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Аннотация. Актуальной задачей, стоящей перед современной металлургической промышленностью, является повышение комплексности 

использования минерального и техногенного сырья путем разработки новых технологий, основанных на принципе совместной перера­
ботки сырья из месторождений, отличающихся минеральным составом рудной составляющей, например, титансодержащих руд – ильме­
нитовых и перовскитовых. Совместная переработка титансодержащих руд позволит повысить экологическую и экономическую эффек­
тивность переработки отечественного минерального сырья, а также создаст предпосылки для развития производства диоксида титана 

  agafonovs@ya.ru
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 TiO2 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 TiO2 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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 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 TiO₂ 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 % TiO2 ) 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 TiO2 ; 
33 – 35 CaO; 2 – 4 REEs; 0.9 – 1.2 (Nb, Ta)2O5  [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

в России. С целью научного обоснования целесообразности совместной переработки разнотипного титанового сырья методом термоди­
намического моделирования установлено влияние температуры, расхода восстановителя и соотношения концентратов на процесс фазо­
образования при карботермическом восстановлении смесей концентратов. Рассмотрено распределение целевых металлов по продуктам 
взаимодействия, предложены оптимальные параметры процесса формирования богатых титановых шлаков. Оценены перспективы попут­
ного извлечения редких и редкоземельных металлов. Термодинамический анализ процесса карботермического восстановления смесей, 
выполненный на модельных составах перовскитового концентрата (ПК) и ильменитового концентрата (ИК), показал, что при малых 
значениях соотношения ПК/ИК возможно образование высокотитанистых шлаков с содержанием TiO2 более 80 %. Однако концентрация 
извлекаемого в сплав ниобия и содержание в шлаке редкоземельных элементов снизятся в разы по сравнению с их исходными значениями 
в перовскитовым концентрате. При соотношении ПК/ИК, равном 1, можно аккумулировать в сплаве до 2,5 % Nb при содержании в шлаке 
до 74 % TiO2 . Преимущество совместной переработки ильменитового и перовскитового сырья пирометаллургическим способом заклю­
чается в возможности в рамках одной технологической схемы получать богатые титановые шлаки и селективно концентрировать редкие 
металлы в металлической фазе, отделяя их от титана, и редкоземельные металлы в шлаке. 
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tory and “short” [18; 19]. Their viscosity depends prima
rily on the FeO and TiO2 contents and on the slag basicity 
(CaO/SiO2 ) [20; 21]. To improve fusibility, calcium oxide 
is added to adjust the CaO/TiO2 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 (TiO2 ) and in the product of  ilmenite 
leucoxenization – pseudorutile (Fe2O3·3TiO2 ). In the PC 
sample, the main ore minerals are perovskite (CaO·TiO2 ), 
titanite (CaTiSiO5 ), and ulvöspinel (Fe2TiO4 ). 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:

	  Fe2Ti3O9 + C = 2FeTiO3 + TiO2 + CO(g);	 (1)

	              FeTiO3 + TiO2 = FeTi2O5 .	 (2)

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·TiO2 , 10  TiO2 , 
10 SiO2 , 10 Fe2TiO4 , 9 CaCO3 , 1 Nb2O5 ;

– ilmenite concentrate: 40 FeO·TiO2 , 50 TiO2 , 
8 Fe2O3 , 2 SiO2 .

 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 N2 .

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  TiO2/CaO·TiO2 
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 (TiO2 ) and 
ilmenite (FeO·TiO2 ), i.e., the mineral phases of the ilme

Table 1. Chemical composition of ilmenite and perovskite concentrates

Таблица 1. Химический состав ильменитового и перовскитового концентратов

Concentrate Ti Fe Al Ca Mg Cr Ce Si Nb
Ilmenite 41.43 18.90 1.53 0.13 0.22 0.60 – 0.90 –

Perovskite 20.78 7.23 0.71 16.79 1.67 – 0.49 5.25 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: 

а – 0.2; b – 0.5; c – 0.8; d – 1.0

Рис. 1. Зависимость равновесного состава шлаков восстановления модельной смеси руды и концентрата  
с различным соотношением ПК/ИК: 

а – 0,2; b – 0,5; c – 0,8; d – 1,0 от расхода восстановителя при температуре 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: 

а – 0.2; b – 0.5; c – 0.8; d – 1.0

Рис. 2. Зависимость равновесного состава сплавов восстановления модельной смеси руды и концентрата  
с различным соотношением ПК/ИК: 

а – 0,2; b – 0,5; c – 0,8; d – 1,0 от расхода восстановителя при температуре 1500 °C
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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/IС ratio

Рис. 3. Расчетная зависимость основности шлаков  
карботермического восстановления модельных смесей и количества 

флюса для его кондиционирования от соотношения ПК/ИК

nite concentrate. The perovskite (CaO·TiO2 ) 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 Ti3O5 ) 
at  6 – 8 kg C per 100 kg of  concentrate mixture. With 
increasing PC fraction, the  proportion of  lower oxides 
(Ti3O5 , Ti2O3 , 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 Ti3O5 and Ti2O3 , 
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 TiO2 is further reduced to lower titanium oxides.

Throughout the  temperature range, the  concentra­
tion of  tetravalent titanium compounds bound with cal­
cium – perovskite (CaO·TiO2 ) and sphene (CaTiSiO5 ) – 
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 TiO2 
content of approximately 60 % are obtained at a basicity 
(CaO/SiO2 ) 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/SiO2 ratio in the PC, since 

the IC contains ≤0.3 % CaO and ~2 % SiO2 . To condition 
the slag to the target CaO/SiO2 = 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 % TiO2 ) 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 % TiO2 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·TiO2 (up to 45 %), TiO2 (up to 22 %), 
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and CaTiSiO5 (10 %), as well as magnesium tita­
nates MgTiO3 and MgTi2O5 in amounts of  1.0 – 1.5 %. 
The remaining titanium occurs as suboxides: 2 % Ti2O3 , 
4 % Ti3O5 , and 0.5 % TiO. The total titanium content in 
the slag, recalculated as TiO2 , is 59.2 %. Niobium from 
iron and calcium niobates is also reduced with increa­
sing temperature, forming lower oxides NbO2 and NbO. 
Cerium from CeO2 is partially reduced to  Ce3+AlO3 , 
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 NbO2 
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 % CeO2 ) is about 1.5 times lower than in the origi­
nal perovskite concentrate (0.6 % CeO2 ). 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/SiO2 
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 % TiO2 . 
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  TiO2 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 % TiO2 . 
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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