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Abstract 

A highly selective adsorbent for multivalent cationic species based on a sitinakite-type 

titanosilicate was prepared from a leucoxene ore enrichment waste. The synthesized material was 

used as for the selective removal of alkali-earth strontium (II) and barium (II) cations as well as 

for the cationic species based on the natural isotopes of uranium, radium, and thorium from 

aqueous solutions. The influence of such parameters as the pH, the initial concentration of the ions, 

the presence of other electrolytes on the sorption parameters was investigated. The sorption 

capacity of the synthesized material at ambient conditions is 80 and 110 mg/g for Sr2+ and Ba2+, 

respectively, and it rises with increasing temperature. Furthermore, the material shows a high 

selectivity towards radionuclides of radium, uranium, and thorium. By using the current 

titanosilicate materials, the extracting degree of over 99% could be achieved when extracting these 

species from their respective standard aqueous solutions. The origin of the high adsorption 

selectivity for cationic complexes of thorium and uranium is rationalized based on periodic density 

functional theory calculations. The obtained results indicate that the described materials could be 

promising and inexpensive sorbents for the selective extraction of radioactive isotopes and 

particularly those of Sr, Ba and U, Th, Ra. 

Keywords 

Titanosilicate, Sitinakite, Leucoxene ore, Hydrothermal synthesis, Sorption, Radionuclides, 

Radioactive waste 
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1. Introduction 

Accumulation of radioactive waste at nuclear power plants is an important problem of our 

civilization leading to catastrophes on a regional and global level. Due to diversity of the sources 

of origin, radioactive waste has a wide variety of compositions and physicochemical properties. 

The greatest danger to the biosphere is posed by liquid radioactive waste containing radionuclides 

of 137Cs and 90Sr with high heat release rate, often in combination with long-lived (T1/2>105 years) 

α-emitting actinides. Selective removal of ionic forms of these radionuclides from aqueous media 

is a challenge that can be tackled using a number of approaches such as the extraction, anion and 

cation exchange, phytoremediation and vacuum evaporation [1-4]. Among these processes 

particularly interesting and attractive are the sorption methods employing inorganic ion-exchange 

materials showing high selectivity, chemical stability, thermal and radiation resistance. The most 

studied inorganic sorbents are metal oxides, graphene oxides,  inorganic salts, modified or 

synthetic clays, natural and synthetic zeolites (mostly NaX and NaA zeolites), and porous 

titanosilicates [5-16]. 

Synthetic analogs of titanosiliсate natural minerals, whose variety is associated with alkaline 

complexes of the Kola Peninsula, have recently attracted increased attention. Among natural 

titanosilicates the zorite, sitinakite, lintisite, and ivanyukite minerals are widely known as 

prototypes of the synthetic materials ETS-4, CST (IONSIV IE-910, IONSIV IE-911), AM-4 and 

ivanyukite-Na(K) [17-20]. These materials have found application in the selective extraction of 

radionuclides (Cs, Sr, U, Pu, Am) from weakly acidic, neutral and alkaline solutions [21-30]. An 

important factor in using titanosilicates in sorption processes for extracting radionuclides is the 

possibility of obtaining mineral-like SYNROC (SYNtheticROCk) ceramics as produced by 

Ringwood at the Australian National University at temperatures below 1000°C [31-33]. Such 
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ceramics are resistant to leaching as well as to various mechanical, thermal, and biological effects. 

They usually have a high waste loading capacity, show a substantial radiation resistance. Synthetic 

titanosilicates (CST, ETS-10) saturated with waste components (UO2
2+, Cs+, and Sr2+) undergo 

thermal transformations into a consolidated glass crystalline form, in which uranium is evenly 

distributed in the titanosilicate matrix without the formation of intrinsic phases [30], cesium 

cations are included in the CsTiSi2O6.5 phase analogous to pollucite [34-36] and strontium cations 

are in the Sr2TiSi2O8 phase similar to fresnoite [18, 37]. 

Synthesis of titanosilicates is typically carried out under mild hydrothermal conditions using 

such titanium sources as titanium isopropyloxide Ti(OC3H7)4, titanium dioxide TiO2, sodium 

peroxotitanate Na4TiO6 obtained from Ti(OC3H7)4 or TiOCl2, as well as TiCl4. Common silicon 

sources are the colloidal silicon (Ludox-AS-40, Ludox-HS-40), pyrogenic silicon dioxide, silica 

gel, silicon dioxide with various particle sizes (12 to 200 μm) or tetraethyl orthosilicate (C2H5O)4Si 

[38-46]. All these synthesis methods involve the use of expensive reagents, which strongly hinders 

the utilization of the resulting materials as the adsorbents. One of the most urgent tasks for the 

introduction of titanosilicates into the industry is the search of alternative precursors for their 

synthesis. 

Synthetic methods utilizing various abundant sources of silicon have already been described. 

For example, Ismail and co-authors [47] used sea white sand as the silicon source, Liying Liu and 

co- authors [48] proposed to utilize ashes of power stations, and Yew-Choo and authors [49] 

described a synthesis methodology based on the ashes of rice husk. Nevertheless, the main costs 

of producing titanosilicate compounds are not related to silica, but to the titanium component. The 

high cost of titanium-containing precursors necessitates the search for new components for 

synthesis, which can be represented by inexpensive natural raw materials, such as leucoxene 
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(titanium) ores of the Yaregskoye deposit of the Komi Republic, Russia. In this paper, we have 

combined a variety of experimental and theoretical approaches to determine the potential of such 

feedstock for the synthesis of sitinakite-type sorption materials and investigate its sorption 

characteristics for extracting common radionuclides from aqueous solutions. 

 

2. Materials and methods 

 

2.1. Materials 

NaOH (purity ≥98%, Fluka), SrCO3 (≥ 98%, Aldrich), BaCl2∙2H2O (> 99%, Sigma-Aldrich), 

NaCl (>99,5 %, Fluka), NH4Cl (99,99 %, Aldrich), HCl (puriss. spec., Sigma Tec), NH4OH 

(puriss. spec., Sigma Tec) were used as received without additional purification. For the 

preparation of working solutions, deionized water with a specific resistance of 10 Mohm∙cm was 

used. The hydrated precipitate used for the synthesis of titanosilicate was prepared with the original 

fluorammonium method of processing leucoxene concentrate of the Yaregskoye deposit [50]. The 

chemical composition of the hydrated precipitate was determined using X-ray fluorescence 

analysis and presented in Table S1. 

 

2.2. Synthesis of sitinakite 

Sitinakite was synthesized using the traditional hydrothermal method. The dried hydrated 

precipitate, 0.5 g, was treated with 37 mL of 1M NaOH solution and dispersed for 20 minutes with 

a magnetic stirrer. The reaction suspension with a molar composition of 1TiO2 – 1.2SiO2 – 

5.98Na2O – 657.7 H2O was placed in 45 mL autoclave with a Teflon liner, and the hydrothermal 

reaction was carried out at 250°C for 12 hours. After having cooled down naturally to room 
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temperature, the product was collected by centrifugation and washed with water until getting 

neutral, and then dried at 103°С. 

 

2.3. Composition and properties of thesitinakite 

The synthesized sample was studied using X-ray diffraction (diffractometer XRD-6000 

Shimadzu with CuKα radiation in the range of reflection angles 2θ of 2 to 60°), infrared 

spectroscopy (spectrometer IR-Prestige 21 Shimadzu ranging 400–4000 cm–1), and scanning 

electron microscopy (high-resolution scanning microscope Tescan Vega 3 LMH and Tescan 

MIRA 3 LMU equipped with Oxford Instruments X-ACT energy dispersive analyzer), thermal 

analysis (DTG 60 Shimadzu, temperature range 25 to 1000 °С, heating rate 10 °C/min, air 

environment). Adsorption and textural properties were evaluated by low-temperature (–196 °C) 

nitrogen adsorption-desorption as measured by the volume method on a NOVA 1200e 

(Quantachrome) surface area and porosity analyzer. The pore surface area per unit mass of solid 

phase, or specific surface, was determined by the BET method. The single-point method was used 

to calculate both adsorption pore volume (Vspads) and adsorption average pore diameter (Dspads). 

The differential distribution of the mesopore volume by diameter (dV/dlgD) was calculated by the 

Barrett-Joyner-Halenda (BJH) method. The relative error in determining the pore volume was ± 

1%, surface area and pore size ±10%. Prior to analysis, samples were degassed in vacuum for 2 h 

at 110°C. The zeta-potential and pH of the isoelectric point were measured using a Zetasizer Nano 

ZS equipment (Malvern Instruments Ltd). The measurements were carried out in the presence of 

a background electrolyte (0.001 M NaCl) in the pH range from 2 to 10 incrementing by 1 (sample 

weight 0.005 g, solution volume 10 mL). 

2.4. Study of sorption processes 
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Sorption of Sr2+ and Ba2+ 

Sorption was carried out under static conditions using polypropylene dishes. A sitinakite probe 

was treated with a solution having an exact content of a particular cation (solid and liquid phase 

ratio of 1:500) and kept for 24 hours with occasional shaking. Upon completing the experiments, 

the solution was centrifuged and an aliquot was taken. The determination of initial (C0) and 

equilibrium (Cp) cation concentrations was performed by atomic emission spectroscopy on 

inductively coupled plasma with a Vista MPX Rad spectrometer. The effect of the initial 

concentration, temperature (from 20 to 100°С), pH of the solutions (from 2 to 8, adjusted by HCl 

and NH4OH), and background electrolyte on the adsorption capacity of titanosilicate was 

estimated. 

Sorption of NH4+ 

Determination of the sorption capacity for the NH4+ cation was carried out using the calorimetric 

method (using the Nessler reagent). The concentration of ammonium chloride was 100 mg/L, pH 

of the solution was 5.55±0.1, the length of the experiment was 10, 20, 30, 40, 50, and 60 minutes. 

Sorption of radionuclides 

In batch experiments, 1 g of sample was added to a glass beaker containing 20 mL of the solution 

and then aged at room temperature for 24 h under static conditions. The solutions were prepared 

by mixing standard solutions of U238, Th232, Ra226, and distilled water. The concentrations of 

radionuclides in model solutions were higher than their concentrations in natural water, which 

commonly contains between n×10–8 and n×10–5 g/L uranium; thorium content is typically less than 

n×10–8 g/L, radium content ranges from n×10–14 to n×10–11 g/L [50]. The pH of the solution varied 

in the range 6.8–7.0 (adjusted with NH4OH) and changed insignificantly during the sorption 

process. The choice of acid-alkaline conditions to saturate the sorbent was based on a process 
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occurring in the environment. According to Aleksahin [51], such conditions allow the continued 

existence of the mono- and polynuclear hydrolyzed forms of UO2OH+, ThOH3
5+, Th2(OH)3

5+, 

Th4O8
8+, (UO2)3(OH)5

+; radium in solution is in the form of Ra2+. After the sorption test samples 

were separated from liquid by filtering. 

Uranium content was determined by the luminescence method (sensitivity 2.0×10–8 g/g, 

measurement error 20%) [52]. Thorium was determined photocolorimetrically from arsenazo III 

(method sensitivity 1.0×10–8 g/g, measurement error 20%) [53]. Radium was determined using the 

emanation method (sensitivity 2.0×10–12 g/g, measurement error 15%) [54]. Intensity of absorption 

was estimated by the content of radionuclides in the extracts as obtained from a three-stage 

treatment of the sorbent enriched with radionuclides consequently using distilled water, 1M 

ammonium acetate (CH3COONH4) and 1M hydrochloric acid (HCl). In all tests, the amount of 

extractant was 20 cm3 and extraction time was 24 h.  

 

2.5. Computational details 

To get additional molecular level insight into the adsorption behavior of sitinakite, periodic DFT 

calculations were carried out at the PBE+U [55] and the projector augmented wave (PAW) [56,57] 

level of theory as implemented in VASP 5.2 [58-61]. All calculations were spin-polarized and the 

energy cutoff was set to 500 eV. Following the Dudarev description model, the defined Hubbard 

(U) parameters were set to 9.3 eV for Ti[62] and 4.5 eV for U [63]. The k-point grid sampling 

using Monkhorst-Pack mesh of 3x3x3 was provided [64]. Convergence was assumed to be reached 

when the forces acting on each atom were below 0.05 eV·Å–1.  

Results and discussion 
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3.1. Synthesized sitinakite 

As a result of the hydrothermal synthesis, white powders containing well-formed cuboidal and 

short-prismatic crystals with a size of 0.1–3 μm (Figure1a, b) were obtained. The HRTEM image 

of the sample (Figure1c,d) illustrates that the powder is polycrystalline, which according to the 

XRD analysis could be assigned to a structure similar to the natural mineral sitinakite (Figure 

2a).The crystal structure of sitinakite (Figure 2b) comprises chains of TiO6octahedra elongated 

along the "c" axis and combined into a frame by isolated SiO4 tetrahedra [65]. The porous system 

consists of narrow channels (2.3 Å in diameter) parallel to the "c" axis. These channels are filled 

with Na+ and K+ cations as well as water molecules. Nitrogen physisorption shows that our 

sitinakite material has a low specific surface area (from 40 to 50 m2/g), pore volume of 0.08 cm3/g, 

micropore volume of 0.027 cm3/g, and average pore radius of 2.2nm (Figure 1f). 

Thermogravimetric analysis showed that the total weight loss is 14.8% (Figure 1e).When heated 

to 175°C, physically adsorbed water is removed first and the weight loss is 4.2%. Further increase 

in temperature to 300 °C leads to the removal of hydrate water associated with exchangeable 

cations, and the weight loss is 7%. 
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Figure 1. SEM (a, b) and TEM (c, d) images of the synthesized sitinakite; DTA (red curve) and 

TG (blue curve) curves of as-synthesized sitinakite (e); nitrogen physisorption isotherms (pink 

curve) and pore size distribution (green curve) (f). 

 

XRD study of samples calcined at 200 and 300 ºC showed that significant changes of sitinakite 

structure do not occur; the intensity of the main reflexes slightly reduced (Figure 2a). The decrease 

of the mass by 3.6% in the range from 300 to 1000 ºC is associated with an irreversible loss of 

structural water, leading to the destruction of the sitinakite lattice with a concomitant strong 

fixation of Na+ cations within the framework. The calcination at 600°C results in the amorphization 

of the material as is evident from the loss of the reflexes in the XRD patterns (Figure 2a). An 

exothermic peak at 650 ºC in the DTA curve corresponds to the crystallization of a new phase that 

is identified as the freudenbergite (Figure 2a, c). The low degree of crystallinity of the sample, 

even after annealing at 650 and 700°C, is explained by the short isothermal exposure time. 
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Figure 2. XRD patterns of the synthesized sitinakite calcined at 100, 300, 600 and 700 °С (a); 

crystal structure of sitinakite (b), crystal structure of freudenbergite (c) (titanium is blue, silicon is 

grey, oxygen is red, hydrogen is pink, sodium is yellow, potassium is purple). 

The high thermal stability of sitinakite (up to 300 °C) renders the synthesized materials 

potentially suitable for the efficient utilization of its ion exchange properties, even when operating 

under harsh conditions commonly encountered in the nuclear energetics. For example, the 

temperature of spent nuclear fuel in separate layers is about 130 °C [66]. Previous studies suggest 

that the exchange capacity of natural sitinakite can be enhanced at relatively high temperatures 

(100–150°C)[67]. 

The most promising approach for reprocessing irradiated fuel in the nuclear fuel cycle is 

immobilization of radionuclides in the composition of mineral-like ceramics of SYNROC type. 
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The freudenbergite phase, obtained during the recrystallization of sitinakite up to 1000 ºC, can be 

attributed to the SYNROC type of ceramics [68, 69]. 

 

3.2. Sorption characteristics for Ba2+ and Sr2+ 

 

3.2.1. Effect of the pH of the solution and sorption mechanism 

A set of experiments on Sr2+ sorption under static conditions (at 20°C, 24 h) and in the pH range 

from 2 to 8 showed that sorption capacity increases rapidly on passing from acidic to alkaline 

medium which indicates slightly acidic characteristic of sitinakite as a sorbent (Table S2). 

Measurements of the surface charge of titanosilicate (Figure 3) showed that particles in the pH 

range 2 to 2.7 have a positive charge. Due to the fact that under these conditions the charges of 

sitinakite and Sr2+ have the same sign, they are subject to the forces of electrostatic repulsion. In 

the pH range 2.7 to 10.0 the surface is negatively charged and compensated by counter-ions, Na+ 

cations. When pH is greater than 2.7 (pH of the isoelectric point), the sodium cations included in 

the titanosilicate structure upon contacting the solution can be desorbed from the surface and 

replaced by other ions of the same sign, in particular, Sr2+ cations. It is confirmed by the 

determination of sodium concentration in the solution after the sorption equilibrium is reached 

(Table S2). 
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Figure 3. Dependence of the zeta potential (ξ) of sitinakite surface on the pH of the solution. 

 

The low sorption capacity of titanosilicate in a weakly acidic medium with a negative surface 

charge can be associated with competitive capture of free ion-exchange sites by counter-ions H+ 

due to their higher concentration in the acidic medium, and also with the destruction of the 

titanosilicate framework. 

Acid resistance of titanosilicate was tested using a solution of HCl (0.01, 0.1, 1.0 M) and phase 

contact time of 24 hours. Unit cell parameters calculated according to the X-ray analysis (Table 

S3, Figure S1) indicate that the crystal lattice is compressed due to the replacement of larger 

cations (Na+) with smaller ones (H+). The parameters of the titanosilicate cell after sorption of Sr2+ 

and Ba2+ at various temperatures were calculated as well. It is evident that when the Na+ cation is 

replaced with larger cations, the opposite effect, i.e., an increase in lattice parameters, is observed. 

This fact indicates that the most likely mechanism of sorption on titanosilicate is ion exchange. 

 

3.2.2. Adsorption isotherms for Sr2+ 
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The amount of absorbed strontium increases with its concentration in the initial solution, and the 

maximum of sorption capacity is 27.5 mg/g (0.64 meq/g). The resulting isotherm was analyzed 

using the Langmuir and Freundlich models [71]. An adsorption isotherm plotted at varying 

concentrations of strontium is shown in Figure S2. The Langmuir model is used to describe 

adsorption on a homogeneous surface with little interaction between the adsorbed molecules. 

According to the model, there is uniform adsorption energy on the surface, and the maximum 

adsorption depends on the level of saturation of the monolayer. The Freundlich model is used to 

describe the processes of sorption of substances on a single heterogeneous sorbent layer with an 

undetermined number of active binding sites. The feature of this model is the impossibility of 

calculating the maximum sorption capacity (number of active sites per unit coupling agent). 

Table 1 shows the calculated parameters and correlation coefficients of the equations. Both 

models completely correlate with one another. The value of R2 for the Langmuir model is slightly 

higher than that for the Freundlich one, suggesting the predominance of monomolecular 

adsorption. The Freundlich isotherm factor n is greater than 1, indicating a decrease in binding 

energy as the surface is filled. 

 

Table 1. Constants and correlation coefficients for the adsorption models by Langmuir and 

Freundlich. 

Langmuir model  Freundlich model 

qm, mg/g KL∙10-3, L/mg R2  n KF, mg/g (L/mg)1/n R2 

29.42 21.4 0.9875  3.60 4.315 0.9123 

 

3.2.3. Effect of temperature on the adsorption of strontium ions 
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The temperature effect on the sorption of Sr2+ ions from aqueous solutions was studied at optimal 

pH values (Table S4). The results showed that increasing temperature in the range from 20 to 

100 °C enhanced the sorption capacity from 27 to 44 mg/g at pH=6 and from 33 to 58 mg/g at 

pH=8. It should be noted that at 100°C there is no drop in the sorption capacity value, which 

confirms the thermal stability of titanosilicate. 

Increase in sorption activity with rise in temperature indicates the endothermic nature of the 

process. If one considers titanosilicate to be a weak electrolyte formed by a strong base and a very 

weak insoluble titano-silicic acid H2(x+y)-zTixSiyOz∙nH2O, then rising solution temperature should 

increase the degree of dissociation of the functional groups and, consequently, the ion exchange 

capacity of the product. This assumption is suitable for the sorption of strontium at pH = 8, where 

the increase in the concentration of sodium cations desorbed into the solution is noted. For 

solutions with pH = 6 sodium concentration remains unchanged. Thus, we can assume the presence 

of a mixed sorption mechanism, involving both cation-exchange mechanism (Figure 4a) and 

specific sorption (Figure 4b) due to unfulfilled electrical connections of lattice ions at the interface 

and/or the presence of functional (-OH) groups related to Ti-OH in the channels of titanosilicate.  

 

Figure 4. Scheme of hypothetical sorption mechanism on the sitinakite: a – cation-exchange 

mechanism, b – specific sorption. 
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To clarify the sorption mechanism of Sr2+ by titanosilicate, we studied IR spectra of the original 

sample and those after adsorption at 20, 60, and 100 °C (pH=6). The spectrum of the original 

sample (Figure 5) is similar to the spectrum of natural titanosilicate [70, 72]. 

The region of stretching vibrations of the OH bond reveals several absorption bands with 

maxima at 3205, 3340, and 3530 cm–1. A weak absorption maximum at 3530 cm–1 is associated 

with the OH–Si vibrations [73].The bands at 3205 and 3340 cm–1 belong to the stretching 

vibrations of the water molecule and the band at 1630 cm–1 to its bending vibrations. A weak 

absorption maximum at 1437 cm–1 is associated with the vibrations of Si-(OH) bonds. In Ref [74]. 

it is noted that the absorption band at 1400–1450 cm–1 corresponding to the bending vibrations of 

OH groups in the vertices of silicon-oxygen tetrahedra is a distinctive feature of silicates. 

Characteristic absorption bands in the region from 400 to 1000 cm–1 (430, 443, 471, 575, 778, 902, 

970) are the vibrations of the Si–O, Ti–O, Ti–O–Ti, Si–O–Si, Ti–O–Si bonds. In particular, the 

band at 471 cm–1 is attributed to the bending vibrations of Si–O–Si [74-76], and that at 778 cm–1 

to the symmetric stretching vibrations of Si–O–Si typical for silicon in the SiO4 tetrahedron [77]. 

Absorption bands with maxima at 900 and 970 cm–1 correspond to the stretching vibrations of non-

bridging Si–O bonds in various silicate groupings (Si–OH, Si–O–Ti, Si–O), and that at 430 cm–1 

to the bending vibrations of Si–O. The band with a peak at 575cm–1 is attributed to the stretching 

Ti–O–Ti vibrations [76]. 
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Figure 5. IR spectra of titanosilicate: 1 – initial sample; 2 – saturated with Sr2+ at 20 °С; 3 – at 

60 °С; 4 – at 100 °С. 

After sorption of Sr2+ at 20, 60, and 100°C the characteristic region (400–1100 cm–1) has no 

significant changes. The appearance of an intensive peak at 1430 cm–1 and weak absorption bands 

at 2858, 2931 and 3067cm–1 correspond to the bending and stretching vibrations of the NH4
+ group. 

It is also evident that compared to the initial sample the maximum peak at 3200 cm–1 corresponding 

to the OH vibrations of water molecules is sharpened. The NH4
+smectites where water is 

coordinately linked to the NH4
+ cations, except for the main NH4

+absorption at 3270 cm–1, are 

characterized by additional absorption bands at 3067 and 2855 cm–1 due to hydrogen bonds 

between NH4
+ and water. As water is removed, these additional bands weaken and merge into a 

diffuse absorption band, whereas the band at 3270 cm–1 is sharpened and amplified. The adsorption 

of Sr2+ is accompanied by the process of adsorption of NH4
+, due to the solution alkalization with 
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NH4OH. To confirm this, the experiments on extracting the ammonium cation were carried out. 

According to the obtained data, the sorption capacity of titanosilicate was 18 mg/g (1meq/g).  

The experiments on the sorption of Sr2+ from the solution where pH was adjusted without using 

external electrolytes were also carried out. Sorption was carried out at 20, 60, and 100°C for 24 

hours, the pH of the solution was 4.70 ±0.10.  

As in our previous experiments, a rise in temperature leads to an increase in sorption capacity, 

as well as the number of desorbed Na+ cations indicating the increased degree of dissociation of 

functional groups (Table 2). A decrease in pH at higher temperatures could be an indirect 

indication of the replacement of H+ cations with Sr2+. In Ref. [18] it was established that sitinakite-

like titanosilicate H2Ti2O3SiO4∙1.6∙H2O effectively absorbs cations of Cs and Rb even at pH < 1, 

which indicates the existence of a strongly acidic functional group bonded to the Ti–OH groups. 

 
Table 2. Sorption capacity of titanosilicate for the Sr2+ cation. 

(solution volume 0.015 L, sample mass 0.03 g, С0 1000 mg/L) 

T,°С Ср, mg/L рН Sorption capacity Amount of desorbed 
Na, meq/g before after mg/g meq/g 

20 838.9 4.70 ± 0.10 7.04±0.10 80.53 1.78 1.65 
60 824.5 4.70 ± 0.10 6.30±0.10 87.75 2.00 1.74 
100 804.8 4.70 ± 0.10 6.05±0.10 92.60 2.23 1.86 
 

3.2.4. Effect of temperature on the adsorption of barium ions 

Table 3 shows the results of determining the sorption capacity of sitinakite for the Ba2+ cation at 

temperatures of 20, 60, and 100°C. With rising temperature, the sorption capacity for Ba increases, 

revealing at the same time a decrease in pH and the lack of Na+ cations. 

Table 3. Sorption capacity of titanosilicate for the Ba2+ cation. 
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(solution volume 0.015 L, sample mass 0.03 g, С0 1000 mg/L) 

T, °С Ср, 
mg/L 

рН Sorption capacity Amount of desorbed 
Na, meq/g before after mg/g meq/g 

20 773.4 5.59±0.10 6.10±0.10 113.30 1.65 1.70 
60 741.9 5.59±0.10 5.48±0.10 129.75 1.88 1.71 
100 721.7 5.59±0.10 5.28±0.10 139.10 2.03 1.81 
 

3.2.5. SEM-EDX analysis 

EDX analysis of sitinakite showed that the adsorption of Sr2+ and Ba2+ cations is characterized 

by their uniform distribution across the surface of the sorbent (Figure 6, S3). 
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Figure 6. SEM images and EDS mapping of sitinakite powder: а – initial sample; b – after 

adsorbing Sr2+ at 20°С; c – after adsorbing Ba2+ at 20 °С. 

3.2.6. Thermodynamics of the sorption process 

Data on the temperature dependence of the cation sorption on sitinakite were used to calculate 

the thermodynamic sorption parameters ΔH °, ΔS °, and ΔG ° using the fundamental equations 

[78]: 

     (1)  

     (2)  

 

     (3) 

 

where ΔH◦,ΔS◦,ΔG◦ and T are, respectively, the enthalpy change, entropy change, Gibbs free 

energy of adsorption and absolute temperature in K; R is the universal gas constant (8.314 Jmol−1 

K−1); Kd is the adsorption equilibrium constant. 

Enthalpy change was calculated from the slope of straight line plot between log Kd and 1/T 

derived from application of the van’t Hoff equation in linearized form (Eq.4).  

 

    (4) 
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Table 4 shows the thermodynamic parameters calculated from above given equations. Enthalpy 

change, obtained was ΔH°=3.14 kJ∙mol−1for Ba2+, and ΔH°=2.63 kJ∙mol−1 for Sr2+where positive 

value indicates an endothermic nature of theadsorption process.  

The endothermicity of sorption is due to the energy expended on the rupture of the hydrate shell 

of Ba and Sr cations in solution. At the same time, energy expenditure exceeds the exothermic 

effect of the process of cation addition to titanosilicate.  

Enthalpy values not greater than 30 kJ/mol for all cationes indicate ion exchange to be the 

adsorption mechanism. Positive entropy values are also associated with dehydration of ions and 

emergence of larger amounts of free molecules of water (increased randomness at the solid phase 

– solution boundary in the process of cation sorption) [79, 80].  

Negative values of Gibbs energy show that the process is spontaneous. The selectivity of 

sorption increases from Ba to Sr, and an increase in Gibbs energy with increasing temperature 

indicates that sorption is preferable at high temperatures. 

 

Table 4. Thermodynamic parameters of sorption. 

Cation Temperature, K ΔG, kJ/mol ΔН, kJ/mol ΔS, J/mol∙K 

Ba2+ 
293 -12.16 

3.14 52.20 333 -14.25 
373 -16.36 

Sr2+ 
293 -11.10 

2.63 46.86 333 -12.97 
373 -14.84 

 

3.2.7. Effect of a third-party electrolyte on the sorption capacity of titanosilicate 
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The selectivity of sorbents in the presence of salts and other components contained in aqueous 

media plays an important role in sorptive extraction. For example, synthetic zeolites NaA and NaX 

are widely used as sorbents, which can effectively remove strontium and cesium from solutions 

with low concentrations. However, their selectivity to radionuclides decreases with increasing 

concentrations of competing ions. Therefore, we determined the characteristics of sorption of Sr2+ 

and Ba2+ from the solutions containing extraneous ions, Na+ (0.1 M). An insignificant decrease in 

sorption capacity indicates high selectivity of titanosilicate towards these ions (Table 5). 
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Table 5. Sorption capacity of titanosilicate in the presence of a background electrolyte. 

Cation 
Concentration of competing ion Na+ Sorption capacity qe 

mol/L mg/g meq/g 
Sr2+ 0.1 64.85 1.48 
Ba2+ 0.1 91.71 1.34 

 

3.3. Sorption of radionuclides 

The results (Table 6) show that titanosilicate exhibits selectivity towards all tested radionuclides, 

with the degree of extraction for uranium and radium reaching almost 99 %. Only for thorium this 

figure was slightly lower, about 82 %.  

 

Table 6.Sorption and sorption strength of natural radionuclides 

Radionuclide 

Initial 
radionuclide 
content of 

the solution, 
g 

Solution 
content 

after 
exposition, 

g 

Extraction 
degree, % 

Degree of desorption, % of the 
adsorbed amount, by 

Deionized 
water 

1М 
ammonium 

acetate 

1 М 
hydrochloric 

acid 
Thorium-232 8.45·10-6 1.51·10-6 82.1 1.6 4.7 55.2 

Uranium-
238 11.30·10-6 0.14·10-6 98.8 0.4 0.7 60.3 

Radium-226 7.29·10-10 0.09·10-10 98.8 0.75 0.05 28.4 
 

Another important characteristic of radionuclide sorption is its absorption strength. As noted 

above, the absorption strength was evaluated by radionuclide content in the sequentially obtained 

extracts. This study showed that 60.3 and 55.2% of the absorbed amount of uranium and thorium 

radionuclides can be desorbed while treating the sorbent with a hydrochloric acid solution. For 

radium this figure is only 28%. This can be explained by the fact that the sorption of the radium 

cation whose radius is 1.44 Å (the smallest of all tested radionuclides) is accompanied by the 

diffusion of the radionuclide into the sorbent, making its holding tighter. 
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3.4. Model DFT calculations 

Here we considered an ion exchange model of the parent sodium form of sitinakite with Ra2+, 

UO2OH+, Th(OH)3
+, Sr2+, Ba2+ cations. The free cationic complexes were approximated as the 

respective aqua complexes. Three periodic sitinakite models with varied degree of hydration were 

considered in this study to assess the sitinakite structural specificity (polyhedral representation in 

Figure7). 

 

 

Figure 7. Models of sitinakite unit cells: a – Na-sitinakite, b – aqua Na-sitinakite, c – aqua H-

sitinakite (oxygen atoms are red, titanium atoms are blue, silicon atoms are grey, sodium atoms 

are yellow). 

 

These models were used to probe the respective proton- and sodium exchange mechanisms 

proposed above. The Na-exchanged models (a and c) correspond to the natural sitinakite structural 

parameters investigated in the current study where an octahedral coordination of tetravalent Ti 

atoms generates negative charges (Na-sitinakite, aqua Na-sitinakite in Figure7). System 

electroneutrality is balanced by exchangeable Na+ whose presence leads to larger lattice 

parameters compared to natural sitinakite (Table 7). The aqua Na-sitinakite accounts for the effect 

of water molecule solvation. The aqua H-sitinakite model is the representation of the proton-
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exchanged sitinakite where the negative charges are compensated by H+. Below we focus on the 

energetics of both ion-exchange mechanisms performed on the modeled unit cells and adsorbed 

ion coordination in the environmentally diverse sitinakite unit cells. 

 

Table 7. Lattice parameters of relaxed sitinakite models. 

Sitinakitemodel Latticeparameters, Å 
a b c 

Naturalsitinakite 7.819 7.819 12.099 
Na-sitinakite 7.987 7.972 12.165 

aquaNa-sitinakite 7.960 7.956 12.120 
aqua H-sitinakite 11.249 11.436 12.161 

 

Sr, Ba and Ra sorption 

The Ba2+ and Sr2+ ions show similar coordination behavior in all models and therefore will be 

described simultaneously (Figure 8). Our model DFT simulations qualitatively confirmed the 

experimentally established endothermicity of the Sr2+ and Ba2+ sorption. The relative favorability 

of the process is calculated for the Na-exchanged models where the sorption is primary ionic and 

based on stronger bonding of divalent cations than monovalent ones. In case of Na-exchange unit 

cells (a and b), the energetic effects of Sr2+ sorption are 1 and –9 kJ/mol, while Ba2+ sorption has 

stronger endothermic effects of 19 and 97 kJ/mol due to the larger hydrated ionic radius. The 

energetics of proton exchange by Sr2+ and Ba2+ ions is 166 and 135 kJ/mol (c model) that is in line 

with the purely Coulombic nature of their sorption. Both ion-exchange mechanisms display higher 

selectivity towards Ra2+ sorption with energetic effects of –108, –212 and –15 kJ/mol for a, b and 

c unit cells, respectively (Table 8). 
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Table 8. Adsorption energies (kJ/mol) of cations for different sitinakite models 

Unitcellmodel Sr2+ Ba2+ Ra2+ 
a 1 19 -108 
b -9 97 -212 
c 166 135 -15 

 

 

Figure 8. Ba2+, Sr2+ and Ra2+ ion-exchange sorption on the Na-sitinakite, aqua Na-sitinakite and 

aqua H-sitinakite unit cell models. 
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U and Th sorption 

U- and Th-exchanged unit cells were modeled considering the dominant existing cationic forms 

at experimental pH values of 6–7 (Figure 9).    

 

Figure 9. UO2OH+ and Th(OH)3
+ ion-exchange sorption on the Na-sitinakite, aqua Na-sitinakite 

and aqua H-sitinakite unit cell models. 

Table 9. Adsorption energies (kJ/mol) of cations for different sitinakite models. 

Unit cell model UO2OH+ Th(OH)3
+ 

a -50 -297 
b -164 -116 
c -162 -57 

 

The most probable hydrolytic products were considered to be Th(OH)3+ and UO2(OH)+ [81, 82]. 

The enthalpies of the UO2OH+ adsorption exhibit strong exothermicity with effects of –50, –164 

and –162 kJ/mol, while Th(OH)3+ adsorption stabilized with exothermic effects of –297, –116 and 
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–57 kJ/mol for a, b and c models, respectively (Table 9). The imposed energetic favorability is 

supposedly related to the change of interatomic bonding to covalent type. 

 

4. Conclusions  

A highly selective adsorbent for multivalent cationic species based on a sitinakite-

typetitanosilicatewas prepared hydrothermally from a leucoxene ore enrichment waste of the 

Yaregskoye deposit (Russia, Komi Republic). The synthesized material was used as for the 

selective removal of alkali-earth strontium (II) and barium (II) cations as well as the cationic 

species based on the natural isotopes of uranium, radium, and thorium from aqueous solutions. 

The influence of such parameters as pH, the initial concentration of the ions, and the presence of 

other electrolytes on the sorption parameters was investigated. The highest sorption capacity was 

obtained at pH> 3 and is 80 and 110 mg/g for Sr2+ and Ba2+, respectively. Rising the sorption 

temperature to 100 °C leads to an increase in the sorption capacity to 92and 145 mg/g, respectively. 

The presence of a background electrolyte in the amount of 0.1 M (Na +) does not affect the sorption 

capacity, which indicates a high selectivity of titanosilicate to Sr2 + and Ba2+ cations. The thermal 

stability makes it possible to use sitinakite under severe conditions, with a spent nuclear fuel 

temperature of 130 ° C 

The thermodynamic analysis points to a spontaneous nature of the adsorption process. An 

increase in Gibbs energy upon increasing temperature indicates that sorption is preferable at high 

temperatures, and selectivity increases fromBa2+ toSr2+. Enthalpy for all cations does not exceed 

30 kJ/mol, thus confirming that the main process of adsorption utilizes the ion exchange 

mechanism. It should be noted that the ion exchange process is accompanied by adsorption due to 

functional hydroxyl groups, as indirectly indicated by decreasing pH of the solutions after sorption 



 30 

at elevated temperatures. These Ti–OH hydroxyl groups, being strongly acidic, make a small 

contribution to the adsorption capabilities of titanosilicate, but allow the use at pH values above 

the isoelectric point (pH < 2.7).  

Furthermore, the material shows a high selectivity towards radionuclides of radium, uranium, 

and thorium. By using the current titanosilicate materials, the extracting degree of over 99 % U 

and Ra, and 88 % Th could be achieved when extracting these species from their respective 

standard aqueous solutions. Radionuclides are strongly adsorbed by titanosilicate during water and 

ammonium acetate treatment; in an acidic medium desorption is 55–60 % for uranium and thorium, 

and 28 % for radium. The origin of the high adsorption selectivity for cationic complexes of 

thorium and uranium is rationalized based on periodic density functional theory calculations. The 

obtained results point to the described materials as promising and inexpensive sorbents for the 

selective extraction of radioactive isotopes and particularly those of Sr and Ba. 

The proposed methodology can be used for the production of sorbents using enriched leucoxene 

ore waste disposal, which enables obtaining demanded functional materials in large volumes. 

Radionuclides saturated sitinakite can be transformed into ceramics of the SYNROC type at 

temperatures up to 1000°C for subsequent long-term burial. 
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Supporting Information.  

Table S1. Chemical composition of hydrated precipitate, %. 

SiO2 TiO2 Fe2O3 Al2O3 CaO K2O NbO+ZrO2 
45.5 50.5 2.9 0.4 0.2 0.2 0.2 

 

Table S2. Effect of pH on sorption properties of sitinakite. 
(sorbent mass 0.02 g, solution volume 0.01 L, C0=0 mg/L, рН is adjusted with NH4OH and HCl) 

Solution pH 
Equilibrium 

concentration of 
Sr2+, mg/L 

Sorption capacity Amount of Na+ in the 
solution, meq/g mg/g meq/g 

2.01 ± 0.10 47.4 1.30 0.03 ~2.90 
4.00 ± 0.10 45.9 2.05 0.05 ~2.76 
6.05 ± 0.10 23.7 13.15 0.30 ~2.13 
8.03 ± 0.10 16.7 16.65 0.38 ~1.22 

 

Table S3. Unit cell parameters of sitinakite. 

Sample a (Å) b (Å) c (Å) Cell volume, 
Å3 

Natural sitinakite68 7.819 7.819 12.099 739.7 

As-synthesized sitinakite 7.819±0.005 7.819±0.005 11.965±0.001 731.68±0.11 
Synthesized sitinakite treated 

with 1M HCl 7.808±0.013 7.808±0.013 11.90±0.03 727.52±0.20 

Sitinakite after sorption of Sr2+ 
(20 °C) 7.842±0.008 7.842±0.008 11.942±0.001 734.29±0.18 

Sitinakite after sorption of Sr2+ 
(60 °C) 7.837±0.005 7.837±0.005 11.918±0.006 732.04±0.11 

Sitinakite after sorption of Sr2+ 
(100 °C) 7.844±0.001 7.844±0.001 11.924±0.002 733.54±0.16 

Sitinakite after sorption of Ba2+ 
(20 °C) 7.840±0.001 7.840±0.001 11.971±0.001 735.87±0.16 

Sitinakite after sorption of Ba2+ 
(60 °C) 7.855±0.003 7.855±0.003 11.869±0.002 732.30±0.16 

Sitinakite after sorption of Ba2+ 
(100 °C) 7.851±0.005 7.851±0.005 11.926±0.002 735.20±0.11 
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Figure S1. XRD patterns of: a – initial sample; b – treated with 0.01 M HCl; c – 0.1 M HCl; d – 

1 M HCl. 

 

 

Figure S2. Isotherm of Sr2+ sorption by sitinakite at pH=6 (in the presence of NH4OH). 
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Table S4. Sorption capacity of titanosilicate for the Sr2+ cation vs. temperature. 
(рН is adjusted with NH4OH, sample mass 0.02 g, solution volume 0.005 L, С0 1000 mg/L) 

pH Т, °С Ср, 
mg/L 

Sorption capacity Amount of desorbed Na+, 
meq/g mg/g meq/g 

6.03 ± 0.10 
20 890 27.50 0.64 2.24 
60 850 37.50 0.86 2.21 
100 823 44.27 1.00 2.19 

8.05 ± 0.10 
20 867 33.25 0.76 1.41 
60 792 52.00 1.18 1.89 
100 767 58.25 1.34 2.13 
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Figure S3. EDS mapping of sitinakite powder: а – initial sample; b – after adsorbing Sr2+ at 20°С; 

c – after adsorbing Ba2+ at 20°С. 
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