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In this work, we describe a sustainable alternative to recover iron from two iron ore tailings
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(I0T) using hydrogen reduction at relatively low temperatures followed by magnetic separation.
X-ray powder diffraction (XRD), inductively coupled plasma (ICP), atomic absorption (AA),
Mossbauer, scanning electron microscopy (SEM/EDS), Raman and thermogravimetry (TG)
analyses indicated that the Fe oxide present in the IOT's (sandy tailing (ST) and mud tailings (MT)),
can be reduced with H, at 500 °C to produce o-Fe. Upon magnetic separation the mud tailing
produced a 77 wt.% magnetic fraction increasing the Fe content from 19.2 to ca. 56 wt.% of Fe.
On the other hand, the sandy tailing resulted in a 15 wt.% magnetic fraction increasing the Fe
content from 19.2 to 70 wt.%. These results indicate that up to 86% of iron can be recovered from

the IOT wastes already in the metallic form which can be very interesting for the steel industry.
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Introduction

Brazil is the second largest iron ore producer in the
world with an estimated production of 400 million tons
of iron ore in 2020.' During iron ore processing and
beneficiation, two types of iron ore tailings (IOT) are
produced, sandy and mud tailings. The comminuting
process generates fine particles, due to rough crushing
and fine grinding, and a desliming process is needed. In
this step, fine particles are removed and the mud tailing
is generated. It is generally composed of fine aggregated
particles rich in iron oxides mainly hematite (a-Fe,0;)
and goetite (a.-FeOOH) and a fraction of quartz (Si0O,).
The step after comminuting is flotation, where iron
oxide particles are segregated from quartz. Another
iron ore waste generated is the sandy tailing, which is
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constituted mainly of quartz and small fractions of iron
oxide.? Besides the iron oxides and silica, the IOTs have
small amounts of aluminum, calcium and magnesium
phases.*?

The generation of iron ore tailings depends on the
beneficiation process. The generation of iron ore tailings in
Brazil is estimated at 20-40% by the weight of the total iron
ore mining.*’ In 2017, 562 million tons of mining tailings
were produced just in the state of Minas Gerais (Brazil).?
Several environmental problems have been associated to
the iron ore tailings (IOTs), such as pollution of ground
and surface water”!® and disposal dams, causing serious
environmental accidents, such as the collapses of the
Fundao (Mariana, Brazil, 2015) and Mina do Feijao dams
(Brumadinho, Brazil, 2019).

Numerous studies have been conducted in order to
find some application for IOTs. They have been used
to produce building materials,'"'? geopolymers,'>!'* in
the synthesis of mesoporous silica,'® as catalyst for the
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growth of carbon nanotube,'¢ oxidation of formaldehyde,"”
oxidation of contaminants'®!® and as adsorbent of metals'?
and dyes.?

Several works have found IOTs with varying amounts
of iron, from ca. 6 to 50 wt.%.% Considering that 1.4 billion
tons of iron ore tailing wastes (IOT) are generated per year
all over the world? and the lowest amount of iron (6 wt.%),
this means that 84 millions of tons of metallic iron will
be wasted. Moreover, the high-grade iron ore deposits
are becoming scarcer due to continuous depletion of
mineral resources. Then, it is interesting and strategic the
recovery of iron from the iron ore tailings, especially using
clean and environmentally friendly processes. Flotation
and roast reduction/magnetic separation are the main
processes investigated to recover iron from the tailings.?!
Although, flotation is a widely used process in the mining
industry, limited efficiencies have been obtained mainly
due to granulometry of the tailings.?>?* The roast reduction
followed by magnetic separation consists in the use of coal
or CO to produce magnetic iron phases, mainly magnetite,
at temperatures usually higher than 530 °C.352425

The reduction of iron ore tailing with H, is a cleaner and
environmental friendly process, that can replace coke and
eliminate the generation of the greenhouse gases CO and
CO,.% The direct reduction of iron oxides using hydrogen
is far reported for synthetic iron oxides*"® and iron ores.?-!
However, most of those studies obtained metallic iron at
high temperatures (ca. 700-1000 °C) and there is a lack of
information about the use of hydrogen at relatively low
temperatures to recover iron in metallic form from iron
ore tailings.

In this work, we describe the use of hydrogen at low
temperature (500 °C) in order to produce and separate
metallic iron from two iron ore tailings, sandy and mud.

Experimental

The two iron ore tailings (ST = sandy tailing, MT = mud
tailing), with different iron content (wt.%) were initially
dried at 120 °C for 24 h.

The iron tailings were direct reduced by heating 500 mg
at 10 °C min™ up to 500 °C in a tubular furnace and holding
for 3 h with pure H, (50 mL min"!, Air Products, Mogi das
Cruzes-SP, Brazil). The obtained materials were named as
STxs500 and MTg,500.

The magnetic separation was carried out initially
dispersing 50 mg of the material in distilled water and
ultrasound during 15 min. Then, using a neodymium
magnet, the wet mixture was separated into two fractions,
magnetic (MF) and nonmagnetic (NMF). After this
procedure, the fractions were dried at 200 °C overnight.
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The physicochemical properties of the iron tailings,
before and after reduction treatment and magnetic
separation, were analyzed by different techniques.

In order to investigate the different phases presented
on iron tailings and in which they had been transformed
after reduction and magnetic separation, inductively
coupled plasma (ICP Varian 715 ES, Agilent, Melbourne,
Australia), X-ray powder diffraction (XRD, Shimadzu
XRD-7000 Cu radiation, 4° min'!, Osaka, Japan),
Maossbauer spectroscopy (’Co source in a Rh matrix
using a-Fe as reference spectrum at room temperature,
Wassenschaftliche Elektronik GmbH, Starnberg,
Germany), and Raman spectroscopy (SENTERRA,
Bruker, 633 nm, 0.2 mW laser, Ettlingen, Germany)
were carried out. The interpretation of the observed
reflections in XRD was made using the database of the
Crystallographica Search-Match software.

The particle morphology was studied by scanning
electron microscopy (SEM, Quanta 200 FEI and Quanta
FEG 3D FEI microscopes, FEI/Thermo Fischer Scientific,
Eindhoven, Netherlands). Simultaneously, energy
dispersion X-ray spectroscopy (EDS) was performed to
obtain the chemical distribution of elements, as iron and
silicon. The generated images by SEM were treated, when
necessary, in the ImageJ software.*

Thermogravimetric analysis (TG/DTG, Shimatzu-60H,
performed in air atmosphere with a heating rate of
10 °C min™' up to 900 °C, Osaka, Japan), atomic absorption
(AA, VARIAN AA240FS with flame atomizer, Melbourne,
Australia), were used to further understand the chemical
composition and thermal modification of materials.

Results and Discussion
Direct reduction

In this work it was used two tailings from iron ore
processing, i.e., a very fine Fe oxide rich mud waste
(named hereon MT-mud tailing) and a silica rich waste
similar to a sand named hereon as sandy tailing (ST).
These tailings were characterized by inductively coupled
plasma (ICP), powder X-ray diffraction (XRD), Mossbauer
spectroscopy, scanning electron microscopy (SEM) and
Raman spectroscopy.

The chemical composition of the samples was obtained
by ICP analyses and indicated the presence of 19.2 wt.%
of elemental Fe (which corresponds to 27% of Fe,0,) and
71 wt.% of SiO, for the sandy tailing sample (ST). On the
other hand, the mud tailing (MT) showed ca. 50.2 wt.%
of elemental Fe (which corresponds to 71% of Fe,0,) and
14 wt.% of SiO,. Other elements were found but at lower



Vol. 33, No. 8, 2022

Table 1. Chemical composition of ST and MT obtained by XRF analyses
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Sample Fe / wt.% Si0,/ wt.% ALO,/ wt.% P/wt.% Mn / wt.% CaO/ wt.% MgO / wt.% TiO,/ wt.%
ST 19.2 70.8 0.61 0.014 0.013 0.024 0.033
MT 50.2 14.1 5.64 0.156 0.100 0.094 0.227
ST: sandy tailing; MT: mud tailing.
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The Raman spectra of ST and MT (Figure 1) showed
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Figure 1. Raman spectra of ST and MT.

The XRD results (Figure 2) confirmed that the sample
ST is composed mainly by silica with a strong peak at 26.6°
(JCPDS 46-1045) and very small amounts of crystalline
iron oxide as hematite a-Fe,O; (JCPDS 33-664). On the
other hand, the sample MT (Figure 3) showed a complex
diffractogram pattern with peaks related to SiO,, a-Fe,0,,
a-FeOOH (JCPDS 29-713) and the presence of kaolinite,
Si,Al,O5(OH), (JCPDS 29-1488).

The IOT samples were directly reduced with hydrogen
at 500 °C for 3 h and the phases transformation were
analyzed by XRD (Figures 2 and 3). The diffractogram
pattern indicated that the iron oxide phases present in the
IOT were completely converted to an a-Fe phase (JCPDS
6-696) for both samples.

It is well established that the reduction of a-Fe,O; with
hydrogen gas goes through formation of magnetite as a
first stage with subsequent formation of metallic iron, as
described by equations 1 and 2:3*

Figure 2. XRD of ST and STg,500.
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Figure 3. XRD of MT and MT,500.
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TPR (temperature programmed reduction) previous data
for mud tailing in dynamic mode using 8% H, indicated
three events centered at 420, 480 and 750 °C. The first
two events suggest a reduction of hematite to magnetite,
whereas the metal phase a-Fe can only be formed at ca.
750 °C under dynamic conditions.* Nevertheless, the
results presented in this work suggested that the metallic
o-Fe can be obtained at 500 °C for 3 h using pure H,.
The reduction of iron oxides in matrices such as tailings
is complex and parameters such as H, concentration,
temperature and reaction time can have a great impact.3*3

The Mossbauer spectra for ST showed the typical sextets
for a-FeOOH and a-Fe,0,, with a higher spectral area for
the latter, of ca. 10 and 90%, respectively (see Figure S1,
Table S1, Supplementary Information (SI) section). For
the MT sample it is possible to observe tree sextets and
one doublet. The sextet with greater spectral area (45%)
and Mossbauer parameters isomer shift (8) = 0.35 mm s,
quadrupole splitting (AE,) = —0.17 mm s™' and hyperfine
field (B,z) = 51.8 T refers to the hematite phase, whereas
the sextet with 30% spectral area and 6 = 0.38 mm s,
AE, = —0.28 mm s and By = 36.8 T refers to goethite
phase (see Figure S1, Table S1, SI section). Additionally,
a superparamagnetic phase (sextet), probably related to
a highly dispersed Fe* phase (> 10 nm), and a doublet
with a quadrupole splitting of —=0.01 mm s related to an
aluminosilicate compound in which aluminum was partially
substituted by iron were observed.*”

The Mossbauer spectra of reduced materials (Figure 4)
confirmed the results obtained by XRD, whereas the iron
oxide phases were converted to an a-Fe phase. However,
there was still a small fraction of a Fe** superparamagnetic
phase (6% spectral area) for MT,500, probably related
to an internal iron phase that could not be reduced by the
hydrogen reduction treatment or an oxidation of metallic
iron in the sample at room temperature.

SEM images (Figure 5) of the sample ST showed
particles with average sizes between 20-100 pm mainly
related to silica with irregular and rough surfaces.
Figueiredo et al.*® found similar results for tailings from
Fundio dam, after the rupture, collected in Candonga
hydroelectric (Brazil). After reduction (Figure 5) no
significant change in morphology was observed. The
sample MT showed much lower particle sizes, mainly
agglomerates of micrometric particles. In this sample, EDS
mapping (see Figure S2, SI section) indicated that the silica
and Fe oxide are mixed in agglomerated particles.

The EDS mapping of iron and silicon for ST and MT
and reduced samples showed that these elements are
distributed throughout the samples (see Figures S2 and
S3, SI section).

J. Braz. Chem. Soc.
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Figure 4. Mossbauer spectra at room temperature of STy,500 and
MT,,500.

Magnetic separation

Magnetic separation was carried out with the dry
reduced samples using a simple neodymium magnet. Two
fractions were obtained, i.e., magnetic fraction (MF) and
a non-magnetic fraction (NMF). These fractions were
characterized by TG, XRD and SEM, to measure the
recovery extension and the chemical composition of each
fraction.

After magnetic separation of the sample ST,500 a
MF of 15 wt.% and NMF 85 wt.% were obtained whereas
for MTg,500 most of the sample was magnetic with
ca. 77 wt.% MF and 23 wt.% for NMF (Figure 6).

The XRD data for MTg,500 and its fractions showed
that most of MF is composed of a-Fe phase and the
MTgS00_NMF is a mixture of silica and small amounts
of a-Fe phases (Figure 7).

The XRD of the NMF of ST,500 (Figure 8) showed
only the presence of pure silica whereas the MF showed a
mixture SiO, enriched with a-Fe.

In terms of morphology and composition, SEM images
and EDS mapping (Figures 9 and 10) showed clearly Fe
enriched MF compared to the silica rich NMF for both
samples MTg,500 and ST,500 (Figures 9 and 10).

The TG curves for STy,500 showed a weight gain
starting at 200 °C, related to o-Fe oxidation to Fe** oxides
of ca. 3.4% (see Figure S4, SI section). As expected, the
MF showed a large weight increase of 30% (Figure 11)
indicating that most of the Fe was concentrated in the
magnetic fraction, corresponding to ca. 87% of Fe
enrichment fraction. On the other hand, the NMF did not
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Figure 5. SEM images of ST, ST,500, MT and MT ,500.
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For the MTg,500 sample it was observed a weight Figure 7. XRD powder diffraction for MTg,500, MTg,500_MF and
gain of 22.5% (see Figure S4, SI section). After magnetic MT,,500_NMF.
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Figure 8. XRD powder diffraction for ST,500, ST,500_MF and
STg5S00_NMF.
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separation the NMF showed very small weight gain
of ca. 4% whereas the magnetic fraction was ca. 24%
indicating a much higher Fe content (Figure 11).

The chemical compositions of reduced IOT’s and the
magnetic fractions were estimated based on ICP analysis,
mass balance, thermal analysis and atomic absorption data
(Table 2).

No minimum standards have been set for iron,
silica, alumina, calcium, and magnesium percentages in
commercial iron ores for steel making. But for commercial
viability, the raw iron ores are divided into three classes
depending on the total Fe content: (i) high-grade: Fe content
above 65%, (ii) medium- or average-grade: Fe contents in
the range between 62-64%, and (iii) low-grade: Fe contents
below 58%.% In that perspective, the STz;500_MF is
considered a high-grade material that can be used in steel
making.

As said before, most works in the literature use
greenhouse gases or coke/coal to transform iron oxide from

Figure 10. SEM images and EDS mapping of MT,500_MF and MTg,500_NMF.
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Figure 11. TG analysis, in air atmosphere, for STr,500_MF, ST,500_NMF,
MT,;500_MF and MTg,500_NMF.

Table 2. Chemical composition of reduced IOT’s and their magnetic
fractions in terms of iron and others

Sample Fe / wt.% Others / wt.%
STg,500 20.9 79.1
STgS00_MF 71.9 28.1
MT,500 52.7 36.1
MT,500_MF 56.0 44.0

MF: magnetic fraction; ST: sandy tailing; MT: mud tailing.

iron ore tailings to a magnetic iron phase and subsequently
use a magnetic separation for iron recovery. Table 3 shows
a comparison of the results obtained in this work and
literature. Tang et al.’ achieved a concentrate assaying
65.91% Fe, in the form of magnetite, with a recovery rate
of 94.60% using CO as reducing agent and a roasting
temperature of 600 °C. On the other hand, Li et al.* used
coal as reducing agent and studied a magnetizing roasting
process followed by magnetic separation. The best results
achieved a magnetic concentrate of 61.3% Fe and recovery
rate of 88.2%, using a ratio of coal:iron ore tailings as 1:100
and roasting at 800 °C. A pre-concentration followed by
magnetization roasting and magnetic separation process

Pinto et al. 975

was used by Zhang et al.*! to obtain a concentrate containing
66.35% Fe with a total recovery of 57.74%. They used a
roasting temperature of 540 °C and CO as reducing agent.
Besides those works, some researchers also demonstrated
the reduction of iron oxides by hydrogen, but no work was
found using pure hydrogen and magnetic separation for
iron recovery from iron ore tailings.

Our work demonstrated that similar Fe wt.% and
recovery rates were obtained with H, compared with other
processes described in the literature. It was obtained a
concentrate containing 70.0% Fe with a total recovery of
55% for STx,5S00_MF and a concentrate containing 56.0%
Fe with a total recovery of 86% for MT,,500_MF. As
reported by Svoboda and Fujita,*? the magnetic separation
has some competing forces as the force of gravity, the
inertial force, the hydrodynamic drag. In wet separation,
the particle size distribution also has a great impact, where
the hydrodynamic drag increases, in comparison to the
magnetic force, with decreasing of particle size. In this way,
the wet magnetic separation used in this work seems to be
limited by those parameters. Moreover, it is possible to see
in the SEM images that the particles of MT and MT,500
are mainly composed by aggregations of iron and silica.
Then, during the magnetic separation the particles that are
attracted to the magnet have both iron and silica phases,
which limit the process.

Nevertheless, these results clearly indicate that iron
can be enriched by simple direct reduction with hydrogen
at relatively low temperatures and subsequent magnetic
separation.

Figure 12 shows schematically the process described
in this work in terms of iron and its recovery.

Therefore, the process demonstrated in this work is
environmental friendly, by using hydrogen, and low cost
due to the use of low temperature (500 °C) reduction
compared to the literature. Moreover, the magnetic
fraction, especially from the ST sample, can be a potential
product to the steel industry, since it has a high iron
percentage.

Table 3. Comparison of Fe concentrations in tailings initial and after enrichment process in this work and literature

Process/reducing agent Fe concentration (initial) / wt.% Fe concentration MF / wt.% Fe recovery* / wt.% Reference
Direct reduction/ H, 19.2° 70.0¢ (71.9)¢ 55 this work (ST)
Direct reduction/H, 50.2° 56.0¢ 86 this work (MT)
Fluidized roasting/CO 10.6 65.9 95 5
Magnetization roasting/coal 11.0 61.3 88 24
Magnetization roasting/CO 10.3 66.4 58 41

Fe

final concentration (in the MF) 'Mchighl

10T,

weight

2Fe recovery =

einilial concentration (in the I0T) "

x100;*iron concentration as Fe (not as Fe,0,) measured by ICP; ‘measured by TG weight gain after oxidation;

Ymeasured by atomic absorption. MF: magnetic fraction; ST: sandy tailing; MT: mud tailing.
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Figure 12. Scheme describing the process in terms of iron and its recovery from (a) ST and (b) MT.

Conclusions

In this work we described a method to convert Fe,O,
into a-Fe and enrich iron from iron ore tailings by
direct H, reduction at relatively low temperatures and
magnetic separation of two types of iron ore tailings
with a major composition of iron oxide and silica. The
main conclusions were summarized as follows: (i) after
direct reduction with H, at 500 °C the iron oxide phases
were converted to o-Fe with no significant changes in
the particles morphologies; (if) the magnetic separations
demonstrated that the total iron grade for the magnetic
fraction was increased from initial 19.2 to ca. 70 wt.% for
ST, and from 50 to 56 wt.% for MT. An iron recovery of
55 and 86% Fe was attained under the optimal conditions:
using hydrogen gas with a rate flow of 50 mL min’', a
temperature of 500 °C during 3 h.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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