for the test specimen prepared with pure soil (Table 3). The
Tukey test showed that the S20, N30, F30, and S30 test pieces were those that presented the
best results for LS, followed by N20, F20, R10, and F10. Therefore, the use of the sludge
zone from sedimentation, the non-floated fraction, and, above all, the floated fraction,
resulted in a significant reduction of total linear shrinkage. Thus, it can be stated that
for the formulations used in this study, LS was well below the maximum limit of 6%
defined in the literature [13], thereby showing that the addition of iron ore tailings or their
sedimentation and flotation fractions should not cause an increase in deformation or lead
to the appearance of cracks in ceramic pieces produced.
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Table 3. Total linear shrinkage (LS: Mean value obtained for the formulations with contents of 10, 20
and 30 wt% of analyzed tailings or their fractions as partial replacement for soil in the ceramic mass)
of specimens sintered at 950 ◦C according to the raw materials used in their formulation.

Formulation LS/%

Soil 1.51 ± 0.19
Soil + tailings 1.42 ± 0.29

Soil + sludge zone 1.20 ± 0.18
Soil + settling zone 1.47 ± 0.09

Soil + non-floated fraction 1.12 ± 0.15
Soil + floated fraction 0.94 ± 0.16

Regarding the mass loss of specimens, a decrease was observed in this parameter with
the addition of tailings or their fractions to soil mass (Figure 5). This may be due to the
lower quantity of organic matter in these materials, which, when added to soil, contribute
to decreasing the percentage of the organic phase in the final mass [29]. However, the
addition of the settling zone resulted in a small increment in the ML value, which may be
explained by the fact that organic matter has a lower density than other grains present in
the tailings, which, therefore, remained floating in the sludge zone. We relate the excessive
ML to porosity and linear shrinkage from sintering [15,17,19,29].
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Figure 5. Mass loss of specimens with the addition of 0, 10, 20, and 30 wt% of tailings, sludge zone, settling zone, non-floated
and floated to the soil mass. A0 = 0 wt% residue; R10, R20 and R30 = 10, 20, and 30 wt% pure tailing; S10, S20, S30 = 10, 20,
and 30 wt% sludge zone; C10, C20, C30 = 10, 20, and 30 wt% settling zone; N10, N20, N30 = 10, 20, and 30 wt% non-floated;
F10, F20, F30 = 10, 20, and 30 wt% floated.

Table 4 shows the colors of specimens determined visually and with the aid of the
Munsell Chart. The variation in the amount of tailings or their fractions added to the soil did
not change the color of test specimens, leaving only a few darker shades as the proportion
of tailings increased, especially with the addition of the sludge zone and the non-floated,
due to the higher amount of iron minerals present in these fractions of tailings [15].
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Table 4. Coloring of test specimens with the addition of 0, 10, 20, and 30 wt% of tailings, sludge zone,
settling zone, non-floated, and floated to the soil mass. A0 = 0 wt% residue; R10, R20, and R30 = 10,
20, and 30 wt% pure tailing; S10, S20, S30 = 10, 20, and 30 wt% sludge zone; C10, C20, C30 = 10, 20
and 30 wt% settling zone; N10, N20, N30 = 10, 20, and 30 wt% non-floated; F10, F20, F30 = 10, 20, and
30 wt% floated.

Formulation Color Munsell Color

A0 Red 2.5YR 5/6
R10, R20, S10, S20, S30, N10,

N20, N30, F10 Red 2.5YR 4/6

R30, C20, F20 F30 Reddish brown 2.5YR 4/4
C30 Dark reddish brown 2.5YR 3/4

Analysis of the water absorption test results of the specimens showed that the addition
of up to 30 wt% of tailings or their fractions to the soil did not significantly alter WA of the
materials produced (Figure 6). Statistical analyses for non-normal data showed a significant
difference only between C30 and test specimens with WA ≤ 16.03%. The increase of molten
flux content to clayey masses, which fills a larger number of pores due to the formation
of melted phases during sintering, may explain the decrease in WA with the addition of
tailings or their fractions. However, for WA, none of the formulations present restrictions
for the manufacture of bricks, blocks (between 8% and 22%), or tiles (<20%), according to
Brazilian standards and the literature [18,20].
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Figure 6. Water absorption of specimens with the addition of 0, 10, 20, and 30 wt% of tailings, sludge zone, settling zone,
non-floated and floated to the soil mass. A0 = 0 wt% residue; R10, R20 and R30 = 10, 20 and 30 wt% pure tailing; S10, S20,
S30 = 10, 20 and 30 wt% sludge zone; C10, C20, C30 = 10, 20 and 30 wt% settling zone; N10, N20, N30 = 10, 20 and 30 wt%
non-floated; F10, F20, F30 = 10, 20 and 30 wt% floated.

As observed for the WA, apparent porosity decreased with an increase in the content of
tailings or their fractions in the soil mass, except with the addition of the settling zone frac-
tion. The results in Figure 7 show apparent porosity values lower than 20 wt% for test spec-
imens, except for the C30 formulation. This is the limit value for ceramic materials, above
which it is difficult to guarantee mechanical integrity of the pieces during transportation.
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Figure 7. Apparent porosity of specimens with the addition of 0, 10, 20, and 30 wt% of tailings, sludge zone, settling zone,
non-floated, and floated to the soil mass. A0 = 0 wt% residue; R10, R20, and R30 = 10, 20 and 30 wt% pure tailing; S10, S20,
S30 = 10, 20, and 30 wt% sludge zone; C10, C20, C30 = 10, 20, and 30 wt% settling zone; N10, N20, N30 = 10, 20, and 30 wt%
non-floated; F10, F20, F30 = 10, 20, and 30 wt% floated.

Figure 8 shows the results of flexural strength (σ) of sintered specimens. It can be
observed that the addition of small amounts of tailings or their fractions to soil increases
the mechanical strength of the pieces produced, which is more evident in relation to the
sludge zone and the non-floated fraction. Regarding the minimum recommended limits
for flexural strength, none of the specimens reached these levels, being 6.5 MPa for tile
production, but most are above the 1.5 MPa shown by Santos [13] for ceramic bricks.
However, from the estimation of compressive strength, which can be taken as 10 times
the flexural strength, all estimated values are above the minimum limit established by
Brazilian standards for solid bricks and blocks with horizontal and vertical holes.
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Figure 8. Flexural strength of specimens with 0, 10, 20, and 30 wt% of tailings, sludge zone, settling
zone, non-floated, and floated to the soil mass. A0 = 0 wt% residue; R10, R20, and R30 = 10, 20, and
30 wt% pure tailing; S10, S20, S30 = 10, 20, and 30 wt% sludge zone; C10, C20, C30 = 10, 20, and 30
wt% settling zone; N10, N20, N30 = 10, 20, and 30 wt% non-floated; F10, F20, F30 = 10, 20, and 30
wt% floated.
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It can be observed that the addition of iron ore tailings or their fractions to soil greatly
reduced the mechanical strength of the specimens, which is certainly a consequence of
higher porosity in the products, although increased proportions of these materials added
to the final soil mass decreased porosity and water absorption [30]. Another study using
red residues showed flexural strengths lower than 5 MPa [12]. However, the Tukey HSD
statistical analysis did not show significant differences between test specimens produced
with the addition of these tailings or their fractions and test specimens produced only with
soil, without the proposed additives (A0), in the case of flexural strength. Differences were
only observed between the most resistant and the least resistant pieces, albeit with low
amplitudes of values of studied parameters.

The specimens with an increase of 30 wt% of tailings or their fractions to soil had their
microstructure investigated using scanning electron microscopy (SEM) at a magnification
of 100×. Figure 9 shows a SEM micrograph obtained for test specimen A0, prepared
only with soil from Cerâmica Baixio, without the addition of mining tailings or fractions
thereof. In the image, the irregular surface of the fracture can be seen, whereby fine grains
associated with the matrix formed by solidification of melted phases after sintering can be
observed.
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Figure 9. Scanning electron microscopy image of specimen A0 (0 wt% of tailings).

Addition of 30 wt% of tailings to soil results in production of more fragile specimens
(R30), with the presence of larger mineral grains (Figure 10), mainly quartz. However,
these specimens present a greater densification and filling of the spaces between these
grains, which can be confirmed by the decrease of apparent porosity in relation to A0 test
specimens. The excess quartz of the tailings added to soil mass causes a marked reduction
in the plasticity and mechanical strength of the mass [8,10].

SEM images of specimens with the composition of 30 wt% of the sludge zone
(S30; Figure 11A) indicate the presence of a high number of well-defined quartz grains. The
significant occurrence of quartz in these specimens directly results from the sedimentation
separation process, since granulometry has a direct influence on process yield and pre-
cipitates a large volume of quartz in bottom sludge. A relatively small number of quartz
grains can be observed in specimens produced with 30 wt% settling zone (C30, Figure 11B),
showing a greater uniformity of fracture surface, which results in a more fragile rupture
with less flexural strength.
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In relation to specimens with an increase of 30 wt% of non-floated (Figure 12A) and
30 wt% of floated (Figure 12B) to soil, a similarity in morphology can be observed with
a glassy matrix of clay mass containing dispersed quartz grains, which is visible in the
micrographs. However, the floated fraction gives a more incorporated and denser matrix,
mainly due to higher kaolinite content compared to the non-floated fraction.

Analyzing SEM micrographs, a marked presence of quartz grains is visible in test
specimens produced with the addition of mining tailings or fractions, except for those in
which the sludge zone of sedimentation was used. Therefore, we should emphasize the
care that must be taken with the proportion of quartz in the ceramic mass, since a very
high proportion can reduce mechanical resistance and lead to the appearance of cracks in
manufactured pieces.

In summary, increasing iron ore tailings or their fractions (sludge zone and non-floated
and floated phases) to clay visibly increased quartz content in the final clayey mixture,
favoring the formation of a silicate skeleton in specimens. As observed in SEM micrographs
of specimens produced with the addition of the settling zone of sedimentation, the clay
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mass was relatively more uniform, with a low occurrence of quartz grains, and, as expected,
presenting lower mechanical resistance.
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4. Conclusions

Sedimentation fractions of investigated mining tailings showed distinct chemical and
mineralogical characteristics, with the settling zone showing a relatively smaller average
grain size and a higher proportion of ferruginous species. In relation to flotation, the
obtained fractions have very similar characteristics, differing mainly in the higher concen-
tration of goethite in the non-floated fraction and kaolinite in the floated fraction. However,
flotation is a chemical separation process that agglutinates compounds with greater affinity,
the better interacting minerals being separated into each fraction, favoring the formation
of more chemically uniform fractions, which we demonstrated in the improvement of
characteristics of specimens produced when we added these fractions to the soil.

We improved some characteristics of the ceramic specimens with the addition of
tailings or their fractions to soil, as with linear shrinkage, which decreased as the proportion
of sedimentation and flotation fractions increased. Mass loss and water absorption were
also reduced with increasing proportions added to the soil for most specimens, except for
those where we used the sedimentation settling zone.

Specimens with the addition of tailings or their fractions presented results that satisfied
the minimum and maximum limits in the main mechanical tests recommended for the
production of ceramic materials, especially the sludge, non-floated, and floated fractions.
This achieved the aim of this study to obtain satisfactory results through co-processing the
tailings or their sedimentation and flotation fractions with soil, except for in the case of
mechanical resistance, which presented a reduction to values below the A0 standard.

Considering the results of improvement in certain characteristics of the specimens
produced with the addition of fractions of mining tailings obtained in sedimentation and
flotation, in relation to corresponding data obtained for the specimens manufactured with
the addition of untreated tailings, we propose an alternative destination for these tailings
fractions. In industry, these tailings undergo individualized processing, but their use in
ceramics would avoid storage without a criterion of separation in dams, and provide a
more noble purpose for such tailings and their fractions.
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