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Abstract: The electron spin resonance (ESR) spectra of Cuban red mud have been measured at three different
temperatures: 295 K, 150 Kand 77 K. The broad absorption line with resonance fields ~(1.7-1.8) kOe was observed
at all temperatures with values of g-factor from 3.602 to 4.020. The temperature decrease resulted in an absorp-
tion line appearance with resonance fields of 3.252 kOe (g = 2.067) at 150 K and 3.339 kOe (g = 2.086) at 77 K. The
ESR-signal amplitude with resonance fields ~(1.7-1.8) kOe decreases and the ESR-signal amplitude in the field

~3.3 kOe increases with reduction in temperature.
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INTRODUCTION

Red mud is a secondary product of aluminum ex-
traction in the processing of bauxites using the
Bayer method. This product presents a serious
problem for recycling, since red muds are pollut-
ed with alkalis and heavy metals and pose a dan-
ger to the environment. Existing methods of red
mud recycling (Linnikov et al. 1999, Tolstokulak-
ova et al. 2009, Pervushin & Pervushina 2011) are
based on chemical and thermal processing. Due to
the use of sulfuric acid (Linnikov et al. 1999) and
silicon tetrachloride (Tolstokulakova et al. 2009),
these methods are both unsafe and costly, while
smelting with a reducing agent (Pervushin & Per-
vushina 2011) is energetically ineffective. In view
of these problems, the study of red mud properties
is an urgent task.

Red mud contains oxides and silicates of iron,
cobalt, manganese, nickel. Therefore, the solution
of the problem of utilization can be approached
from the perspective of the investigation of the

magnetic properties of these chemical compounds
in red mud. Investigations of the magnetic prop-
erties of separate components of red mud were
carried out: for magnetite (Fe,0,), maghemite
(y-Fe,0,), hematite (a-Fe,0,) using ferromag-
netic resonance (Can et al. 2012), oxyhydroxide
nanoparticles using EPR and SQUID (Carbone
at al. 2005), synthetic hematite using ESR (Car-
bone et al. 2008) and nanomagnetite using ESR
(Dobosz et al. 2016). However, the practical inter-
est of the study lies in the behavior of monomin-
eral fractions in the red mud. This article presents
the results of studies of the properties of Cuban
red mud by means of ESR at the following tem-
peratures: 295 K, 150 K and 77 K, which have been
previously partially discussed (Shvets et al. 2012).

THE SAMPLE DATA

A sample consisting of the concentrated prod-
uct obtained from Cuban red mud was chosen
for investigation. The sample was prepared by
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PJSC SRDI “Mekhanobrchormet” (Kryvyi Rih,
Ukraine). The phase composition analysis of the
sample was performed on the basis of the differ-
ence in magnetic properties of the monomineral
fractions using the SALA WGMS 15-20 analyzer.
The most significant components of the samples
are hematite, iron(III) oxyhydroxides, asbolan
(consists of CoO, NiO and manganese dioxide),
iron silicate, magnetite and chromite. The distinc-
tive feature of the sample is the small percentage
of quartz (Tab. 1).

Table 1
The mineralogical structure of the sample [%]
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Particle size analysis was performed by means
of sedimentation. 79.8% of particles have a size of
less than 45 pum, 19.0% of particles are between
45 um and 74 um, while 1.2% of the particles are
larger than 74 um.

The test sample originates geologically from
the Cretaceous Tholeiitic Arc, which is located in

the north-eastern part of Cuba. Ore extraction oc-
curs in three geographical centers located on the
Cretaceous Tholeitic Arc: Moa Baracoa (north-
-eastern part of the Arc), Sagua-de-Tanamo (the
central part of the Arc), and Mayari (north-west
part of the Arc) (Nelson et al. 2011). These deposits
contain chromite melts enriched by Al in various
proportions: from Al-rich (Cr ~0.45) to Cr-rich
(Cr ~0.78) (Proenza et al. 1999).

MAGNETIC RESONANCE
MEASUREMENTS

The investigations for the sample were carried out
with the use of the BRUKER ELEXSYS E580 spec-
trometer in the X-band. The spectra setup param-
eters were as follows: the microwave frequency
equal to 9.652 GHz, the microwave power equal to
0.02 mW, the modulation intensity — 1 G, the mod-
ulation frequency - 100 kHz, the time constant —
0.16 s, the sweep time - 300 s, the samples weight
was (16 + 1) mg, the temperature was 295 K, 150 K
and 77 K. The Dewar container, made from foam
plastic and filled with liquid nitrogen, was used to
obtain the spectrum at 77 K. The ESR absorption
curves with the forward and reverse directions
of the magnetic field are presented in Figure 1, as
a derivative of absorption function.

1.5e+007 T T T

1le+007

5e+006

Absorption, arb.un.

-5e+006

-1le+007

T
205K —

150 K ——

-1.5e+007

-8000 -6000 -4000

0 2000 4000 6000 8000

Fig. 1. ESR absorption by the Cuban red mud at 295 K, 150 K and 77 K

https://journals.agh.edu.pl/geol



Paramagnetic properties of Cuban red mud at low temperatures

375

We can see from Figure 1 that the absorp-
tion line at 295 K is observed with resonance field
1.821 kOe. This line is broad, as it has been shown
previously for 295 K only (Shvets et al. 2010).

With the temperature decreasing to 150 K,
a new absorption line with a resonance field of
3.252 kOe was observed. At the same time, the
reduction of the ESR-signal amplitude with reso-
nance field 1.821 kOe and the shift of this line to
the field 1.761 kOe were also observed.

With a further temperature decrease to
77 K, a clearly visible line with a resonance field
3.339 kOe was discerned, together with a line of
small intensity with a resonance field 1.672 kOe.
It should be noted that the line shape of ~3.3 kOe
(3.252 kOe at 150 K and 3.339 kOe at 77 K) is sim-
ilar to the ESR line shape for paramagnetic cen-
ters with one unpaired electron, where the tran-
sition occurs between states with energy values
(-1/2¢gPH) and 1/2¢gBH (Drago 1977).

The appearance of the new absorption line
with a resonance field ~3.3 kOe was accompanied
by a change in g-factor (Tab. 2).

Table 2
The values of H,, and g-factor measured at different tempera-
tures
T[K] H, [kOe] g-factor
295 1.821 3.602
1.761 4.016
150 3.252 2.067
77 1.672 4.020
3.339 2.086

We see that values of g-factor for the lines with
resonance fields ~(1.7-1.8) kOe and the line with
resonance field ~3.3 kOe differ significantly: the
average value of the effective g-factor at 295 K for
the line 1.821 kOe is equal to 3.602, g-factor for
the line ~3.3 kOe at 150 K and at 77 K is equal to
2.067 and 2.086 respectively; g-factor for the line
in the field 1.7 kOe is equal to 4.016 at 150 K and
4.020 at 77 K.

The temperature decrease leads to a reduction
in the ESR-signal amplitude for absorption lines
with resonance fields ~(1.7-1.8) kOe. At the same
time, the temperature decrease leads to an in-
crease of the ESR-signal amplitude for absorption
lines with resonance fields ~3.3 kOe (Tab. 3).

Table 3
The amplitude of the ESR-signal at different temperatures
The amplitude [10°arb. un.]
T[K] in the field in the field
~(1.7-1.8) kOe ~3.3 kOe

295 10.5 -

150 4.8 2.1

77 0.2 6.2
DISCUSSION

We can see from Table 1 that the studied sample
contains a number of ions of the transition metal
atoms that are part of separate monomineral frac-
tions. The sample mainly consists of hematite and
iron(III) oxyhydroxides, which contains of ions
Fe**. Asbolane, expressed with the chemical for-
mula (Co,Ni)O-MnO,-nH,O, contains the ions
Ni**, Co*, Mn*". Asbolane is mixed-layer mineral
with layers of Mn-O octahedra and other metals
mostly in separate layers (Palache et al. 1944). Iron
silicate, Fe,SiO,, contains the ions Fe**. Magnetite,
FeO-Fe,0,, contains the ions Fe** and Fe’*. Chro-
mite, FeO-Cr,0O,, contains the ions Fe** and Cr**.
The majorities of these ions have an uncompensat-
ed spin magnetic moment and may potentially be
the source of the ESR signal (Tab. 4).

Table 4
Electronic configurations of ions in Cuban red mud

Ton Cr’* | Mn*" | Fe** | Fe** | Co* | Ni*
Electronlc. 3 34 38 | 348 | 347 | 34
configuration

We can see from Table 4 that ions with an odd
number of 3d-electrons, namely: Fe**, Mn*, Cr’*
and Co*, can contribute to the wide absorption
line in the region of 1.8 kOe at room temperature.
This is confirmed not only by the wide absorp-
tion line in this region, but also by the value of
the g-factor. The absorption line of pure hematite
was observed in this region (Carbone et al. 2008),
however, the g-factor for this transition was equal
to 2.1. In this article the g-factor is 3.6.

As the temperature decreases, a number of
magnetic transitions occur in the monomineral
fractions contained in the sample.

Geology, Geophysics and Environment, 2018, 44 (4): 373-378
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Fig. 2. The distribution of electrons along the orbitals for the Fe’* ion: A) in the octahedral field of ligands in the case of a strong
bond (term °T,,); B) in the octahedral field of ligands in the case of weak coupling (term °A, ); in the tetrahedral field of ligands

in the case of weak coupling (°A,,)

In hematite, transitions associated with
a change in the angle of inclination of antiferro-
magnetic sublattices are observed. In the crys-
tal o-Fe,O, in the temperature range from 250 K
to 261 K, the Morin transition occurs (Ozdemir
etal. 2008). The magnetic transition, similar to the
Morin transition, is observed in the temperature
range from 130 K to 80 K in &-Fe,O, and is asso-
ciated with a decrease in the skew of the antifer-
romagnetic sublattices (Gich et al. 2006a, 2006b).
The decrease in the amplitude of the ESR-signal
with a resonance field ~(1.7-1.8) kOe at low tem-
peratures can be due to structural changes oc-
curring with iron oxides: paramagnetic hematite
becomes antiferromagnetic goethite at 150 K ac-
cording to calculations by DFT (Yu et al. 2016).
The change in the structural characteristics of
the sample at low temperatures might explain the
small shift of the absorption region.

In magnetite at temperatures below T, = 120 K,
the Verwey transition is observed (Verwey 1939).
It has been shown (Senn 2012) that magnetite gen-
erates large-radius polarons (trimerons) at 77 K
with the participation of Bf,, electrons, the donors
of which are Fe’* ions in the octahedral positions
of magnetite. As a result of this charge ordering,
the ion Fe?' is converted to the ion Fe**, whose
state is described by the T, state (it derives from
the crystal field theory, Fig. 2A), in a contrast to
Fe** ions in octahedral and tetrahedral positions
already existing in the crystal, described by the
%A, , term (Fig. 2B, 2C).

Consequently, the unpaired at, -electron of the
ion Fe’* formed from the ion Fe’* (Fig. 2A) during
the formation of the polaron might be responsible
of the line in the region of 3.3 kOe, causing para-
magnetic properties of the sample at 77 K.

It was revealed that MnO,, which contains the
paramagnetic ion Mn*, becomes antiferromag-
netic at 77 K and does not appear in the ESR spec-
trum (Kakazey at al. 2001), therefore, it does not
support the line in the region of 3.3 kOe.

Pure chromite, or chromospinel FeO-Cr,O,,
exhibits weak magnetic properties at room tem-
peratures. It was observed the ESR absorption
for Cr’* in an octahedral field with g = 1.903, and
also for Fe** with g = 3.861 at room temperature
for samples of Cuban chromite, which, as the test
sample, belongs to Cretaceous Tholeiitic Arc (Red-
dy & Frost 2005). In our spectra, we observe only
a broad band with g=3.602 at 295 K, the carrier of
which is the ion Fe**, as already mentioned above.

Bulk CoO is antiferromagnetic with a Néel
temperature at 298 K, so it does not appear in the
ESR spectrum at 77 K.

Thus, it can be concluded from the analysis that:
- the absorption band in the region of 1.821 kOe

can be formed by the ions Fe’*, which are part

of hematite, oxyhydroxides, fayalite, chromite,
magnetite, as well as by the Mn** ions that
make up MnO,;

- the carrier of the ESR signal in the region
~3.3 kOe is the at,-electron of the ion Fe™
formed from the ion Fe** during the formation
of trimeron in magnetite.

CONCLUSIONS

The investigation of the sample of Cuban red mud

using the ESR method revealed the following fea-

tures of ESR absorption:

1. Broad absorption lines with a resonance field
of 1.821 kOe with g = 3.602 were observed in
the ESR spectra at T = 295 K; temperature
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decreases to 150 K and 77 K lead to the shift

of the absorption into the fields 1.761 kOe and

1.672 kOe respectively.

2. Absorption lines with resonance fields of
3.252 and 3.339 kOe were observed in the sam-
ple at 150 K and 77 K respectively.

3. ESR-signal amplitudes with resonance fields of
~(1.7-1.8) kOe decrease with the reduction in
temperature; the ESR-signal amplitudes with
the fields 3.252 kOe and 3.339 kOe increase
with the decrease of the temperature.

It should be noted that the similar changes of
magnetic properties at low temperatures can ap-
pear in other samples containing hematite and
magnetite.

From the results of the measurements listed
above it follows that observed changes in magnetic
properties of Cuban red mud at low temperatures
should be considered when developing new tech-
nologies for recycling bauxite secondary products.
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