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Abstract. The Baikov Institute of Metallurgy and Materials Science of the Russian Academy of Sciences (IMET RAS) developed an autoclave
lime-alkali desiliconization method for titanium concentrates from the Pyzhemskoye and Yaregskoye deposits (Sredny and Yuzhny Timan, Komi
Republic). The ores of these deposits are quartz-leucoxene and quartz-ilmenite-leucoxene sandstones. The formation of the titanium component
of these deposits is associated with the leucoxenization of ilmenite. The geological process involved the removal of iron from the parent titanium
minerals and the filling of the resulting voids with quartz through its crystallization from hydrothermal solutions. This resulted in the ultra-
dispersed size of inclusions (1 —20 um) of SiO, and its structure characterized by weaker (unsaturated) Si—O (Si) bonds. As a result, a high
degree of desiliconization of leucoxene and ilmenite concentrates is achieved at 220 °C under autoclave conditions due to the almost complete
removal of quartz from titanium grains. At the same time, hydrothermal synthesis of calcium metasilicate hydrates (tobermarite, xonotlite) takes
place, the morphological properties of which depend on the conditions of autoclave leaching. In the autoclave, during a relatively short dura-
tion of the process, at a ratio of CaO/SiO, = 0.7 — 1.0, calcium silicate with a needle-like habit is obtained, which forms predominantly radially
radiant sinters. Upon subsequent calcination, their complete dehydration occurs with the crystallization of -wollastonite (CaSiO,) increasingly
gaining practical application in various fields, including science-intensive ones.
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Annomayus. B UMET PAH pa3pa0oTaH aBTOKJIAaBHbBII W3BECTKOBO-IIEIIOYHON CITOCOO 00ECKPEMHUBAHMSI TUTAHOBBIX KOHIEHTPaToB [lmkeMckoro
u Sperckoro mecropoxaenuit (Cpennnii u FOxubiit Tuman, Pecry6nuka Komu). PynamMu 9Tux MecTopoxJeHHH SBISIOTCS KBapL-IeHKOKCEHOBbIE
¥ KBaplL-WIbMEHHUT-JIEHKOKCEHOBBIE TecuyaHnkn. DopMUpOBaHHE TUTAHOBOW COCTABIIOUICH NaHHBIX MECTOPOXKACHUH CBSI3aHO C JIGHKOKCE-
HM3alMel uibMeHuTa. ['eonoruyeckuii npouece BKIIOYA ylaJeHUe jKelle3a U3 MaTepPUHCKUX THTAHOBBIX MHHEPAJIOB U 3aloJIHeHHE 00pa3yro-
IIUXCS ITyCTOT KBAPIIEM ITyTEM €ro KPHCTAJUIM3AINN U3 THAPOTEPMATIBHBIX PACTBOPOB. DTO MPHUBENO K YABTPAANUCIIEPCHOMY pa3Mepy BKIIIOUCHUI
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(1 —20 mMxm) SiO, u ero cTpykType, Xapakrepusyiouieics Oosee cnabbiMu (HeHachleHHbIMU) cBazsamu Si—O (Si). B pesynsrare nocturaercs
BBICOKAsl CTENEHb 00ECKPEMHUBAHMS JISHKOKCEHOBOTO M WIIBMEHUTOBOTO KOHLEHTpaToB mpu Temneparype 220 °C B aBTOKIABHBIX YCIOBHSX 3a
CYET MOYTH MOJHOTO YAAJICHHS KBapla U3 3epeH THTaHa. OJHOBPEMEHHO NPOTEKACT MMIPOTEPMabHbI CHHTE3 THAPATOB METACHIINKATA KAJIbIIHS
(ToGepMOpHTa, KCOHOTINTA), MOP(OIOTHIECKHE CBOMCTBA KOTOPBIX 3aBHUCST OT YCJIOBHI aBTOKJIABHOTO BBIIETauMBaHus. B aBTOKIaBe B TeueHUE
CPaBHUTENILHO KOPOTKOH NPOJOJIKMTENBLHOCTH TIpolecca mpu cootHomennn CaO/SiO, = 0,7 — 1,0 npoucxoaut GpopMUpOBaHHE KajbIHEBOIO
CHJIMKAaTa C MrOJbYaThiM TaOUTYCOM, KOTOPBI 00pa3yeT MPeHMYILIEeCTBEHHO PaanalbHO-JIYYUCThIe armoMeparsl. [Ipy mocneayromem mpokaiu-
BAHUM MPOUCXOIMT TIOJIHAS MX NErujparanus ¢ kpucrtamnusauued -pomnactonura (CaSiO,), npuobperaromero Bce 0osiblIee MPaKTHYECKOE

TIPUMCHCHHUEC B Pa3JIMYHbIX OGJ’IaCT}IX, B TOM 4YHCJIC 1 HAYKOCMKUX.
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- INTRODUCTION

Worldwide, including in Russia, titanium is regarded as
a strategically important mineral within national resource
policy frameworks! 2 [1]. At the same time, titanium raw
materials fall into the category of deficit resources, for
which domestic demand is largely satisfied through forced
imports and/or accumulated stockpiles® [2]. Although
the Russian Federation ranks second globally in terms
of explored titanium reserves, its major operating enter-
prises producing metallic titanium (VSMPO-AVISMA,
Berezniki) and pigment-grade titanium dioxide (Russian
Titanium LLC, Armyansk, Crimea) are compelled to rely
on imported feedstock. This situation not only disrupts
the stable operation and long-term development of these
enterprises but also weakens the country’s raw-material
security and economic independence.

One promising approach to addressing this challenge
is the involvement of domestic titanium resources, in
particular the utilization of quartz-leucoxene and quartz-
ilmenite-leucoxene sandstones of the Timan region
(Komi Republic), represented by the Pyzhemskoye
(Middle Timan) and Yaregskoye (Southern Timan) depo-
sits [3 — 7]. According to the State Balance of Reserves
of the Russian Federation for 2022, these deposits account

! Order of the Government of the Russian Federation No. 2473-r
dated August 30, 2022 “On Approval of the List of Major Types of
Strategic Mineral Raw Materials.” URL: https://www.mnr.gov.ru/press/
news/61 pozitsiya vmesto 29 pravitelstvo_rossii_utverdilo perechen
osnovnykh vidov_strategicheskogo miner/ (Accessed 28.03.2024).

2 U.S. Geological Survey. Us geological survey releases 2022 list
critical minerals. Available at URL: https://www.usgs.gov/news/national-
news-release/us-geological-survey-releases-2022-list-critical-minerals
(Accessed 15.04.2025).

3 Order of the Government of the Russian Federation No. 2914-r dated
December 22, 2018 “On Approval of the Strategy for the Development
of the Mineral Resource Base of the Russian Federation through 2035.”
URL: https://docs.cntd.ru/document/552051127 (Accessed 03.04.2025).
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for 50.2 % of the country’s balance titanium reserves [2].
Located less than 230 km apart, they constitute unique
titanium resources distinguished by exceptionally high
quartz contents, reaching up to 90 % in the primary ore
and 40 — 45 % in the beneficiated concentrates [3; 8].

The Yaregskoye deposit is composed of oil-bea-
ring sandstones enriched in leucoxene and also serves
as a reservoir of high-viscosity oil. Productive horizons
occur at depths of 200 — 250 m and contain 9 — 12 % TiO, .
The principal titanium-bearing mineral in the Yaregskoye
sandstones is leucoxene, which occurs as a sagenite-type
structure of rutile (anatase) finely intergrown with ultra-
dispersed quartz. In the first half of the 1960s, the Yaregs-
kaya pilot-industrial beneficiation plant was commissioned.
Its operation yielded a high-silica leucoxene flotation con-
centrate containing 45 — 50 % TiO, and 40 —45 % SiO,.
However, titanium recovery remained relatively low,
at only 75—859%. The high quartz content precludes
the use of this concentrate as feedstock for the production
of pigment-grade TiO, and metallic titanium. At present,
the Yaregskoye deposit is exploited solely for heavy oil
production using a thermal mining method.

The Pyzhemskoye quartz-leucoxene sandstones are
characterized by a polymineral composition, with tita-
nium present in the form of leucoxene and leucoxenized
ilmenite [3; 4]. In the Middle Timan region, these sand-
stones occur at relatively shallow depths, while their tita-
nium reserves exceed those of the Yaregskoye deposit.
The Pyzhemskoye deposit exhibits a layered structure.
The upper layer consists of gray-colored sandstones with
a low content of siderite and other iron-bearing minerals,
whereas the lower layer is composed of ferruginous red-
colored (siderite-leucoxene) sandstones. The TiO, con-
tent ranges from 5 to 10 % in the gray-colored sandstones
and from 3 to 5 % in the red-colored sandstones [4].

Since the discovery of the Timan deposits, exten-
sive research on the beneficiation of these sandstones
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has been conducted in the USSR by leading scientific
organizations. However, the low contrast between tita-
nium-bearing minerals containing ultra-dispersed inclu-
sions of lighter phases (quartz and aluminosilicates) and
quartz itself severely limits the applicability of conven-
tional physical beneficiation methods [3; 8]. As a result,
the proposed beneficiation schemes for these deposits
were never implemented.

Given the critical importance of establishing a domestic
raw-material base for the titanium industry, fundamental
research on the beneficiation of Timan quartz-leucoxene
and quartz-ilmenite-leucoxene sandstones has been car-
ried out at the Baikov Institute of Metallurgy and Materi-
als Science of the Russian Academy of Sciences (IMET
RAS) since 2001. This research resulted in the develop-
ment of a new integrated beneficiation technology capable
of producing high-quality titanium concentrates, including
artificial rutile and high-titanium ilmenite [3; 9]. According
to this technology, quartz-leucoxene concentrates obtained
during beneficiation are subjected to lime autoclave desili-
conization using lime milk in the presence of a small
amount of NaOH, which acts as a catalyst or activator.
During autoclave leaching, desiliconization of the con-
centrates proceeds simultaneously with the hydrother-
mal synthesis of calcium hydrosilicate. The latter serves
as an intermediate product for the subsequent production
of high-quality synthetic wollastonite [10; 11].

The aim of this study is to obtain generalized results
of lime autoclave leaching of quartz-titanium concent-
rates from the Southern and Middle Timan deposits
during desiliconization, with the possibility of simul-
taneous hydrothermal synthesis of calcium metasilicate
hydrate, as well as to investigate the features of calcium
hydrosilicate formation with a needle-like habit.

[ MATERIALS AND METHODS

The ores of the Yaregskoye and Pyzhemskoye depo-
sits are represented by quartz-leucoxene and quartz-
ilmenite-leucoxene sandstones. A characteristic feature
distinguishing the Pyzhemskoye sandstones from those

of the Yaregskoye deposit is the presence ofupto 5 — 6 %
altered ilmenite which, unlike non-magnetic leucoxene,
exhibits weak magnetic properties. During preliminary
ore preparation and beneficiation, a magnetic quartz-
ilmenite fraction is obtained. At the same time, leucoxene
is concentrated in the non-magnetic fraction, which con-
sists predominantly of free quartz. In order to increase
the contrast in physical properties between these frac-
tions in the concentrates, the application of magneti-
zing roasting was proposed at IMET RAS to reduce iron
oxides associated with TiO, (1 -3 % Fe,0,) in leucoxene
to the metallic state [9]. As a result, the grains acquire
magnetic properties, which makes it possible to sepa-
rate leucoxene from free quartz by magnetic separation.
In the resulting leucoxene concentrate, the quartz content
decreases from 80 — 90 % to 25 —30 %, while the TiO,
content increases from 5 — 10 % to 60 — 66 %.

Two types of concentrates from the Southern and
Middle Timan deposits were used for the study: quartz-
leucoxene and quartz-ilmenite concentrates, the chemi-
cal compositions of which are presented in the Table.
As noted above, the Pyzhemskoye deposit is characte-
rized by a layered structure; therefore, data are provided
separately for gray-colored and red-colored sandstones.
The particle size of the initial materials was 0.315 mm.

Desiliconization of the concentrates was carried out
in a high-temperature Premex Reactor AG autoclave
(Switzerland). Leaching was performed at a tempera-
ture of 220 °C for 2 — 3 h under saturated steam pres-
sure, using a stoichiometric amount of lime as well as
under lime-deficient conditions (CaO/SiO, = 0.7 - 1.0).
The solid-to-liquid ratio was maintained at 1:5-1:7.
Microscopic examination of the initial concentrate and
the products of its desiliconization was carried out using
an Axio Scope Al optical microscope (Carl Zeiss) and
a JEOL JXA-ISP100 scanning electron microscope.

[ RESULTS AND DISCUSSION

Desiliconization of quartz-leucoxene and quartz-
ilmenite concentrates was performed in an autoclave

Chemical composition of quartz-titanium concentrates, %

XUMHYECKHUH cOCTaB KBapuU-TUTAHOBBLIX KOHIICHTPATOB, %

Yaregskoye Pyzhemskoye deposit
Major deposit gray-colored sandstones red-colored sandstones
components quartz- quartz- quartz- quartz- quartz-
leucoxene leucoxene ilmenite leucoxene ilmenite
TiO, 63.0 66.0 532 61.40 53.40
Sio, 25.0 24.9 20.2 28.23 19.12
Fe,0, 3.5 3.8 19.3 4.57 21.53
AlO, 25 2.8 24 2.73 2.73
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at 220 °C using lime milk, with NaOH added at con-
centrations of 5—15g/L. Under these conditions,
the alkaline reagent functions as a conditional catalyst
or activator of quartz dissolution. Owing to a two-stage
desiliconization mechanism, continuous circulation
of the alkali within the CaO—SiO,—~NaOH~-H,O system
is maintained [10 — 12]. As a result, in contrast to con-
ventional alkaline methods, the consumption of costly
alkaline reagents is largely eliminated [13 — 15]. An addi-
tional advantage of the proposed approach is the simul-
taneous synthesis of silicate products during autoclave
treatment, in particular wollastonite (3-CaSiO;,).

As noted above, a distinguishing feature of Timan tita-
nium concentrates is their high quartz content. In the ini-
tial ore, free quartz occurs over a wide particle-size range,
from —3.0 to +0 mm [3; 4; 8]. Microscopic examination
was therefore used to assess the distribution of quartz in
quartz-leucoxene and quartz-ilmenite concentrates from
the Yaregskoye and Pyzhemskoye deposits (Fig. 1).

As shown in Fig. 1, quartz in the initial concentrates
occurs as free grains of various morphologies and sizes, as
intergrowths with titanium-bearing grains (20 — 40 pum),
and as ultra-dispersed inclusions within leucoxene and
ilmenite (internal quartz) with sizes of 1 — 20 pm.

Autoclave leaching of quartz-leucoxene and quartz-
ilmenite concentrates achieves the highest degree
of desiliconization at 220 °C over 2—-3 h at a molar
Ca0/Si0, ratio of 0.7 — 1.0. Microscopic analysis of tita-
nium-bearing products after autoclave treatment shows
that leaching is accompanied by selective dissolution
of internal quartz, resulting in the near-complete libera-
tion of leucoxene and ilmenite grains from quartz (Fig. 2).
The high degree of SiO, dissolution (>80 %) is attribut-
able to the ultra-dispersed size of quartz inclusions and
to the genetic features of the Timan sandstones associated
with ilmenite leucoxenization [3; 4; 8]. During this trans-
formation, iron was removed from the parent titanium
minerals by hydrothermal solutions, while the resulting

Fig. 1. Microphotographs of the initial quartz-titanium concentrates:
a — ¢ — leucoxene of the Yaregskoye deposit and individual quartz grains; d, e — leucoxene of the Pyzhemskoye deposit
(grey-colored sandstones) and individual quartz grains; f— leucoxene of the Pyzhemskoye deposit (red-colored sandstones);
g, h— ilmenite of the Pyzhemskoye deposit, respectively, gray-colored and red-colored sandstones

Puc. 1. Muxpodororpahuu HCXOJHBIX KBaPL-THTAHOBBIX KOHIICHTPATOB!
a — ¢ — IeHKOKCeH SIperckoro MeCTOpOXKICHHUS U OT/IeIbHBIC 3epHa KBapLa; d, e — JIeHKOKceH [IMKeMCKOro MecTOpOKICHUs!
(cepoLBEeTHBIC IECYAHKKH) U OTJCIBHBIC 3epHA KBapIIa; f — IeHKoKceH [THKeMCKOTO MECTOPOXKACHUS (KPaCHOIBETHBIC IIECYAaHUKH);
g, h — unbMenut [IKeMCcKoro MeCTOpOXKIeHHUSI, COOTBETCTBEHHO CEPOLBETHBIE U KPACHOIIBETHBIE NIECUAHUKH
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Fig. 2. Microphotographs of leached grains of leucoxene
from the Yaregskoye (a, b) and Pyzhemskoye deposits of gray (c)
and red-colored (d) sandstones, ilmenite grains of gray (e, f)
and red-colored (g) sandstones
Light — rutile (a — d), ilmenite (e — g), dark — pores

Puc. 2. MuxpodoTtorpaduu BbIILIEIOYCHHBIX 3€PEH JICHKOKCEHA
Sperckoro (a, b) u ITmxeMcKoro MeCTOpOKICHUI CEPOLBETHBIX (C)
1 KPaCHOLBETHBIX (d) NECYaHUKOB, 3ePEH WIbMEHUTA
CEepOLBETHBIX (e, f) U KPACHOLBETHBIX (g) IECUaHUKOB
Cgetioe — pytui (a — d), WIbMEHUT (e — g), TEMHOE — ITOpbI

voids were filled by finely dispersed quartz crystallized
from these solutions. Under hydrothermal conditions,
authigenic quartz formed that is characterized by a highly
developed specific surface area and enhanced reacti-
vity. This increased reactivity arises from the presence
of weaker (unsaturated) Si—O (Si) bonds in the siloxane
bridges of silicon dioxide, which are a consequence
of the described genesis [16].

Under optimal autoclave leaching conditions, a desili-
conization degree of 90 —-95% can be achieved for
the leucoxene concentrate, with residual SiO, contents

of 1.2-2.0% (Fig. 2, a—d). Treatment of the quartz-
ilmenite concentrate allows removal of 80-—87 %
of SiO, and yields high-titanium ilmenite containing
up to 67 % TiO, (Fig.2,e—g). In both cases, part
of the residual SiO, is associated with undissolved free
quartz grains (Fig. 2, a, f), which exhibit lower reactivity
and therefore require longer interaction times and higher
alkaline reagent concentrations.

As discussed above, autoclave desiliconization
of quartz-leucoxene and quartz-ilmenite concentrates
is accompanied by the simultaneous synthesis of cal-
cium hydrosilicate. At 220 °C and CaO/SiO, ratios
of 0.7 — 1.0, xonotlite with the stoichiometric composi-
tion 6Ca0-6Si0, H,0 or Ca,[Si O ,](OH), is predomi-
nantly formed. Xonotlite is a transitional phase between
calcium hydrosilicates rich in lattice-bound water and
wollastonite, sharing a common structural framework
with the latter. Paired wollastonite-like chains of [SiO, ]
tetrahedra form xonotlite ribbons with a repeat unit
of [Si,0,,]'"" [17-20]. Upon dehydration, xonotlite
transforms into B-wollastonite (CaSiO,). Synthetic xonot-
lite and wollastonite are widely used in various industrial
sectors, including ceramics, construction materials, paint
production, and metallurgy.

Scanning electron microscopy was employed to exa-
mine calcium silicates synthesized during the hydrother-
mal desiliconization of quartz-leucoxene and quartz-
ilmenite concentrates (Fig. 3).

As shown in Fig. 3, depending on the initial raw
material, calcium silicates crystallize with a needle-
like habit and differ in the length (L) to diameter (D)
ratio of the “needles”. Predominantly, radially radiant
agglomerates composed of individual crystals with
L/D=10-20 are formed (Fig.3,a—c). In contrast,
when calcium hydrosilicates form in which the “needles”
are characterized by an L > D ratio, the agglomerates
exhibit a tangled fibrous morphology (Fig. 3, e). Crystal
morphology is influenced by both the content of crys-
tallized water and the formation of calcium hydrosili-
cates in the form of tobermorite (5Ca0O-6Si0,-5H,0 or
Ca [Si,,0,,1(OH),), which has a fibrous structure and
also represents a hydrated wollastonite phase. Tober-
morite is thermodynamically stable at lower temperatures
and tends to transform into xonotlite at 200 — 220 °C,
whereas xonotlite may revert to tobermorite at lower tem-
peratures in the presence of water [18; 21].

Calcium silicates with stoichiometric compositions,
particularly xonotlite (6Ca0O-6SiO,-H,0) and wol-
lastonite (CaSiO;), exhibit a number of advantageous
physicochemical properties, including high chemical
resistance (and thus non-combustibility), stable dielect-
ric characteristics, low thermal conductivity, and envi-
ronmental safety. These properties underpin their broad
application in ceramics (30 —40 %), polymer, plastics,
and rubber production (30 — 35 %), paint manufacturing
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Fig. 3. Microphotographs of calcined calcium hydrosilicates synthesized by autoclave desiliconization of leucoxene concentrate
from the Yaregskoye (a) and Pyzhemskoye deposits of gray (b) and red-colored (c) sandstones, ilmenite concentrate of the gray (d)
and red-colored (e) sandstones

Puc. 3. Muxpogotorpadun npoKaJeHHbIX THIPOCUINKATOB KaJbIHsl, CHHTE3UPOBAHHBIX IIPU aBTOKIABHOM 00€CKPEMHUBAHUU
JIEHKOKCEHOBOT0 KOHLIeHTpara SIperckoro (a) u IInkeMcKoro MecTopoxaeHUi cepolBeTHBIX (b) U KPACHOLBETHBIX (c) ECYaHUKOB,
MJIBMEHHMTOBOIO KOHIIEHTPATa CePOLBETHBIX (/) M KPACHOIBETHBIX (€) MeCYaHUKOB

(10 — 15 %), construction, metallurgy, friction materials,
and the production of pharmaceutical and cosmetic pro-
ducts [19]. At present, however, wollastonite production
in Russia is minimal, and domestic demand is largely met
through imports.

The identified features of quartz-leucoxene and quartz-
ilmenite concentrate desiliconization accompanied by
simultaneous calcium hydrosilicate synthesis should be
taken into account when developing process parameters
and equipment design for autoclave leaching [22].

- CONCLUSIONS

This study demonstrates that implementation
of the integrated process developed at the Baikov Insti-
tute of Metallurgy and Materials Science of the Russian
Academy of Sciences (IMET RAS), which combines
desiliconization of quartz-leucoxene and quartz-ilmenite
concentrates with hydrometallurgical synthesis of cal-
cium hydrosilicate, enables comprehensive utilization
of the Pyzhemskoye and Yaregskoye sandstones with
the production of high-quality artificial rutile and high-tita-
nium ilmenite. On average, 100 t of concentrate contains
approximately 20 — 30 t of ultra-dispersed quartz, which
serves as a silica source for the associated autoclave syn-
thesis of calcium hydrosilicate. Following thermal treat-
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ment of the calcium hydrosilicates, dehydration makes it
possible to obtain 30 — 50 t of synthetic needle-like wol-
lastonite. It is noted that the proposed hydrometallurgical
desiliconization method can be applied to the removal
of SiO, from both quartz-leucoxene and quartz-ilmenite
concentrates obtained during beneficiation of sandstones
from the Southern and Middle Timan regions, including
concentrates derived from both the gray-colored and red-
colored layers of the Pyzhemskoye deposit.
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