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The Khibiny Mountains, Kirovsky Mine

* Discovery of New Minerals

* Unveiling their secrets

Investigation of properties

Investigation of crystal structure

|dentification of application areas
* Synthesis of their analogues

e Adaptation to current industrial
challenges




The deposit of rare minerals
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Why is it interesting?

A titanosilicate molecular sieve with
adjustable pores for size-selective
adsorption of molecules

Steven M. Kuznicki*, Valerie A. Bell*, Sankar Nairt, Hugh W. Hillhouset,
Richard M. Jacubinas®, Garola M. Braunbarth, Brian H. Toby:
& Michael Tsapatsist

* Strategic Technology Group, Engelhard Corporation, 101 Wood Avenue, Iselin,
New Jersey 08830, USA

T Department of Chemical Engineering, 159 Goessmann Laboratory, University of
Massachusetts, Amherst, Massachusetts 01003, USA

L NIST Center for Neutron Research, National Institute of Standards and
Technology, Gaithersburg, Maryland 20899-8562, USA

In 1989, zorite was synthesized by Steven Kuznicki
and patented by Engelhard Corporation as the
molecular sieve ETS-4.
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The Kola Alkaline Province
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Peralkali granite massifs (AR,)

Gabbro-anorthosite and
anorthosite massifs (PR,)

Granodiorite massifs (PR,)

Alkali-ultrabasic and
alkaline massifs (D)

l:l Archaean metamorphic
complexes (AR,)
D Granulite complex (AR,-PR,)

Sedimentary-
volcanogenic complex (AR,-PR,)

Number
of known
titanosilicates

Massif

“‘ I Sy oom) Kh i bi ny 1 3 2 7 88

Lovozero 650 70
Kovdor 41 15

Vuorijarvi 21 5
Afrikanda 7 2

) 50 km




The Kukisvumite-Lintisite Family ' 4

= Lintisite
B Na,LiTi,[Si,0,,]2H,0

| (Homyakov et. al., 1990)
e Punkaruaivite
LiTi,[Si,O4,(OH);]'H,O
Kukisvumite (Yakovenchuk et al., 2010)
NagZnTi,[Si, O] ,O, -4H,0
i (Yakovenchuk et al., 1991)
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Crystal structure of kukisvumite and lintisite . 4
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Kalashnikova G.O., et al. // Materials. Vol. 17(1). DOI: 10.3390/ma17010111



Chains of edge-sharing TiO, octahedra ' 4

The chains may have two possible orientations related by 180° rotation (a, b) and

a) b)
denoted incand d as '+'and '-'.
The octahedral chains within one titanosilicate block are always in the same
orientation, whereas orientations of the chains in adjacent blocks may be

+ + 4 +
c) T d) T different. e)+  , f)+ .
EE ﬂ /N
i - VRNV NN
AN | N
For kukisvumite, orientations of chains in adjacent blocks are different so that - - +
N AN
blocks with positive and negative orientations alternate along the a axis (e).
+ + +
In contrast, all octahedral chains in the crystal structure of lintisite are in the . 7N . .
= +i
: : /NN AN
same orientation (f). /N AN | AN



«Kukisvumite/lintisite = K3/L3» transformation

I 4

Kukisvumite K3
Na,O 16.10 0.09
Sio, 42.75 54.47
TiO, 26.86 35.08
MnO 0.74 —
FeO 0.25 0.26
Zn0O 5.88 -
Nb,O. 0.86 0.37
H,0 6.50 8.40

When treated with 0.5 M
HCI solution during

0.2 - 48 hours, kukisvumite
loose all water molecules,
Na* and Zn?* cations, which
results in formation of
compound K3 with the
chemical composition
Ti,Si,0,,(OH),.

The crystals did not change their shape or color, which indicates that

transformation is of a single-crystal-to-single-crystal (SCSC) character.



«Kukisvumite/lintisite = K3/L3» transformation " 4
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(Yakovenchuk et al., 2012) (Yakovenchuk et al., 2012)



«Kukisvumite/lintisite = K3/L3» transformation

a

before Vo
treatment
after

treatment
b

. = (a+b)/2

Positions of the adjacent titanosilicate blocks in terms of the portions of the blocks consisting of a single layer of
octahedral and tetrahedral chains in kukisvumite (a, ¢) and K3 (b, d). Structural reconstruction involves shift of
the adjacent layers by the (b+c)/2 vector, i.e. by ~5 A. This shift results in a more close packing of the adjacent

titanosilicate blocks as a result of removal of cations and H,0 molecules from the space between the blocks.
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«Kukisvumite = K3» transformation
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This single-crystal-to-single-
crystal transformation finishes
in 0.2-3 hours without loss of
three-dimensional integrity of
transformed crystal
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Titanosilicate «nanopuzzle» 4

The idea of titanosilicate
nanopuzzle was motivated by
exclusive stability of separated
titanosilicate nanoblocks and
theoretical possibility to intercalate
any cations between these
nanoblocks.

If the single-crystal-to-single-
crystal transformation is
reversible, we will be able to
obtain a lot of kukisvumite-like
crystal structures with
properties desired.




Functional materials
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The synthesis of Na-analogue of lintisite (AM-4)

Hydrothermal
Synthesis of AM-4

Dadachov M. S. et al. (1997).
Chem. Commun. 1997. P. 2371-2372.

Kalashnikova G.O., etal. // Microporouand Mesoporous materials. Vol. 313. January
2021.110787. DOI: 10.1016/i.micromeso.2020.110787




AM-4 hydrothermal synthesis

AM-4
In the case of the synthesis AM-4
from technical titanium salts,
such as TiCl, and
(NH,),TiO(S0,),-H,0,

we have a lot of different
problems with a reproduction of
Dadachov’s method.

Natisite + sitinakite

.3 333332233888 8233388 233 38R

Temperature, °C

-3 538 3822338388338 8z2333R8E

Sitinakite

S| |

30 40 50 60 70 80 90 1

The main problem is polyphase
products and uncrystallinity
phases.

,PM . 20L.

Time of synthesis, h
Kalashnikova G.O., et al. // Microporous and Mesoporous materials. Vol. 313. January
2021.110787. DOI: 10.1016/i.micromeso.2020.110787




Prospective applications of «nanopuzzle» construction ! 4

Functional materials

Energy sources

Matrices for lithium cations

Recyclable sorbents

sorbent for cleaning electrolyte
solutions from silver

Ti,Si,0,,(OH),

Sorbent for an
immobilization of
radioactive cesium and iodine

Photocatalysts
and

heterocatalysts

The synthesis of 1,5-benzodiazepine from
1,2-phenylenediamine and acetone Materials

Synthesis of 1-methoxy-2-propanol Wlth biocide actiVity




Practical use: Ag and | sorption
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Intensity (a.u.)

J SL3

The rosettes morphology is immutable.

J SL3:Ag
No visible changes of the crystals were fixed again,
| | , ~ despite the fact that they had stand three consequent
2o degteen single-crystal-to-single-crystal transformation of AM-4




Practical use: radionuclide conservation

Removing 137Cs and °Sr from liquid radioactive waste

K4 137Cs, cm3/g in the solution: K, %0Sr, cm3/g

bottom residue from

Intensity (cps)

1.0M NaNO; _ Seawater
NPP with RBMK
SL3 3.9%x10% 2.3%x10° 29
Termoxid-35 8.1x104 8.2x103
MDM 590
SRM-Sr 6400
R — rutile, TiO,

C — cristobalite, SiO,

L — «leucite»,

— (Cs, K, Sr)1_5S1,Ti,015
-~ = Pt-—platinum substrate

o
2-theta (deg)

M - ——_— )
40 50 60

Kalashnikova G.O., et al. // Microporous and Mesoporous materials. Vol. 313. January

2021.110787. DOI: 10.1016/i.micromeso.2020.110787




Practical use: Catalysis ' 4

The synthesis of 1,5-benzodiazepine from 1,2-phenylenediamine and acetone.

1,5-Benzodiazepine and its derivatives represent the important class of
compounds with a wide range of biological applications

X « . (anticonvulsant drugs).
@22 (HJ " NH gﬁz N ﬂr:]: h
a L N><CC'I$
Chemical composition, Na/Si Sger, V3 PA2 pHTH3
(wt.%) (mol/mol) | (m2/g) | (cm3/g) (kJ/mol)
Na Si Ti
AM-4 32.3 | 295 | 343 1.28 20.1 0.07 1019 11.5
SL3 0.7 37.2 | 54.5 0.02 30.2 0.095 797 4.5
(0.25 M HNO.)

Timofeeva M.N., et al. // Applied Clay Science. Vol. 186.2020.105445



Practical use: Catalysis ' 4

(NH,),TiO(50,),H,0
Na,SiO, 5H,0
NaOH

‘l@]’

im (imldazolale)

30 assemo

2Zn(im), (etrahedron

Imidazole

A 4

Step 2

CH3—C6— CH; + CO,

CH;-CH — CH,

An imprmeophic, chemical and catalyti properties in the
synthesis reaction of propylene carbonate from propylene oxide and CO,

Timofeeva M.N., et al. // Applied Clay Science. Vol. 186.2020.105445



Practical use: Catalysis ' 4

Synthesis of 1-methoxy-2-propanol (propylene glycol monoalkyl ether)

A milder solvent for:
printing inks, printing, paint and varnish industry, enamels

T Time Selectivity (%)
(°C) (h) Conversion (%)  (2-MP) (1-MP)
AM-4 110 4 79.0 8.5 91.5
AM-4 110 7.5 88.4 7.7 92.3
MgO-Al0, 120 5 31.4 i 723
CaO 120 5 37.3 - 85.1
MgO 120 5 71.1 i 89.2
Brucite(150) 120 7.5 36 8.5 87.3
Mg,Al-LDH(Mg/Al 3.89/1) 140 7.5 28 11.6 88.2
Mg,Al-LDH (Mg/Al 3/1) 120 3 88.7 13.2 85.7
NH(CH,),NH,/Si0, 130 10 100 i 84.1

Timofeeva M.N., et al. // Applied Catalysis A General. Vol. 587.2019.117240



Practical use: Membrane technologies ' 4

Membrane — a selectively permeable barrier between

\ two phases.

Polymer membranes Inorganic r.nembranes

/ . Objectives pursued in the search for
' | membrane materials:

= |solation of target products with high purity
——— | = = Low energy consumption
[ [ | — H
S Ta— . Low. waste generation 3
2Dmaterial ied matrix = Equipment compactness and scalability
based membranes
~ membranes /




Practical use: Membrane technologies

polyethersulfone

PES base
+
biopolymer
chitosan (CS)
+

10 wt.% AM-4

pore size 0.1 uym, thickness 132 ym

separation of a gas mixture CO,/CH, 70:30%

. w » P - /
SEM-image of the
smembrane surface

Membrane with a lintisite
additive

\ e

Oxygen
extraction from
air — production
of medical-
grade gases

®
Membrane

@QQQQ




e
Practical use: Membrane technologies ' 4

To prepare P84/lintisite composites, P84 and lintisite powders were thoroughly mixed in an agate

mortar for 1 hour and then dissolved in N,N-dimethylformamide (DMF) with a solid phase concentration
of 20 wt.% and 80 wt.% polymer.

separated mixture of azeotropic  Lintisite is stable in the following solvents: AM-4 has a molecular weight
composition - N,N-dimethylformamide (DMF) of 538-560 g/mol; density 2.77
water (5-12%) — isopropanol - N-Methyl-2-pyrrolidone g/cm?3.

Thickness of hydrophilic films: 50 ym

Membrane area: 14.8 cm?
device forymembrane testing

p _4'w e
w5
|
o
by
224

Film density: 1.32; 1.48; 1.5
Temperature: 40°C

Permeate pressure: 0.2 mbar

Mukhin E.A., et al. // Membranes and Membrane Technologies. Vol. 6. 2025. P. 424-432. n



Practical use: Membrane technologies ' 4
G, MPa
90 |+ 1
P84
60 | 3
Wl 2 P84/Natisite
P84/AM-4
0um T R R T
P84 initial P84/natisite "

Ra-0.3nm Ra-43 nm Ra-57 nm

80000
' 60000
- 40000

20000

Pervaporation separation index,
g/h*mz

0 -

Surface topography of the obtained films (AFM) P84 P84-+lintisite

Pulyalina A.Yu., et al. // Polymer Engineering & Science. 2026. DOI:10.1002/pen.70414 n



Granulation for practical areas ' 4

Equipment for granulation:
- The Mini Glatt fluidized bed unit (Glatt GmbH, Germany)
- Centrifugal granulator TL-20 (Dzerzhinsk, Russia)

- Screw-rotor granulator FSH-003RK02 (Dzerzhinsk, Russia)
‘ T CXA ® o0 p— ‘-‘.
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Kalashnikova G.O., et al. // Applied Sciences. 2025. Vol. 15. DOI:10.3390/app152312640 n
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Granulation for practical areas
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Processing of Ti-containing ore

Hydrothermal
synthesis of AM-4
and its
modification

sJapmod 10} uonejnuels)

.Y

ocm 1 2

JSC Kola Mining and Metallurgical
Company "Severonickel"




Conclusions

m Transformation of lintisite into L3 as well as of AM-4 into SL3 is of the single-crystal-to-single-
crystal (SCSC) character.

m This transformation is reversible and polycyclic.
m Both L3 and SL3 are exclusively stable in acidic media and easily transformable in alkaline media.

M Itis possible to obtain AM-4 on the base of treatment of titanium raw materials intermediate
products.

B AM-4 can be used to obtain repeatedly recyclable sorbents for Ag and Cs from water solutions
(SL3) and for iodine from nuclear waste streams (SL3:Ag).

M The results suggest that titanosilicate AM-4 is a material with a great potential for application in
the heterogeneous catalysis and membrane technologies.
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