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Abstract: The production of electrolytic nickel includes the stage of leaching of captured firing nickel
matte dust. The solutions formed during this process contain considerable amounts of Pb, which is
difficult to extraction due to its low concentration upon the high-salt background. The sorption of
lead from model solutions with various compositions by synthetic and natural titanosilicate sorbents
(synthetic ivanyukite-Na-T (SIV), ivanyukite-Na-T, and AM-4) have been investigated. The maximal
sorption capacity of Pb is up to 400 mg/g and was demonstrated by synthetic ivanyukite In solutions
with the high content of Cl− (20 g/L), extraction was observed only with a high amount of Na
(150 g/L). Molecular mechanisms and kinetics of lead incorporation into ivanyukite were studied
by the combination of single-crystal and powder X-ray diffraction, microprobe analysis, and Raman
spectroscopy. Incorporation of lead into natural ivanyukite-Na-T with the R3m symmetry by the
substitution 2Na+ + 2O2− ↔ Pb2+ + � + 2OH− leds to its transformation into the cubic P−43m
Pb-exchanged form with the empirical formulae Pb1.26[Ti4O2.52(OH)1.48(SiO4)3]·3.32(H2O).

Keywords: ivanyukite; lintisite; SIV; AM-4; synthesis; sorption; lead; ion-exchange; titanosilicate;
Arctic

1. Introduction

Minerals of the ivanyukite group were discovered in 2009 by Yakovenchuk and co-
authors in a pegmatite vein of the Koashva apatite mine, Khibiny Massif, Kola Peninsula,
Russia [1]. Ivanyukite group minerals have been found in several variaties including
ivanyukite-Na-T (T—rigonal form), ivanyukite-Na-C (C—cubiс form), ivanyukite—K, and
ivanyukite—Cu. The observed chemical diversity was assigned to the high ion-exchange
and sorption capacities of the minerals.

In contrast to othertitanosilicates discovered in the Khibiny Massif or Lovozero Massif
(Kola Peninsula, Russia)—such as lintisite, zorite and sitinakite [2–7]—the synthetic of
ivanyukite was was known prior to its mineralogical discovery, being obtained by D. Chap-
man and A. Roe in 1990 [8] under the name name ‘grace titanium silicate’ (GTS). For their
synthesis process, the authors had used Ti(OC2H5)4 as a source of Ti. The synthetic titanosil-
icate AM-4 was first obtained by M.S. Dadachov in 1997 using TiCl3 as a starting reagent [9].
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In this work, the synthesis of ivanyukite and AM-4 was done using different Ti sources. For
example, semi-product (TiCl4) of hydrochloric acid loparite ore treatment (JSC “Solikamsk
Magnesium Works”, Solikamsk, Russia) [10] and a semi-product (ammonium titanylsul-
fate (NH4)2TiO(SO4)2·H2O) of sulfuric acid titanite ore treatment (mining JSC “Apatit”,
PhosAgro, Russia) [11,12] were used extensively, providing a link between industrially
available compounds and a new material with potential innovative applications.

There are human health risks associated with the lead exposure and are important for
industrial areas and surrounding cities. For example, in the Monchegorsk city area (Kola
peninsula) the nickel and copper pollution is by 6–1500 times higher than the European
background levels [13]. Analysis of trace metals by atomic adsorption spectroscopy [14]
showed that the highly Pb-polluted waters of the Kola Peninsula reached 425-times the
background concentration (8 µg/L) in areas of anthropogenic impact compared to the back-
ground level of the Murmansk region [14]. The concentration of Pb is more than 19-times
higher than the reference recommended values of maximum tolerable concentrations of
this element in soils around copper–nickel metallurgical smelters [15–17].

Since this work was carried out taking into account the principle of integrated nature
management, one of the subjects of research was both models and real samples of solutions
of the nickel–copper plant JSC “Severonickel KMM” (Monchegorsk, Russia). These solu-
tions are characterized by a low concentrations of Ag and Pb cations (0.3 g/L and up to
1 g/L, respectively) with the high concentrations of NaCl or NaSO4 (up to 200 g/L).

For the purification of silver-containing solutions, a new technique has been developed
and a patent application RU 2021124566A has been filed [16]. In this work, we propose new
conditions (molar ratio, temperature, and volume) for the synthesis of the AM-4 and SIV
titanosilicates and test their sorption properties with respect to Pb for different solutions.
The molecular mechanism and kinetics of Pb incorporation into ivanyukite structure has
been studied here in detail.

2. Materials and Methods
2.1. Materials and Their Abbreviations

SIV—is a synthetic titanosilicate material with the composition Na4(TiO)4(SiO4)3·nH2O
that possesses a microporous crystal structure similar to that observed in ivanyukite-
group minerals [1].

AM-4—is a synthetic analog of the mineral lintisite that is used in this work for
comparison of its sorption properties with those of SIV was obtained according to the
methodology described in detail in [3,18,19].

SL3—is the protonated form of AM-4 obtained according to the methods described in [3,18].
STA—is ammonium sulfate oxytitanium, (NH4)2TiO(SO4)2·H2O, the pre-product of

titanite concentrate reprocessing (PJSC “PhosAgro”, Apatity, Russia) [20].

2.2. Reagents

Titanium tetrachloride (JSC “Solikamsk Magnesium Works”, Solikamsk, Russia) and
(NH4)2TiO(SO4)2·H2O (PJSC PhosAgro, Apatity, Russia) were of technical grade quality;
sodium hydroxide (Aldrich, Moscow, Russia) was of ACS grade quality; sodium metasili-
cate, lead nitrate, and sodium chloride produced by the Neva Reactive were of U.S.P. grade
quality. The solutions 1–7 were model and real solutions after processing (leaching) of
fine dusts of nickel production generated by the pyrometallurgical processes at metallur-
gical plants and captured by electrostatic precipitators during dry cleaning of dust and
gas phases.

2.3. Synthesis

Sodium metasilicate and titanium tetrachloride (or ammonium sulfate oxytitanium)
were taking according to they molar ratios of Na2O:SiO2:TiO2:H2O = 4.5:4:1:160 [9,16] and
5.6:3.1:1:128, for the synthesis of SIV and of AM-4, respectively. The mixture of initial
reagents was dissolved in a distilled water at 298 K and stirred with the mixing speed of
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200 revolutions per minute during 4 h to obtain SIV powders. The autoclaves with the
mixtures were maintained under hydrothermal conditions (453 K, 1.5 MPa) for 96 h (in the
case of TiCl4) and 48 h (in the case of ammonium sulfate oxytitanium). The product were
filtered by vacuum flask, washed by distilled water (1/5 of the total mixture volume), and
dried at 348 K.

Autoclaves with the volumes of 40 cm3 and 450 cm3 (production of FRC Kola Sci-
ence Centre, Apatity, Russia) were used for the hydrothermal synthesis of the SIV. The
autoclave with volume of 7 L (Parr Instrument Company, Moline, IL, USA) was used for
SIV synthesis only. TheSIV powders were firstly obtained with the initial molar ratio of
Na2O:SiO2:TiO2:H2O = 5.6:3.1:1:128 under 373 K.

The high precision universal drying oven SNOL (SNOL-TERM, Utena, Lithuania),
with the operating temperature range from 323 to 573 K and programmable thermostat,
was used for heating autoclaves and for power drying.

The synthesized powders were separated from the mother liquor by vacuum filtration
using a diaphragm pump (Technology for Vacuum system, Vacuubrand, Wertheim, Germany).

In all cases where mixing was necessary, a magnetic stirrer IKA RT 5 (Germany)
was used.

The drying process of the powder was carried out for 4 h at 348 K using the SNOL
drying oven (SNOL-TERM, Utena, Lithuania).

Sartorius—ED224S-RCE (Sartorius, Goettingen, Germany) was the first class accuracy
analytical balance used for weighing synthetic titanosilicate powders and reagents.

2.4. Composition

Investigation of morphology of the Pb-exchanged ivanyukite samples was carried
out using a scanning electron microscope LEO-1450 (Carl Zeiss Microscopy, Oberkochen,
Germany) and chemical composition was studied with an Oxford Instruments Ultim Max
100 analyzer at 20 kV, 500–1000 pA, 1–3 µm beam diameter (Geological Institute of Kola
Science Centre, Apatity, Russia).

The content of Pb in the samples was determined by the inductively coupled plasma
atomic emission spectrometry (ICP AES, Institute of the North Industrial Ecology Problems
of Kola Science Centre, Apatity, Russia). To construct the calibration curve, a multi-element
standard sample of Pb2+ ions GSO 7877-2000 was used. The samples were diluted with
2% nitric acid in a ratio of 1:100. The 2% nitric acid was obtained by mixing purified
water—18.2 MΩ × cm (Ultra Clear TP UV UF TM, EVOQUA, Pittsburgh, PA, USA) with
distilled nitric acid obtained by an acid distillation unit (SPK-2, Saint-Petersburg, Russia).

The obtained solutions were analyzed by an “Optima 2100 DV” (PerkinElmer, Waltham,
MA, USA) an inductively coupled plasma atomic emission spectrometer with the follow-
ing settings: wavelength 220.353 nm; axial torch viewing position; nebulizer gas flow
0.8 L/min; flow rate 1.5 mL/min; power 1300 Watts (Institute of the North Industrial Ecol-
ogy Problems of Kola Science Centre, Apatity, Russia). The method of standard addition
was used to estimate the validity of the analysis.

2.5. Pb Sorption from the Simulated Model Solution

The possibility of extracting Pb from its solutions by employing titanosilicates was
studied using nitrate salt. For this purpose, the Pb(NO3)2 solutions containing 0.39, 0.88,
and 1.79 g/L of Pb (initial solutions 1–3) were prepared by dissolving in 1000 cm3 of
distilled water 0.62, 1.4, and 2.87 g of Pb(NO3)2 respectively. The sorption experiments
were conducted by the immersion of titanosilicate powders into solutions at 298 K for 4 h
with a constant stirring. The ratio of liquid and solid phases was V:m = 50:0.5 (mL:g) in each
experiment. After sorption, the powders were filtered by vacuum filtration, washed with
distilled water in three steps (50 mL for each step), and dried at 348 K. For each experiment,
a parallel control experiment was conducted.
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2.6. Pb Sorption from the Dust Leaching Solution (Model Solution)

Before starting work with a real solution of leaching of nickel Feinstein firing dusts, an
experiment was conducted on a model solution, simulating the composition of industrial
solutions. In order to prepare the latter, 60 mL of NaCl solution with the concentration
333 g/L (20 g NaCl dissolved in 60 mL of distilled water) and 20 mL of Pb(NO3)2 solution
with a concentration 6.5 g/L (0.13 g Pb(NO3)2 dissolved in 20 mL of distilled water) were
added with a small portion of 20 mL AgNO3 solution at a concentration of 0.8 g/L (0.016 g
AgNO3 dissolved in 20 mL of distilled water); the resulting solution was diluted in 400 mL
of Na2SO4 solution with a concentration of 95 g/L. The experimental conditions agreed well
with the conditions described for the experiments with a model solution Pb(NO3)2 with
a difference in a liquid–solid ratio, which in this case was equal to V:m = 25:0.25 (cm3:g).
The SL3 sorbent was not used in the experiments with the first model solutions because
of its low efficiency in recent studies. For each experiment, a parallel control experiment
was conducted.

2.7. Pb Sorption from the Dust Leaching Solution (Real Solution)

Two different solutions of leaching of fine dusts of nickel production firing dusts
from copper-nickel plant JSC “Severonickel KMM” were used in this study as provided
by the industrial plant laboratory. The first one, solution-6, was obtained by the treatment
the fine-grained dust of nickel production with a solution of sodium chloride with the
concentration of 200 g/L and precipitation of Pb with a solution of sodium sulphate with
the concentration 200 g/L. The second one, solution-7, was a product of the dusts of nickel
production treatment similar to solution-6, except for that leaching was carried out with a
solution of sulfuric acid with the concentration of 200 g/L. The conditions of the sorption
experiments were same as those implemented for model solutions.

For each experiment, a second parallel experiment was conducted for control purposes.
The cation-exchange capacity of the sorbent (mg/g) in each experiment was calculated

by Equation (1)
q = (C0 − Ce)·(V/m) (1)

where C0—is the initial concentration of the element in the solution (mg/L); Ce—is the
equilibrium concentration of the element in the solution after sorption (mg/L); V—is the
volume of solution (L); m—is the mass of the sorbent (g).

The extent of extraction of the element (%) was calculated by Equation (2)

A =
C0 −Ce

C0
·100 (2)

where C0—the initial concentration of the element in the solution (mg/L); Ce—the equilib-
rium concentration of the element in the solution after sorption (mg/L).

2.8. Raman Spectroscopy

The Raman spectra (RS) of SIV, SIV-Pb, and Pb-exchanged form of ivanyukite col-
lected from uncoated individual grains were recorded with a Horiba Jobin-Yvon LabRAM
HR800 spectrometer (Horiba, Kyoto, Japan) equipped with an Olympus BX-41 microscope
(Olympus Corporation, Tokyo, Japan) in backscattering geometry (Saint-Petersburg State
University, Saint-Petersburg, Russia). Raman spectra were excited by a solid-state laser
(532 nm) with an actual power of 2 mW under the 50× objective (NA 0.75). The spectra
were obtained in a range of 70–4000 cm−1 at a resolution of 2 cm−1 at room temperature.
To improve the signal-to-noise ratio, the number of acquisitions was set to 15. The spectra
were processed using the algorithms implemented in Labspec (Horiba, Kyoto, Japan) and
OriginPro 8.1 (OriginLab Corporation, Northampton, MA, USA) software packages.
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2.9. Powder and Single-Crystal X-ray Diffraction

The synthetic products were investigated by means of powder X-ray diffraction using a
Bruker D2 Phaser diffractometer (Bruker Corporation, Billerica, MA, USA) (CuKα radiation,
30 kV/10 mA) (XRD Research Center, St. Petersburg State University, Saint-Petersburg,
Russia). The experiments were carried out in the 2θ range 5–65 (◦) with a step of 0.02◦, and
the exposure at each point was 1 s.

The crystal-structure study of Pb-exchanged ivanyukite was carried out at the X-ray
Diffraction Resource Centre of St. Petersburg State University (Saint-Petersburg, Russia)
by means of the Synergy S single-crystal diffractometer equipped with a Hypix (Rigaku
Corporation, Tokyo, Japan) detector using monochromatic MoKα radiation (λ = 0.71069 Å)
at room temperature. More than a half of the diffraction sphere was collected with scanning
step of 1◦, and an exposure time of 30 s. The data were integrated and corrected by means
of the CrysAlis (Rigaku Corporation, Tokyo, Japan) program package, which was also used
to apply empirical absorption correction using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm [21]. The structure was refined using the SHELXL
software package [21]. The crystal structure was drawn using the VESTA 3 program [22].
Occupancies of the cation sites were calculated from the experimental site-scattering factors
(except for the low-occupied sites) in accordance with the empirical chemical composition.
Hydrogen sites could not be located.

The SCXRD data are deposited in CCDC under entry no. 2130913. Crystal data, data
collection information, and refinement details are given in Table 1. Atom coordinates and
isotropic parameters of atomic displacements are given in Table S1, interatomic distances
in Table S2, and the anisotropic parameters of atomic displacements are given in Table S3.

Table 1. Crystal data, data collection information, and refinement details Pb-exchanged
form ivanyukite.

Temperature/K 293 (2)

Crystal system cubic
Space group P-43m
a = b = c/Å 7.8037 (7)
α = β = γ/◦ 90
Volume/Å3 475.23 (13)

Z 1
ρcalcg/cm3 2.956
µ/mm−1 13.003

F (000) 388.0
Crystal size/mm3 0.12 × 0.12 × 0.12

Radiation Mo Kα (λ = 0.71073)
2θ range for data collection/◦ 7.384 to 52.998

Index ranges −6 ≤ h ≤ 9, −9 ≤ k ≤ 4, −9 ≤ l ≤ 9
Reflections collected 612

Independent reflections 200 [Rint = 0.0486, Rsigma = 0.0310]
Data/restraints/parameters 200/0/23

Goodness-of-fit on F2 1.116
Final R indexes [I ≥ 2σ (I)] R1 = 0.0497, wR2 = 0.1186
Final R indexes [all data] R1 = 0.0644, wR2 = 0.1257

Largest diff. peak/hole/e Å−3 0.71/−0.64
Flack parameter 0.008(19)

3. Results
3.1. Composition

Natural ivanyukite contains numerous intergrowths of aegirine (Figure 1a). Pb-
exchanged natural ivanyukite contains up to 0.04 apfu of Fe2+ and 0.12 apfu of Nb5+,
whereas its synthetic counterpart may contain up to 0.09 apfu of Al3+. The SIV aggregates
are represented by a fine-grained matrix with nanometer-sized crystallites (Figure 1b). AM-
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4 forms rosette-like aggregates with the size of individual crystals less than 100 × 100 × 10 µm
(Figure 1f). Both samples of Pb-exchanged SIV and AM-4 (Figure 1c,e) contained an admix-
tures of prismatic crystals of Pb3O4 (Figure 1d).
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Figure 1. Backscattered images of (a) Pb-exchanged natural ivanyukite (1) with aegirine (2) inclusion;
(b) Pb-exchanged SIV; (c) formation of Pb3O4 (4) crystals on the surface Pb-exchanged SIV; (d)
individual prismatic crystals of Pb3O4; (e) Pb-exchanged AM-4 (3); (f) AM-4rosette-like aggregates.

The Pb-exchanged SIV contains residual 0.06–0.36 apfu of K+. Both synthetic and
natural ivanyukite demonstrate exceptional ion-exchange properties close to the ideal
substitution scheme 2Na+ ↔ 1Pb2+ + 1�. Table 2 provides analytical results for natural
and synthetic ivanyukite and their Pb-exchanged forms.

Table 2. Chemical composition of Pb-exchanged SIV and Pb-exchanged natural ivanyukite.

Constituent Pb-Exchanged SIV Pb-Exchanged Natural Ivanyukite

SiO2 18.11 19.08 19.40 18.23 19.23
TiO2 30.74 30.01 31.64 31.65 32.50

Al2O3 0.45 0.23
FeO 0.22 0.31

Nb2O5 1.64 1.68
K2O 0.44 0.32 1.85
PbO 38.60 38.40 36.03 37.59 34.87

H2O * 9.70 10.00 11.00 10.10 10.10

Total 98.04 97.81 100.15 99.43 98.69

Si4+ 3.00 3.00 3.00 3.00 3.00
Ti4+ 3.83 3.55 3.68 3.92 3.81
Al3+ 0.09 0.04
Fe2+ 0.03 0.04
Nb5+ 0.12 0.12

Sum O 3.92 3.55 3.72 4.07 3.97
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Table 2. Cont.

Constituent Pb-Exchanged SIV Pb-Exchanged Natural Ivanyukite

K+ 0.09 0.06 0.36
Pb2+ 1.72 1.63 1.50 1.67 1.46

Sum A 1.81 1.69 1.86 1.67 1.46

OH− 10.72 10.49 11.35 11.09 10.51
* The content of H2O was calculated according to the ivanyukite formula (4 apfu) and the content of OH according
to the charge-balance requirements.

3.2. Pb Sorption from the Simulated Model Solution

The concentrations of Pb in the model solutions were determined by atomic emission
spectrometry and are given in Table 3.

Table 3. Results of sorption experiments of Pb from Pb(NO3)2 solutions.

C(Pb), g/L q, mg/g A, %

Initial solution 1 0.39
SIV 0.0089 38.11 97.72
SL3 0.31 8 20.51

AM-4 0.0008 38.92 99.79

Initial solution 2 0.88
SIV 0.004 87.6 99.55
SL3 0.80 8 9.09

AM-4 0.0009 87.91 99.90

Initial solution 3 1.79
SIV 0.0026 178.74 99.85

AM-4 0.0009 178.91 99.95

Initial solution 4 1.78
SIV 0.97 403 45.28

AM-4 1.73 26 2.92

Initial solution 5 * 0.16
SIV 0.016 14.4 90

AM-4 0.017 14.3 89

Initial solution 6 * 23.70
SIV 0.11 2.4 99.5

AM-4 <0.03 2.4 99.9

Initial solution 7 * 56.23
SIV 55.04 0.1 2.1

AM-4 55.68 0.1 1.0
* Data on the sorption of silver from solutions are not given due to the registration of the patent RU 2021124566 [17].

The cation-exchange capacity of the sorbents with respect to Pb was up to 178 mg/g
for SIV and AM-4 with the extent of extraction of up to 99.85% and 8 mg/g for SL3 in each
solution (initial solutions 1–3). In all cases the extent of extraction of Pb by the SIV and
AM-4 was more than 99%.

It was found that, under given conditions for Pb sorption from the industrial solutions,
both sorbents demonstrated excellent sorption properties with respect to Pb (Table 3, initial
solution 5). The cation-exchange capacity for Pb was 14.4 and 14.3 mg/g for SIV and AM-4,
respectively, with the extents of extraction equal to 90%.

The extent of Pb extraction from the real dust leaching solution-6 was 99.55% with the
cation-exchange capacity for SIV equal to of 13 mg/g. The results of the experiment are
presented in Table 3.
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3.3. Raman Spectroscopy

The Raman spectra of SIV (ivanyukite-Na-T), SIV-Pb, and Pb-exchanged natural
ivanyukite are shown in Figure 2. The assignments of the absorption bands were made by
analogy with structurally related pharmacosiderite type compounds [23–25]
and titanosilicates [26–29].
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Figure 2. Raman spectra of initial SIV, SIV-Pb, and Pb-exchanged natural ivanyukite. The main bands
in the initial SIV spectra are indicated by gray lines.

The intense vibrational bands at 951, 934, and 961 cm−1 can be attributed to asymmetric
stretching vibrations of SiO4 tetrahedra, while the bands at 840, 847, and 855, cm−1 are
assigned to symmetric vibration modes involving the same bonds [24,28]. The most intense
bands at 588 and 594 cm−1 for rhombohedral SIV are significantly shifted (by ~60 cm−1)
in comparison with the band at 540 cm−1 observed in the spectrum of Pb-exchanged
natural ivanyukite and are related to the asymmetric bending vibrations of Si–O bonds
or overlapping stretching vibrations of Ti–O bonds [25,28]. The same shift was observed
previously for natural ivanyukite and corresponded to the transition from rhombohedral to
cubic form [27]. The bands in the range of 350–500 cm−1 correspond to symmetric bending
vibrations of O–Si–O bonds and overlapping stretching vibrations of Ti–O bonds [25–27].
The bands at 498 and 471 cm−1 were assigned to different modes of Ti–O stretching
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vibrations. Bands of different intensities in the region of 200–350 cm−1 belong to different
bending vibration modes of the Ti–O bonds in TiO6 octahedra [23,24]. The bands with
the wave numbers below 200 cm−1 belong to translational vibrations. The bands at 75
and 126–128 cm−1 are observed in the Raman spectra of synthetic samples and are absent
in the Raman spectrum of the Pb-exchanged natural ivanyukite and probably respond to
translation modes of K.

In general, the spectrum of Pb-exchanged natural ivanyukite corresponds to the cubic
form, whereas the spectrum of SIV-Pb has characteristic features corresponding to both
trigonal and cubic forms. It contains bands near 498 cm−1 that are characteristic of cubic
Pb-exchanged natural ivanyukite and at the same time has bands near 220 and 350 cm−1

that are characteristic of trigonal SIV. This can be explained by the presence of domains
with both trigonal and cubic symmetries within the single grains of SIV-Pb.

3.4. Powder Diffraction

The initial XRD pattern of SIV is in good agreement with that of synthetic ivanyukite-
Na-T, (PDF Card No. 00-052-1204). Intensity of the (101) reflection significantly decreases
after Pb sorption (Figure 3). The appearance of (440) reflection at 68.18◦2θ (1.3743 Å)
in SIV-Pb instead two peaks at 67.15 and 68.80◦2θ observed in SIV pattern indicates the
R3m to P−43m symmetry change. The observed pattern for the Pb-exchanged SIV agrees
with that of synthetic ivanyukite-Na-C (PDF Card No.00-047-0042). The increase in the
Pb concentration results in the decrease of intensities of main reflections and is probably
connected with the increase of absorption coefficient induced by the increases amounts of
Pb in the structure. When the maximum sorption capacity is reached, the Pb3O4 lead oxide
(PDF Card No. 01-071-0562) starts to crystallize. The presence of Pb3O4 was confirmed
by our chemical data (Figure 1d) and the presence of additional reflections at 24.82◦2θ
(3.584 Å), 25.49◦2θ (3.492 Å), and 43.48◦2θ (2.079 Å).
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3.5. Single-Crystal XRD

The crystal structure of Pb-exchanged ivanyukite was refined in the P−43m space
group to R1 = 0.049 for 200 (Rint = 0.049, Rsigma = 0.030) independent reflections with
Fo > 4σ(Fo) using the model of ivanyukite-K [27]. The crystal structure of Pb-exchanged
ivanyukite (Figure 4a) possesses a pharmacosiderite structural topology and is based upon
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a topologically identical three-dimensional framework [28]. The main structural feature
of ivanyukite-group minerals is the presence of cubane-like [Ti4O4]8+ clusters formed by
four edge-sharing TiO6 octahedra [29]. The [Ti4O4]8+ clusters are connected by sharing
corners with SiO4 tetrahedra to form a negatively charged [(TiO)4(SiO4)3]4− framework.
The framework has a three-dimensional system of channels defined by 8-membered rings
(8-MRs) with a free (suitable for migration) crystallographic diameter of ~3.5 Å [30]. The
channels are occupied by extra-framework cations (e.g., Na+, K+) and H2O molecules.
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In the crystal structure of Pb-exchanged ivanyukite, as in other cubicpharmacosiderite-
supergroup minerals [31], there is one symmetrically independent Si1 and one Ti1 site
coordinated by the O1 and O2 atoms. The mean bond lengths for SiO4 tetrahedra TiO6
octahedra are, <1.642> Å and <1.961> Å, respectively, in good agreement with their full
occupancies. The splitted Pb1 site is situated at the center of the 8-MR with the site
occupation factor (s.o.f.) = of 0.21 and the Pb−Pb distance of 0.62 Å. The Pb1 site is bonded
to two O3(H2O) sites.

The structural formula of Pb-exchanged ivanyukite determined from the structure
refinement can be written as Pb1.26[Ti4O2.52(OH)1.48(SiO4)3]·3.32(H2O).

4. Discussion

Incorporation of Pb into natural ivanyukite-Na-T by the substitution scheme 2Na+

+ 2O2− ↔ Pb2+ + � + 2OH− results in its transformation into the cubic Pb-exchanged
form. The same transition with increasing symmetry from R3m to P−43m was observed
for the synthetic material and confirmed by powder X-ray diffraction (Figure 3) and Raman
spectroscopy (Figure 2). During the Pb sorption, the significant decrease of the (101)
reflection intensity and the appearance of additional peak at 68.18◦2θ, instead of two peaks
at 67.15 and 68.80◦2θ, was observed. In the Raman spectra the shift for the most intense
band at 580–600 cm−1 to 500–540 cm−1 related to the asymmetric bending vibrations of
Si–O bonds or overlapping stretching vibrations of Ti–O bonds was observed. Such a shift
was previously described for similar transitions in the ivanyukite-group minerals [27].

According to our chemical and sorption data, the maximal sorption capacity in rela-
tion to Pb was demonstrated by synthetic ivanyukite and reaches 400 mg/g at ambient
conditions with synthetic ivanyukite. The maximal Pb content reaches 1.71 apfu. In the
crystals structure of Pb-exchanged ivanyukite, the Pb1 site is situated at the center of the
8-MR and participates in the OPb3 triangles with the O−Pb distance of 2.954 Å (Figure 4b).
Oxocentred triangles OA3 (A = metal) are typical structural units in bismuth oxysalts with
additional oxygen atoms [31,32], and was observed in Pb oxysalts as well [33].

There is a certain balance between the amounts of Pb in precipitates and the remaining
solution. At the same time, there is an observed dependence of these amount from the NaCl
content that is usually introduced at the beginning of the dust leaching process. When Na+

concentration is up to 200 g/L, the precipitation of Pb is seemingly incomplete. When the
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Na+ concentration is more than 200 g/L, no additional precipitation of trace amounts of Pb
was observed.

In the case of the studied solutions, strongly acidic medium (pH < 1) the fast protona-
tion reactions in SIV and AM-4 titanosilicates is favored. In this case, Na+ cations should
be quickly leaching into solution and two concurrent processes are observed described by
the equations 2Na+ + O2− ↔ 2� + OH (protonation) and 2Na+ ↔ Pb2+ (ion-exchange).

It is known that Pb2+ cations in acidic chloride-sulfate solutions of metallurgical
industries can form stable anionic complexes—such as [PbCl3]−, [PbCl4]2−, [PbCl6]4−,
among others—which can be extracted from a solution on anion exchangers (e.g., AMP
or AM-2b) with –CH2N+, –CH2N(CH3)2, and –CH2N(CH3)3 serving the role of exchange
groups [34,35]. The sorption of Pb from acid mine drainage also includes its association
to organic hydroxyl and carboxyl, SiO4

2−, and –R–O–H functional groups [36,37]. The
presence of carboxyl groups in some clay minerals also improves the adsorption of Pb [38].
In the case of titanosilicates used in this work, the key-role is presumably played by extra-
framework sodium cations, which displacement may significantly affect the change in
the surface charge of the samples. The SL3 material in this case is a good example of the
formation of an intermediate between the product and the initial AM-4 phase leading to
the change in the nature of the active centers of the material (decrease in the acidic strength
of the active centers as a result of protonation) [19]. Since SL3 did not prove to be a good
sorbent for Pb in our studies, we can assume that titanosilicate samples containing Na+ are
required to decrease the stability of lead chloride complexes. In solutions with the content
of Cl− (20 g/L), extraction is observed with a high background of sodium in the solution
(150 g/L) only. For this reason, it is important to determine and fix the mechanisms of the
reactions taking place in natural ivanyukite crystals.

5. Conclusions

Occurrence of extra framework Na+ cations in the structure of titanosilicate sor-
bents plays a key role in Pb sorption. Both AM-4, Na2Ti2[Si4O13(OH)]·2H2O and SIV,
Na3Ti4(SiO4)3O4·4H2O titanosilicates with extra framework Na+ cations demonstrate 90%
to 99% of Pb extraction from different solutions. At the same time SL3, Ti2[Si4O10(OH)4]—
protonated modification of AM-4 does not demonstrate good sorption properties. The
maximal sorption capacity with respect to Pb is demonstrated by SIVand reaches 400 mg/g
at ambient conditions. Both AM-4 and SIV may be recommended for the Pb sorption from
the Pb-bearing dust leaching solution.

In solutions with the content of Cl− (20 g/L), extraction was observed only with the
high background of Na (150 g/L). It seems that Na+ ions neutralize Cl−, which catalyzes
the exchange reaction.

The molecular mechanism of incorporation of Pb2+ into ivanyukite structure by the
substitution scheme 2Na+ + 2O2−↔ Pb2+ + � + 2OH− result in the structure transition with
increasing symmetry from R3m to P−43m. The symmetry transition has been confirmed by
the SC XRD, PXRD, and Raman data. In the crystal structure of Pb-substituted form, Pb2+

cations occupy the centers of the 8-MRs and forms oxo-centered OPb3 units.

6. Patents

Nikolaev, A.I.; Samburov, G.O.; Kalashnikova, G.O.; Kasikov, A.G.; Panikorovskii, T.L.;
Bazai, A.V. Method of silver extraction from pyrometallurgical wastes. Patent application
RU 2021124566A, 16 February 2022.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst12030311/s1, Table S1: Fractional Atomic Coordinates (×104) and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for Pb-exchanged ivanyukite. Ueq is defined as 1/3 of the trace
of the orthogonalised UIJ tensor; Table S2: Anisotropic Displacement Parameters (Å2 × 103) for Pb-
exchanged ivanyukite. The Anisotropic displacement factor exponent takes the form:
−2π2[h2a × 2U11 + 2hka × b × U12 + . . . ]; Table S3: Bond Lengths for Pb-exchanged ivanyukite.

https://www.mdpi.com/article/10.3390/cryst12030311/s1
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