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Currently, approximately 1.4 billion tons per year of iron ore tailing wastes (IOT) are generated,
mainly in Australia, Brazil, and China. This work describes the characterization and application of
two typical IOT, i.e., fine and coarse wastes. The physicochemical characterization of these IOT
by different techniques such as XRF (X-ray fluorescence), XRD (X-ray diffraction), Mossbauer
spectroscopy, and granulometry, indicates for the fine tailing a composition of Fe,0,/FeOOH
(10-55%), Si0O, (18-65%) and AL O; (up to 15%) with particles of 6-40 pm, whereas the coarse
tailing presents 40-150 um particles with the composition of 8-48% Fe,0,/FeOOH, 30-90%
Si0, and Al,O; (up to 20%). The main IOT applications discussed in this review are related to
civil construction (aggregates for concrete, mortar, Portland cement additives), ceramic industry,
geopolymer, synthesis of new materials such as zeolites, mesoporous silica, carbon nanotubes,
adsorbents, catalysts for different reactions, in batteries and in fuel cells. It was also carried out
an analysis of patents related to IOT applications and the main technological and market barriers
that hinder the industrial and commercial uses of these wastes.
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1. Introduction

"% Canada

Iron is the fourth most abundant
element and accounts for about 5% of
the Earth’s crust. Commonly found in
the form of ore, iron has been used
for over four thousand years in the
fabrication of tools and weapons.
Iron ore is an essential part of the
manufacture of steel and it is difficult
to imagine modern society without
it.! The main deposits of iron ore are
found in Australia, Brazil, Canada,
India, China, Europe, and South
Africa as shown in Figure 1.
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Figure 1. World map indicating the location of economic iron oxide deposits (adapted from references 2,3).
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According to the USGS (U.S. Geological Survey)
Mineral Commodity Summaries 2020,* the crude iron
ore reserves in the world are 170 billion tons. Brazil has
30 billion tons of iron reserves, second only to Australia
(48 billion tons).’ In 2018, Brazil marketed 515 million
tons of mineral products, according to the mineral
yearbook of the main Brazilian mineral substances.’ The
Brazilian iron ore production, in this same year, was
around 450 million tons.> According to the Brazilian
mineral yearbook of the main metallic substances of
2020,5 the gross production of iron ore in 2019 in Brazil
was 510 million tons (about 400 million tons benefited).

The most important states for iron mining in Brazil are
Minas Gerais and Para, which contributed to 58 and 40%
of the iron gross production in 2018, respectively.” The
Quadrilatero Ferrifero (Minas Gerais-MG) is considered
the most important producer of iron ore in Brazil, exporting
about 51.6% of ore.”® In 2018/2019 the State of Minas
Gerais extracted approximately 180 million tons per year
of iron ore.® In 2020, mining company Vale S/A produced
around 330 million tons. In the Brazilian states of Minas
Gerais and Par4, production in 2020 was approximately
203 and 188 million tons, respectively.®

In Brazil, the two most important iron ore types are
hematite rich and itabirite (banded iron formations (BIF)).
Hematite rich type is extracted mainly in the state of Pard
and has an average iron content higher than 60%. Itabirite,
on the other hand, is mined mainly in the Quadrilatero
Ferrifero (MG) and shows an iron content of around
50%.° In both cases, these rocks are mainly composed
of hematite (a-Fe,0,). However, magnetite (Fe,O,), and
goethite (a-FeOOH) are also found with a considerable
concentration of iron in their composition. Other minerals,
which do not contain a significant amount of iron and also
occur in the ores are called gangue. In the Brazilian ores,
the main gangue minerals are quartz (Si0O,); kaolinite
(Si,AlL,04(OH),), which introduces alumina (Al,O,) and
silica; gibbsite (Al(OH),), also bringing in Al,O;. Other
minor chemical compounds, such as calcium, magnesium,
manganese, sulfur (S), and phosphorus (P) minerals, can
also be present in both ores mined in the reserves of Para
and Quadrilatero Ferrifero.'”
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1.1. The iron ore beneficiation process

There are different types of iron beneficiation processes.
The choice of the process depends on the mineral
composition, iron content, and degree of liberation of iron
from gangue minerals.!' The most common beneficiation
processes are magnetic separation, flotation, reverse
flotation, electrostatic separation, gravity methods, and
flocculation.'>!6

In general, the processing of iron ore involves
operations to modify the particle size distribution and to
increase the iron content, without changing the chemical
or physical identity of the minerals."® In ores where the
iron content is already high (e.g., Carajds-Brazil), the
processing, normally, is a simple grinding and separating
by size to obtain a product ready for sale."> However, BIF
ore requires concentration steps because the separation
by size is not capable of generating products with high
iron contents. The problem is that these steps, generally,
are carried out with water, which can generate a large
number of tailings.

In a typical iron beneficiation process in Quadrilatero
Ferrifero, MG, the processing begins with the extraction
stage, usually an open-pit mine. In industrial plants, the
ore mined is crushed, ground, sieved and separated from
a silica rich phase through the reverse flotation process.
After this stage, the ore, now transformed into a pulp, has
reached the necessary chemical and physical specifications
for subsequent industrial processes.'*!> Figure 2 illustrates
a typical flow chart for the treatment of ores, according to
the Mining Regulatory Standard (NRM-18)."”

In flotation, the hydrophobic/hydrophilic character of
the minerals is altered by the addition of specific reagents
such as sulfur derived compounds, fatty acids, amines,
and starch. These chemicals can be divided into collectors,
depressants, frothers, and modifiers or regulators.!®

Typical iron ore, with low iron content, requires a
concentration method based on reverse cationic flotation,
in which quartz is recovered from the foam and iron oxides
remaining in the pulp phase.'>'® This is the most common
separation process used for the itabirite iron ore.

During the iron minerals extraction from BIF, two types
of non-economical tailing materials called generically
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Figure 2. Stages of the iron ore beneficiation process, using flotation methodology.
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iron ore tailings (IOT) are generated, i.e., a coarse tailing,
generated in the flotation stage, consisting mainly of quartz,
and a fine tailing, whose main components are usually quartz,
hematite, goethite, and kaolinite. The fine tailing is generally
generated during the step of desliming, which happens
immediately before flotation. In Brazil, the generation of iron
ore tailings (coarse or fine tailing) is estimated at 20-40% by
the weight of the total iron ore mining.'>!3

1.2. Generation iron ore tailings (IOT) and environmental
problems

Iron mining is of great importance for economic
development, however, it generates a huge extension of
drastically altered areas'*? and several billions of tons of
mine tailings annually worldwide.

According to the FEAM (Minas Gerais State
Environmental Agency),® in 2017, 562 million tons of
mining tailings were produced, only in the state of Minas
Gerais, Brazil. China generates 1.5 tons of iron ore tailings
for each ton of iron ore concentrate.?'?? In this country,
the annual production of iron ore tailings reaches about
180 million tons and is increasing.” In India, between
10-12 million tons of iron ore tailings are extracted in the
form of ultrafine waste.?* In Australia, it is estimated that
about 632 million tons of iron ore tailings are generated
each year.” In countries such as Canada, the United States,
and Africa, the amount of iron mining waste generated
annually is less than 1 million tons (Figure 3).>
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Figure 3. Amount of iron ore tailings generated annually in different
countries.

In Brazil, around 95% of mining tailings are destined
to 672 containment dams,*?” 340 of them are located in
the State of Minas Gerais.”” Between 2015 and 2019, more
than 10 disasters related to dam breaks occurred in several
countries (Brazil, United States, Canada, China, and Peru).?
The rupture oF the Fundao Dam (Mariana, MG) in 2015,
released more than 30 million m® of water and tailings from
the extraction of iron ore, into the environment. This disaster,
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in addition to causing serious environmental damage,
killed 19 people.?*3' Another serious iron ore tailings dam
break occurred in 2019, in the city of Brumadinho (Minas
Gerais, Barragem do Feijdo). This accident killed 257
people and caused untold environmental impacts. At least
12 million m® of ore tailings have been spread around the
Paraopeba river.!**

2. Physicochemical Characterization of Iron
Ore Tailings

The chemical and mineralogical composition of the
IOT generated in the iron ore beneficiation process depends
mainly on the mineralogy of the processed rock, the nature
of the processing fluids used in the target minerals, the
efficiency of the processing, and the degree of weathering
before the storage in the dam.”

During the exploitation of iron ore, crushing rocks
generates particles of iron oxide, quartz, and clay.
Depending on the granulometric classification, the tailings
can be classified as fine or coarse waste (granular or sandy
tailings). Iron ore with high clay content, for example, tends
to generate fine particles.*

Fine tailings are usually originated from the beneficiation
process that involves desliming. These tailings, in general,
are extremely fine, characterized basically by size fractions
corresponding to the clay (with more than 90% below
74 pm in diameter).'”

The flotation produces a coarse tailing made mainly
of SiO, with small amounts of iron oxide, hydroxide, and
kaolinite with an average particle size of 150 um.** In terms
of mineralogy, most coarse tailings are mainly composed of
quartz and small amounts of hematite and goethite.

An important parameter that must be obtained from
the characterization of the 10T is the water content. Most
published works indicated that the amount of water is less
than 15%!'%35%7 for the coarse IOT. The fine IOT water
content is generally higher than 20%.%

One of the main techniques used to study the chemical
composition of the IOT is X-ray fluorescence (XRF). Results
of chemical analyzes, using XRF, of iron ore tailings from
different works in the literature are presented in Table 1.

The coarse 10T assessed by Melo et al.* consisted
mainly of SiO, (84%) and small fractions of a-Fe,O,
(12%). The chemical composition of the sandy tailings
characterized by Zuccheratte* showed about 49% SiO,
and 29% o-Fe,0;. Results of X-ray diffraction analysis
for tailings of this nature indicate the presence of phases
of quartz (Si0,), hematite (a-Fe,0,), goethite (a-FeOOH),
and magnetite (Fe;0,); the latter is usually very low
concentration in the commercial Brazilian ores.!*¥#!
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Table 1. Main chemical composition obtained by XRF (X-ray fluorescence) of different iron ore tailings (I0T)

Main chemical composition / %

Mine location Reference

Fe,0, Sio, AlLO; CaO MgO Other compounds

8.38 90.40 0.43 0.06 <0.1 0.63 MG, Brazil 38
11.6 84.20 1.60 - - 2.6 MG, Brazil 39
11.31 75.23 2.64 1.47 2.10 7.25 Liaoning, China 42
12.31 34.72 16.22 7.63 8.92 20.2 Nanjing, China 43
15.1 84.4 0.45 0.07 <0.1 0 MG, Brazil 38
18.58 36.48 11.67 16.85 5.66 10.76 Jiangsu, China 44
21.2 45.6 12.1 1.79 - 19.31 China 45
21.4 65.7 0.8 - - 12.1 MG, Brazil 46
21.5 714 - - - 7.1 MG, Brazil 18
29.35 49.20 1.46 0.12 - 19.87 MG, Brazil 34
32.0 46.68 3.89 - - 17.43 MG, Brazil 47
35.0 63.0 1.20 - - 0.8 MG, Brazil 48
38.8 14 2.01 37.5 0.36 44.83 China 45
42.4 479 5.61 0.13 <0.1 3.86 MG, Brazil 38
44.52 24.40 10.95 6.20 0.99 12.94 Hubei, China 49
47.80 30.0 21.2 0.1 0.1 0.8 MG, Brazil 36
51.37 15.11 3.39 0.23 0.16 29.74 MG, Brazil 13
55.78 16.58 15.46 1.44 0.13 10.61 Joda-Badbil, Orissa, India 50
69.21 11.42 2.38 0.49 0.11 16.39 Bosnia and Herzegovina 51
71.70 20.10 2.30 0.10 - 5.8 MG, Brazil 52
733 8.76 1.49 3.88 0.94 11.63 China 45

MG: Minas Gerais State.

The fine fraction of the tailings characterized by
Pereira et al.> was composed mainly of a-Fe,0, (72%) and
Si0, (20%). A similar result was obtained by Zheng et al.,*
(73% a-Fe,0, and 9% Si0,) and Stevi¢ et al.,’! (69%
a-Fe,0; and 11% Si0O,). The chemical composition
obtained by Augusto ef al.* showed that the IOT obtained
in the Catas Altas region, Brazil-MG, was composed mainly
of Si0, (66%) and total Fe (21%). The tailings from Yeshan
Mining Ore Company, Nanjing, China by Duan et al.®
also showed a higher amount of SiO, (35%) compared to
o-Fe,0, (12%).

It can be seen that iron oxide, silica, and alumina are
the main constituents of iron ore tailings. Some heavy
metals such as cadmium, chromium, arsenic, and mercury
are in some cases present in very small concentrations
or below the limits of detection of quantification.
The results obtained by Figueiredo et al.*® for a sample
of IOT from Doce River after the Funddo Dam collapse
showed that this material is classified as nondangerous,
noninert, noncorrosive, and nonreactive, according to the
classification of the Brazilian standard NBR 10004.%*

The main crystalline phases detected by X-ray

diffraction of iron ore tailings are hematite (a-Fe,0,),
goethite (a-FeOOH), and quartz (Si0,).*473553 Kaolinite
(S1,A1,05(OH),) is a mineral commonly associated with
iron ore tailings,*' as well as minor gibbsite (AI(OH);). A
typical XRD profile showing crystalline phases of quartz,
hematite, and goethite is shown in the work published by
Silva et al.® The three-dimensional structures of the main
phases of iron oxides found in IOT are presented in the
Supplementary Information (SI) section (Figure S1 and
Table S1).

Mossbauer spectroscopy has also been used to
characterize the iron phases present in the fine JOT.?4041:4647
A typical Mossbauer spectrum for iron ore tailings of the
Quadrilatero Ferrifero region (Brazil-MG) can be found
in the work published by Silva et al.,' and showed the
presence of a-Fe,O,, a-FeOOH, and Fe,0,. Mossbauer
parameters, typical of iron ore tailings are presented in
Table S2 of the SI section.

Analyses using electron microscopy techniques, e.g.,
SEM and TEM (scanning and transmission electron
microscopies), can bring information about the morphology,
roughness, and also about particle size of IOT. The use
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of EDS (energy-dispersive X-ray spectroscopy)/SEM
mapping images indicates typically the presence of smaller
agglomerated hematite particles on the surface of regular
flat large quartz particles.*#7-3

Particle size distribution is a relevant parameter that
needs to be evaluated. During the extraction of iron ore,
fractions of different sizes are generated. Generally, fine
tailings show particles smaller than 40 um. Coarse sandy
tailings generally comprise particles average size of 100 um
but with some particles up to 1000 pm.*® Figure 4 presents
information about the size of IOT particles from different
works of literature. The data show the heterogeneity
of the particle sizes of IOT from different sources. The
granulometric analysis of these samples is very important
for the study of the application of these materials in
different areas.

A typical particle size distribution curve of fine iron ore
tailings from the Quadrilatero Ferrifero region (Brazil-MG)
is shown in the SI section (Figure S2). The IOT in general
have very low surface areas, e.g., 10,° 0.6, 3,57 < 1,36425.
2464 10,4 6 m? g—1.58,59

Thermal analysis is an interesting analytical technique
that can help to determine the amount of water and hydroxyl
groups present in the tailings. Typically, 3 regions of losing
weight are observed in a TG (thermogravimetric) curve
of these materials. Region 1, (25-200 °C, approximately),
indicates the loss of mass due to water desorption from the
surface of the particles, with an endothermic peak close to
100 ° C. In the second region (200-600 °C) dehydroxylation
of goethite (a-FeOOH) to hematite (a-Fe,O,) occurs.
Structural changes in the quartz phases can also be
observed in this region (between 550 and 600 °C) due to the

Table 2. Possible applications for iron ore tailings discussed in this work
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Figure 4. The average particle size of different IOT was obtained by light
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structural transition o—f of the quartz. Above 600 °C, it is
possible to observe processes of kaolinite to metakaolinite
dehydroxylation, for example.'®6 A typical TG profile of
an IOT of the Quadrilatero Ferrifero region is shown in the
work of Silva et al."”

3. Applications for Iron Ore Tailings

As discussed, IOT is a material extraordinarily
rich in silica, iron oxides, and other minority phases.
The majority of the applications of IOT (Table 2) can
be divided in between the areas of construction and
building materials (aggregates for concrete, mortar,
Portland cement additives), ceramic industry,334263-63
alkali activated materials,’® and for technological
application, for example, in the synthesis of new materials
such as zeolites, mesoporous silica,’®3%¢" and carbon
nanotubes,'® adsorptions,®® catalysis,*#%% batteries®' and
fuel cell application.™

Area Application Example Reference
mortar and concrete use as fine aggregate in concrete 34,35,42,63-65,71-78
) o ) geopolymers use as fine aggregate 43,56,79,80
Construction and building materials ) .
ceramics use to produce floors and tiles 27,38,49,60,71
pigments use as a ceramic pigment 36,52,81
silicates synthesis of zeolites 58,59,66,67,82
iron oxides nanoparticles synthesis of Fe,O, NPs 83,84
catalyst for Fenton and photo-Fenton reactions 28,45-47,69
) catalyst for CO oxidation reaction 55
catalysis o )
) o catalyst for biodiesel production 41
Technological application ) )
catalyst for carbon materials synthesis 19,40,85,86
adsorbent for removal of H,S from biogas 69
adsorption adsorbent for heavy metals 87,88
adsorbent for phosphate 89-91
battery synthesis of cathodes 51,70,92

NPs: nanoparticles.
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There are two main strategies to use IOT. For the first kind
of application, the iron oxide phases are separated from silica
by some chemical or physical process, for example, acid or
basic leaching.?*# After that, one or both fractions (rich in
iron or silicon) can be used for a different kind of application,
as shown in Figure 5. The second strategy consists of the
direct use of IOT, i.e., without a preliminary separation
step. In this work, we will present an overview of the main
applications for IOT, before or after the separation step.

[ 10T (iron oxides, silica and other) ‘

|
’ a-FeOOH, o-Fe,0;. Fe;0, \ ’ Si0, ‘
I
\ I |
‘ Water J (
(_ treatment

Pigments Glass ‘ ‘ Si ‘ Zeolite ‘ Silicates ‘

Figure 5. Some possible applications for iron ore tailings (IOT) after
the separation step.

3.1. Construction and building materials

The use of IOT in the construction industry and
building materials is an interesting alternative because
of the potentially large volumes of tailings consumed.
However, these materials must be used only after a
prior characterization of them such as toxicological,
mineralogical, granulometry, chemical, and technological
specific tests.” Some of these applications are in the
production of brick, concrete, mortar, ceramics, alkali
activated materials and pigments.”

Some interesting examples of IOT use in the
construction and building area are the model houses built
by a collaboration of UFMG with the mining companies
Samarco®® and Gerdau® that used all the materials based
on mining tailings (Figure 6).

Figure 6. Model houses built using IOT in collaboration projects of UFMG
with the mining companies Samarco and Gerdau.?>**

Another important initiative, in 2020, was the installation
of a small industrial unity to produce different items for
construction and building using IOT in Itabitirto, MG-Brazil
by the Vale company. The cost to process 30.000 tons per
year of IOT is approximately US$ 5 million.*

J. Braz. Chem. Soc.

3.1.1. Mortar and concrete

Concrete is generally made up of coarse and fine
aggregate. The tailings are used for total or partial
replacement of the fine aggregate. IOT can be used as
fine aggregates as they are inert and the particle size of
the tailings is significantly larger than that of cement.”
IOT is a particularly thin material (more than 50% of the
material has a particle size of fewer than 75 um). It is worth
mentioning that in Brazil approximately 100 million tons
of mortar are consumed per year, and 184 million tons of
iron ore tailings are generated annually.

Sandy iron ore tailing* can be used to make concrete in
place of natural sand, but this substitution is limited due to
the fine granulometry. For example, the compressive strength
of interlocked blocks obtained with the use of cement and the
sandy residue is at most 18 MPa. It should be noted that the
minimum resistance value stipulated by the standard (NBR
9781) for pavements for light traffic is 35 MPa.”

The physical properties of the tailings have a significant
impact on the workability, density, dimensional stability,
strength, and durability of the concrete.” The replacement
of fine aggregates by IOT is technically feasible, as this
substitution can improve the mechanical properties of the
material, for example,354263-6571-73.76

Generally, workability is an important property of fresh
mortar or concrete mixtures. Some studies” 7478 show that
the flow of mortar decreased with increasing tailing amount.
These changes are related to the particle size distribution of
IOT. Finer particles increased the total specific surface area
of fine aggregates. This might be attributed to particle size
and surface texture of tailings, which may demand more
water and hence reduce the workability.™

According to a very interesting review’ about the use
of tailings in cement and concrete, the physical properties
of tailings influence directly the durability of the concrete.
Some studies showed that the water permeability increased
with the addition of more than 10% of tailings in the
concrete.” On the other hand, Sunil et al.,” in a work using
35% of 10T and 20% of fly ash produced concrete with
very good durability properties (sulfate attack of 0.20%
and water absorption of 0.76%).

Mortar hardening time increases when 10T is
incorporated into cement or mortar. This is associated
with the presence of some heavy metals. They delay the
hydration of the cement, forming a low permeability layer
around the unhydrated grains. Other properties affected by
the addition of IOT are the density and absorption of water
(physical property related to porosity). Porosity is also an
altered characteristic.”™

The use of IOT in mortar and concrete is not feasible
when the substitution is greater than 20%. This can
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be attributed to greater water absorption by the mortar
modified with mining tailings in relation to conventional
mortar.”> However, some studies* show that the use of IOT
causes less water absorption, less porosity, and less surface
wear than mortar produced with natural aggregates. These
results are generally attributed to the filling of the pores of
the material by the tailing which is generally very fine.*®

The compressive strength of mortar prepared with IOT
improves, and this is usually associated with the size of the
particles that improve the pore structure. This increase in
resistance presents a limit to the amount of IOT that can
vary according to the characteristics of the IOT used.*>%

IOT with high SiO, content can be used in preparing
concrete to replace cement, according to results presented
by Cheng et al.,*** The results of these authors showed
that the amount of IOT used can affect the durability of
the concrete and the increase in the rate of replacement
of tailings in cement tends to decrease the compressive
strength of concrete.

In general, we can summarize that the use of IOT as
a fine aggregate leads to an increase in the compressive
strength and this can be associated with the size of the
particles (usually fine) that can fill the mortar pores. By
comparison, at the same workability, the compressive
strength decreased, for the tailings need more water. Hence,
considering the compressive strength and the workability of
mortar and concrete, it is generally recommended to adopt
no more than 30% tailings substitution as fine aggregate.”’¢
In general, the works that use IOT in concrete and mortar
applied the fractions that are richer in silica compared to
the iron content.

Regarding durability, the use of IOT has a different
effect. Some studies showed that the penetration of chloride
ions in the concrete made with tailings declined with the
increase in tailings content. The results showed that the
concrete incorporating tailings enhanced the chloride
penetration resistance compared to the control specimens.’™

3.1.2. Alkaline activated material and geopolymers
Alkali-activated materials and geopolymers are
inorganic materials produced by the alkaline activation
of aluminosilicates. The synthesis involves the use of a
concentrated solution of alkaline hydroxide and silicate.
The resulting compound has a very stable inorganic
polymeric structure, amorphous or semi-crystalline with
interconnected Si—O—Al-O-Si bonds. Alkaline activated
material has physical-chemical properties similar to those
of Portland cement with considerable advantages such
as superior durability, resistance to sulfate, resistance
to acid, and resistance to fire.’® According to some
studies is possible to use IOT for the production of these
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materials.****” Some studies* showed that alkali-activated
materials can be prepared with fly ash and IOT and that the
porosity of the material increases with the amount of IOT
added. However, the addition must be less than 40%. In this
case, the alkali-activated material obtained showed a wide
distribution of pore diameter (3 to 40.000 nm) concentrated
between 10-110 nm.

For the production of geopolymers (Figure 7), the
characterization of the tailings must be carried out to
determine the amount of silica and alumina in their
composition. This is necessary since the synthesis of
these structures generally requires a Si/Al ratio between
3.2 and 4.5.%°

Figure 7. Geopolymer products obtained by GEEGO startup using 10T.

Defaveri et al.>® synthesized geopolymers using tailings
with high amounts of silica and iron and low amounts
of Al,O,. IOT has a silicon/aluminum ratio (Si/Al) of
4.59. The obtained material showed high resistance to
compression and flexion, reaching values above 100 MPa
for resistance to compression and 20 MPa for resistance to
flexion. SEM images showed structures with low porosity
and XRD showed zeolite phases present in the geopolymer
structure formed. A very interesting initiative in the area of
geopolymer production is the startup GEEGO. This startup
was created in 2019 and develops different geopolymer
products using iron ore tailings in its composition. Figure 7
presents some geopolymeric structures produced by this
startup. For geopolymers synthesis is more interesting the
use of IOT rich in silica.

3.1.3. Ceramics

IOT has particle size and shape that allow their use
in the ceramics industry, so it is one of the technological
applications that stands out. The clays used for the
manufacture of ceramics normally consist of hydrated
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aluminum silicates with high levels of SiO, and Al,O,
and low levels of iron. Some iron ore tailings have these
characteristics.*®

The use of IOT with low particle size is an excellent
alternative for the production of floors and tiles. Ceramic
materials with IOT in their composition generally present
a higher porosity (about 42.5%) when compared to pure
ceramic (25.6%). The addition of IOT also increases
strength, but decreases density and water absorption,
most likely due to possible hydrophobic behavior of the
tailings.*

The use of iron ore tailings with a high concentration of
silica can be advantageous when the objective is to produce
ceramic tiles. In this case, the maximum allowed amount
of IOT in the composition cannot be greater than 40% so
that physical properties such as hardness and resistance to
scratches are the same or even better compared to ceramic
produced without IOT.%

For the production of porcelain tiles with incorporated
10T, the firing temperature and the proportion of tailings
significantly influence the properties of the final product.
The increase in temperature improves densification and
other physical properties. However, when the amount
of tailings used is large, the sintering temperature
range decreases. Considering industrial production, the
recommended amount of tailings addition is between 55-
65% by weight, together with 25% by weight of kaolin
and about 10-20% by weight of SiO,. The proper sintering
temperature is 1200 °C.#

Bricks with 20.94% of water absorption and resistance
to compression equal to 4.27 MPa were obtained using iron
ore tailings with high silica content. The addition of the IOT
contributed to reduce firing linear shrinkage and compressive
strength, and increase bulk density, water absorption, and
apparent porosity. The best samples contained 29.1% (by
mass) of IOT. This amount of waste met the international
standards required for the manufacture of bricks.”" For
ceramic applications it is interesting the use of IOT with high
levels of Si and Al and low content of iron oxides.

3.1.4. Pigments

Pigments are defined as compounds, usually calcined,
formed by colored metal oxides which, when mixed
with enamel or a mass, form a colored ceramic. Their
stability depends on their crystalline structure or mineral
composition.¥-3

Numerous factors must be taken into account when
selecting a pigment for a specific application. Among
these, chemical stability stands out. The pigments used
to color the ceramic paste must be stable at temperatures
above 1200 °C.362
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The importance of iron oxide pigments is also based
on their non-toxicity, chemical stability, durability, variety
of colors, and, particularly, their low cost for emerging
markets in growing concern with the use of heavy metals
used in the production of pigments.®' The use of IOT as a
pigment allows the cost of colored ceramics to be reduced
because of their low commercial value.

According to Pereira et al.,’> IOT can be used as a
ceramic pigment since the waste is thermally stable at
500 to 1100 °C, that is, it does not present a reaction
that may interfere with the firing process. Furthermore,
according to the authors, the addition of IOT in transparent
glassy ceramics does not cause a significant color change.
However, in white and matte glassy ceramics there are
major changes in the color and shade of the enamel as
the treatment temperature increases. Another interesting
observation is that the addition of IOT caused changes in
the glass transition temperatures, decreasing the softening
and melting temperatures of the transparent and matte
ceramics and increasing these characteristic temperatures
for the white ceramics. For this application is important
the use of 10T rich in iron oxides.

3.2. Technological application

3.2.1. Synthesis of silicates

A remarkably interesting application for sandy iron ore
tailing is in the synthesis of porous materials.

Generally, tailings with high silica content are the most
used for this purpose. Most tailings have silica with the same
basic structural unit, with oxygen and silicon tetrahedron
connected to other atoms, such as Zn and Mg.%% The
viability for the preparation of porous silicates is even
greater for tailings with a high silica content (> 70%).%
Besides, as silica tetrahedrons are highly sensitive to the
presence of alkaline hydroxides, consequently, tailings
are also. In this way, it is possible to explore the tailings
from iron mining as a secondary resource to build porous
materials with high added value.*®

The SiO, recovered and purified from these wastes is
used for the preparation of porous silica micro/mesoporous
and zeolites, interesting material for uses related to energy
storage and environmental protection.’*6782 Zhang et al.??
obtained structures of the type ZSM-5, from iron ore tailings
(I0Ts), with well-defined microporous and mesoporous
structures, and with a large surface area and high acid
strength. The Brunauer-Emmett-Teller (BET) surface area
of the synthesized materials varied from 303 to 344 m>g’!.
The mesopore volume and average pore width of zeolite of
type HZSM-5 were 0.039 cm® g~! and 0.78 nm, respectively.
The total acidity of the samples studied by temperature
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measurement of desorption of ammonia (NH,;-TPD)
indicated that the material presented two types of acidic sites:
weak (at 195 and 191 °C) and strong (at 394 and 362 °C).
For this application it is better to use IOT rich in silica.

3.2.2. Iron oxides nanoparticles synthesis

Another type of interesting structure obtained from
the IOT is iron oxide nanoparticles (such as magnetite,
Fe,O,). Conventional routes for the synthesis of Fe,O,
include mainly ball milling, thermal decomposition,
chemical precipitation, and sonochemical methods in which
chemicals of high purity are used as a source of iron. The
use of these reagents can limit the application of these
magnetic nanoparticles in many potential areas, including
wastewater treatment processes. The use of iron-based
solid/liquid waste is still challenging and limited efforts
have been dedicated to date.33%

Wu et al.® developed a method for the preparation of
Fe,0O, from tailings, by ultrasound-assisted chemical co-
precipitation using high-purity iron separated from iron ore
tailings by the acid leaching method. Fe,O, nanoparticles with
15 nm in diameter exhibited superparamagnetic behavior. A
similar procedure was carried out by Giri et a/.* The obtained
magnetic nanoparticles showed superparamagnetic behavior
and good dispersibility in an aqueous medium with high
stability. The micrographs (SEM and TEM) showed that
the synthesized particles had spherical and/or cubic shapes
ranging in size from 8.3 to 23.0 nm. In this case, is interesting
the use wastes rich in iron oxide phases.

3.2.3. Catalysis

Most applications of IOT in catalytic processes involve
the use of these wastes in chemically modified forms. In
these modifications, an attempt is usually made to increase
the number of active catalytic sites that promote chemical
reactions. Some examples are described as follow:

3.2.3.1. Catalyst for Fenton and photo-Fenton reactions

A promising application of iron ore tailings is as a catalyst,
for example, in the treatment of effluents by advanced
oxidative processes. This is because iron oxides are efficient
catalysts for Fenton and photo-Fenton reactions.?84647.69
The main iron oxides phases presented in IOT are hematite
and goethite, which makes these tailings promising
candidates for Fenton reaction. The advanced oxidative
processes represent a set of technologies based on the
generation in situ, of hydroxyl radicals ((OH), hydroperoxyl
(‘OOR), and species of active oxygen (O,), which are capable
of degrading various organic compounds.*”*

The efficiency of these processes is greater when the
iron is in the state of oxidation 2+ (Fe*"). However, the
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most common oxidation state in iron tailings is Fe*. The
presence of Fe** does not prevent the use of tailings as a
catalyst, but it does modify the rate of degradation of the
organic molecule.*"*

de Freitas ef al.’’ used tailings from iron mining,
containing SiO, (46.8%), Fe (32.0%), and Al,0O; (3.89%)
as main minerals, in Fenton type reactions for the oxidation
of the methylene blue molecule. For this, the IOT was
calcined at 550 °C in air, for 2 h and presented an interesting
catalytic activity (removal of approximately 75% of the
dye). The authors also showed that the activity can be
improved with the activation of the catalyst surface by
hydrogen gas, promoting the reduction of Fe** type sites
to Fe** according to the equations below. The authors
evaluated the reduction profile by programmed temperature
reduction (TPR-H, ). A first peak was observed at 514 °C,
attributed to the transition of the phases from a-Fe,O; to
Fe;O, (equation 1). The second reduction (Fe;O, to FeO
(equation 2)) occurred between 600 and 850 °C with a
maximum of 755 °C. In this region, the transition from
FeO to Fe? also occurs (equation 3).

3a-Fe, 05, + Hz(g) — 2Fe;0,, + HZO(g) @))
Fe;,0,, + H,,, = 3FeO, + H,0, 2)
FeO, + Hy,, — Fe' + H,0, 3)

Natural or modified iron ore tailings in a CH, reducing
atmosphere at 600 °C or impregnated with residues of
polyethylene terephthalate (PET) powder (from bottle
recycling) and treated under an inert atmosphere of N,
at 600 °C were used as heterogeneous catalysts for the
Fenton reaction. This tailing was composed of SiO,,
hematite (a-Fe,0;), and goethite (a-FeOOH). The CH,
modified catalyst showed reduced iron phases (mainly
FeO). The material prepared together with PET, on the
other hand, consists of carbon islands dispersed over an
iron oxide matrix. A partial reduction of iron (Fe* — Fe?")
occurred during the thermal decomposition of PET,
forming magnetite (Fe;0,). The authors*® showed that
the catalytic activity of the tailings is improved when it
undergoes treatment in a reducing atmosphere with CH,
because of the formation of reduced iron species (Fe®*).
The composites made from PET bottles were very active
for removing contaminants from water through combined
mechanisms of adsorption and oxidation.*® In this study,
the potential of these catalysts was tested in the oxidation
of acetaminophen molecule and Methylene Blue dye (MB)
and Rhodamine B (RhB) dye.

10T has also been used effectively for the degradation of
the azo dye molecule, Acid Orange 7.% In this work, it was
observed that the degradation of the dye can be correlated
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with the content of iron oxide and cupric oxide in IOT,
for example. The authors conclude that the coexistence
of metallic elements, particularly Cu, can accelerate the
heterogeneous reaction of the Fenton type.

An interesting application of iron waste is in the
treatment of aqueous effluents generated in the process
of processing the ore. The iron compounds present in the
tailings can act as a catalyst for reactions of the Fenton and
photo-Fenton type in the degradation/removal of surfactants
used in these processes.”

3.2.3.2. Catalyst for CO oxidation reactions

Iron tailings were used in the preparation of iron
oxide-hydroxide (o-FeOOH) and used as a support for
gold nanoparticles for CO oxidation reactions. The used
iron ore has low iron content (40%), 42% of SiO,, and
about 1% of Al,O;. To prepare a-FeOOH, the IOT went
through acid digestion leading to complete leaching of the
hematite. The leached iron portion was used to prepare
the iron oxide-hydroxide support. The authors concluded
that the catalytic activity of the compound is greater when
used without any pretreatment, becoming inactive when
pretreated at 300 °C.%

3.2.3.3. Catalyst for biodiesel production

In addition to oxidative reactions, mining tailings were
also used as supports for sulfate-like acid groups and were
applied as catalysts in oleic acid esterification reactions for
the production of biodiesel.*! The authors used (NH,),SO,
and H,SO, as sulfate group sources. The main mineral
phases in this tailing were hematite and quartz. The authors
observed that the most efficient methodology for generating
sulfated oxides, in this case, involved the use of sulfuric
acid (0.1211 mmol g™'). In this case, the number of acidic
groups that are necessary for the reaction to occur was
greater. Conversions close to 100% oleic acid to methyl
oleate were obtained.

3.2.3.4. Catalyst for carbon materials synthesis

Another very interesting application for iron ore
tailings is for carbon nanotubes synthesis.!*#%¢ The iron
present in the tailings, after a reduction process, acts as a
catalyst for the synthesis through a process called chemical
vapor deposition (CVD). In this process, molecules such
as acetonitrile, ethylene, methane, carbon dioxide, and
ethanol are used as carbon sources and the catalyst acts
in the decomposition of this source and the structuring of
carbon nanotubes. "’

Silva et al." used IOT for the carbon nanotubes synthesis.
The tailings analysis indicated the presence of 44% of iron.
Four materials were obtained and presented morphology
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and structure comparable to other nanotubes described in
the literature. The formation multi-walled carbon nanotubes
was observed for all synthesized materials.

The potential of iron mining residues rich in a-Fe,O,
and a-FeOOH was tested for the development of
composites based on graphitic carbon nitride. Composites
with promising characteristics, such as greater specific
surface area and magnetic behavior due to the formation
of maghemite, were used as catalysts for the emerging
contaminant acetaminophen, commonly known as
paracetamol. The IOT used in this work had an average
particle size of 7.4 pm and, therefore, is considered
an ultrafine powder with a high content of iron oxides
(approximately 75% by mass).*

3.2.4. Adsorption

IOT can also be used as an adsorbent, either without
any prior modification or after some chemical treatment.
These changes seek to improve the capacity of the tailings
to adsorb the most different types of pollutants, whether
organic or inorganic.

3.2.4.1. Adsorbent for removal of H,S from biogas

In technologies involving adsorption, iron tailings were
used, for example, in the purification of biogas, aiming to
adsorb H,S. This application is interesting from a scientific
and technological point of view, since the iron oxides
obtained from acid mining drainage are potential adsorbents
for desulfurization, due to their low cost and good adsorption
performance. The authors concluded that the chemical,
physical and morphological analyzes of the tailings, and the
adsorbents obtained from them, are essential to understand
and interpret the experimental data.®®

3.2.4.2. Adsorbent for heavy metals

An interesting application for IOT is related to processes
involving the adsorption of heavy metals such as arsenic®’
and lead.®® The issue involving arsenic adsorption is that iron
compounds (iron oxides, oxyhydroxides, and hydroxides,
including goethite (a-FeOOH) and hematite (a-Fe,0,),
etc.) for this purpose only present high adsorption capacity
at low pH. An interesting way for the activation of the iron
oxide surfaces to improve the adsorption capacity is the
treatment with NaOH in the liquid phase. This method
activates iron oxide/hydroxide compounds and generates
new reactive functional hydroxyl groups on the surface,
which provide an increase in the ion exchange process.®
Yuan et al.®® also concluded that the removal of Pb** is
strongly influenced by the pH of the medium. However,
for the removal of this metal, a pH close to 6 was the most
suitable for adsorption.
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3.2.4.3. Adsorbent for phosphate (PO,*)

Phosphate is an important plant nutrient widely used
in the production of fertilizers. Therefore, its recovery
is important since the demand for phosphate rocks is
increasing and some studies® predict exhaustion of these
rocks in the next 50-100 years. Iron oxide, derived from
IOT, can easily and efficiently adsorb and recover this
anion. Some works®*° showed that the iron phases present
in the material and the amounts of OH™ groups are important
factors that must be taken into account in the adsorption
process. Hematite is not a good phosphate adsorbent,
probably because it does not contain the OH~ groups
important for the adsorption process. However, when the
IOT is treated with hydrochloric acid, the iron oxides are
solubilized. With re-precipitation, the OH™ groups become
available, which causes the adsorption to increase.

A very interesting study involving iron ore tailings was
developed by Suh et al.”! The researchers produced a nano-
adsorbent capable of removing phosphorus and nitrogen
from wastewater. The work showed that the material
resulting from the adsorption can be used as a controlled
release fertilizer since the phosphorus and nitrogen
impregnated on the adsorbent could be released slowly in
the soil. This type of material would be an excellent low-
cost fertilizer.

3.2.5. Battery

An interesting work involving the synthesis of
LiFePO,/C cathodes was developed by Wang et al.** In
this study FePO,, used as a precursor to LiFePO,/C, was
prepared by leaching IOT with concentrated sulfuric acid,
phosphoric acid, and hydrogen peroxide. The effects
of FePO, obtained from iron tailings under different
pH conditions on the final structure of LiFePO,/C were
evaluated, focusing on morphology and electrochemical
performance.

Some studies’™ mention the use of iron tailings as an
anodic catalyst for the generation of energy in microbial
fuel cells. The use of tailings may produce cheap and
effective catalysts for applications in bioelectrochemistry.
For this application, tailings with a greater number of
ferrous compounds produce more important catalytic
reactions in cells, since the presence of these compounds
can improve electron transfer.”

Hematite core nanoparticles with carbon shells were
produced using iron from the mining industry. The material
obtained can be used in the production of lithium-ion
batteries.’! This technology is interesting because the iron
obtained from IOT makes the process more economical
since iron solutions are obtained by the simple process of
acid digestion of mining waste.
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4. Technical Aspects of IOT Utilization

Although many possible applications for IOT are
presented in the literature, there are still important technical
and economic aspects that must be considered about the
use of these materials. For a better understanding of these
aspects, the following are the results of a search in the state
of the art, about the use of iron ore tailings, highlighting
the type of application and those responsible for the patent
deposits. Finally, some factors that still limit the use of
large-scale mining tailings will be discussed.

4.1. Analysis of the patents related to iron ore tailings

The literature presents several patent filing banks
that have used iron ore tailings for various technological
applications. The patents described hereon were mapped
on the website of the National Institute of Industrial
Property (INPI), Brazil, Worldwide-Spacenet and Google
Patents, United States Patent and Trading Office (USTPO),
Canadian Intellectual Property Office (CIPO) and Australia
Patent Office (APO). The following keywords were used:

LEENT3 LEENT3 CLENT3

“mining waste”, “iron waste”, “iron mud waste”, “iron
oxide + waste”, “iron mining”, “iron ore tailings”.

The search found 95 patent applications on the selected
database, which are grouped as applications for iron ore

tailings and patent filing agents (Figure 8).

Iron ore tailings applications

1%
10%

= Reprocessing
= Civil construction
Technological applications

Paving

Figure 8. Applications related to iron ore tailings, identified from queries
on the INPI, Worldwide Spacenet, USTPO, CIPO, and APO websites.

It can be observed that most of the patent applications
filed for the use of iron ore tailings are related to
reprocessing of the material to recover the iron present in
the iron ore tailings. This application accounts for 61%
of the patents found in this study. Other applications for
iron ore tailings are related to using in civil construction
(28%), 10% related to technological applications such as
binders, catalysts, polymers, production of silicon carbide,
nanofibers, and sodium silicate, obtaining ferric chloride,
and 1% related to road paving.

It is interesting to observe that non-mining companies
are the main responsible for filing patents related to the
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use of iron ore tailings, followed by inventors, mining
companies, universities, universities and companies,
universities and research centers, mining companies and
universities, and governments (Figure 9).

Institutions responsible for patents

405 4%1% 1% = Non-mining companies

0
L5 = Inventors
7% Mining companies

Universities
= Universities and companies
= Universities and RC
® Mining and universities
= Govermment

Figure 9. Institutions responsible for patent deposits related to the use of
iron ore tailings. The graphic was based on queries to the INPI, Worldwide
Spacenet, USTPO, CIPO, and APO websites.

4.2. Limiting factors for the use of iron ore tailings

Although IOT represents a serious concern due to
storage cost and many other problems, very few initiatives
have been effectively implemented to obtain products from
this material. On the other hand, there are in the scientific
and patent literature a wide variety of possibilities to
transform IOT into products for different applications.
In this context, is of great importance to understand the
bottlenecks to extensively use these technologies. A
preliminary simple analysis is presented here to understand
the main factors that hinder the industrial and commercial
use of IOT. These barriers can be classified as technological
and market barriers (Figure 10).

Technical barriers start with the development of research
towards the application of IOT. Although there is a large
number of published papers, most of these works are still
in a very preliminary lab stage without any consideration
of technical and economic feasibility.

After this more basic research, detailed work is
necessary to evaluate the proposed technology concerning

Technological barriers

- Laboratory scale / POC

- Process and product
development

Laboratory technology
development

Patent - Technical and economic
) feasibility study

Research in universities
and industries

Technology
with sufficient

level of - Investments
maturity
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the following main questions: the developed product
was tested with a client and performed well? Does the
product have a clear market and differentials compared
to competitors? Can it be produced industrially? Any
concern related to logistic or legal/licensing limitations?
Most of these questions can be answered by scaling
up the technology, i.e., build a pilot plant to produce,
from hundreds to thousands of kg, to carry out tests
with real clients (POC, proof of concept). From the
pilot plant, besides the development of the product, it
is also developed the industrial process and obtained
all the variables important to determine the economic
and technical feasibility of the process. After most of
these issues are addressed, the technology reaches a
maturity level to go to market. At this point start the
market barriers. Some of these market barriers are briefly
discussed below.

The scale of the generation of iron ore tailings is possibly
the most important concern. No single application will be
enough to give a destination to the huge amount of IOT
generated by a mining company. Therefore, it is mandatory
to develop a large number of applications. Another aspect
is that in mining countries other productive chains, such as
those in civil construction, are already structured and have
companies that supply raw materials. The introduction of
mining waste on large scale as raw material could cause a
breakdown in the supply chain, generating other negative
economic and social impacts, which must be taken into
account for their great relevance.

Logistic issues are a very strong limitation. The
distance between consumer markets must also be taken into
account one of the characteristics of the mining activity is
locational rigidity, in general in regions far from traditional
production centers. In this way, the logistical system
for transporting iron ore tailings from mines to possible
consumption markets is of great importance. Due to the
produced volumes, the transportation of this material will
impact roads and highways, causing environmental impacts
such as the emission of polluting gases and the generation
of noise and particulate emissions. Also, the price of this

Market barriers

- Generation scale
- Logistics / storage
- Taxes / fees

- Legislation

Marketplace

- Industrialization

Figure 10. Diagram of technological and market barriers developed for iron ore tailings (adapted from da Gama er al.”’).



Vol. 32, No. 10, 2021

transport will have a strong impact, and may even surpass
the commercial value of the iron ore tailings.

Once transported, these IOT must be handled and stored
by the production chain that will use them as raw materials;
to this end, availability of physical space, equipment, and
labor will be necessary for its use. As the production chains
are already arranged, the consumer market will want to
receive only the necessary amount of material for its direct
use, already within its technical specifications. This means
that the iron ore tailings must be treated inside mining
operations, and then send to consumer markets.

Consumer markets have technical regulations, or
standards, that determine what characteristics are required
for the raw materials that will be used in the production
chain. Therefore, a standard should be created for the use
of iron ore tailings, so they can follow universal technical
specifications.

The taxes and duties that will be applied to iron ore
tailings will also have a major impact on the pricing of
these products, for use as second-generation raw materials.
If there is any type of tax incentive to take advantage of the
iron ore tailings, they may take the market currently served
by nonmetallic mining companies of primary mineral
goods such as sand and gravel, which can eventually be
characterized as unfair competition.

5. Conclusions

Iron mining is an extremely important economic
activity in many countries. On the other hand, the large
volume of tailings generated, IOTs, is a huge problem for
the mining companies, governments, and main populations
around the mines due to storage in damns and the risk of
accidents. The development of processes to convert IOT
into products with added value is of great importance. The
scientific literature and patent databases showed many
potential applications have been developed such as those
related to civil construction (aggregates for concrete,
mortar, Portland cement additives), ceramic industry,
alkali activated material and geopolymer, synthesis of
new materials such as zeolites, mesoporous silica, carbon
nanotubes adsorption, catalysis, batteries, and fuel. On
the other hand, the actual use of these applications on an
industrial and commercial scale has been scarce due to
several technological and market barriers. IOT should be
regarded as a raw material with many potential uses which
will be very important in a second mining cycle in the near
future. In Brazil, mining companies cannot store IOT in
dams since 2020 due to federal law (number 14066, enacted
on September 30, 2020).% Currently, mining companies are
using press filtration to produce IOT piles for safe storage.
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