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Abstract

Red mud is a hazardous waste of alumina production by the Bayer method, which can be used for recovery of valuable ele-
ments such as iron, aluminum, titanium, and scandium. In this study, carbothermic roasting of red mud followed by dry or
wet magnetic separation was applied with addition of alkaline salts to enhance iron extraction. A comparative influence of
the use of sodium and potassium carbonates and sulfates, as well as the effects of roasting temperature and amounts of the
additives on iron recovery and the iron concentrate grade were studied experimentally on two industrial red mud samples.
The general mechanism of the roasting process in the presence of alkali metals was proposed in terms of temperature and
iron extraction. Influence of the grinding fineness of the roasted samples and magnetic field strength during wet magnetic
separation on iron extraction was also studied. It was shown that the addition of sodium and potassium carbonates and
sulfates during carbothermic roasting of red mud improves the magnetic separation of metallic iron. The composition and
microstructure of the separation products were examined, and their possible application was discussed.
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Introduction

Currently, many different industrial wastes have been accu-
mulating in the world [1, 2]. Metallurgy produces a wide
range of products for various purposes and significantly
contributes to the total amount of waste [3—6]. According
to the sustainable practices in waste management [7], recy-
cling is the preferred method in the case of impossibility to
prevent or/and reuse waste produced in the process. The best
world practices have demonstrated that metallurgical wastes
can be recycled not only in related metallurgical plants, but
also in other areas, for example, in construction [8—10] and
chemical industry [11, 12], as well as in agriculture [13],
etc. Recycling contributes not only to converting waste into
valuable resources and to preventing economic and ecologi-
cal expenses of landfilling, but also considerably facilitates
saving of natural raw materials [14]. However, metallurgical
industry still generates wastes that are recycled insignifi-
cantly: the “bauxite residue” or “red mud” is the example of
such waste. Red mud is produced world-wide during bauxite
processing by the Bayer method [15]; it contains 10-20%
Al,05, 3-50% SiO,, 30-60% Fe,05, 2-8% CaO, 0-25%
TiO,, and also up to 1% of total rare earth elements (REEs)
expressed as oxides [16—18].

Many researchers have attempted to find out a cost-effec-
tive way of red mud recycling in different industries [19-21],
but it led to a limited practical application [22]. There are
studies to use red mud as catalyst [23, 24], coagulant and
flocculant [25, 26], and adsorbent [27, 28]. Although these
methods can be applied on an industrial scale, the red
mud recycling would still be required due to its significant
amount accumulated world-wide in comparison with the
amount utilized by these methods. A number of studies
have been carried out to utilize red mud in the construction
industry with a high consumption of raw materials, namely,
in production of cement [29], concrete [30], bricks [31], tiles
[32], as well as in road construction [33]. From this perspec-
tive, the disadvantage of such methods is a loss of red mud
components, which are valuable for metallurgy: e.g., REEs,
due to their rapid demand increasing [34, 35], as well as
iron, aluminum, titanium, etc. So far, the alumina industry
has accumulated over 4.6 billion tons of red mud over the
world [36], but only about 15% is recycled [37]; the rest is
stored into sludge dumps. Russia, which is one of the main
world alumina producers, has already accumulated nearly
600 million tons of red mud [38] and its amount increases
by 5-8 million tons each year. Nonetheless, only a small
amount of the Russian red mud storage is used to recover
scandium [39] and to produce a pigment [40].

Iron is the main component of red mud [17]. Many meth-
ods have been proposed up to date for extraction of iron
from this waste. For example, reduction smelting [41, 42],

leaching by different acids [43, 44], carbothermic roast-
ing with subsequent magnetic separation [45, 46], and
high-intensity magnetic separation [47, 48] are widely
investigated methods for iron extraction. Undoubtedly, the
solid-phase carbothermic reduction is a more cost-effective
method for iron extraction compared with the reduction
smelting due to a lower process temperature. However, iron
grains obtained by carbothermic reduction of red mud at
1000-1300 °C have a very small size and are attached to
calcium aluminosilicate phases [49], which makes it diffi-
cult to separate iron from the gangue phase by magnetic
separation. Special additives to the red mud are required in
this approach to enhance iron extraction. These additives
promote reduced iron growth that facilitates gangue-grain
release [50] during fine grinding and thereby consequently
improve the magnetic separation. Traditionally, the sodium
salts are used, namely, carbonate and sulfate [S1-53]. Our
previous works [54-56] have shown that the addition of
sodium and potassium salts for carbothermic reduction of
red mud promotes growth of iron grains and improves the
magnetic separation efficiency.

The present paper continues our investigation of the
effects of addition of alkali carbonates and sulfates on iron
recovery. This paper presents the results of K,SO, addi-
tion and summarizes the influence of Na,SO,, Na,CO;, and
K,CO;, as well as roasting temperature, on the carbothermic
solid-phase reduction of red mud samples obtained from two
different Russian (Bogoslovsky and Ural) aluminum plants
with basicity (CaO/SiO,) of 0.46 and 1.21, respectively. The
iron grain growth and dry magnetic separation efficiency as
well as the effects of other parameters such as the roasting
temperature, grinding fineness, and magnetic field strength
during wet magnetic separation were studied experimentally.
The iron concentrates and tailings obtained during carboth-
ermic reduction were also analyzed and compared to each
other.

Materials and Methods
Red Mud Samples Characterization

The red mud samples from Bogoslovsky Aluminum
Plant (Krasnoturyinsk, Russia) and Ural Aluminum Plant
(Kamensk-Uralsky, Russia) were used in the experiments.
Sodium was removed from the Ural Aluminum plant sam-
ple by leaching with a lime slurry in a glass reactor at 90
°C for 3 h [57]. The chemical composition of red mud was
analyzed by an X-ray fluorescence spectrometer PANalytical
AXIOSmax Advanced (Netherlands). The X-ray diffraction
(XRD) patterns were obtained by an X-ray diffractometer
ARL X’TRA (Switzerland) with Cu-K, radiation source.
Table 1 shows the chemical composition of the samples. The
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Table 1 Chemical composition

. Red mud sample  Fe Si Al Ti Ca Mg Mn Na P S Sc
of red mud taken from different
plants (Wt%) Ural 258 407 625 212 171 061 074 02 018 0.4 0.008
Bogoslovsky 348 407 676 238 6.62 0.4 0.2 245 038 048 0.014
Table 2 Composition of the systems for thermodynamic simulation Experiments

(@

Red mud sample Sio, Al O, CaO Na,0/K,0
Ural 21 26 53 0-20
Bogoslovsky 28 42 30

XRD patterns of the red mud samples are published in our
previous paper [56].

It can be seen that the Ural red mud sample contains more
calcium and less other elements than the Bogoslovsky red
mud due to the preliminary treatment. Consequently, the
Ural red mud has a rather different mineralogy owing to an
increased amount of calcium-containing minerals such as
calcite and portlandite.

Thermodynamic Simulation

Thermodynamic simulation of phase equilibrium of the
red mud-alkaline salts system was carried out by FactSage
8.0 software (Germany/Canada) using FToxide database
[58]. The model system was based on a simplified red mud
composition (only major oxides were taken into account; it
was accepted that the all iron-containing phases were fully
reduced to metallic iron) with addition of K,O or Na,O.
The composition of each model system was determined as
follows. The weight contents of Si, Ca, and Al, which have
the same ratio as in the original red mud samples, were con-
verted into the oxides and normalized to 100 g. Afterward,
Na,O or K,O in the range of 0-20 g were added to 100 g
of these normalized red mud samples. The resulted com-
positions that represent the CaO-Al,05;-Si0,-Na,O and
Ca0-Al,05-Si0,-K,0 systems are given in Table 2.

Crucibles

Red mud with
Ikaline salts pellets

The
samples for
roasting

Fig. 1 Experimental procedure of the carbothermic roasting
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The carbothermic roasting experiments were realized in a
muffle furnace at the temperature range of 1000-1400 °C
during 1-3 h. Long-flame coal was applied as a reductant;
it contains about 15% of ash and 18% of moisture. The salt
additives were chemically pure reagents of Na,SO,, K,SO,,
Na,COj;, and K,CO;. The samples were quenched after
roasting into liquid nitrogen to prevent secondary oxida-
tion, ground and sieved to the required fineness, and then
magnetic separation was performed. The roasted samples
were ground using a microgrinder Fritsch Pulverisette 7
premium line (Germany), grinding machine DF-4 (China),
or a jasper mortar with a pestle depending on the required
fineness degree. Particle size classification was performed
by a vibrating screen. Dry magnetic separation was carried
out by drum BSMK-200 (Russia) device with the magnetic
field density of 0.35 T. Wet magnetic separation was realized
by XCGS-50 (China) device (Davis tube) with the magnetic
field density in the range of 0.05-0.45 T. A sample for wet
magnetic separation of 5-8 g in weight of required grinding
fineness was placed into the device, which was filled by tap
water, with preset required intensity of magnetic field and
was separated using flowing tap water.

The microstructure of the roasted samples was analyzed
by an optical microscope METAM LV-34 (Russia). Iron
grain size was calculated from micrographs using the Image
Pro Plus software (USA). The detailed methodology of the
experimental procedure and calculation of iron grain size
was described in our previous studies [55, 56]. Figure 1
demonstrates a schematic diagram of the roasting experi-
mental procedure.

The total iron content was determined by an atomic
absorption spectrometer Varian AA240FS (Australia) after

hoasting in the Quenching of the

muffle furnace samples in liquid
nitrogen
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alkaline fusion and acid digestion or only acid digestion of
the samples. The alkaline fusion was used for the majority
of the roasted samples. When the iron content was more than
30%, complexometric titration method for total iron analy-
sis was applied using 0.025 M Trilon solution and 20-25%
sulfosalicylic acid as an indicator at pH 2-3 until the color
change from blue violet to lemon yellow is seen. The metal-
lic iron content in the samples was analyzed by the potas-
sium dichromate titration method after selective leaching of
metallic iron using a FeCl; solution [59].

Results and Discussion
Thermodynamic Calculation

Figures 2 and 3 show the polythermal sections of the equi-
librium phase diagrams of the CaO-Al,0;-Si0,-Na,O
and Ca0O-Al,05,-Si0,-K,0 systems, respectively, which
are resulted from addition of alkaline salts to the Ural and
Bogoslovsky red mud samples. Figure 2 indicates that the
addition of Na,O first decreases the system solidus (i.e., the
curve, at which a liquid first appears, shown on the figure
as a red line). For the Ural red mud, (Fig. 2a) the liquid
phase first appears in the system at temperature of above
1450 °C without Na,O addition, while addition of 1-6% of
Na,O lowers the solidus temperature down to 1300 °C. A
further increase of Na,O to 6—-8% leads to a sharp increase
of the system solidus, while Na,O addition of more than
8% decreases the solidus to 1150 °C. For the Bogoslovsky
red mud (Fig. 2b) the liquid phase first appears at 1400°C
and addition of approximately 2-10% of Na,O lowers the
solidus down to 1240-1260 °C. A further addition of Na,O
decreases the system solidus to about 1100 °C.

Figure 3a, b illustrates the effect of the K,O addition on
the Ural and Bogoslovsky red mud system solidus. For the
Ural red mud (Fig. 3a), addition of K,O of more than 1%
generally lowers the solidus from about 1450 to 1300 °C.
However, for the Bogoslovsky red mud the solidus with K,O
addition (Fig. 3b) decreases first from 1400 to 1300 °C (K,O
< 8%), then increases to above 1400 °C (8-13% K,0), and
then decreases again to 1300 °C (K,0 > 13%).

Iron Grain Size

Our previous works [55, 56] have shown that iron-contain-
ing phases present in red mud can almost completely be
reduced to metallic iron at 1100-1200 °C. However, it is
impossible to separate iron from the gangue phase using
mechanical grinding followed by magnetic separation due
to small sizes of iron grains and their dissemination with
gangue. Microstructure investigation of the roasted samples
from Ural aluminum plant without additions showed that

iron grains were mainly of 1-20 pm in size. The addition of
Na,CO; or K,COj; leads to a considerable iron grain growth
without increasing temperature. To obtain similar in size
iron grains without salt addition, the process temperature
should be increased to 1400 °C.

Figure 4 compares the iron grain size after the carbo-
thermic roasting of red mud with 13.7% Na,SO, and 19%
K,SO, in the samples obtained from Ural and Bogoslovsky
plants, respectively. The bar charts show that an increase of
temperature leads to iron grain growth for both the Ural and
Bogoslovsky red mud samples. However, the relative area
of iron grains larger than 40 pm is more than 70% already
at 1200 °C in the Bogoslovsky red mud sample, while the
same results in the Ural red mud sample can be obtained
only at 1400 °C likely due to different basicity of the red
mud samples.

The addition of 19% K,SO, increases iron grain size in
both the samples, as well as sodium sulfate, but at different
temperature ranges. The relative area of iron grains larger
than 40 pm is only 50% at 1400 °C for the Ural sample,
while the percentage of the largest fraction reaches 55%
already at 1250 °C. It sharply increases to 95% at 1300 °C
for the Bogoslovsky sample.

In this way, the Bogoslovsky sample is more favorable for
the carbothermic roasting because the additions of sodium
and potassium sulfates increase the relative area of iron
grains larger than 40 pm at significantly lower temperatures
than those for the Ural sample.

Figure 5 demonstrates the effect of roasting tempera-
ture at the range of 1200-1400 °C on the relative area of
iron grains with a size larger than 40 pm without addition,
as well as with the additions of 17.1% Na,CO; and 17.6%
K,COs, respectively. The graph shows that both the addi-
tions enlarge the iron grains. The addition of 17.1% Na,CO;
leads to increasing the grain size more effectively than 17.6%
K,COj; this difference is due to a lower melting temperature
of the gangue phase with Na,CO; addition than that with the
addition of K,CO;, which is consistent with the calculated
phase diagrams (Figs. 2, 3). The iron grain size correlates
well with the amount of liquid phase. It can be seen from
the graphs that the liquid phase as well as large iron grains
are still absent in the sample without additions at 1200-1250
°C. The relative area of iron grains larger than 40 pm with
the addition of sodium carbonate at 1300 °C and 1350 °C
is already over 50% and about 97%, respectively, due to the
amount of the liquid phase increasing with rising of tem-
perature. The relative area of iron grains larger than 40 pm
also sharply increases with a further increase in the liquid
phase amount. It should be noted that although an increase
of the liquid phase amount promotes iron grain growth
and improves iron extraction from red mud, it can impose
limitations for practical realization of the approach in some
metallurgical units developed for solid-phase processes,
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Fig.2 The phase equilib-
rium diagrams CaO-Al,O5—
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in particular, due to formation of incrustation in tube-type
furnaces, so the amount of liquid phase should stay within
certain limit determined experimentally

Figure 6 shows the photomicrographs of the Ural red
mud sample after the roasting at various temperatures
without additives and with the addition of 17.6% K,CO;,
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respectively. The microphotographs correlate very well with
Fig. 5. The images clearly show that the addition of 17.6%
K,CO; improves the growth of iron grains. Despite the fact
that most of iron grains are small at 1100-1200 °C in both
samples without and with additions, the distribution of iron
particles is different. A distance between iron particles in
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Fig.3 The phase equilib-
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the samples with K,CO; addition is larger compared to the
sample without addition. Moreover, several areas with a high
concentration of iron particles were discovered in the sample
with additive. At 1300 °C, the relative area of iron grains
larger than 40 pm is 35% with the addition of 17.6% K,COs;,
while without addition it is 14%.

Figure 7 demonstrates photomicrographs of the
Bogoslovsky red mud sample after the roasting at
1100-1200 °C with the addition of 18.2% Na,SO,. The grain
shapes are different compared with Fig. 6 that is likely due
to a different mechanism of iron grain growth between the
roasting with the sulfates and the carbonates. As can be seen,
rather large iron particles are generated during the roasting
of the Bogoslovsky red mud with sodium sulfate at lower
temperatures; therefore, we used the Bogoslovsky sample
roasted with the addition of 18.2% Na,SO, at 1150 °C for
the following investigation of magnetic separation process.

Magnetic Separation

It has shown in our previous work [56] that the iron con-
centrate with 58.3% Fe can be obtained after carbothermic
roasting of the Bogoslovsky red mud with 18.2% Na,SO, at
1150 °C and dry magnetic separation. The additional study
using wet magnetic separation process was performed to
improve the iron concentrate grade.

Fig.4 Effect of temperature on
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Fig. 5 Effect of temperature on the relative area of iron grains larger
than 40 pm after 3-h carbothermic roasting of red mud without addi-
tion, with 17.1% Na,CO; and 17.6% K,CO; from Ural aluminum
plant

Figure 8 shows an influence of the grinding fineness
(Fig. 8a) and magnetic field density (Fig. 8b) during wet
magnetic separation on the iron concentrate grade and iron
recovery, respectively. Figure 8a illustrates that the iron
grade slowly rises with an increase of the yield of particles
— 0.033 mm. The iron recovery degree is more than 80%
across the entire range of grinding fineness. As can be seen,
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Fig.6 Photomicrographs of the roasted red mud samples from Ural aluminum plant for 3 h at 1100 °C (a), 1200 °C (b), and 1300 °C (c¢) without
additions, as well as at 1100 °C (d), 1200 °C (e), and 1300 °C (f) with 17.6% K,CO;

Fig.7 Photomicrographs of the roasted red mud samples from Bogoslovsky aluminum plant with 18.2% Na,SO, for 3 h at 1100 °C (a), 1150°C

(b), and 1200°C (c)

the iron grade is 73%, and the iron recovery is 92% at a
maximum grinding fineness. Figure 8b demonstrates that the
iron grade is almost constant in the range of 0.05-0.25 T and
decreases at 0.35 T that makes it unnecessary to increase the
magnetic induction above 0.25 T. The iron recovery degree
at the covered range of magnetic field varies from 80 to 90%.
Thus, the optimal conditions for the wet magnetic separation
are the degree of grinding — 0.033 mm of 94.8% and the
value of magnetic induction of 0.15 T, where the iron grade
is 76.7%, and iron recovery degree is 90.09%. Therefore,
the wet separation has a higher efficiency than the dry mag-
netic separation for the roasted sample at 1150 °C. However,
dry magnetic separation also led to producing quite high-
grade concentrates for the samples obtained at 1200-1350

°C. Table 3 indicates a dry magnetic separation efficiency
of such roasted samples. The results also show that iron
extraction is considerably easier from the Bogoslovsky red
mud sample than from the Ural one. The roasting of the
Bogoslovsky red mud with 9.1% Na,SO, at 1250 °C led to
obtaining of iron concentrate with both the iron recovery and
iron grade percentages above 90%, while these indexes for
the roasted Ural red mud at 1350 °C with 15% Na,SO, were
87.2% and 51.6%, respectively.

Figure 9 shows the effect of the roasting temperature on
the iron recovery and iron grade of the obtained concen-
trates. At lower temperatures with the addition of 17.1%
Na,CO; and 22% K,CO;, there were no separation into a
concentrate and tailings. Na,CO; and K,COj; addition to the

@ Springer



866

Journal of Sustainable Metallurgy (2021) 7:858-873

100 ; : ; : — 100
80+ 80 <&
o <
S &
N
o 60 L60 ©
2 3
z 3
%0 404 Lao &
g =
8 o
= i)
20 20
(a)
0 ; : ; ; —+0
0 20 40 60 80 100
Grinding fineness -0,033 mm (%)
100 ; ; : . , — 100
.\-/.
80 -/ F80 —
—_— o
S —— S
e_/ L
o 604 Leo 2
< 4
8 o
o0 Q
o 401 Lao 2
= 5
—
20 L2 —
(b)
0 —+0

. ‘ . ‘
0.05 010 0.5 020 025 030 035
Magnetic induction (T)
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of 100%) (b) on the iron grade and iron recovery during wet magnetic
separation of the Bogoslovsky red mud with 18.2% Na,SO, addition
roasted at 1150 °C for 1 h

Ural red mud resulted in a rather high recovery degree, as
well as in 95% and 94% of the iron grade, respectively. Fig-
ure 9 shows a temperature influence on the indexes of dry
magnetic separation after carbothermic roasting of Ural red

mud at the optimal amounts of Na,CO; and K,COj; addi-
tion according to our previous paper [55]. It can be seen
that the additions of Na,CO; and K,COj; lead to a high iron
separation already at 1250-1300 °C. Furthermore, it is inter-
esting to note that the addition of K,CO; improves the effi-
ciency of dry magnetic separation at a lower temperature
compared with Na,CO;. Nevertheless, the efficiency of dry
magnetic separation of the samples with Na,CO; addition at
1350-1400 °C is higher than with K,COj; addition.

The iron grade and iron recovery degree depend strongly
on temperature, as also demonstrated in our previous work
[56]. Based on the results of multifactorial analysis of
the carbothermic roasting—magnetic separation process,
Table 4 explains the mechanism of the temperature effect on
the indexes of dry magnetic separation in the case of Fig. 9.

Table 5 shows the general mineralogical composition
of the Ural red mud after 3-h roasting at 1000-1200 °C
without and with the addition of different alkaline salts. It
should be noted that the quantitative phase composition is
almost similar for a certain additive at the temperature and
the addition amount ranges. All the samples contain mainly
aluminum and calcium minerals such as gehlenite, mayen-
ite, perovskite, dicalcium, and tricalcium silicates; the iron-
containing phases are metallic iron and Fe—C alloy. The par-
ticular phases of the samples with the sulfate additions are
CaS and FeS, which have both a favorable and unfavorable
influence on the roasting and magnetic separation processes
depending on the sample basicity [56]. Although they sig-
nificantly reduce the temperature of liquid phase appearance,
facilitate grinding due to iron grain growth acceleration by
FeS formation, calcium sulfide increases the melting point
of the sample, thereby hindering the grain growth process.
However, although FeS has a favorable effect on iron grain
growth during the roasting, iron recovery and iron content

Table 3 Efficiency of dry magnetic separation for the roasted red mud samples during 3 h

Roasting conditions Addition Red mud sample Iron recovery (%) Iron grade (%) Metallization Iron in
degree (%) tailings
(%)
1350°C, 3 h 22% K,CO4 Ural 81.05 95 98.24 1.97
17.1% Na,CO, Ural 86.69 94.1 99.51 4.29
27.3% Na,SO, Ural 87.2 51.6 96.92 4.64
1250°C, 3 h 9.1% Na,SO, Bogoslovsky 90.06 90.8 98.41 2.96
1300°C, 3 h 14.2% K,SO, Ural 87.62 60.72 98.80 7.02
19% K,SO, Bogoslovsky 85.68 92.4 97.08 2.72
1200°C, 3 h 27.3% Na,SO, Bogoslovsky 83.97 85.1 89.69 3.93

@ Springer



Journal of Sustainable Metallurgy (2021) 7:858-873

867

100
90
<
<
70 H
—s—[ron grade
60 —e— Iron metallization
—a— Iron recovery
50 (a)
T T T T
1250 1300 1350 1400
Temperature (°C)
100
90
<
<
704
—=— Iron grade
60 —e— Iron metallization
—a—Iron recovery
50 1 (b)

T T T
1300 1350 1400

Temperature (°C)

T
1250

Fig.9 Effect of temperature on the indexes of dry magnetic separa-
tion of Ural red mud sample with 17.1% Na,CO; addition (a) and
22% K,COj; addition (b)

in the concentrate decrease owing to partial remaining of
iron sulfide in the tailings. Sodium carbonate addition led
to NaAlSiO, and MgAl,O, formation during the roasting,
while potassium carbonate caused the formation of mainly
water-soluble KAIO, with minor quantity of KAISi,Og; it
makes for more simple aluminum recovery from the tailings
with the application of potassium salts by water leaching.

Figure 10 illustrates the XRD diffraction patterns of the
samples without and with addition of Na,CO; and K,CO;,
respectively, which confirm the described mineralogical
composition.

The application of Na,CO; and Na,SO, for the roasting
of the highly basic Ural red mud led to the formation of such
aluminum minerals as gehlenite, nepheline, and mayenite in
the absence of sodium monoaluminate, while the addition
of K,CO; and K,SO, resulted in a partial transformation of
aluminum into potassium monoaluminate that is highly solu-
ble in water [60]. Thermodynamic calculations also dem-
onstrated that sodium monoaluminate is not formed in the
Ural red mud (see Fig. 2a), while the presence of potassium
monoaluminate (phase 2) can be seen in Fig. 3a. It indicates
that the application of the potassium salts is more promising
for subsequent aluminum extraction.

Figures 11 and 12 demonstrate the SEM images with
the distribution of elements in the concentrate and the tail-
ings obtained after the roasting of the Bogoslovsky red
mud with 18.2% Na,SO, at 1150 °C for 1 h and subsequent
wet magnetic separation. Table 6 gives the results of the
local SEM-EDX analysis of the concentrate and the tailings
samples. The concentrate consists of iron metallic particles
impregnated with gangue. SEM-EDX analysis of point no. 1

Table 4 General mechanism of the effect of the roasting temperature on the indexes of dry magnetic separation

Temperature (°C) Iron grade (%) Iron recovery (%)

Description

< 1250 n/s n/s

1250-1300 55-73 92-96

1300-1350 Sharply increases up to 94-95 Decreases to 80-85
1350-1400 Decreases to 80-90 Increases to 85-91
> 1400 - -

Iron grains are small, separation from the gangue is impossible

Growth of iron grains is insignificant; a small proportion of the gangue-
grain release occurs

The liquid phase proportion increases, thereby contributing to aggre-
gation of iron grains, as a result the iron grade rises sharply. Iron
recovery decreases because small iron grains remain associated with
the gangue after grinding of a partially molten material

Iron recovery rises due to a decrease of the proportion of small grains
as the liquid phase grows, captures the gangue particles, thereby lead-
ing to a decrease of the iron grade

Strong melting effects. Segregation of iron grains into a single ingot

Table 5 Mineralogical composition of roasted Ural red mud samples at 1000-1200 °C for 3 h without and with addition of alkaline salts

Phases No addition Na,SO, addition K,SO, addition Na,COj; addition K,CO; addition
General Al,Ca,Si0;, 12Ca0+7Al,05, CaTiO;, FeXCy, Fe, Ca;Si0s, Ca,SiO,
Particular - CaS, FeS, NaAlSiO, CaS, FeS, KAIO,, KAISi,Oq NaAlSiO,, MgAl,0, KAIO,, KAISi, Oy
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2theta (degree)

Fig. 10 The XRD patterns of roasted Ural red mud at 1100 °C for
3 h without additions (a), with 12.8% Na,CO; (b), and with 13.2%
K,CO; (c), where G, Al,Ca,SiO,;; M, 12Ca0+7A1,0;; P, CaTiO;
(perovskite); A, Ca;SiOs; I, Fe; F, Fe, ,Cygq; B, Ca,SiOy; S,
MgAl,O,4; N, NaAlSiO,; L, KAISi,Og; and K, KAIO,

indicates the presence in the concentrate of the gangue par-
ticle, which contains CaS. The analysis of point no. 2 shows
that iron is associated with phosphorus and sulfur, which is
unfavorable due to following hinderance of the application
of the concentrate in steel or ironmaking [61]. SEM analysis
of the tailings (Fig. 12) indicates the association of iron and
sulfur in sulfide form that predetermines iron losses with
tailings during the magnetic separation process. Zirconium-
scandium particle was found (Fig. 12, point no. 3), which is
consistent with the other paper [62].

Table 7 indicates the chemical composition of the mag-
netic concentrates obtained at different conditions for the
Bogoslovsky red mud without and with Na,SO, addition.

Analysis of the chemical composition shows that iron
content in the tailings is rather low, so the subsequent recov-
ery of aluminum, titanium, and scandium by hydrometal-
lurgical methods becomes more favorable compared with
the initial red mud samples. The concentrate obtained using
sodium sulfate as an additive contains a considerable sulfur
percentage. The main part of phosphorus passed into the
concentrate for both the samples. Furthermore, it is interest-
ing to note that carbon content in the sample with Na,SO,
addition is higher than in the sample without additions.

Table 6 General composition No. O Ca Al Si

(at.%) at the sampling points
marked in Figs. 11 and 12 705 11.8 64 48
1.7 - - -

3 68.1 44 28 12

3 2.1 09 03 02 - - - _ _
- 73.1 - -
2.1 5 2.3

Table7 Chemical composition of iron concentrate and tailings
obtained under different conditions

Roasting conditions Fe C P S

1300 °C, without addition Concentrate 87.6 0.75 0.85 0.018
Tailings 2.6 n/d 0.074 0.44

1150 °C, 18.2% Na,SO,  Concentrate 74.2 1.65 098 1.29
Tailings 450 n/d  0.057 4.77

n/d no data
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Fig. 11 SEM image with the distribution of elements in the concentrate obtained after the roasting of the Bogoslovsky red mud with 18.2%
Na,SO, at 1150 °C for 1 h followed by wet magnetic separation (Color figure online)
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Fig. 12 SEM image with the
distribution of elements in

the tailings obtained after the
roasting of the Bogoslovsky

red mud with 18.2% Na,SO, at
1150 °C for 1 h followed by wet
magnetic separation

@ Springer

Sc Kal

Spm

Na Kal_2



Journal of Sustainable Metallurgy (2021) 7:858-873

871

Conclusions

The experiments have confirmed that the addition of alkali
metal salts can improve the iron extraction from red mud
by the solid-phase carbothermic roasting at the temperature
range of 1150-1350 °C followed by dry or wet magnetic
separation. Moreover, the main parameters that affect the
process are the additives amount, temperature, and red mud
basicity (CaO/Si0,). Basicity decreasing from 1.21 (Ural
red mud) to 0.46 (Bogoslovky red mud) reduces the pro-
cess temperature by 100—150 °C with obtaining a high iron
recovery.

All the used additives, namely, Na,SO,, K,SO,, Na,CO;,
and K,CO;, reduce the temperature of the appearance of
the liquid phase during the roasting of red mud that has a
positive effect on the iron recovery by subsequent magnetic
separation. To be more precise, an increase of the liquid
phase amount is beneficial for the iron recovery and iron
concentrate grade, but the iron grade might tend to a slight
decrease at the presence of high proportion of the liquid
phase. Moreover, the addition of sodium salts leads to the
appearance of liquid phase at lower temperatures than the
addition of potassium salts does. Sulfates can both improve
and hinder the iron extraction in the samples with a low and
high basicity, respectively.

The concentrate obtained during the roasting with the
addition of sulfates has a high sulfur content that is unfa-
vorable for its use in steelmaking. From this point of view,
application of carbonates is more beneficial than sulfates,
although it has less impact on iron growth promotion. In
addition, all the obtained concentrates have a high phos-
phorus content, which also deteriorates the quality of the
concentrate in terms of use in steelmaking. The phosphorus
content in the concentrate can be decreased by changing
the roasting conditions, namely, the temperature and charge
basicity, thereby hindering reduction of phosphorus-contain-
ing phases in red mud to remain them in the tailings after
magnetic separation [63, 64]. The iron concentrate quality
can also be improved by mechanochemical and nanochemi-
cal treatment, that is, ball milling of reduced red mud in the
presence of sodium silicate and sodium hydroxide, which
promotes separation of phosphorous compounds from the
metallic iron surface [65].

The tailings from magnetic separation have an insignifi-
cant iron content and are suitable for extraction of scandium,
aluminum, and titanium by hydrometallurgical methods. The
tailings obtained by the roasting with the addition of potas-
sium salts contain a certain part of aluminum in the form of
water-soluble compounds that can be used for Al extraction
without the application of corrossive solvents. The obtained
tailings have a high content of alkali metals; it can be used
not only for the extraction of valuable components, but also

for obtaining of building materials. For example, bricks can
be prepared by pressing of the mixture of tailings and slaked
lime [66]. Moreover, the presence of alkali compounds in
tailings can be promising to apply for obtaining alkali-acti-
vated inorganic materials such as geopolymers or inorganic
polymers [67, 68].

Thus, carbothermic roasting with the addition of alkaline
salts followed by dry or wet magnetic separation has proved
to be a promising approach to extract iron from red mud. The
application of the sodium salts is more beneficial for the iron
extraction compared with the potassium salts, but potassium
salts seem to be more promising in terms of subsequent Al
extraction by leaching.
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