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Abstract. An urgent task facing the modern metallurgical industry is to increase the complexity of using mineral and technogenic raw materials
by developing new technologies based on the principle of joint processing of raw materials from deposits that differ in the mineral composition
of the ore component, for example, titanium-containing ores — ilmenite and perovskite. Joint processing of titanium-containing ores will improve
the environmental and economic efficiency of processing domestic mineral raw materials, and will also create prerequisites for the development
of titanium dioxide production in Russia. In order to scientifically substantiate the feasibility of joint processing of different types of titanium raw
materials, the effect of temperature, reducing agent consumption and concentrate ratio on the phase formation process during carbothermic reduc-
tion of concentrate mixtures was established using thermodynamic modeling. The distribution of target metals by interaction products is consi-
dered, optimal parameters for the process of formation of rich titanium slags are proposed. The authors assessed the prospects for the associated
extraction of rare and rare-earth metals. Thermodynamic analysis of the process of carbothermic reduction of mixtures, performed on model
compositions of perovskite and ilmenite concentrates, showed that at low values of the perovskite concentrate / ilmenite concentrate (PC/IC) ratio,
one can expect the formation of high-titanium slags with a TiO, content of more than 80 %. However, concentration of Nb extracted into the alloy
and content of rare earth elements in the slag will decrease several times compared to their initial values in the perovskite concentrate. At a PC/IC
ratio of 1, it is possible to accumulate up to 2.5 % Nb in the alloy with a TiO, content of up to 74 % in the slag. The advantage of joint processing
of ilmenite and perovskite raw materials by the pyrometallurgical method is the ability to obtain rich titanium slags and selectively concentrate rare
metals in the metallic phase, separating them from titanium, and rare earth metals in the slag within the framework of a single process flow sheet.
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AHHOmMayus. AxtyanbHON 3a1a4ell, CTOsILEH Nepea COBPEMEHHONW MeTalTypruiecKoil MPOMBIIIIEHHOCTBIO, SIBISETCS TOBBIILIEHHE KOMIJIEKCHOCTH
HCIIONIb30BAaHMSI MUHEPAIBHOTO M TEXHOTEHHOTO CHIPhS ITyTeM pa3pabOTKN HOBBIX TEXHOJIOTHI, OCHOBAaHHBIX Ha IPHUHIIMIIC COBMECTHOM repepa-
OOTKH CBIPbSI U3 MECTOPOIKICHUH, OTIIMYAIOIIMXCSI MUHEPAJIBbHBIM COCTABOM PY/AHOM COCTaBISIOIICH, HAITPUMED, THTAHCOACPIKAIIUX Py — HIIbMe-
HHUTOBBIX U MEPOBCKUTOBBIX. CoBMeCTHas nepepaboTka TUTAHCOACPKAIIUX PY/] IIO3BOJIHUT ITOBBICHTH SKOJIOTHYECKYIO U DKOHOMUYECKYIO A dek-
TUBHOCTb ePepabOTKHU OTEYECTBEHHOIO MMHEPAIBLHOTO CBHIPBS, @ TAKXKE CO3AACT MPEANOCHUIKH JUIS Pa3BUTHS IPOU3BOJCTBA JUOKCUIA THTaHA
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B Poccuu. C nenbio HayyHOro 000CHOBaHMS LIEJIeCOOOPA3HOCTH COBMECTHOH MepepadoTKH PasHOTUITHOTO THTAHOBOTO ChIPbsi METOJIOM TEPMOJIH-
HAMHYECKOTO MOZICIMPOBAHHS YCTAHOBJICHO BIIMAHUE TEMIIEPATYPBI, PACX0Ja BOCCTAHOBUTEISI M COOTHONICHUS KOHIICHTPATOB Ha Ipouecc daszo-
00pa3oBaHUs NIPHU KapOOTEPMHUUYECKOM BOCCTAHOBICHUH CMECEeH KOHIIEHTPATOB. PaccMOTpeHo pacipesiesieHue HeIeBbIX METAIOB 110 MPOIyKTaM
B3aHMOJEICTBISA, IPETI0KEHBI ONITHMANBHBIEC aApaMEeTPBI IIpoLiecca ()OPMUPOBAHHS OOTaTHIX THTAHOBBIX NITAKOB. OIICHEHBI IIePCIEKTUBEI HOITY T-
HOTO U3BJICUEHHUS PEIIKHX M PEIKO3EMENIbHBIX METAJIOB. TepMOJMHAMUYECKUH aHaIn3 mporecca KapooTepMUUECKOT0 BOCCTAHOBIICHUS CMeceid,
BBINTOJTHEHHBIN Ha MOJIENBHBIX COCTaBax nepoBckuToBoro koHreHntpara (1K) m miasmenntoBoro xonnentpara (MK), mokasasn, uTo mpu Maibix
3Hadenusx coornommenus [TK/MK Bo3MorkHO 06pa3oBaHue BHICOKOTUTAHUCTBIX ITAKoB ¢ conepxanreM TiO, 6omee 80 %. Onnaxo KOHIEHTpauus
M3BIEKAEMOT0 B CILIAaB HHOOUS U COIEPKaHHe B ITAKE PEIKO3EMEIbHbIX IEMEHTOB CHU3ATCS B Pa3bl 10 CPABHEHHUIO C HX HCXOJHBIMH 3HAYCHUAMHU
B IIEPOBCKUTOBBIM KoHLeHTpare. [1pu cootnomenun [TK/MK, paBHoM 1, MOXkHO akkyMynupoBath B cruiase 110 2,5 % Nb npu conepkaHuu B 1IU1aKe
1o 74 % TiO, . IpenmMyIecTBo COBMECTHOM MEPEPabOTKU HIbMEHUTOBOTO H TIEPOBCKUTOBOTO CHIPhSI MUPOMETAILTYPIHIECKUM CIIOCOOOM 3aKJIHO-
YaeTcsl B BOBMOXKHOCTH B PaMKaX OJIHOM TEXHOJIOTHUECKOH CXeMBI MOJIy4aTh OOraTble THTAHOBBIC LIIJTAKK U CEJIEKTHBHO KOHIIGHTPHUPOBATh PEIKUE
METaJUIbl B MeTaInuecKoit Ba3e, OTAeNsIs UX OT TUTaHa, X PEAKO3EMENIbHBIC METAILIBI B IIITAKE.
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[ INTRODUCTION

Titanium is widely used in the paint and coatings,
chemical, and other industries both as a metal and as
a pigment-grade dioxide. The cessation of titanium raw
material imports to the Russian Federation has resulted in
a shortage of pigment titanium dioxide on the domestic
market. At the same time, Russia possesses rich deposits
of titanium ores [1] and their development is included in
the near-term plans for the industry’s growth. The main
industrial type of titanium deposits in Russia is repre-
sented by zircon—rutile—ilmenite placers, which account
for up to 60 % of titanium production. The second most
significant are primary deposits of ilmenite and ilmenite—
titanomagnetite ores. A large portion of titanium reserves
is concentrated in perovskite—titanomagnetite ores. Pro-
cessing of these ores remains problematic: on the one
hand, perovskite ores are polymetallic, and the presence
of rare and rare-earth metals makes them promising; on
the other hand, no efficient technology for the compre-
hensive processing of such raw materials currently exists.

At present, in the Kola Peninsula, in addition
to the extraction of ilmenite ores (Gremyaha—Vyrmes
deposit), work has begun on the development of the Afri-
kanda perovskite—titanomagnetite deposit, whose ores
contain, in addition to titanium-bearing minerals, nio-
bium and rare-earth elements (REEs) [2 — 5].

The efficiency of subsequent TiO: production steps
largely depends on the method used for ilmenite con-
centrate decomposition. According to published data,
a variety of preparation techniques have been developed
for this purpose. These methods are generally divided
into pyrometallurgical and hydrochemical processes, both
aimed at separating iron oxides from titanium dioxide.

Carbothermic reduction of ilmenite concentrates
to produce high-titanium slags (75 — 85 % TiO,) and hot
metal is a well-established process. Numerous variations

of this technology are typically related to the characte-
ristics of the feedstock or to specific production objec-
tives [6 — 8]. Smelting of the concentrate is performed
in an electric arc furnace at temperatures up to 1600 °C,
using carbonaceous reducing agents such as coke or
anthracite. Flux-free operation yields slags with a resi-
dual FeO content of 10 — 12 %. The addition of lime or
soda ash [9] increases the recovery of iron into the hot
metal, lowering its residual concentration in the slag
to 3 —5 % FeO. In both cases, the process is conducted
at 1600 — 1650 °C, and the titanium recovery to the slag
remains nearly identical.

During beneficiation of Afrikanda ores, two main
products are obtained — titanomagnetite and perovskite
concentrates. The latter contains (wt. %): 48 — 50 TiO,;
33-35Ca0; 2-4REEs; 0.9-1.2(Nb, Ta),0, [10].
Technologies developed at the Kola Science Center
of the Russian Academy of Sciences for processing
perovskite concentrate rely on hydrochemical decom-
position methods employing nitric acid, sulfuric acid, or
mixtures of these acids with hydrochloric acid [11 — 14].

The pyrometallurgical processing of perovskite con-
centrates has been investigated far less extensively, since
hydrometallurgical decomposition methods are currently
considered more practical. Nevertheless, acid-based
technologies present serious environmental challenges,
generating large volumes of aggressive wastes — acidic
effluents, sludges, and off-gases — that require costly
neutralization. These drawbacks diminish the overall
cost-effectiveness of processing such complex titanium
feedstocks. In contrast, the application of carbothermic
reduction to titanium-bearing materials (ilmenite con-
centrate, rutile, titanium slag, etc.) [15; 16], including
perovskite concentrate [17], may offer new opportunities
for pyrometallurgical routes in titanium production.

High-titanium slags obtained by reduction smelting
of ilmenite concentrates are known to be highly refrac-

445


https://fermet.misis.ru/index.php/jour/search/?subject=титановые концентраты
https://fermet.misis.ru/index.php/jour/search/?subject=ильменит
https://fermet.misis.ru/index.php/jour/search/?subject=перовскит
https://fermet.misis.ru/index.php/jour/search/?subject=карботермическое восстановление
https://fermet.misis.ru/index.php/jour/search/?subject=термодинамическое моделирование
https://doi.org/10.17073/0368-0797-2025-5-444-453

N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(5):444-453.
Azagponos C.H., Yooesa JLIO0. u dp. OnieHKa TEXHOJIOTMYECKON BO3SMOXXHOCTH COBMECTHOMW NepepaboTKH HIbMEHUTOBBIX ...

tory and “short” [18; 19]. Their viscosity depends prima-
rily on the FeO and TiO, contents and on the slag basicity
(Ca0/8Si0,) [20; 21]. To improve fusibility, calcium oxide
is added to adjust the CaO/TiO, ratio toward the eutec-
tic composition with a melting point of 1460 °C [22].
Building on existing ilmenite-processing technolo-
gies, the feasibility of using perovskite concentrate as
a calcium-bearing fluxing additive has therefore been
considered. Joint processing of ilmenite and perovskite
concentrates offers clear advantages. Within a single
integrated process flow sheet it enables the production
of titanium-rich slags while simultaneously recovering
rare and rare-earth metals.

To justify this approach, a thermodynamic analysis
of the reactions between mixed concentrates and carbon
was carried out to evaluate the feasibility of their joint
carbothermic reduction.

[} MATERIALS AND METHODS

Samples of ilmenite concentrate (IC) and perovskite
concentrate (PC) were used in this study. The chemi-
cal and phase compositions of the concentrates are pre-
sented in Table 1. X-ray diffraction, scanning electron
microscopy, and energy-dispersive X-ray spectroscopy
analyses revealed that titanium in the IC sample is con-
centrated in rutile (TiO,) and in the product of ilmenite
leucoxenization — pseudorutile (Fe,0,-3TiO,). In the PC
sample, the main ore minerals are perovskite (CaO-TiO,),
titanite (CaTiSiO;), and ulvospinel (Fe,TiO,). Rare
metals, primarily niobium, are contained in loparite
(5.0 %), ancylite (1.9 %), and thorite (26.5 %), while
rare-earth elements (Ce, La, Nd) occur in perovskite
(2.8 %) and loparite (22.8 % Ce).

To optimize process parameters and calculate the equi-
librium composition of products and the main technologi-
cal indicators, thermodynamic modeling was performed
using the HSC Chemistry 6.12 software package (Outo-
tec Oy) [23]. The model inputs were based on composi-
tions of working materials close to those of the concen-
trate samples used in subsequent experimental studies.
Since the program database contains no information on
pseudorutile, it was substituted by ilmenite and rutile
according to reaction (1), as reduction of pseudorutile
proceeds through the sequential formation of ilmenite
and then dititanate:

Fe,Ti,0, + C = 2FeTiO; + TiO, + CO(g); (1)
FeTiO, + TiO, = FeTi,0. )

For simplification, and considering that the process
is mainly influenced by the ore mineral components,
the thermodynamic analysis was carried out using model
compositions of PC and IC with elemental ratios corre-
sponding to real titanium raw materials (wt. %):

— perovskite concentrate: 60 CaO-TiO,, 10 TiO,,
10 Si0,, 10 Fe,TiO,, 9 CaCO,, 1 Nb,Oq;

—ilmenite  concentrate: 40 FeO-TiO,,
8 Fe,0,, 2 SiO,.

50 TiO,,

[ RESULTS AND DISCUSSION

An important factor in evaluating the efficiency
of joint processing of titanium raw materials is determi-
ning the optimal PC/IC ratio in the charge for carbother-
mic reduction roasting.

Equilibrium in the chemically reacting PC-IC—car-
bon systems was analyzed for PC/IC ratios of 0.2, 0.5,
0.8, and 1.0 as a function of temperature (700 — 1700 °C)
and carbon consumption. Calculations were performed
for 100 kg of mixture plus carbon in an inert atmosphere
containing 100 mol N,,.

Regardless of the component ratio, the metallic pro-
duct — in which iron forms the base of the alloy — contains
niobium and titanium carbides and iron silicides, whose
amounts increase in proportion to carbon consumption
(Fig. 1). As the PC/IC ratio increases, the niobium content
in the alloy (as NbC) rises from 0.7 to 2.7 %, reflecting
its higher initial concentration in the mixture. At 1500 °C,
noticeable transfer of niobium into the alloy occurs when
carbon consumption exceeds 4 kg per 100 kg of mix-
ture, irrespective of the PC/IC ratio. Titanium appears in
the alloy only at higher carbon contents: above 6 kg C
for PC/IC =0.2 — 0.4, above 5 kg C for PC/IC = 0.8, and
above 4 kg C for PC/IC = 1.0.

With an increasing PC fraction, the TiO,/CaO-TiO,
ratio in the slag also rises — from 4.5 at PC/IC=0.2
to nearly equal proportions (1.1) at PC/IC = 1.0 (Fig. 2).
According to the model, greater carbon consumption
promotes the formation of lower titanium oxides, mainly
through reduction of titanium from rutile (TiO,) and
ilmenite (FeO-TiO,), i.e., the mineral phases of the ilme-

Table 1. Chemical composition of ilmenite and perovskite concentrates

Ta6auya 1. XuMu4ecKkuii COCTaB HIILMEHUTOBOTO U MEPOBCKUTOBOT0 KOHLIEHTPATOB

Concentrate Ti Fe Al Ca Mg Cr Ce Si Nb
[Imenite 4143 | 1890 | 1.53 | 0.13 | 0.22 | 0.60 - 0.90 -
Perovskite 20.78 | 7.23 | 0.71 | 16.79 | 1.67 - 0.49 | 525 | 0.81
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Fig. 1. Dependence of equilibrium composition of the slags from reduction of the model mixture of ore
and concentrate with different PC/IC ratios on consumption of the reducing agent at a temperature of 1500 °C:
a—02;6-0.5,¢-0.8,d-1.0

Puc. 1. 3aBUCHMOCTH PaBHOBECHOTO COCTaBa IIUIAKOB BOCCTAHOBIICHHS MOJICIIEHOM CMECH PYIbI U KOHIIEHTpaTa
¢ pa3nuuHbIM cooTHoureHneM [TK/MK:
a—0,2;b-0,5;¢—0,8; d— 1,0 ot pacxoma BoccTanoBuTest mpu Temmneparype 1500 °C
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Fig. 2. Dependence of equilibrium composition of the alloys from reduction of the model mixture of ore and concentrate

with different PC/IC ratios on consumption of the reducing agent at a temperature of 1500 °C:
a-02;b-0.5,¢-08;,d-1.0

Puc. 2. 3aBHCHMOCTb PAaBHOBECHOTO COCTABA CIUIABOB BOCCTAHOBJICHMSI MOJICIIEHON CMECH Py/Ibl M KOHIIGHTpaTa
¢ pa3nu4HbiM cooTHomenueM [TK/MK:
a—-02;b-0,5;¢c—0,8; d— 1,0 or pacxona BoccTaHOBHTeNsI pH Temmeparype 1500 °C
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nite concentrate. The perovskite (CaO-TiO,) content
changes only slightly, increasing smoothly from 5 to 8 %
over the entire range of carbon additions. At 1500 °C,
titanium reduction from rutile and ilmenite starts at low
carbon levels and reaches a maximum (for Ti,O,)
at 6 — 8 kg C per 100 kg of concentrate mixture. With
increasing PC fraction, the proportion of lower oxides
(Ti,04, Ti,0,, TiO) decreases, improving the technologi-
cal properties of the slag.

Table 2 presents the equilibrium compositions
of reduction products of IR and PC mixtures at 1500 °C.
For each PC/IC ratio, carbon consumptions correspon-
ding to the onset and maximum of niobium transfer
into the alloy were selected. Before niobium recovery,
the metallic phase corresponds to low- or medium-carbon
steel (<0.25 or <0.55 % C). Complete niobium transfer
to the metallic phase as carbide yields cast iron (hot-
metal).

The effect of temperature on the equilibrium com-
position of carbothermic products was calculated for
a PC/IC = 1.0 mixture at carbon consumption of 4 and
6 kg per 100 kg of charge, corresponding to the onset
and maximum niobium recovery. Niobium appears
in the alloy above 900 °C regardless of carbon level.
In the temperature range above 1200 °C, where NbC for-
mation is maximal, titanium also enters the alloy as car-
bide, reaching 0.5 % at 1500 °C. At higher temperatures,
metallic niobium and iron silicides form.

The amount of titanium reduction products in the slag
increases sharply with temperature. For Ti,O, and Ti,0,,
their contents rise by two orders of magnitude — from frac-
tions of a percent to 10 and 15 % at 4 and 6 kg C, respec-
tively. Monoxide TiO forms above 1000 °C; its growth
with temperature is more sensitive to carbon level.

Up to 1100 °C, iron reduction from ilmenite leads
to an increase in rutile, whose content then drops rapidly
as TiO, is further reduced to lower titanium oxides.

Throughout the temperature range, the concentra-
tion of tetravalent titanium compounds bound with cal-
cium — perovskite (CaO-TiO,) and sphene (CaTiSiO;) —
changes only slightly, confirming the stability of Ti(IV)
within calcium-bearing minerals. Therefore, introduc-
ing CaO flux additives into the carbothermic smelting
charge is advisable. Such additions inhibit the formation
of lower titanium oxides, preventing the development
of high-melting slags with elevated fusion/crystalliza-
tion temperatures. According to [18; 25], when process-
ing high-titanium raw materials, easily fusible slags with
crystallization temperatures of 1400 — 1450 °C and a TiO,
content of approximately 60 % are obtained at a basicity
(Ca0O/Si0,) of 4.0. In the present calculations, for mix-
tures with a PC/IC ration equal to 0.2 — 1.0, the modeled
slag basicity increases from 1.4 to 2.5 (Fig. 3), governed
primarily by the initial CaO/SiO, ratio in the PC, since

the IC contains <0.3 % CaO and ~2 % Si0,. To condition
the slag to the target CaO/SiO, = 4.0, CaO flux must be
added to the charge; for PC/IC = 1, about 9.2 kg CaO per
100 kg of mixture is required (Fig. 3).

Thus, thermodynamic analysis of carbothermic reduc-
tion of the model mixtures using model PC and IC com-
positions showed that at low PC/IC ratios, the formation
of high-titanium slags (>80 % TiO,) can be expected.
However, the niobium concentration in the alloy and
the REE content in the slag decrease several-fold com-
pared with their initial values in the perovskite concent-
rate. At a PC/IC ratio equal to 1, up to 2.5 % Nb can be
accumulated in the alloy, with up to 74 % TiO, in the slag
(Table 2). In this case, the REE concentration in the slag
decreases by no more than 1.5 times.

To predict the product composition from reduction
smelting of a PC-IC mixture, thermodynamic mode-
ling of the process was performed over 700 — 1700 °C.
The calculations used the complete chemical and mine-
ralogical compositions of the titanium concentrate samp-
les (Table 1) at a PC/IC ratio equal 1.

Temperature dependences of the equilibrium com-
positions of the reaction products were calculated for
two levels of carbon consumption: 4 kg C per 100 kg
of concentrate mixture, which prevents titanium transfer
to the alloy in the form of carbide, and 6 kg C, which
ensures maximum niobium recovery to the alloy. Flux
additions were set at 10 kg CaO per 100 kg of concent-
rate mixture. The charge compositions for both variants
are presented in Table 3. According to the calculations,
at a low carbon consumption (4 kg per 100 kg of mix-
ture), the alloy mainly consists of iron with small amounts
of chromium (0.6 %) and carbon (0.5 %) (Table 4).
At 1500 °C, the NbC content in the alloy reaches only
hundredths of a percent. Titanium (IV) in the slag is pre-
sent mainly as CaO-TiO, (up to 45 %), TiO, (up to 22 %),

\
D N © ©
CaO
addition, kg

g 4r

= L

T3
ze 2L
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20 1 1 1
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Fig. 3. Calculated dependence of basicity of the slags

from carbothermic reduction of the model mixtures
and the flux amount for its conditioning on PC/IC ratio
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and CaTiSiO; (10 %), as well as magnesium tita-
nates MgTiO, and MgTi,O, in amounts of 1.0 — 1.5 %.
The remaining titanium occurs as suboxides: 2 % Ti,0,,
4 % Ti,04, and 0.5 % TiO. The total titanium content in
the slag, recalculated as TiO,, is 59.2 %. Niobium from
iron and calcium niobates is also reduced with increa-
sing temperature, forming lower oxides NbO, and NbO.
Cerium from CeO, is partially reduced to Ce*'AlO,,
while remaining completely in the slag.

At carbon consumptions higher than the stoichiomet-
ric requirement for complete iron reduction (6 kg C),
the alloy contains 3 % Nb in the form of carbide and
2.0 % Cr, with the recovery of both elements into
the metallic phase approaching 100 % (Table 4). Tan-
talum also completely transfers to the alloy as carbide
(0.06 % TaC), similarly to niobium. Titanium reduction
to carbide starts at 1000 °C and reaches its maximum
at 1500 — 1600 °C, corresponding to 0.7 % Ti. With fur-
ther increase in carbon content, its concentration rises
to 4.4 wt. %, exceeding that of niobium. By carbon
content, the metallic product corresponds to cast iron
(4.3 % C). An increase in carbon consumption to 6 kg
does not significantly change the qualitative composition
of the slag. Quantitatively, with increasing temperature,
the proportions of niobium suboxides NbO and NbO,
decrease sharply, amounting to less than 0.01 and 0.02 %,
respectively, at 1500 °C, while the content of lower tita-
nium oxides increases to about 10 %. The cerium con-
centration remains constant, both in the forms in which
it occurs in the slag and in their relative proportions.
It should be noted that for the selected mixture compo-
sition (PC/IC = 1), the cerium concentration in the slag
(0.4 % CeO,) is about 1.5 times lower than in the origi-
nal perovskite concentrate (0.6 % CeO,). Other compo-
nents of the raw materials (Al, Mg, Si) originating from
gangue minerals are present in the slag as simple or com-
plex (binary and ternary) oxides, but their total content
is small, limited to a few percent. According to the cal-
culations, the introduced amount of flux (10 kg CaO)
is insufficient to obtain slags with the desired basicity.
At carbon consumptions of 4 and 6 kg, the CaO/SiO,
ratios are 3.4 and 2.7, respectively. Thus, in the first case,
the charge should contain 15 kg CaO, and in the second —
20 kg CaO. If the calcium deficiency is compensated by
increasing the PC proportion in the mixture, the resulting
titanium slag should have a higher content of rare and
rare-earth metals.

- CONCLUSIONS

The advantage of joint pyrometallurgical processing
of ilmenite and perovskite raw materials lies in the pos-
sibility of producing titanium-rich slags and selectively
concentrating rare metals in the metallic phase, separa-
ting them from titanium, while rare-earth elements remain

concentrated in the slag. Moreover, this approach elimi-
nates the need to beneficiate perovskite—titanomagnetite
ore to obtain a concentrate by removing iron-bearing
minerals and calcite.

According to the thermodynamic models obtained,
the joint reduction of ilmenite and perovskite concent-
rates proceeds with the formation of an iron-based alloy
and a high-titanium slag containing more than 70 % TiO,.
The composition of the smelting products depends on
both temperature and carbon consumption. At 1500 °C
and carbon inputs below the stoichiometric requirement
for niobium transfer to the alloy, the metallic phase cor-
responds to low- or medium-carbon steel (<0.55 % C).
When niobium is completely transferred to the metallic
phase in the form of carbide, the product corresponds
to hot metal.

At low PC/IC ratios (<0.5), high-titanium slags with
a TiO, content exceeding 80 % are expected to form.
However, under these conditions, the niobium content
in the alloy remains low, and the REE concentration in
the slag decreases severalfold relative to their initial
levels in the ore. Reduction of the concentrate mixture
with a PC/IC ratio equal 1 at 1500 °C and 6 kg of carbon
per 100 kg of mixture enables complete transfer of nio-
bium to the alloy, which contains up to 3.0 % Nb, while
producing a titanium-rich slag with 62 —74 % TiO,.
In this case, the cerium concentration, as well as that
of other REE, decreases by no more than 1.5 times.
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