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Abstract—The results of studying the reducing roasting of the high-iron (65% Fe2O3) niobium–rare earth ore
of the Chuktukon deposit with the production of high-phosphorous cast iron and niobium–rare earth slag
are discussed. The optimum reducing roasting conditions are found, and fairly complete separation of the
roasting product into metal and slag phases is shown to be achieved at 1400°C. Under these conditions, 88%
of phosphorus passes into cast iron, and 95% of niobium and 85% of manganese are concentrated in a rare-
earth slag. The yield of phosphorous cast iron (up to 3.5% P) is about 45% and that of slag is 25% of the ore
mass. The main slag phases are glass and, crystals with perovskite, loparite and spinel structures. Niobium
and rare earth metals are concentrated in the first three phases, and the spinel phase is represented by an
MnAl2O4–MgAl2O4 solid solution. After the preliminary removal of iron and phosphorus from the ore in the
form of a metallic product, the material f lows in the hydrometallurgical stage of processing are found to be
reduced fourfold. Moreover, the entire process can become environmentally friendly with high technical and
economic indicators.
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INTRODUCTION
The world production of rare earth metals (REM)

is about 135 ths t per year. China is the monopolist in
the REM production and Brazil is the monopolist in
the niobium production [1]. About 8.5 ths t per year of
REMs based on their oxides were produced in the
Soviet Union. The difficult situation in the country in
the 1990s led to a sharp decline in the production of
these metals. The current consumption of REMs
(individual oxides and metals) in Russia is very small
and amounts to 2 ths t per year, or 2.5–3% of the
global consumption [1]. The great importance of the
development of the rare-earth industry in Russia
requires the development of new highly efficient tech-
nologies to solve the problem of developing domestic
deposits.

A significant increase in the world prices for rare
metals and REMs in recent years and the impossibility
of increasing the volume of production at the existing
facilities make the creation of new enterprises in Rus-
sia particularly important, which is provided for by the
state program “Development of industry and increas-

ing its competitiveness on the period until 2020”
adopted by the Government of the Russian Federation
in 2013 (subprogram 15 “Development of the industry
of rare and rare-earth metals”) [2].

Two large Russian deposits, namely, Tomtor
(Sakha Yakutia) and Chuktukon (Krasnoyarsk Terri-
tory), are considered as the priority areas for the devel-
opment of the mineral resource base of rare metals and
REMs. The Tomtor deposit is located in a difficult-to-
reach area; i.e., the problems of its development are
associated with the complexity of product transporta-
tion [3].

The Chuktukon deposit of niobium–rare earth
ores located in the Boguchansky district of the Kras-
noyarsk Territory can become an important object for
the modernization and development of the rare-metal
industry in Russia in the ore reserve and the quality
characteristics of the ore. The reserves of rare-earth
ores in this deposit, which where approved by the State
Reserves Committee of the Russian Federation
(2007), amount to 6639 ths t (category C2); the
reserves of niobium pentoxide are 39.8 ths t (0.6% nio-
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bium in ore); and the reserves of REM oxides are
486 ths t (7.3% in orfe). This deposit belongs to the
ore-formation type of rare-metal weathering crust of
carbonatites. The ore zone of the deposit is a powerful
cloaklike deposit 3.5 km long, 800–1400 m wide, and
200 m thick. The ore is highly dispersed and contains
up to 50% Fe, 12% Mn, and >7% REM oxides. The
mineral composition of the ores is as follows: goethite,
hydrogoethite, hematite, psilomelan, pyrolusite,
bariopyrochlor, strontiopyrochlor, ceriopyrochlor,
pyrochlor, f lorencite, monazite, and cerianite. The
deposit is located relatively close to the Bogu-
chanskaya HPP, which solves the problem of energy
supply. Ore is proposed to be open-pit mined.

One of the decisive arguments about the necessity
of developing the Chuktukon deposit is the economic
factor determined by the natural share of the yttrium
group metals in the REM composition (5–8%), which
corresponds to the world level of consumption; i.e., it
will contribute to a more complete sale of products.
Therefore, the creation of REM production on the
basis of the Chuktukon deposit will allow Russia to
modernize the rare-metal industry and to take the
leading place on the world market of rare metals at a
high production efficiency [3].

The processing of complex iron-containing rare-
earth ores is a big problem due to the fact that these
ores cannot be beneficiated because of their fine dis-
persion and the close coalescence of the mineral com-
ponents.

When choosing a ore processing technology for the
Chuktukon deposit, it is necessary to take into account
a high iron content in it and the characteristic features
of the behavior of rare metals and REMs. At 65%
Fe2O3, purely hydrometallurgical processing methods,
in particular, pressure leaching with nitric, sulfuric
and hydrochloric acids, become unacceptable.

During nitric acid leaching, iron and niobium
weakly dissolve, and about half of manganese is con-
centrated in a solid iron-containing residue [4]. This
circumstance greatly complicates niobium recovery.

When leaching with sulfuric acid, a significant part
of iron oxides is retained in a solid phase due to poor
solubility of goethite and hematite in sulfuric acid.
Manganese behaves similarly. Niobium is distributed
between the solid phase and the solution, which leads
to its inevitable loss.

When hydrochloric acid is used, niobium, silicon
and titanium concentrate in a solid phase, and almost
all iron and manganese pass to a solution, together
with REMs. Moreover, the consumption of concen-
trated hydrochloric acid is very high (about 3–3.5 tons
per 1 ore t). To extract REMs, it is first necessary to
remove iron from the solution by neutralization. High
REM losses are inevitable because of the very high
iron content in the solution and the formation of large
sediments during neutralization. In addition, serious
problems are associated with the disposal of the large
RU
volumes of iron-containing residues. Therefore, the
hydrochloric acid method can become effective when
iron is preliminarily removed preferably in the form of
a commercial product or semiproduct.

For efficient processing of the niobium–rare earth
ores of the Chuktukon deposit, a combined pyrohy-
drometallurgical scheme, in which major part of iron
is separated in the form of metal at the first stage
(reduction smelting), is more promising. In [4–6],
reduction ore smelting was considered in the tempera-
ture range 1550–1600°C for ~2 h with the transfer of
manganese, phosphorus, titanium, and niobium along
with iron into a metallic phase (cast iron) and with
REM concentration in a slag. The cast iron is pro-
posed to be subjected to stage-by-stage conversion to
extract niobium and manganese into a slag and, then,
to remove phosphorus, and the slag from ore smelting
is proposed to be subjected to nitric acid decomposi-
tion followed by the extraction of REMs from solu-
tions. Despite the fact that ore reduction smelting
allows a fourfold reduction in the material f lows in
hydrometallurgical processing, the proposed version
needs high energy, and it is very difficult to achieve the
desired degree of niobium and manganese recovery
into a metallic phase under industrial conditions.
Therefore, it is reasonable to reduce the ores under
moderate temperature conditions, where phosphorus
is transferred to a metal and niobium, manganese, and
REMs are retained in a slag phase. Preliminary
removal of iron will significantly facilitate further
hydrometallurgical extraction of niobium, REMs, and
manganese from the slag at high technological param-
eters.

In this work, we discuss the results of studying the
reducing roasting of the niobium–rare earth ore of the
Chuktukon deposit with the formation of high-phos-
phorous cast iron and a niobium–rare earth slag.

EXPERIMENTAL
The studies were conducted on a representative

sample of ore crushed to <0.16 mm. In the initial sam-
ple, the fraction of the fine fraction (<0.16 mm) was
55%. The moisture content of the ore was 0.83%. The
chemical composition of the ore was as follows (%):
0.17 Na2O, 0.17 MgO, 3.06 Al2O3, 1.71 SiO2,
4.14 P2O5, 2.42 CaO, 1.20 TiO2, 0.39 V2O5, 7.1 MnO,
64.8 Fe2O3, 1.04 ZnO, 1.49 BaO, 0.055 ZrO2,
1.54 Nb2O5, 0.54 SrO, 0.12 Y2O3, 0.79 La2O3,
1.51 CeO2, 0.13 PrO3, 0.45 Nd2O3, 0.039 Gd2O3, and
~10 others. The ore is characterized by a high content
of iron and manganese. The content of rare metals in
the form of their oxides is 5.2%, of which 1.54% is
Nb2O5.

Reducing roasting was carried out with coke in a
coal bed to prevent contact of the slag with the crucible
material. The main problem was to determine the
optimal reducing agent consumption necessary to
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 5
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Fig. 1. X-ray diffraction pattern of the Chuktukon niobium–REM ore (Fe Kα radiation): G is goethite; H, hematite; P, psilome-
lan, A, apatite; and M, monazite.
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minimize the reduction of niobium and manganese
into a metal phase. For roasting, the ore with crushed
coke additives (<0.1 mm) was briquetted. The amount
of coke was calculated from the iron oxide content. In
experiments, the coke consumption was varied within
11–15% of the ore mass. The weight of the pellets
made from a roasting mixture was 17–23 g (15–20 g
based on ore). Reducing roasting was carried out in the
temperature range 1200–1400°C. The time of heating
from 1000 to 1200–1400°C was ~10 min. When the
maximum temperature was reached, the process con-
tinued after holding for 5 min. The products of reduc-
ing roasting after cooling and crushing were divided
into the following two fractions: metal and slag. The
metal was analyzed to determine the impurity compo-
sition, and the slag was examined using optical
microscopy, electron-probe microanalysis (EPMA),
and X-ray diffraction (XRD).

RESULTS AND DISCUSSION
According to XRD data (Fig. 1), the main minerals

of the Chuktukon niobium–rare earth ore are
hydroxides and iron oxides, namely, goethite
FeOOH and hematite Fe2O3. Manganese is in psilo-
melan (Ba,H2O)2Mn5O10, niobium is in pyrochlore
CaNaNb2O6F or in similar minerals, and REMs are
mainly in monazite (Ce,La)PO4. Along with these min-
erals, a significant amount of apatite Ca5(PO4)3(OH),
silica, and clay minerals is also present in the ore.

According to the data of microscopic analysis
(Fig. 2), the coarsening of metallic iron particles in
reducing roasting begins at 1200°C, and the slag phase
contains many fine (1–10 μm) iron particles. At
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
1250°C, the fraction of fine iron particles in the slag
decreases noticeably and new phases solidify in the
slag. A further increase in temperature leads to accel-
eration of these processes, and the formation of metal
and slag phases is completed at 1400°C. In this case,
large metallic iron shot is separated from the slag, and
the slag is almost completely free of fine metallic par-
ticles. The results of reducing roasting of the ore at
1400°C at various coke contents are given in Table 1.
Photographs of the reducing roasting products are
shown in Fig. 3. It should be noted that the slag struc-
ture is most dense at 15% coke. As follows from Table 1,
the metal yield increases slightly (from 44.8 to 46.7%)
and the slag yield decreases (from 26.2 to 22.6%) when
the coke consumption increases from 11 to 15%, which
is associated with the complete reduction of iron into
cast iron, its carburization, and a slight increase in the
fraction of extraction of other components into the
metal. Under the optimum reducing roasting condi-
tions, the iron recovery from the ore into the metal
phase reaches 98%.

The results of X-ray photoelectron spectroscopy
(GDS 850A glow discharge atomic emission spec-
trometer, LECO) of metal samples formed at various
solid reducer contents are given in Table 2.

According to the analysis data, the synthesized
metal is low-silicon high-phosphorus cast iron con-
taining 0.01–0.033% Si and about 3.5% P. The
extraction of phosphorus into cast iron is 84–88%;
i.e., its content in slag is 16–12%, respectively. The
presence of phosphorus improves the f luidity of cast
iron, which is explained by the formation of a low-
melting point triple (phosphide) eutectic melting at
950°C in cast iron [7]. Therefore, the coarsening and
 5
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Fig. 2. Microstructures (various scales) of the products of reducing roasting of the niobium–REM ore at (I) 1200 and (II) 1250°C.
Metal is bright.
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Table 1. Results of reducing roasting of the niobium–REM ore from the Chuktukon deposit at a temperature of 1400°C
and various coke contents

Experiment Coke content, %
Yield of roasting product, % of the ore mass

metal slag

1 11 44.7 26.2

2 13 44.5 25.6

3 15 46.7 22.6

Table 2. Chemical compositions of the metallic products of
reducing roasting of the niobium–REM ore at 1400°C and
various coke contents

Element
Element content, % in product

1 2 3

C 2.19 2.38 2.41

Si 0.009 0.011 0.033

Mn 0.899 1.650 1.530

P >3.43 >3.51 >3.26

S 0.115 0.038 0.062

V 0.134 0.164 0.117

Ti <0.010 <0.010 <0.010

Nb 0.038 0.096 0.052
coalescence of metallic particles at relatively low
reducing roasting temperatures (1400°C) are signifi-
cantly facilitated. According to the results of micro-
scopic analysis, the slag is almost completely free of
fine metallic particles.

The reduction of niobium into a metal under these
conditions is weak. The niobium content in the metal
is 0.04–0.1%. Taking into account these data, the
extraction of niobium into a metal is 1.7–4.3%
depending on the amount of a reducing agent, more
than 95% of niobium concentrates in slag. The
extraction of manganese into cast iron is 10–15%, the
rest of manganese concentrates in the slag phase along
with REMs.

The fields of application of high-phosphorus cast
iron strongly depend on the volume of processing of
the niobium-rare earth ore. At small processing vol-
ume (up to 100–200 ths t per year), the production of
phosphorous cast iron is 45–90 ths t per year. In this
case, cast iron containing about 3.5% P can be suc-
cessfully used as a valuable material for the manufac-
ture of brake pads for high-speed locomotives [8, 9].
The high technological properties of phosphorous cast
iron for the manufacture of brake pads are achieved
when it contains <1.9% Si and <3.0% C. The high-
phosphorous cast iron formed by processing the nio-
bium–rare earth ore of the Chuktukon deposit con-
tains 2.1–2.4% C and 0.01–0.033% Si, which fully
meets the quality requirements imposed on cast iron
for the production of brake pads for high-speed loco-
motives.

At large volume of processing the niobium–rare
earth ore (up to 0.5–1 mln t per year), the produced
high-phosphorous cast iron (225–450 ths t per year)
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.

Fig. 3. Appearance of the products of reducing roasting of pel
1400°C: (1–3) experiments 1–3 in Table 1. M, metal; S, slag.

1 2

M

can be cost-effectively processed in open-hearth fur-
naces (or other units) with the formation of medium-
or high-carbon steel. At the same time, the associated
production of phosphate slags will significantly
increase the profitability of this stage of processing. In
this regard, the processing of the phosphorous cast
iron should be divided into two stages, which will
allow the process to be conducted at each of them at a
low slag content. In addition, dephosphorization can
be performed at the first stage after casting.

The second stage, namely, the oxidation of metal
impurities, is carried out for retreating, as in the
scrap–ore process. If necessary, an additional opera-
tion can be introduced because of too high contents of
manganese (0.9–1.65%) and vanadium (0.12–0.16%).
As a result, the melt of phosphorous cast iron is ini-
 5
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Table 3. Chemical compositions of the slags having formed
upon reducing roasting of the niobium–REM ore from the
Chuktukon deposit

Component

Component content, %, in slag

1 2 3

Na2O 0.10 0.11 0.10

MgO 0.47 0.48 0.50

Al2O3 7.07 7.39 7.23

SiO2 7.32 7.76 7.47

P2O5 2.65 2.20 1.97

СаО 9.58 10.3 10.1

TiO2 3.53 3.25 3.20

V2O5 0.86 0.77 0.74

MnO 21.0 21.0 21.0

Fеtot 1.8 3.3 3.60

SrO 2.03 2.06 2.07

Y2O3 0.47 0.47 0.48

ZrO2 0.23 0.23 0.24

Nb2O5 6.14 6.21 6.22

ВаО 6.49 6.91 7.09

La2O3 2.85 2.86 2.87

CeO2 5.43 5.44 5.38

Pr2O3 0.51 0.52 0.50

Nd2O3 1.71 1.72 1.68

Sm2O3 0.25 0.25 0.26

Gd2O3 0.12 0.13 0.12
tially blown by oxygen to form a manganese–vana-

dium slag and is then subjected to dephosphorization

in two periods.

The chemical composition of the slags formed

reducing roasting of the ore is given in Table 3. These

slags are rich artificial raw materials of rare metals and

REMs. The total content of their oxides in the slag

exceeds 20%. The slag contains 21% MnO, and con-

tent Fetot is 1.8–3.6%. The increase in the iron content

in the slags with increasing coke consumption is

caused by the presence of small metallic iron particles

in the slag. The main impurities are CaO (9.6–10%),

SiO2 (7.3–7.8%), Al2O3 (7.1–7.4%) and P2O5 (2.0–

2.65%). When the solid reducing agent content

increases during reduction roasting of the ore, the

phosphorus content in the slag decreases slightly.
RU
The diffraction patterns of the slags are shown in
Fig. 4 and their microstructures are shown in Fig. 5.
The slags have a fine crystalline structure. According
to XRD and microscopic analysis data, the phase ratio
in the slag changes as a function of the amount of the
reducing agent. All slags have the following four main
phases: a glassy matrix, bright skeleton crystals with a
perovskite structure, coarse grains with a cubic habit
plane (spinel phase), and fine crystals in the glassy
matrix in the form of stars with a loparite structure.

In the case of hydrometallurgical processing, the
achievement of high parameters for the extraction of
the target components mainly depends on the com-
pleteness of decomposition of slag phases, which, in
turn, is determined by the chemical compositions of
the phases and the form of the elements in these
phases. For an example, Table 4 gives the results of
EPMA analysis of the mineral phases in slag 3, and
Fig. 6 shows the microstructure of this slag.

The glassy phase of the slag consists of barium, cal-
cium and manganese aluminosilicates. It contains a
significant amount of rare metals and REMs. The
Nb2O5 content reaches 4%, and the content of lantha-

num, cerium, and neodymium oxides exceed 3%. In
mass, the glassy phase is the main phase of the slag.

The phase with a perovskite structure is a solid
solution of titanium perovskite (CaTiO3) with niobium

and REM oxides with the general formula ABO3 [10].

The Nb2O5 content in this phase is very high, 11.3–

16.5%. The REM oxide content reaches 30%: ~5.5%
is the fraction of Nd2O3; 9%, La2O3; and 15%, Ce2O3.

This phase also contains up to 11% Al2O3 and 2.5–

3% SrO.

The phase with a loparite structure is characterized
by a very high manganese content (49–51% based on
MnO). The Nb2O5 content is ~10%. It contains an

insignificant amount of REM and ~1% TiO2. The total

content of lanthanum, cerium, and neodymium oxides
does not exceed 0.5–0.6%. This phase has a relatively
high content of aluminum (16.5–17.5% Al2O3), silicon

(4–4.5% SiO2), and magnesium (2.2–3% MgO).

It is important to note that the phases with per-
ovskite and loparite structures, which are the solid
solutions of titanium, niobium, and REM oxides,
formed under reducing conditions. They belong to the
cubic titanium and niobium bronzes solidifying in the
structure type of perovskite [10]. The titanium and
niobium bronzes containing low-valence elements are
difficult to decompose in mineral acids in the absence
of oxidizing agents. This fact should be taken into
account in developing the processes of hydrometallur-
gical processing of such slags.

The spinel phase of the slag consists of an
MnAl2O4–MgAl2O4 solid solution, which contains

~1% TiO2. The content of niobium and REM oxides

is insignificant and does not exceed 0.3–0.4% in total.
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 5
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Fig. 4. X-ray diffraction patterns of slags 1–3 formed upon high-temperature roasting of the niobium–REM ore (Fe Kα radia-
tion): P, perovskite; L, loparite; and Sp, spinel.

20 40 60

P 

P 

P 

P, Sp 

2θ, deg

Sp

Sp

Sp

Sp

L

L

3

20 40 60

P 

P 

P 
P, Sp 

Sp

Sp

Sp

Sp

Sp

L

L

L

2

20 40 60

P 

P, Sp 

Sp

Sp

Sp

Sp

Sp

L

L

L

1

Spinel weakly dissolves in the solutions of mineral
acids even at elevated temperatures and pressures.

Thus, niobium and REMs in the slags formed upon
high-temperature reducing roasting of the ore from
the Chuktukon deposit are distributed over all phases
except for spinel.
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
For processing of such slags, the most appropriate

solution can be hydrochloric acid or nitric acid pres-

sure leaching. As a result, all niobium should be con-

centrated in a solid phase and REMs should be com-

pletely transferred to a solution and then extracted in

the form of a collective concentrate.
 5
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Fig. 5. Microstructures of the slags in experiments 1–3: Gl, glassy phase; P, perovskite; L, loparite; and Sp, spinel.
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In an industrial implementation of the proposed
process, reducing roasting of a high-iron niobium–
rare earth ore should to be carried out in a ring furnace
with a rotating hearth according to the ITmk3 technol-
ogy (Ironmaking Technology Mark Three) [11–13].
In this case, the ore production per furnace can be
100–500 ths t per year. A mixture of ore with f luxing
additives and a carbon-containing reducing agent is
briquetted, dried, and subjected to reducing roasting
when the process temperature is increased to 1400°C,
at which the coalescence of the resulting metallic par-
ticles leads to the formation of cast iron granules and
slag. The entire process of reducing roasting is com-
pleted within 13–15 minutes. After cooling, the roast-
ing product is crushed and directed to magnetic sepa-
ration to separate metal and slag. The consumed
energy is significantly reduced due to a short process
RU
time and a low roasting temperature. In addition,
reducing roasting in a rotary hearth furnace makes it
possible to use cheap power-generating coal with a
moderate ash content as a solid reducing agent.

CONCLUSIONS

(1) The great importance of the development of the
rare-earth industry in Russia requires the develop-
ment of new highly efficient technologies to solve the
problem of developing domestic deposits. The reduc-
ing roasting of the high-iron niobium–rare earth ore
from the Chuktukon deposit with the production of
high-phosphorous cast iron and slag was studied. The
optimum reducing roasting parameters of the ore were
determined; they made it possible to achieve the max-
imum extraction of niobium (>95%) and manganese
SSIAN METALLURGY (METALLY)  Vol. 2020  No. 5
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Fig. 6. Mineral phase distribution in slag 3: (a, b) general view. Gl, glassy phase (matrix); P, perovskite (bright crystallites);
L, loparite (gray crystals); and Sp, spinel (black cubic crystals).
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(85%) into slag at a high degree (up to 88%) of phos-
phorus reduction to cast iron. Here, the extraction of
iron from the ore into cast iron was 98%.

(2) Under these conditions, the yield of phospho-
rous cast iron was ~45% and that of slag was 26% of
the ore mass. Along with the manufacture of a com-
RUSSIAN METALLURGY (METALLY)  Vol. 2020  No.
mercial metal product, this process makes it possible

to increase the REM and niobium content in an oxide

phase by a factor of 4 and to decrease the material

f lows in a hydrometallurgical process in the same pro-

portion. The low iron content in the resulting slag can

significantly facilitate the choice of a technological
 5
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Table 4. Component contents (%) in the phases of slag 3 according to the results of EPMA 1–3

Component
Glassy phase

Phase with perovskite 

structure

Phase with loparite 

structure
Spinel

1 2 3 1 2 3 1 2 3 1 2

Al2O3 15.41 13.49 16.25 11.12 11.74 8.29 17.62 16.55 17.63 59.96 57.08

SiO2 16.76 17.72 16.47 0.13 0.02 0.02 3.85 4.59 4.04 0.41 0.37

SrO 2.63 2.98 2.84 2.56 2.47 2.99 0.18 0.32 0.31 0.00 0.08

P2O5 0.93 1.11 0.89 0.01 0.05 0.00 0.12 0.19 0.11 0.00 0.00

Nb2P5 3.99 4.00 4.06 11.34 14.65 16.48 10.05 10.11 9.88 0.18 0.12

СаО 21.72 21.63 21.49 24.59 24.85 24.92 4.78 6.67 6.26 0.18 0.16

ВаО 9.47 8.75 7.56 0.30 0.46 0.58 0.91 1.28 1.36 0.11 0.01

TiO2 0.36 0.30 0.30 14.22 14.15 13.44 1.04 1.05 0.91 0.73 0.82

V2О3 0.00 0.06 0.05 1.99 1.59 2.25 0.03 0.00 0.06 0.09 0.20

La2O3 0.89 0.88 0.88 8.94 9.08 8.00 0.16 0.13 0.08 0.01 0.01

Се2О3 1.46 1.86 1.77 15.64 15.14 13.97 0.15 0.27 0.34 0.12 0.10

Nd2O3 0.62 0.49 0.73 5.25 6.41 4.38 0.18 0.24 0.16 0.11 0.06

MnO 22.55 22.90 20.66 1.31 1.09 1.95 51.33 49.94 48.70 27.88 27.88

MgO 1.20 1.20 1.14 0.40 0.18 0.57 2.83 2.19 3.05 7.43 5.84

Fe2O3 0.14 0.12 0.12 0.08 0.10 0.02 0.36 0.19 0.38 0.28 0.24

SO3 0.00 1.56 1.58 0.00 0.00 0.02 0.06 0.22 0.20 0.00 0.00

Σ 98.14 99.03 96.81 97.90 102.00 97.90 93.66 93.93 93.47 97.51 92.95
process for the hydrometallurgical extraction of nio-
bium, REM, and manganese from slag at high techno-
logical parameters.

(3) The phase composition of the slag and the dis-
tribution of REM, niobium, and other elements over
phases were studied. The slag was found to have the
following four phases: glassy phase and phases   with
perovskite, loparite, and spinel structures. Niobium
and REM are concentrated in the first three phases,
and the spinel phase is an MnAl2O4–MgAl2O4 solid

solution. The total content of niobium and REM
oxides in the spinel phase does not exceed 0.3–0.4%.
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