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Abstract. Leucoxene-quartz concentrate is a large-tonnage by-product of development of the Timan oil-titanium field 
(oil-saturated sandstones) which is not commercially used at present. High content of titanium compounds (to 50 % by 
weight) and lack of industrial, cost-effective, and safe technologies for its processing determine a high relevance of the 
work. Conventional processing technologies allow increasing the concentration of TiO2, but they are only a preparation 
for complex and hazardous selective chlorination. The process of pyrometallurgical conversion of leucoxene-quartz 
concentrate into aluminium and magnesium titanates was investigated. It was ascertained that the temperature of solid-
phase reaction in Al2O3-TiO2-SiO2 system necessary for the synthesis of aluminium titanate (Al2TiO5) is 1,558 С, and 
for MgO-TiO2-SiO2 system – 1,372 С. Scaling up the process made it possible to synthesize a significant number of 
samples of titanate-containing products, the phase composition of which was studied by X-ray phase analysis. Two 
main phases were identified in the products: 30 % aluminium/magnesium titanate and 40 % silicon dioxide. In products 
of pyrometallurgical processing in the presence of aluminium, phases of pseudobrookite (3.5 %) and titanite (0.5 %) 
were also found. It was ascertained that in magnesium-containing system the formation of three magnesium titanates 
is possible: MgTiO3 – 25, Mg2TiO4 – 35, MgTi2O5 – 40 %. Experiments on sulphuric acid leaching of samples demon-
strated a higher degree of titanium compounds extraction during sulphuric acid processing. An integrated conceptual 
scheme for processing leucoxene-quartz concentrate to produce a wide range of potential products (coagulants, cata-
lysts, materials for ceramic industry) was proposed.  
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Introduction. Currently, there is a growing attention to comprehensive processing of large-
tonnage mineral raw materials. Most of mining and processing technologies implemented in the 
Russian Federation do not meet the requirements of the concept of sustainable development and 
circular economy (recycling of waste and unconventional resources), and, thus, require significant 
upgrading. The most striking example is the innovative, strategically important, and extremely 
promising trend in development of oil sands of Timan field. During oil extraction, thousands  
of tons of valuable mineral raw material components (in particular, oil-saturated sandstones) are 
simultaneously extracted to the Earth’s surface. After oil separation, the mineral part is directed for 
permanent storage to the slag dumps of the facility, which not only has a significant negative envi-
ronmental impact, but also increases the cost of oil produced (processes of purification and separa-
tion, environmental payments, maintenance of the slag dump, etc., are included). 

Leucoxene is a mineral aggregate, an alteration product of titanium minerals represented by ti-
tanium oxide, quartz, ilmenite, iron, and manganese hydroxides [1, 2]. Flotation concentrate obtained 
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in the process of extraction and beneficiation contains up to 50 % by weight of titanium dioxide in 
the form of rutile [3, 4]. Further beneficiation of the concentrate is possible due to a high degree of 
intergrowth of titanium and silicon dioxides. According to various sources [1, 5], up to 60 % of ex-
plored and 80 % [1] of undiscovered reserves of titanium minerals (over seven billion tons) in the 
Russian Federation occur in leucoxene sandstones of Timan fields (Yaregskoye – South Timan, 
Pizhemskoye – Middle Timan). 

Taking into account a high demand for titanium compounds from different sectors, metal [6, 7], 
pigment, sorbent [8], biomaterial [9] and water treatment agent [10, 11] in industry, the develop-
ment of new technologies for production of titanium compounds from such raw materials is an 
extremely urgent task. 

Unfortunately, the morphological feature of leucoxene (mutual intergrowth of TiO2 and SiO2) 
imparts to the aggregate an extremely high chemical resistance to most mineral acids, which signifi-
cantly reduces the choice of potential processing technologies [12, 13].  

At present, this waste is not used commercially (except for experiments on using it as raw mate-
rial for coagulants or welding electrodes), and its processing with conversion into titanium dioxide, 
due to its low chemical activity, is possible only by selective chlorination at high temperature. 

Technological problems (excessive consumption of highly hazardous gaseous chlorine for chlo-
rination of a relatively useless silicon component, accumulation of unreacted silicon dioxide phase in 
the chlorinator – clogging of chamber with cake) and a high level of industrial and environmental 
hazard have a negative impact on the economy of the process and make this method unacceptable for 
processing large volumes of quartz-leucoxene concentrate. 

Over the past 30 years, leading research teams developed the technologies that allow an addi-
tional beneficiation of leucoxene-quartz concentrate through desiliconization processes. The most 
significant developments include: reducing or magnetizing firing [14, 15]; autoclave treatment with 
alkalis [3, 16, 17]; fluoride leaching [18, 19]; plasma-arc melting [20, 21]; silicon-thermal reduction 
[22]. All these technologies allow increasing the content of titanium compounds to 85-90 % (syn-
thetic rutile), however, in future, the product is also sent to a technologically unsafe and energy-
intensive operation of selective chlorination. In addition, the proposed technologies also significantly 
affect the cost of the recycling process and have several environmental impacts related to the carbon 
footprint of the product (gas emissions) and the need to dispose of significant volumes of liquid  
alkaline waste. 

A team of authors at Mendeleev University of Chemical Technology of Russia was the first to 
propose a comprehensive pyro- and hydrometallurgical technology for processing the concentrate 
with conversion into pseudo-brookite (reactive) which can be processed according to the traditional 
sulphuric acid technology [23], which will further expand the range of available technologies and 
manufactured products. 

Methods. The main goal of this work is to evaluate the possibility of producing magnesium and 
aluminium titanates (first proposed for this type of raw material) by pyrometallurgical processing of leu-
coxene-quartz concentrate (LQC). To achieve this goal, it is necessary to solve the following tasks: to 
determine the minimum temperature for the start of phase transformations; to investigate phase composi-
tion of the obtained products; to evaluate the efficiency of extracting titanium compounds. The proposed 
process is innovative and allows expanding the potential trends of processing large-tonnage mineral raw 
materials, which confirms the relevance of the research. 

Individual aluminium and magnesium titanates (fusion of titanium and aluminium/magnesium 
oxides) are already widely used as catalysts [24, 25], ceramic components [26, 27], and for the needs 
of other industries [28, 29]. Such major consumer of titanates as ceramic industry suggests that LQC 
processing products will be in demand on the market due to their low cost. 
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The product of flotation beneficiation of oil-saturated sandstones of the Yaregskoye field was 
mixed in equimolar ratios with aluminium oxide (chemically pure) or magnesium oxide (chemically 
pure) and heated in an oxygen-containing atmosphere to the specified temperatures: 

Al2O3 + TiO2∙SiO2 → Al2TiO5 + SiO2; (1) 

MgO + TiO2∙SiO2 → MgTiO3 + SiO2. (2) 

Rejection of inert atmosphere during heat treatment is due to economic and technological  
reasons. 

The study of phase transformations during pyrometallurgical processing of LQC in the presence 
of various additives was carried out by thermogravimetric analysis (TGA) and high-temperature dif-
ferential scanning calorimetry (DSC) using Netzsch STA 449 F1 Jupiter device of simultaneous ther-
mal analysis combined with a QMS 443 Aeolos mass spectrometer. Samples were heated at a constant 
rate of 20 K/min in a dynamic atmosphere of a mixture of argon (20 ml/min) and preliminarily pre-
pared (drying, purification, decarbonization) air (60 ml/min) in the temperature range 40-1,580 С 
(heating) and 1,580-1,000 С (cooling); crucible material is platinum. Calibration was performed by 
reference substances; baseline correction was accomplished following the procedure supplied to-
gether with the device. Temperatures of the presumed phase transformations were compared with 
data of scientific publications [30, 31]. 

Phase composition of solid samples was identified by X-ray phase analysis on DRON-3 M dif-
fractometer. Data were deciphered using the PCPDFWIN diffraction database. Quantitative compo-
sition was calculated based on comparison with pure substances (comparison of intensities) as well 
as in accordance with data of X-ray fluorescence (JEOL 1610 LV scanning electron microscope with 
SSD X-Max Inca Energy energy-dispersive spectrometer) and atomic emission analyses (atomic 
emission spectrometer with magnetic plasma “SpectroSky”) in accordance with the methods speci-
fied by the software. 

Products of pyrometallurgical treatment were subjected to sulphatization (sulphuric acid leaching); 
leaching time was four hours, ratio of solid product to sulphuric acid was 1:20 (wt.), concentration of 
sulphuric acid varied from 60 to 80 % by weight at boiling point of solution: 

Al2TiO5 + 4H2SO4 → Al2(SO4)3 + TiOSO4 + 4H2O; (3) 

MgTiO3 + 2H2SO4 → MgSO4 + TiOSO4 + 2H2O. (4) 

Content of metals in sulphuric acid solutions was determined in accordance with the previously 
developed method of atomic emission spectral analysis with magnetic (microwave) plasma using 
“SpectroSky” device [32, 33]. 

Efficiency of extraction of the main components was calculated from the formula: 

init sol
extr

init

С  СЕ 1  
С 

 
  
 

∙100 %, 

where Сinit is Ti content in processed subsample; Сsol – amount of Ti passing into solution and calcu-
lated from the atomic emission analysis data and corrected based on analysis of untapped sediment. 

Results and discussion. Chemical composition of initial sample of leucoxene-quartz  
concentrate (flotation concentrate), %: TiO2 42.1; SiO2 49.3; FexOy 2.8; Al2O3 2.0; (K, Na)2O 1.5;  
REE oxides, CaO/MgO 2.3. 

Based on the data on chemical composition of the sample, stoichiometric (equimolar) amounts 
of aluminium and magnesium oxides required for the formation of titanates by reactions (1) and (2) 
were calculated. Data of synchronous thermal analysis of the process of pyrometallurgical treatment 
of the LQC + Al2O3 sample are presented in Fig.1. 
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Figure 1, a shows that the process of phase transformations begins at temperature of about  
1,500 С and is accompanied by a significant endothermic effect – the reaction mixture passes  
the point of melting and synthesis of titanate. When the reaction mixture is cooled, the melt begins  
to crystallize, which is confirmed by the corresponding exothermic effect with a peak at 1,536 °C.  
The data obtained in the experiment are in good agreement with reference information for pure oxide 
systems [30]. 

Insignificant endothermic effects recorded in the range of 500-1,400 С demonstrate decompo-
sition of impurities and phase transformations of components in the reaction mixture. In the process 
of melting and crystallization of the system, free components capable of oxidation reactions are  
released from internal cavities of leucoxene grains, and the weight of the sample slightly increases. 

1,600 

Fig.1. Phase transformations in LQC-Al2O3 (a) and LQC-MgO (b) systems 
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Data of simultaneous thermal analysis of pyrometallurgical processing of LQC + MgO sample are 
presented in Fig.1, b. 

Phase transformations in LQC-MgO mixture are much more diverse. Taking into account the 
ability of magnesium oxide to accumulate and bind CO2 and H2O vapours (hydration) from the 
environment, two endothermic effects were recorded at temperatures 367 and 570 С, which cor-
responds to the processes of crystalline moisture removal and decomposition of impurities. At a 
temperature of 1,372 С, an endothermic effect was identified which is characteristic of the pro-
cess of magnesium titanates formation. 

A minor endothermic effect during crystallization can be explained by formation of several 
compounds: magnesium orthotitanate, titanate, and dititanate. This assumption is confirmed, among other 
things, by crystallization processes in the sample under study – the DSC curve clearly shows exothermic 
effects characteristic of crystallization of several phases. Phase transformation temperatures in Fig.1, b 
are also comparable with temperatures for pure oxide systems presented in [31]. 

Increased weight of the sample was thermally treated (for LQC-Al2O3 system – 1,550 С; for  
LQC-MgO – 1,400 С) for two hours, and phase composition was analysed. The research results are 
presented in diffraction patterns (Fig.2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. Phase compositions of LQC-Al2O3 (a) and LQC-MgO (b) samples 
AT – aluminium titanate; Qw – quartz; Pbs – pseudobrookite; MT – magnesium titanate (MgTiO3);  
Sph – titanite; M2T – magnesium 2 titanate (MgTi2O5); MOT – magnesium orthotitanate (Mg2TiO4)  
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Data of X-ray phase analysis presented in the diffraction pattern (Fig.2, a) confirm the presence 
of aluminium titanate phase in the composition of pyrometallurgical processing products as well as 
significant amounts of free cristobalite – a high-temperature modification of quartz. The degree of 
LQC → Al2TiO5 conversion is on average 95-97 %. 

Diffraction pattern data (Fig.2, b) confirm the formation of titanium magnesium phases. In the 
process of high-temperature interaction, the temperature of MgTiO3 formation is exceeded with for-
mation of a eutectic mixture, and, in addition to reaction (2), side reactions (endothermic effects, 
Fig.1, b) and their inherent processes of crystallization of subcompounds from the binary MgO-TiO2 
system become possible (degree of LQC → MgxTiyOz conversion averages 96-98 %): 

2MgO + TiO2 → Mg2TiO4 (2MgO∙TiO2); (5) 

MgO + 2TiO2 → MgTi2O5 (MgO∙2TiO2). (6) 

Based on presented data, phase composition of the products of pyrometallurgical processing was 
calculated (Table 1). 

 
Table 1 

 
Phase composition of the products of pyrometallurgical LQC processing, % 

 

Sample Al2TiO5 MgxTiyOz* SiO2 CaSiTiO5 Fe2TiO5 TiO2 Other impurities 

LQC + Al2O3 61.7 0.2 31.7 0.50 3.60 0.1 2.2 
LQC + MgO – 52.1 40.5 0.45 0.15 0.5 6.3 

  

* The sum of all forming phases. 
 
Table 1 shows that titanates are the predominant phases in pyrometallurgical processing products. 

Ranking second in weight is a high-temperature modification of quartz (cristabolite). The product 
also contains impurities of iron and calcium titanates. 

Magnesium titanates are represented by a mixture of three minerals MgTiO3/Mg2TiO4/MgTi2O5 
with ratio 25/35/40 %. 

Elevated content of impurities (~ 6.5 %) in the system with participation of magnesium com-
pounds can be explained by insufficient temperature (1,400 С) for the formation of such products as 
pseudobrookite and aluminium titanate. 

Mixtures of titanates and silicon dioxide described in Table 1 can, probably, be separated by 
flotation by analogy with beneficiation processes of feed ore; however, this process requires signifi-
cant volumes of samples and was not investigated in this study. 

Products of pyrometallurgical processing of LQC were treated with sulphuric acid solutions of 
various concentrations, and the efficiency of extracting titanium compounds was evaluated (Table 2). 
The initial leucoxene-quartz concentrate was used as a reference sample. 

From the data of Table 2 it can be concluded that the 
process of pyrometallurgical processing allows obtai-
ning the products that are well exposed by sulphuric acid 
(higher degree of titanium compounds extraction). The 
most “efficient” concentration of sulphuric acid for 
leaching the titanium component from magnesium titanates 
is 60-70 % by weight, while aluminium titanates required 
a higher concentration of sulphuric acid (~ 80 % by 
weight) for complete extraction. Based on the data on 
composition of solutions (a mixture of titanium and alu-
minium/magnesium sulphates) according to reactions (3) 
and (4) and the data of preliminary experiments, a possibility of their use as coagulants for treatment 
of wastewater from pulp industry [34], surface runoff [35] and other wastewater types [36, 37] was 
determined. 

 
Table 2 

 
Efficiency of titanium extraction 

 

Sample 
Concentration of H2SO4, % 

60 70 80 

LQC 17 19 29 
LQC + Al2O3 42 56 69 
LQC + MgO 75 88 81 
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Discussion of results. The stage of pyrometallurgical processing proposed in the work with  
production of titanates can become a part of the concept technology for comprehensive LQC  
processing (Fig.3). 

Quartz-leucoxene enriched to titanium dioxide content ~ 45-50 % is directed to mixing with 
magnesium/aluminium oxides using drum mills. During mixing, partial grinding of phases occurs 
which has a positive effect on pyrometallurgical processing. Heat treatment is carried out at temperature 
not lower than 1,525 С for LQC-Al2O3 system and 1,400 С for LQC-MgO system for four hours, 
while the processing time directly depends on the type of equipment used and can be reduced based 
on results of pilot industrial tests. The resulting sintered mass is cooled and crushed. Provided there 
is further hydrometallurgical processing using sulphuric acid, it is possible to obtain solutions of 
complex titanium-containing coagulants, and in case of thermohydrolysis, titanium dioxide (anatase). 
When using titanates as a component of ceramics or a catalyst, it is possible to carry out flotation 
beneficiation (over 90 % for titanates). 

Based on preliminary experiments, a possibility of using synthesized titanates as raw material to 
produce complex titanium-containing coagulants (sulphuric acid processing) or as a precursor for the 
synthesis of titanium dioxide (magnesium titanate) was established. Beneficiated products can also 
be used as a ceramic component; however, this hypothesis requires experimental studies by experts. 

The proposed technology for processing leucoxene-quartz concentrate can, probably, be applied 
to similar ores of related fields (Pizhemskoye field of Timan) [1, 38]. Implementation of the proposed 
scheme as one of alternative directions for processing leucoxene-quartz concentrates will also allow 
the maximum implementation of the concept of resource saving [39]. 

Conclusion. As part of the work, a possibility of obtaining aluminium and magnesium titanates 
by pyrometallurgical processing of large-tonnage waste – leucoxene-quartz concentrate was estab-
lished for the first time. 

It was ascertained that the minimum temperature required for phase transformations in  
the Al2O3-TiO2-SiO2 system (synthesis of Al2TiO5) is 1,510 С, and for MgO-TiO2-SiO2 system  
(synthesis of MgxTiyOz) – 1,375 С. The conversion degree of initial LQC into titanates  
averaged 95-98 %. 

Fig.3. Conceptual diagram of comprehensive LQC processing 
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Phase composition of the products of pyrometallurgical processing of LQC in the presence  
of aluminium or magnesium oxides was identified. For the aluminium-containing system, the only 
product is aluminium titanate Al2TiO5), while in magnesium-containing system, the synthesis of  
intermediate products such as MgTiO3 25 %, Mg2TiO4 35 %, MgTi2O5 40 % was possible. 

Phase composition of products for the LQC- Al2O3 system is represented by a mixture of 60 % 
Al2TiO5 and 30 % SiO2 as well as 10 % impurity compounds, including 3.6 % pseudobrookite 
(Fe2TiO5) and 0.5 % titanite (CaSiTiO5), and for LQC-MgO system 52 % according to the sum  
of magnesium titanates, 40 % SiO2 and to 8 % impurities. It should be noted that pseudobrookite  
and titanite phases were absent in this system (LQC–MgO), which is primarily due to insufficient 
temperature. 

It was proved that the products of pyrometallurgical processing of LQC in the presence of oxide 
additives in terms of extraction degree of titanium compounds in the process of leaching with 
 sulphuric acid solutions, significantly exceed the initial LQC (on average four to five times), which, 
subject to the economic feasibility of pyrometallurgical processing, will make it possible to use them 
as titanium-containing raw material for sulphuric acid technology for titanium oxysulphate/dioxide 
production or as complex titanium-containing coagulants for water treatment. 

According to the preliminary feasibility study, the cost of pyrometallurgical processing of leu-
coxene-quartz concentrate (reagent and energy costs) with conversion into aluminium or magnesium 
titanates will be equivalent to the cost of autoclave leaching, but significantly lower than that of se-
lective chlorination processes. The proposed concept technology for the production of titanates does 
not claim to cover processing of the entire volume of LQC, but is aimed only at a part of raw materials 
(1-2 % of production volumes) with obtaining products of increased market value (ceramic compo-
nents, catalysts, coagulants). 

The minimum market value (without regard for the demand level) of the products (titanates) 
obtained in the process proposed by the authors is approximately 30-40 % higher than the cost of 
titanium concentrate (raw material for the production of titanium dioxide by selective chlorination) 
obtained by autoclave leaching. 
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