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Abstract—The results of studying the hydrochloric acid decomposition of the niobium–rare-earth slag pro-
duced by reducing roasting of the high-iron rare-earth ore from the Chuktukon deposit are discussed. The
slag is presented by four main phases: a glassy phase, a phase with a perovskite structure, a phase with a
loparite structure, and a MnAl2O4-based spinel phase. Niobium and rare-earth metals in the slag are distrib-
uted between the first three phases. The hydrochloric acid leaching of the slag is carried out in two stages:
leaching under atmospheric pressure and the solid residue is then leached in an autoclave at high tempera-
tures. The slag starts to decompose at very low acid concentrations (pH 4–2.5), but the maximum develop-
ment of slag (70%) is reached for leaching with 20% HCl at ~100°C. Under these conditions, only the glassy
phase of the slag decomposes. The phases with loparite and perovskite structures decompose at high tempera-
tures in an autoclave. The completeness of their decomposition is achieved at 20% HCl and 200°C for 2 h.
According to X-ray diffraction analysis data, the spinel phase weakly decomposes by pressure leaching and
remains in the solid phase. The yield of the solid phase is ~12% of the slag weight. Niobium, titanium, and
zirconium are nearly completely concentrated in the form of oxides in the solid phase along with the spinel
phase. The spinel phase can be removed from the solid residue using magnetic separation. The collective nio-
bium–titanium–zirconium concentrate isolated to a nonmagnetic fraction can further be processed using the
chloric method to produce the corresponding metals. The hydrochloric solution formed upon pressure leach-
ing is proposed to be directed to the first leaching stage of the slag at ~100°C. This procedure makes it possible
to decrease the hydrochloric acid consumption during leaching to the maximum extent and to substantially
facilitate the further recovery of rare-earth metals and manganese by precipitation from weakly acidic solutions.
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INTRODUCTION

Rare-earth metals (REMs) are applied in many
high-tech areas of industry, in particular, in the pro-
duction of diverse types of electronics, magnets, high-
temperature semiconductors, optical devices, and
modern samples of military technology [1, 2].

The Russian Federation possesses 10% world
resources of REMs (about 12 mln t) [1]. However,
according to the data of the United States Geological
Survey, only 250 t REM (1.3% of the world volume)
were produced in 2019 in Russia, while the demand is
1100 t. The REM deficiency is compensated due to the
import from China. The development of the rare-
earth industry reaching a parameter of 10% world vol-
ume in 2030 is planning in Russia, which would allow
Russia to take the second place after China in the vol-
ume of REM production [1].

The following three large Russian deposits are con-
sidered for the development of the mineral sources of
rare and rare-earth metals as the most priority trend:
Tomtor (Sakha, Yakutia), Chuktukon (Krasnoyarsk
krai), and Zashikhinsk (rare metal deposit in the
Irkutsk oblast) [1, 3]. The Tomtor deposit is situated in
the poorly available district, and its development is
associated with transport problems [3]. The develop-
ment of the Zashikhinsk deposit would not solve the
problem of providing the industry with REMs because
of the low contents of these metals in the ore, whereas
the consumption of REM should be 6000 t annually
according to the state program “Development of
Industry and Enhancement of Its Competitive Ability
for the Period until 2020” [4].

Therefore, the Chuktukton deposit of niobium–
rare-earth metal ores turns out to be the most promis-
ing object due to both the resource volume and quali-
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Table 1. Chemical composition of the slag produced by
reducing roasting of the ore from the Chuktukon deposit

Component Content, % Component Content, %

Na2O 0.11 BaO 6.91

MgO 0.48 Y2O3 0.47

Al2O3 7.39 ZrO2 0.23

SiO2 7.76 Nb2O5 6.21

P2O5 2.20 La2O3 2.86

CaO 10.30 CeO2 5.44

TiO2 3.25 Pr2O3 0.52

V2O5 0.77 Nd2O3 1.72

MnO 21.0 Sm2O3 0.25

Fetot 3.30 Gd2O3 0.13

SrO 2.06
tative characteristics of the ore for the modernization
and development of the rare-metal industry in Russia.
The resources of rare-earth ores asserted by the State
Commission on Mineral Resources of the Russian
Federation (2007) are 6639 000 t (category S2), the
resources of niobium pentoxide are 39800 t (content
0.6%), and those of REM oxides are 486000 t (content
7.3%) [3]. The ore is characterized by high dispersion
and contains up to 50% Fe, 12% Mn, and more than
7% REM oxides. The deposit is situated near the
Boguchansk hydroelectric power station, which solves
the problem of power supply. It is assumed to mine the
ore using open-cut mining.

The combined pyrohydrometallurgical scheme
seems to be promising for the efficient processing of
the rare-earth ores from the Chuktukon deposit. At
the first stage (reducing melting), the scheme makes it
possible to isolate iron as cast iron [5–8], and REM
can be concentrated in a slag for further recovery by
hydrometallurgical methods. The preliminary
removal of iron substantially facilitates the conditions
of hydrometallurgical slag processing with a high
degree of recovery of niobium and REM.

The results of studying the reducing roasting of the
high-iron niobium–rare-earth ore from the Chuktu-
kon deposit with the production of high-phosphorus
cast iron and niobium–rare-earth slag were presented
in [8]. The yield of the slag is 23–26% of the ore
weight, which makes it possible to increase the content
of REM and niobium in the oxide phase by four times
on the average. The slag is presented by four main
phases: a glassy phase, a phase with the perovskite
structure, a phase with the loparite structure, and spi-
nel. The glassy phase consists of barium, calcium, and
manganese aluminosilicates and contains a significant
RU
amount of rare and rare-earth elements. The Nb2O5
content reaches 4%, and the content of lanthanum,
cerium, and neodymium oxides exceeds 3%. The
phase with the perovskite structure is a solid solution
of titanium perovskite (CaTiO3) with niobium and
REM oxides of the general formula (ABO3). The
Nb2O5 content ranges from 11.3 to 16.5%, and the
content of REM oxides reaches 30%, about 5.5% of
which fall on the fraction of Nd2O3 9% fall on La2O3,
and 15% fall on Ce2O3. The phase with the loparite
structure has a very high MnO content (49–51%) and
contains up to 10% Nb2O5. The contents of titanium
and REM are insignificant. The spinel phase of the
slag represents a solid solution based on MnAl2O4. The
content of niobium and REM in spinel is insignificant
and totally does not exceed 0.3–0.4%.

In this work, we discuss the behavior of the slag
phases during slag leaching with hydrochloric acid
solutions, the knowledge of which is important for the
development of a technology for complex hydrometal-
lurgical processing of a niobium–rare-earth slag with
high technical economical parameters.

EXPERIMENTAL
For studies of hydrochloric acid leaching, a pilot

batch of the slag was produced under the earlier deter-
mined optimum conditions for reducing roasting of
the rare-earth ore from the Chuktukon deposit [8].
The ore had the following chemical composition (%):
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, and 0.039 Gd2O3
(loss on ignition of about 10%). Prior to roasting, the
ore with divided coke additives (~0.1 mm) was bri-
quetted. The coke consumption was 13% of the ore
weight. Reducing roasting was carried out with coke
on a coal bed in the temperature range from 1300 to
1400°C. The heating time in the 1000–1400°C range
was 10 min followed by holding for 5 min. After cool-
ing and crushing, the reducing roasting products were
divided into two fractions, namely, a metal and a slag.

The slag was milled to a size of ~0.05 mm, and fine
metallic iron particles were removed by magnetic sep-
aration. The chemical composition of the slag by the
main components is shown in Table 1. The total con-
tent of rare and rare-earth metal oxides in the slag
exceeded 20%. The slag contained 21% manganese
oxide. The content of residual iron was Fetot = 3.3%.
The main impurities were the following (%):
10.3 CaO, 7.8 SiO2, 7.4 Al2O3, and 2.2 P2O5.

The X-ray diffraction (XRD) pattern of the slag
(CuKα radiation) is shown in Fig. 1. The microstruc-
ture of the slag is shown in Fig. 2. The slag is finely
crystalline, and its main phases are the glassy matrix,
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 7



HYDROCHLORIC ACID DECOMPOSITION OF THE NIOBIUM–RARE-EARTH SLAG 811

Fig. 1. XRD pattern of the niobium–rare-earth slag: P is
perovskite; L, loparite; and S, spinel.
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Fig. 2. Microstructure of the niobium–rare-earth slag:
G is the glassy phase; P, perovskite; L, loparite; and S, spinel.
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light skeletal crystals with the perovskite structure,
large gray grains of cubic habitus (spinel phase), and
fine crystals as asterisks with the loparite structure
arranged in the glassy matrix. As found by electron
probe microanalysis, niobium and rare-earth elements
are distributed between all phases except for spinel.

The hydrochloric acid leaching of the slag was car-
ried out in two stages: at first, leaching was conducted
under atmospheric pressure, and the solid residue was
then leached in an autoclave at high temperatures. The
first stage of the process was carried out at ~100°C for
2 h using the solid to liquid (S : L) ratio equal to 1 : (5–6).
The hydrochloric acid concentration was varied from
15 to 24%. After leaching, the pulp was filtered in
vacuo, and the residue was washed and dried to deter-
mine the mass loss during leaching. To determine the
development of slag and the content of the phase
decomposed during leaching, the residue after drying
was subjected to desiliconization with a 10% solution
of NaOH at 100°C and S : L = 1 : 5 for 1 h to remove
amorphous silica having precipitated upon leaching.

The pressure leaching was carried out using 20%
HCl at 140, 160, and 200°C and at S : L = 1 : 5 for 2 h.
After leaching, the pulp was filtered, and the residue
was washed with water and dried at 105°C. Silica pre-
cipitated upon hydrochloric acid leaching was
removed with a 5% solution of NaOH using the proce-
dure described above. The phase compositions of the
residues formed under both leaching conditions were
studied by XRD.
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Table 2. Results of hydrochloric acid leaching of the niobium

CHCl, % S : L
Slag mass l

upon leaching upon 

15 1 : 5 51.25
20 1 : 5 52.92
24 1 : 5 52.67
24 1 : 6 52.38
RESULTS AND DISCUSSION

The results of slag leaching with hydrochloric acid
under atmospheric conditions are given in Table 2. It
is seen that a change in the acid concentration within
15–24% exerts no appreciable effect on the develop-
ment of slag. The maximum development of slag is
achieved at an acid concentration of 20–24% and is
equal to 70%, and the development is slightly lower
(68%) at 15%, which is probably related to acid defi-
ciency for complete decomposition of the easily solu-
ble phases of the slag. According to XRD data (Fig. 3),
under the conditions of maximum slag decomposi-
tion, all crystalline phases are retained in the solid res-
idue, namely, perovskite, loparite, and spinel. This
means that only the glassy phase (matrix) of the slag
decomposes on leaching with hydrochloric acid, and
other phases remain nearly uninvolved. Thus, the con-
tent of the glassy phase in the slag is approximately
70%, and remained 30% fall on the fraction of other
three phases: perovskite, loparite, and spinel.

The slag was leached in a pH medium with the
gradual addition of 20% HCl to determine the mini-
mum concentration of hydrochloric acid at which the
glassy phase began to decompose. A change in the pH
of the pulp was monitored with a pH meter. An aque-
ous pulp consisting of the slag (90 g) and water
 7

–rare-earth slag

oss, %
Development of slag, %

desiliconization of residue

17.01 68.3
17.48 70.4
17.57 70.2
17.61 70.0
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Fig. 3. XRD pattern (CuKα radiation) of the solid residue
after hydrochloric acid leaching of the slag: P is perovskite;
L, loparite; S, spinel; and Q, quartz.
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Fig. 4. Effect of the hydrochloric acid consumption on the
change in the pH of the solution during slag leaching with
gradual addition of 20% HCl at 40°C for 1 h.
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(350 mL) was prepared. The pulp was sufficiently
strongly alkaline: pH 9.8. The pulp was permanently
stirred for 1 h with the gradual addition of 20% HCl,
and the pH values of the solution changed. The total
consumption of the acid was 220 mL. The initial tem-
perature of the solution was 40°C. The temperature of
the solution increased with the addition of the acid
and reached 52°C. The results of the leaching are
graphically shown in Fig. 4.

It is seen that at the initial stage for an acid con-
sumption of 20 mL, the pH of the solution decreased
sharply to 4.7 and then slowly decreased to 2.65 with
the addition of the acid up to its consumption of
120 mL. This is accompanied by a noticeable increase
in the temperature of the solution (from 40 to 52°C),
and finally the pH decreased to 1.0 at the end of leach-
ing when the acid consumption reached 220 mL. The
yield of the solid residue (after desiliconization) was
37.3% (33.5 g from 90 g of the slag); that is, the devel-
opment of slag was 62.7%. It follows from this that
about 90% glassy phase of the slag decomposed upon
slag leaching in a weakly acidic medium without heat-
RU

Table 3. Results of pressure leaching of the residue (S : L = 1

Un. stands for undetected.

Acidic solution composition T, °C
Transferred

to solution, %
r

20% HCl 140 32.1

20% HCl 160 39.1

20% HCl 200 57.7

20% HCl : 70% HClO4 = 4 : 1 160 43.4

20% HCl : 70% HClO4 = 4 : 1 180 53.8

25% HNO3 160 23.9
ing of the solution. The intense decomposition occurs
in a pH range of 4–2.5 and is accompanied by increas-
ing temperature of the solution. If leaching occurs at
higher temperatures (about 100°C), the process can be
substantially accelerated to complete decomposition
of the glassy phase of the slag.

The possibility of decomposition of the residue
with hydrochloric acid at elevated temperatures under
pressure (in an autoclave) was studied further. Some
experiments were carried out in the presence of oxi-
dants (chloric and nitric acids) for comparison. For
this purpose, a pilot batch of the residue consisting of
perovskite, loparite, and spinel was formed by slag
leaching with 20% HCl at 100°C. The yield of the res-
idue was 31% of the slag weight. The results of the
pressure leaching of the residue at different tempera-
tures are given in Table 3.

The data obtained indicate that the maximum
development of the residue treated with hydrochloric
acid is achieved at 200°C. In this case, 57.7% are
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 7

 : 5)

Yield of insoluble residue, %

of primary

esidue weight
of slag weight after desiliconization

67.9 21.1 Un.

60.9 18.9 Un.

42.3 13.1 11.6

56.4 17.5 Un.

46.2 14.3 Un.

76.1 23.6 Un.
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Fig. 5. XRD pattern (CuKα radiation) of the insoluble
solid residue after pressure leaching: S is spinel; Q, quartz;
and A, anatase.
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extracted from the residue to the solution, whereas
32.2% remain in the solid phase, which is 13.1% of the
slag weight (or 3.4% of the ore weight). After the desil-
iconization of the solid phase, the yield decreases from
13.1 to 11.6%. A temperature decrease results in a sub-
stantial deterioration of the results. In the temperature
range 160–180°C, the introduction of chloric acid as
an oxidant gave no positive results. This is probably
associated with the fact that the oxidation ability of
chloric acid manifests itself at higher temperatures
(200°C or higher). When using a 25% solution of nitric
acid, the decomposition of the residue at 160°C is sub-
stantially lower (23.9%) than for leaching with 20%
HCl (39.1%). Additional studies are needed to
improve the parameters of pressure leaching.

According to XRD data (Fig. 5), the solid phase,
which does not decompose under the pressure leach-
ing conditions with 20% HCl at 200°C, consists of
manganese spinel (galaxite MnAl2O4). There are no

reflections of perovskite and loparite on the XRD pat-
tern; that is, these phases decompose completely
under the specified conditions to precipitate titanium
and niobium oxides. Other elements, including REM,
go to the solution. The XRD pattern exhibits broad-
ened reflections of titanium dioxide with the anatase
structure. No lines of niobium oxides were identified.
Probably, when the slag phases decompose, niobium
is isolated in the form of hydrate oxides amorphous to
X-rays.

After pressure leaching, it seems reasonable to
direct the hydrochloric acid solution to the first stage
of slag leaching at the temperature about 100°C. This
would allow one, first, to decrease the hydrochloric
acid consumption for leaching to a maximum extent
and, second, to substantially facilitate the further
recovery of REM and manganese by the precipitation
(neutralization) method from weakly acidic solutions
(pH 2–2.5). In addition, when the slag decomposes
via the two-stage scheme (first the slag decomposes
under atmospheric pressure, and then the formed res-
idue is leached in an autoclave), it is unnecessary to
achieve the complete decomposition of the glassy
phase at the first leaching stage.
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.

Table 4. Chemical composition of the products of the magn
acid decomposition of the slag

Nonmag. fr. is nonmagnetic fraction; mag. fr., magnetic fraction.

Content of components in ma

component nonmag. fr. mag. fr.

Nb2O5 38.93 4.46

TiO2 20.35 2.65

ZrO2 3.53 0.38

V2O5 1.11 2.58

MgO 1.70 4.22
Thus, niobium and titanium oxides and the spinel

phase MnAl2O4 are concentrated in the solid residue

upon the hydrochloric acid decomposition of the nio-

bium–rare-earth slag. It seems interesting to apply

physical beneficiation methods for the separation of

these products. The synthesized spinel phase was

found to have weak magnetic properties. Therefore,

wet magnetic separation was used as one of probable

variants. Separation was carried out manually at the

magnetic field strength about 4–5 kOe. After drying at

105°C, the yield of the magnetic fraction (dark gray-

colored) was 51.9%, and the yield of the nonmagnetic

fraction (light gray) was 48.1%. The images of the

formed fractions are shown in Fig. 6. It is seen that the

manual magnetic separation does not provide distinct

phase separation: the nonmagnetic fraction contains a

sufficiently high amount of dark gray crystals (proba-

bly of the spinel phase), and the magnetic fraction

contains a light gray substance consisting of niobium

and titanium oxides. This is confirmed by the chemi-

cal analysis results of these fractions (Table 4). The

nonmagnetic fraction consists of niobium, titanium,

and zirconium oxides by 63% and also contains 16%
 7

etic beneficiation of the solid residue after the hydrochloric

gnetic separation products, %

component nonmag. fr. mag. fr.

Al2O3 16.01 42.10

SiO2 7.16 1.55

Cr2O3 0.04 0.07

MnO 8.69 24.67

FeO 0.93 1.88
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Fig. 6. Images of the products formed by the wet magnetic separation of the solid residue (after desiliconization) produced by the
hydrochloric acid pressure leaching: (a, b) magnetic fraction (spinel phase) and (c, d) nonmagnetic fraction (oxide niobium–tita-
nium product).
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Al2O3, 8.7% MnO, and 1.7% MgO as the spinel phase,

as well as about 7% residual SiO2, probably, in the

form of quartz, which is insoluble in dilute alkaline
solutions. The magnetic fraction consists of the spinel
phase by 75%, and its composition (according to the
chemical analysis data) corresponds to the formula
(Fe,Mg,Mn)(Al,V)2O4. This fraction contains 4.46%

Nb2O5 and 2.65% TiO2 as the main impurities.

The results of the study showed the principal pos-
sibility of using magnetic separation to divide the solid
residue from the hydrochloric acid decomposition of
the niobium–rare-earth slag into two products: an
oxide niobium–titanium–zirconium concentrate and
a manganese–aluminum spinel. However, to achieve
a distinct division of these products, it is necessary to
continue studies on the refinement of the magnetic
separation conditions.

The complex niobium–titanium–zirconium con-
centrate formed upon magnetic separation can be suc-
cessfully processed by the chloric method to form
NbCl5, TiCl4, and ZrCl4, which are important inter-

mediates for the production of metallic niobium, tita-
nium, and zirconium by magnesium-thermic reduc-
tion. The nonmagnetic fraction (spinel phase) is also
of interest for processing by the soda method in a
RU
closed cycle with recovery of aluminum, manganese,
and vanadium as oxide products. In this case, soda is
readily regenerated and returns to the roasting process.

CONCLUSIONS

(1) The hydrochloric acid decomposition of the
niobium–rare-earth slag, which was produced by
reducing roasting of the rare-earth ore from the Chuk-
tukon deposit, was studied. The hydrochloric acid
leaching of the slag occurred via the following two-
stage scheme: leaching under atmospheric pressure
(~70% developed slag) and pressure leaching of the
solid residue with 20% HCl at 140–200°C.

(2) Only the glassy phase (matrix) of the slag was
found to decompose by atmospheric leaching of the
slag with hydrochloric acid, and other phases (per-
ovskite, loparite, spinel) remained almost virgin. The
glassy phase decomposed easily in the dilute solutions
of hydrochloric acid even at lowered temperatures
(about 40°C). The maximum development of slag
(about 70%) was achieved at 20% HCl and ~100°C.

(3) Under the conditions of pressure leaching with
hydrochloric acid, the completeness of decomposition
of the slag phases with perovskite and loparite struc-
tures was achieved at 200°C and an acid concentration
SSIAN METALLURGY (METALLY)  Vol. 2021  No. 7
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of 20%. The spinel phase remained unchanged. After
desiliconization and drying, the yield of the solid resi-
due was ~11.6% of the slag weight or 3.0% of the ore
weight. The total development of slag reached 88.4%.
Niobium, titanium, and zirconium were almost com-
pletely concentrated in the form of oxides along with
the spinel phase in the solid residue. It seems reason-
able to direct the hydrochloric acid solution of REM
formed after pressure leaching to the first stage of slag
decomposition.

(4) Magnetic separation was shown to divide the
solid residue formed upon acidic decomposition of the
slag into the following two products: a niobium–tita-
nium–zirconium oxide concentrate and a spinel solid
solution of the general formula (Fe,Mg,Mn)(Al,V)2O4.

The niobium–titanium–zirconium concentrate can
then be processed by the chloric method to produce
these metals.
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