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Abstract: The paper presents a reliable technology combining sol-gel synthesis and spark plasma
sintering (SPS) to obtain SrTiO3 perovskite-type ceramics with excellent physicomechanical prop-
erties and hydrolytic stability for the long-term retention of radioactive strontium radionuclides.
The Pechini sol-gel method was used to synthesize SrTiO3 powder from Sr(NOj3), and TiCl3 (15%)
precursors. Ceramic matrix samples were fabricated by SPS in the temperature range of 900-1200 °C.
The perovskite structure of the synthesized initial SrTiO3 powder was confirmed by X-ray diffrac-
tion and thermal analysis results. Scanning electron microscopy revealed agglomeration of the
nanoparticles and a pronounced tendency for densification in the sintered compact with increas-
ing sintering temperature. Chemical homogeneity of ceramics was confirmed by energy disper-
sive X-ray analysis. Physicochemical characteristic studies included density measurement results
(3.11-4.80 g-cm~3), dilatometric dependencies, Vickers microhardness (20-900 HV), and hydrolytic
stability (1070-10~7 g-cm~2-day—2), exceeding GOST R 50926-96 and ISO 6961:1982 requirements
for solid-state matrices. Ceramic sintered at 1200 °C demonstrated the lowest strontium leaching rate
of 1077 g/cm?-day, optimal for radioactive waste (RAW) isolation. The proposed approach can be
used to fabricate mineral-like forms suitable for RAW handling.

Keywords: ceramics; perovskite; radionuclides; radioactive waste management; sol-gel synthesis;
SPS

1. Introduction

The present stage of nuclear industry development inevitably leads to increasing
amount of produced radioactive waste (RAW). The optimal way of utilizing spent radionu-
clides remains undetermined, stemming from the complexity of developing a safe and
environmentally sound system of long-term RAW storage. This issue arises from several
factors. Chiefly, the high radioactivity of much waste renders it hazardous to the sur-
rounding environment for extraordinarily protracted durations. Secondarily, technologies
capable of reliably isolating radionuclides from the biosphere for sustained periods are
lacking. Furthermore, establishing systems of enduring disposal or reprocessing of RAW
is associated with considerable financial and technological costs. An important factor
also includes potential ecological and social risks under any scenario for RAW handling,
engendered by the possibility of compromising the integrity of storage containers’ isolating
barriers [1,2]. The aforementioned difficulties, as well as a plethora of diverse approaches to
their resolution, have heretofore prevented a consensus from emerging within the scientific
community regarding an optimal model of waste treatment.
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Further fundamental research is necessary to resolve the issue of RAW treatment.
Contemporary science delineates principal directions for development concerning RAW
synthesis and compaction. Specifically, methods have been proposed and tested, and
they are thus intensely studied for producing materials meeting established standards
regarding composition and form. This approach entails preparing initial RAW containing
various nuclides and their subsequent thermal consolidation into a dense matrix [3-5]. The
methodology allows for the extraction of radionuclides from primary wastes and their
incorporation into an inert structure to ensure long-term isolation. Similar studies aim to
develop technologies enabling transformation of RAW into a stable form, meeting safety
requirements for transport and enduring storage. This approach could become one of the
promising avenues for addressing challenges surrounding handling hazardous RAW.

A wide range of materials have been developed for the effective immobilization
of radionuclides, including SYNROC-type composites [6-8]. SYNROC (an acronym for
“synthetic rock”) is a specially designed material for containing radioactive waste. SYNROC
constitutes a mineral composite synthesized to mimic natural high-temperature minerals.
The basis of SYNROC comprises perovskites, titanates, and zirconias capable of absorbing
and enduringly retaining radionuclides. The structure afforded these SYNROC materials
confers important advantages. Primarily, they exhibit high chemical stability, allowing the
matrices to avoid breakdown due to water or other agents. Secondarily, SYNROC materials
can accommodate a broad spectrum of radioactive elements. Tertiarily, these materials
demonstrate high resistance to high temperatures and radiation effects.

It bears noting that perovskites have seen extensive and active investigation as ma-
trices for radionuclide isolation [9-11]. The presence of perovskite structures in natural
minerals stable over wide geochemical conditions for millions of years indicates the high
hydrothermal stability of such compounds. This bodes well for the long-term safety of
radioactive waste storage. The enhanced strength and density properties of perovskites
are also of interest. Perovskites demonstrate considerable promise as durable containment
media, building upon their proven longevity under demanding subsurface conditions
comparable to anticipated repository environments. Further research seeks to optimize
SYNROC-perovskite formulations and processing techniques to fully realize this potential
for effective immobilization of diverse radionuclides in a minimal-impact form.

Perovskites can be of the simple ABO; type or more complex compositions depend-
ing on the A and B cations [12]. Examples of A cations include Ce**, Nd3+, Sm*t, La3+,
Yb?*, and Gd3*, while B cations comprise AP, Cr3*, Fe3*, and Ga3*. The ideal perovskite
(SrTiO3) possesses a cubic lattice structure, though this is only stable for a limited number
of compositions. Cation substitutions within the lattice distort the structure, lowering
symmetry and giving rise to tetragonal, orthorhombic, and monoclinic variations. Op-
timization of perovskite formulations for immobilizing diverse radionuclides requires
consideration of these structural changes resulting from alterations in stoichiometry and
cation selection/concentration. Further studies are exploring composition—property rela-
tionships to delineate formulations exhibiting enhanced durability under specialized waste
storage conditions.

Among the recognized synthetic methods (mechanical activation/sintering, solu-
tion deposition, high-temperature gas or liquid plasma synthesis, molecular conductor
synthesis, solid-state synthesis, etc.), the sol-gel technique stands out as a particularly
promising approach, owing to its versatility in producing both nanocomposites and matrix
materials [13,14]. The applicability of this technology spans a wide area—from inorganic
matrices of varied constitution [15-18] to hybrid composites [19] and inorganic thin film
structures [20]. The solution-based nature of sol-gel processing confers advantages such as
scalability, precise control of composition, and capacity for synthesizing tailored nanostruc-
tured forms. Further exploration of this flexible methodology could consequently yield
perovskite and composite formulations optimized for the stable immobilization of diverse
radionuclides.
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One development of the sol-gel technique is the Pechini method. Notably, this ap-
proach is used to synthesize perovskite metal oxides [11,21-24]. The process involves
preparing solutions of target metal salts in ethylene glycol using an excess of a chelating
agent (citric, glycolic, or lactic acid, EDTA). Heating the solution to 150 °C causes ester-
ification and formation of an internal polymeric gel network. The gel is then converted
to a powder by heating to 300 °C to remove most of the organic component, followed by
calcination from 500 to 900 °C to yield the target oxide [25]. Dispersing the initial substances
within the polymeric matrix ensures homogeneity and prevents phase segregation in the
final product. Hence, the Pechini method enables efficient synthesis of perovskite oxides
with tailored properties.

The final stage in forming solidified RAW is obtaining a rigid ceramic matrix. Im-
mobilized within the matrix, RAW has qualified radionuclide isolation and prevention of
environmental migration. This substantially heightens RAW stability over the long term,
decreases thermogenicity, and simplifies transportation and storage. Beyond enhancing ra-
diation safety, RAW compaction into such matrices opens avenues for utilizing the resultant
material as an ionizing radiation source (IRS) across diverse domains, including nuclear
physics, medicine, industry, defense, energy, and more. Continued investigation of matrix
formulation and processing optimization remains vital to fully realize these benefits. Ad-
vanced techniques may allow tailoring matrices for specialized applications while ensuring
radionuclides remain inertly fixed under all anticipated usage and disposal scenarios. With
prudent development, immobilized IRS technology could thus offer promising solutions to
numerous applications and to the overriding RAW remediation issue.

It is important to note that in obtaining compact ceramic blocks, efforts should aim
to minimize their resultant volume compared to the original waste volume, i.e., achieve
maximum possible densification of the solid substance structure. A dense matrix structure
precludes dispersal of radioactive particles into the environment, ensuring long-term
stability and impermeability. This allows the matrix as a stable RAW form to fix radioactive
materials without degradation over extended timeframes. Thus, the sintering process
plays a uniquely decisive and critically important role in matrix fabrication. Continued
optimization of sintering parameters such as temperature, atmosphere, heating/cooling
profiles, and additive composition represents a key research focus. Advancing sintering
techniques could drive further matrix densification for enhanced radionuclide containment
and durability suited for the demands of long-term waste storage and disposal.

Spark plasma sintering (SPS) has gained widespread use for sintering powder com-
posites [26-33]. This technique involves pulsed electrical current heating of a sample
under applied pressure. SPS was previously successfully utilized for SrTiO3 synthesis
aimed at strontium immobilization [34-36]. In these works applying SPS, we (i) developed
a novel sintering-reaction synthesis method for SrTiOs perovskite ceramics immobiliz-
ing Sr-90; (ii) studied phase transformation kinetics in the SrCOs3-TiO; system from 20 to
1000 °C; (iii) determined optimal parameters for synthesizing SrTiO3 ceramic with a den-
sity of 4.49 g/cm?3, hardness of 6.2 GPa, strength of 279 MPa, and Sr leaching rate of
107°—107¢ g/(cm?-day); (iv) developed a synthesis method for SrTiO3 ceramic immo-
bilizing Sr-90 with a density of 95.6%, hardness of 1010 HV, and strength of 283 MPa;
(v) obtained biphasic SrTiO3-TiO; ceramic exhibiting quantum effects, prospective for
thermoelectrics. SPS thus demonstrates potential for further optimizing immobilization
matrices through enhanced densification.

In the present study, SPS was coupled with the Pechini synthesis method to pre-
pare SrTiO3 perovskite ceramics. The research aims included synthesizing powder via
a sol-gel route from inorganic metal salt precursors, followed by sintering the resultant
powder via SPS at various temperatures. Determination of physicomechanical properties
and hydrolytic stability was also performed. Comparison with prior works will enable
evaluation of qualitative characteristics of materials derived through different methods,
identifying a preferable synthesis technique. The results may prove useful for solidifying
RAW and developing immobilization matrices, as well as provide a basis for IRS. Con-
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tinued refinement of the integration between Pechini and SPS processing has potential
to optimize microstructure control and properties attainment conducive to radionuclide
confinement functions.

2. Materials and Methods
2.1. Materials

The precursors used for sample synthesis were Sigma-Aldrich (St. Louis, MI, USA)
reagents: strontium nitrate ACS reagent, >99.0% Sr(NOs),, titanium(III) chloride solution
> 15% TiCl3, monoethylene glycol ((CH,OH),), and citric acid (HOC(CO,H)(CH,CO,H)j).

2.2. Sol-Gel Synthesis

The powder was synthesized via the Pechini method as follows:

A total of 5.76 g of strontium nitrate (Sr(NO3);) was dissolved in 20 mL of water. Then,
27.99 g of titanium(III) chloride solution > 15% was added. The solution was heated to
90 °C and evaporated. After 30 min with stirring, 35.36 g of citric acid and 12.56 mL of
monoethylene glycol were added. The resulting mixture was evaporated with stirring for
1 hour at 90 °C until a viscous gel formed. The gel was then heat treated in air for 2 h at
400 °C to remove the organic component, followed by calcination in air for 2 h at 800 °C to
remove residual carbon (heating for 1 h).

2.3. Material Characterization Methods

The ceramic samples were prepared by SPS using a “Dr. Sinter-LAB™” SPS-5155
unit at temperatures of 900, 1000, 1100, and 1200 °C. The starting raw material was SrTiO3
powder synthesized by the above-described method. The pressing pressure was 21.5 MPa,
with a heating rate of 50 °C-min~!. After holding for 5 min, the samples were allowed to
cool uncontrolled to room temperature over half an hour.

Strontium concentration in leachate solutions was determined using a Shimadzu EDX-
7000 (Kyoto, Japan) atomic absorption spectrophotometer. Scanning electron microscopy
(SEM) was performed on a CrossBeam 1540 XB “Carl Zeiss” (Jena, Germany) microscope
equipped with a Bruker (Mannheim, Germany) energy-dispersive X-ray spectroscopy
(EDX) add-on. X-ray diffraction (XRD) was carried out using a “COLIBRI” diffractometer
(Moscow, Russia). Vickers microhardness (HV) was determined at 0.2 N load using HMV-G-
FA-D microhardness tester from Shimadzu (Kyoto, Japan). Experimental density (ED) was
measured by hydrostatic weighing on an Adventurer™ balance from OHAUS Corporation
(Parsippany, NJ, USA). Relative density (RD) was calculated as the ratio of experimental
density (ED) to theoretical density (TD). Thermogravimetric analysis curves were recorded
on a DTG-60H thermogravimetric analyzer from Shimadzu using platinum crucibles under
dry argon flow at a heating rate of 10 °C/min from 35 to 1300 °C.

Evaluation of hydrolytic stability of SrTiO3 matrices. Hydrolytic stability was assessed
by monitoring the strontium leaching rate during long-term contact (30 days) of the matrix
with distilled water (pH 6.8) at 25 °C under static conditions according to GOST R 52126-
2003 (international analog ANSI/ANS 16.1). In particular, a cylinder-shaped ceramics
sample (diameter 15 mm, height 4 mm) was placed into 55 mL of distilled water, and after
a certain time period (1-30 days), the concentration of Sr in the supernatant was measured,
while the pellet was removed, washed with distilled water, and put into the fresh portion
of distilled water. The leaching rates were calculated according to the following equation:

Sr
S m
Rnr = Sr : 1)
M3" X t, xS

where R3’—Sr leaching rate (g/cm? day); m;’—Sr mass, leached for nth time interval,

g Mgr —Sr mass concentration in the matrix, g/g; S—the sample’s surface area, cm?;

ty—duration of the nth time interval, days.
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The calculation of the effective diffusion coefficient (De) was performed by mathe-
matical transformations of the second Fick law according to the method described in the

paper [37]:
1
%:2(%) ><<‘S/>t%+zx @)

where m—strontium weight, mg; t—leaching time, s; My—initial cesium content in the
sample, mg; D.—effective diffusion coefficient, cm?/s; S—the surface area of the sample,
cm?; V—a volume of sample, cm?; a—parameter that takes into account the initial leaching
of strontium, not related to diffusion (strontium leaches out at the initial contact of the
leaching solution with the sample surface).

In the calculation, this equation was reduced to a linear form by introducing the
coefficient K, which represents the tangent of the slope of the straight-line dependence of
strontium leaching from the sample on the square root of the contact time of the material

with the leaching agent:
_ (D" (S
=2(2) < (v) v

The effective diffusion coefficient was calculated:

K2 x 1 V\?
p. =X x(s> )

The leaching index (L) was calculated as the decimal logarithm of the inverse diffu-
sion value:

1
L=lgy ©)

Estimation of the dominant leaching mechanism based on the dependence of the
decimal logarithm of the accumulated fraction of leached radionuclide (B;, mg/ mz) on the

decimal logarithm of the leaching time ¢, s:
/D
umaxd =
U

where is Ujay—the maximum amount of leached radionuclide, mg/kg, and d—matrix
density, kg/m3.

The leaching depth of the matrix characterizes the destruction of the matrix.

Matrix when it is in aqueous medium and is calculated according to Equation (7):

L= z(w;;f;) %

1

1
Ig(B) = Slgt+1g (6)

where Li—the leaching depth of the matrix reached during the time interval t,,, cm, and
d—density of the sample, g/cm?3.

3. Results and Discussion
3.1. Preparation of Starting Mixtures

The results of the investigation of the mixture obtained by the sol-gel method are
presented in Figure 1.

XRD patterns of the synthesized SrTiO3 powder are shown in Figure 1a. The diffraction
peaks of SrTiO3 can be indexed to the (100), (110), (111), (200), (210), (211), (220), and (310)
planes of the cubic crystal structure (JCPDS card no. 065089). This result indicates that
the crystalline phase of the SrTiO; nanopowder did not contain any impurities. The
average crystallite size was estimated to be 22 nm using the Debye-Scherrer formula.
Rietveld refinement analysis was performed with profile reliability factors Rp= 8.42% and
Rwp =11.57%. The refinement parameters were as follows: weighted sum of squares
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(WSSR) = 15,074.9, degrees of freedom (DoF) = 13,612, sum of squares SSR = 1.27845x10°,
and determination coefficient R2 = 0.99042. This indicates a good correspondence between
the refined results and the experimental data. SEM images (Figure 1b) show that the
powder particles ranged in size from 10 to 100 um and consisted of agglomerates of
20-30 nm nanoscale primary particles, consistent with the Debye—Scherrer equation.

(a)

(110)

(200)

11)

(100)
(210)
2
(220)
(310)

STO 800 °C

SrTiO, (ICSD 065089)

T
0 10 20 30 4 50 6 70 80
2

Figure 1. Characterization of the SrTiO3 powder synthesized via the sol-gel method: (a) XRD patterns
of the sample synthesized at 400 and 800 °C; (b) SEM images of the initial SrTiO3 powder synthesized
at 800 °C.

3.2. Characterization of Sintered Ceramics
3.2.1. Dilatometric Analysis

Dilatometric analysis indicated a single-stage powder compaction process (Figure 2).
The onset of shrinkage was detected between 750 and 800 °C. Complete shrinkage was
achieved at around 1100 °C, confirmed by the shrinkage curve plateauing. The single-stage
behavior confirms the purity and homogeneity of the starting sol-gel powder.

a b

1200°C

1200°C
1 s 1

1100°C

1100°C
Il L

3 1000°C

1000°C

Displacement, mm
O 2NN WA O 22N W RO 2N WE O -2 N WS
-
Displacement speed, mm-min™

- 900°C
. 0.0 / 900°C

0 5 10 15 20 600 700 800 900 1000 100 1200
Time, min Temperature, °C

Figure 2. Densification kinetics during spark plasma sintering process: (a) dependency of displace-
ment over time; (b) dependency of displacement rate over temperature.
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This dilatometric curve differed from previous reports [27,28], likely due to the absence
of chemical interaction between reactive components. The thermal compaction temperature
range was also lower by 200250 °C compared to previous studies. This is attributed to the
high homogeneity and dispersion of the starting sol-gel SrTiO3; powder.

3.2.2. Phase Composition and Structure

The XRD analysis results indicate that the ceramic obtained is composed of strontium
titanate SrTiO3 phase (ICSD 065089). Comparison with the XRD pattern of the sol-gel
powder (Figure 3) shows no phase transformations or structural changes occurred. The
intensity of the diffraction maxima increased with increasing sintering temperature. No
additional phases were detected within the limits of XRD, indicating that the high-purity
perovskite SrTiO; phase was formed after sintering. The increase in intensity with temper-
ature suggests better crystallinity and grain growth at higher sintering temperatures.

sPs 110 S N
ssroe || |

3PS 1000 ] A S S

SPS 900°C Jk \ k ] N
— Ao
SITIO, (ICSD 065089) | C | N
" - i
[ I [ [ I [ | [ [
0 10 20 30 40 50 60 70 80
20, degree

Figure 3. XRD patterns of the ceramic samples derived thereof at various SPS temperatures.

XRD analysis showed that increasing the temperature in the range of 900-1200 °C
during sintering did not lead to changes in crystallographic composition. As seen in
Figure 3a, three typical diffraction peaks of the perovskite structure were observed at
20 =22.758° (100), 32.391° (110), and 39.948° (111) in the sintered SrTiO3 (STO) sam-
ple, indicating the presence of a cubic perovskite structure with space group Pm-3m,
a=b=c=3904 A, and 59.5 A3 volume. Moreover, only diffraction peaks of the STO
phase were present in the STO sample, demonstrating the possibility of obtaining a single-
phase SrTiO3 round sample by sol-gel and cold pressing methods. The nanocrystalline
SrTiO3 sample after pressing at 21.5 MPa and sintering at 1200 °C for 5 min had a uniform
perovskite structure that can be used for solidification of radioactive waste.

3.2.3. Morphology and Chemical Composition

The surface morphology and EDX analysis results of the sintered ceramics are pre-
sented in Figures 4 and 5.
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900 °C

RD = 64.65 %
1000 °C

RD = 65.48 %
(c) . 1100 °C

RD =87.52 %
(d) 1200 °C

RD = 99.65 %

Figure 4. SEM images of SrTiO3 samples obtained via SPS with temperatures: (a,a*) 900 °C; (b,b*)
1000 °C; (¢,c*) 1100 °C; (d,d*) 1200 °C.
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Sr—34.84 %

Sr=36.22 %

Sr+~37.46 %

Sr—37.43 %

Figure 5. EDX images of sintering SrTiO3 samples obtained via SPS with temperatures of 900, 1000,
1100, and 1200 °C.

According to the data obtained, the surface of the ceramics sintered at 900 °C con-
sisted of agglomerated regions of nano-sized powder particles (Figure 4a,a*). The inset in
Figure 4a* clearly shows a uniform distribution of nanoparticles of the original sol-gel pow-
der. There were no noticeable areas of consolidation. Further increasing the temperature
to 1000 and 1100 °C was accompanied by the formation of consolidated material regions
(Figure 4b,b*,c,c*). The images of the sample (Figure 4b,b* inset) indicate the presence of
a local overheating effect, since defects on the ceramic surface were clearly visible. Due
to the relatively low heating rate, local formation of a monolithic structure is possible,
leading to a change in the temperature gradient and formation of areas of different den-
sities. The morphology of ceramics obtained at 1100 °C (Figure 4c,c* inset) showed that
further increasing the temperature was accompanied by the disappearance of defective
areas, but areas of non-monolithic structure were still present. SEM images of the sample
obtained at 1200 °C indicated the formation of a monolithic structure. The presence of
defects and unceramicized areas was not detected. The grains are clearly depicted in
the inset in Figure 4b*. SEM data and dilatometry signaled the complete completion of
thermal compaction and full ceramization of the sample. According to the EDX analysis
results (Figure 5), an inhomogeneous distribution of titanium on the surface of the 1000 °C
samples was noticeable, potentially serving as centers for the formation of areas with
defects. EDX images of 1100 °C also indicated a decrease in defective areas and a tendency
towards homogenization. However, areas of titanium concentration were preserved up to
a temperature of 1200 °C. Comparison with previously obtained data indicated a similar
ceramic formation mechanism involving partial agglomeration of areas followed by their
growth. The distribution of titanium was also described by local concentrates in areas.
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Microhardness, HV

a

3.2.4. Mechanical Properties of the Samples

The results of the microhardness and density determination are presented in Figure 6.
The ceramic underwent a significant increase in parameters with increasing temperature
above 1000 °C. This behavior was due to the transition of the ceramic structure to a
monolithic structure, which was confirmed by SEM analysis (Figure 4). The homogeneous
distribution of elements and the absence of large defects also had a positive effect on the
growth of physical parameters of ceramics. The obtained ceramics showed microhardness
values lower by about 100 HV; however, they reached RD = 99.79% compared to reaction-
bonded ceramics.

b

1000
1| C125%75% ‘
900 7| I Range o
800 - — Median
] o Mean
7004L__o Value sl &
. 5 C 2
600 & S
500 - 2
- 2
400 8
300 -
200 - <
100 baleee
0.50,0.8:% 0. 202

STO 900 STO1000 STO1100  STO 1200
Sintering Temperature, °C

900 1000 1100 1200
Sintering temperature, °C

Figure 6. Physical and mechanical properties of the SrTiO3 samples obtained via SPS with tem-
peratures of 900, 1000, 1100, and 1200 °C: (a) dispersion of microhardness values; (b) density of
the samples.

3.2.5. Hydrolytic Stability of the Samples

Some key physical factors influencing leaching include particle size, as leaching is
partially dependent on the exposed surface area undergoing leaching. Homogeneity or
heterogeneity of the solid matrix in terms of crystalline phases is also important. The time
interval of interest and flow rate of the leaching fluid can impact results. Temperature
during leaching, porosity of the solid matrix, and geometric shape and size of materials
where diffusion processes dominate leaching kinetics should be considered. Permeability
of the matrix during testing or under field conditions, as well as hydrogeological settings,
may affect outcomes. Chemical factors commonly impacting leaching involve whether
equilibrium or kinetic control governs release, the potential leachability of components,
material or environmental pH (e.g., CO; influence), and complexation with inorganic or
organic compounds.

The leaching resistance of SrTiO3 ceramic matrices were evaluated to assess the com-
posite materials obtained, as this is a key indicator of matrices effectiveness for strontium
radionuclide immobilization. The results are shown in Figure 7a. The lowest leaching
rate corresponded to the sample obtained at 1200 °C, which was 107°-10~7 g/cm?-day,
meeting the requirements of GOST R 50926-96 for solidified high-level waste. These high
values were achieved firstly by the high degree of strontium chemical bonding within
the source material structure. Secondly, the ceramization process was accompanied by a
structural change in the material, forming a monolithic sample with the fewest defects and
pores, preventing strontium leaching throughout the ceramic volume. Further calculations
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1074

Leaching speed, glcm'xdays
3
L

of the tangent of the slope of straight lines showing the cumulative leach fraction versus
the decimal logarithm of the leaching time (in seconds) (Figure 7b) differed significantly.
However, it seemed possible to distinguish two patterns:

— the tangent of the slope of the straight line for the 900 °C sintered sample remained
unchanged and was equal to 0.74, indicating strontium release was primarily due to
the dissolution of the sample surface;

— the tangents of the slope of the 1000, 1100, and 1200 °C sintered samples significantly
increased during leaching.
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Figure 7. Hydrolytic stability of SrTiO3 samples obtained via SPS with temperatures of 900, 1000,
1100, and 1200 °C: (a) leaching speed; (b) cumulative leaching fraction; (c) leaching depth.

All the samples were characterized by a change in the strontium elution mechanism
during testing. For the 1000 °C sample, strontium was leached for the first 3 days via
the mechanism of surface washing, after which the difference in chemical potentials—
the driving force of the mass transfer process—became sufficient to compensate for the
depletion of the surface layers by strontium diffusion from the sample bulk.

The 1100 and 1200 °C samples were characterized by a similar leaching mechanism
as described above; however, they likely had an elevated strontium content at the surface.
Additionally, the effective diffusion coefficient of strontium in these materials was lower.
Therefore, the stage of compensating strontium leaching by its diffusion only occurred after
30 days. Furthermore, it seemed plausible that with increased test duration, a new change
in mechanism could be recorded, with the limiting stage becoming the sample surface
dissolution phase.

The leaching index (L) for all samples was above 8, allowing the conclusion that
cesium is reliably immobilized within the material bulk and the synthesized matrices may
be suitable for application as immobilizing materials [38].

Finally, to elucidate the leaching mechanism of Sr?* in SrTiO3; matrices, we intro-
duced two additional parameters—the diffusion coefficient and leaching index (L). Table 1
provides the diffusion coefficients of samples after processing at 900-1200 °C.

Table 1. Sr?* leaching parameters of SrTiO3 samples obtained via SPS with temperatures of 900, 1000,
1100, and 1200 °C on the 30th day.

Sintering Temperature, °C De, cm?/s L Depth, cm
900 6.37 x 10711 10.20 448 x 107>
1000 6.02 x 10711 10.05 5.45 x 107°
1100 5.03 x 10~ 10.30 3.05 x 1074
1200 1.73 x 10713 12.39 6.11 x 10~*

As shown in Table 1, samples processed at temperatures below 1200 °C consisted of a
dense monolithic solid structure, affecting their leachability parameters, which decreased
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with increasing temperature. It should also be noted that penetration of the solution into
ceramics was minimal and corresponded to the order of 10~4-1075. After processing at
temperatures above 900 °C, all high-temperature products had a leachability index (L)
above 9 and can be classified as allowing controlled disposal.

The calculated indicators of leaching depth are presented in Figure 7c. The ceramic
samples had high stability in the medium of this solvent, due to their dense structure and
the chemical stability of the matrices.

4. Conclusions

We conducted the synthesis of SrTiO3 matrices using a sol-gel synthesis method
according to Pechini and spark plasma sintering. The synthesized powder material was
represented by a homogeneous phase composition of strontium titanate, obtained from
precursor metallic salt precursors Sr(NOs), and TiCl;. Solid-state matrices were obtained
based on the synthesized powder by SPS in the temperature range of 900-1200 °C. Ceramics
with a homogenous strontium distribution had high RD values (up to 99.79%) and micro-
hardness (up to 950 HV). The sample obtained at 1200 °C showed the best performance
of high hydrolytic stability, with a leaching rate of 10~7 g-cm2-day ! and a diffusion
coefficient (De) of 1.73x 10713 cm?-s~1.

The comparison of results allowed for the following conclusions to be drawn: Prepar-
ing the sol-gel starting mixture according to the method led to single-stage thermal
compaction of the material, reducing the shrinkage rate and the temperature range of
the process.

The ceramic formation mechanism is common in the case of reaction and normal sin-
tering. Formation of the solid-state matrix occurred through the formation of aggregates of
a dense monolithic structure that increased in size with increasing temperature. Formation
of a fully developed ceramic compound was achieved at 1200 °C.

The obtained results can be applied to solve problems of producing perovskite-type
ceramic minerals for immobilizing strontium radionuclides. The sol-gel synthesis technique
can be used to reduce the stages of waste pre-treatment for compaction, particularly to
eliminate the calcination stage.

Author Contributions: A.A.B.—writing—original draft, methodology, data curation, visualization,
software; O.0.S.—conceptualization, writing—original draft; E.K.P—conceptualization, project ad-
ministration, writing—review and editing, resources; I.Y.B.—validation, writing—review and editing;
E.S.K.—investigation, validation; O.V.K.—investigation, validation; S.A.A.—investigation, data cura-
tion; N.B.K.—investigation, validation; A.N.F—investigation, validation; I.G.T.—conceptualization,
supervising, writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: The study was financially supported within the State Assignment of the Ministry of
Science and Higher Education of the Russian Federation, topic no. FZNS-2023-0003. The equipment
of the joint center for collective use, the interdisciplinary center in the field of nanotechnology, and
new functional materials of the FEFU were used in the work (Vladivostok, Russia).

Data Availability Statement: There are no databases or archives. All obtained results are displayed
in the publication.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationship that could have appeared to influence the work reported in this paper.

1.  Chen, P; Tang, X.; Liao, J.; Zhang, C.; Li, Y. Phase Evolution and Aqueous Durability of Nanograin Gd,Hf,O; Ceramic as a
Potential Nuclear Waste Immobilization Matrix. Ceram. Int. 2023, 49, 23206-23214. [CrossRef]

2. Huang, Z.; Zheng, J.; Zhang, Y.; Shi, Y.; Duan, J.; Chen, R.; Lu, T.; Wang, Z.; Qi, J.; Wang, H. High-Capacity Isomorphic
Immobilization and Leaching Mechanism of GdZr,O7-Based Ceramic Waste Form. Ceram. Int. 2023, 49, 33111-33122. [CrossRef]

3. Wei, G;; Shu, X.; Wen, M,; Lu, Y;; Duan, T.; Chen, S.; Tang, H.; Chen, J.; Dong, F; Xie, Y.; et al. Immobilization Mechanism of
GdyZr,O7 Ceramic for Nuclear Waste Treatment. Ceram. Int. 2022, 48, 37164-37173. [CrossRef]


https://doi.org/10.1016/j.ceramint.2023.04.150
https://doi.org/10.1016/j.ceramint.2023.08.012
https://doi.org/10.1016/j.ceramint.2022.08.292

J. Compos. Sci. 2023, 7, 421 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nandi, C.; Phatak, R.; Kesari, S.; Shafeeq, M.; Patkare, G.; Jha, S.N.; Rao, R.; Mishra, S.; Prakash, A.; Behere, P.G. Influence of
Synthesis Atmosphere on the Solid Solubility of Uranium at B-Site of NdyZr,O7 Pyrochlore. J. Nucl. Mater. 2023, 574, 154175.
[CrossRef]

Wang, Z.; Zhu, C.; Wang, H.; Wang, M.; Liu, C.; Yang, D.; Li, Y. Preparation and Irradiation Stability of A2B207 Pyrochlore
High-Entropy Ceramic for Immobilization of High-Level Nuclear Waste. J. Nucl. Mater. 2023, 574, 154212. [CrossRef]

Hsieh, Y.-H. Synroc and Glass Composite Wasteforms for Simulated Radioactive Waste from Advanced Reprocessing. Doctoral
Thesis, Imperial College, London, UK, 2018. [CrossRef]

Ringwood, A.E.; Oversby, V.M.; Kesson, S.E.; Sinclair, W.; Ware, N.; Hibberson, W.; Major, A. Immobilization of High-Level
Nuclear Reactor Wastes in SYNROC: A Current Appraisal. Nucl. Chem. Waste Manag. 1981, 2, 287-305. [CrossRef]

Gregg, D.J.; Farzana, R.; Dayal, P.; Holmes, R.; Triani, G. Synroc Technology: Perspectives and Current Status (Review). J. Am.
Ceram. Soc. 2020, 103, 5424-5441. [CrossRef]

Liu, H.; Wang, H.; Zhao, J.; Li, ].; Zhang, X.; Yang, J.; Zhu, Y.; Xie, R.; Zheng, K.; Huang, H.; et al. Immobilization of Cs and Sr
within Perovskite-Type Ba0.7-Sr (La, Cs)0.3ZrO3 Glass/Ceramic Composite Waste Forms. Ceram. Int. 2022, 48, 34298-34307.
[CrossRef]

Ma, ].; Fang, Z.; Yang, X.; Wang, B.; Luo, E; Zhao, X.; Wang, X.; Yang, Y. Investigating Hollandite-Perovskite Composite Ceramics
as a Potential Waste Form for Immobilization of Radioactive Cesium and Strontium. J. Mater. Sci. 2021, 56, 9644-9654. [CrossRef]
Supriya, S. Highly Tunable Multifunctional Rare Earth Based Bi0.5-XCexNa0.5TiO3 Perovskites via Site Selective Doping
Engineering. Mater. Chem. Phys. 2022, 287, 126233. [CrossRef]

He, J.; Xu, X,; Li, M.; Zhou, S.; Zhou, W. Recent Advances in Perovskite Oxides for Non-Enzymatic Electrochemical Sensors: A
Review. Anal. Chim. Acta 2023, 1251, 341007. [CrossRef]

Guglielmi, M.; Kickelbick, G.; Martucci, A. (Eds.) Sol-Gel Nanocomposites; Springer: New York, NY, USA, 2014; ISBN 978-1-4939-
1208-7.

Xu, X.; Wang, W.; Zhou, W.; Shao, Z. Recent Advances in Novel Nanostructuring Methods of Perovskite Electrocatalysts for
Energy-Related Applications. Small Methods 2018, 2, 1800071. [CrossRef]

Taha, T.A.; Fayed, M.G.; Mohamed, S.G. Enhanced Electrochemical Performance of MgFe,O4/SrTiO3 and MgFe,;O4/SiO,
Nanocomposite Structures. J. Alloys Compd. 2022, 925, 166660. [CrossRef]

Goel, P; Mishra, S.; Deep, A. Enhanced Pseudocapacitance of the LaNiO3 Perovskite in P-Phenylenediamine as Redox-Active
Electrolyte. ChemistrySelect 2022, 7, 1-9. [CrossRef]

Ezhilan, M.; Alam, M.S.M.; Kannan, S. Formation of Zircon-Type (Zr,Ti)1—x(Dy)x(5i04)1—x(PO4)x Solid Solution and Their
Optical and Magnetic Characteristics. J. Am. Ceram. Soc. 2022, 105, 7087-7096. [CrossRef]

Salhi, H.; Mleiki, A.; M'nassri, R.; Rahmouni, H.; Ajili, L.; Khirouni, K. Study of Electrical Properties and Conduction Mechanisms
in La0.4Bi0.35r0.2Ba0.1MnO3 Ceramic Elaborated by Sol Gel Method. J. Alloys Compd. 2022, 928, 167132. [CrossRef]
Bochkareva, S.S. Synthesis of Hybrid Composites By Sol-Gel Method. Proc. Univ. Appl. Chem. Biotechnol. 2016, 6, 81-93. [CrossRef]
Jara Fornerod, M.].; Alvarez-Fernandez, A.; Williams, E.R.; Skoda, M.W.A.; Prieto-Simon, B.; Voelcker, N.H.; Stefik, M.; Coppens,
M.O.; Guldin, S. Enhanced Structural Control of Soft-Templated Mesoporous Inorganic Thin Films by Inert Processing Conditions.
ACS Appl. Mater. Interfaces 2022, 14, 56143-56155. [CrossRef]

Malek, A.F,; Rosli, S.N.A.; Roslan, N.A.; Shafigah, M.N.N.; Lian, WM.W.,; Razali, N.A.M.; Osazuwa, O.U.; Abidin, S.Z. Syngas
Production from Glycerol Dry Reforming Using Nd,RuOs Perovskite Catalysts. AIP Conf. Proc. 2022, 2610, 30013. [CrossRef]
Molano-Mendoza, M.; Meléndrez, R.; Gonzalez, L.A. Thermoluminescence of Beta Irradiated SrHfO3 Powders Synthesized by
the Pechini-Type Sol-Gel Method. |. Lumin. 2023, 263, 120048. [CrossRef]

Valian, M.; Khoobi, A.; Salavati-Niasari, M. Synthesis, Characterization and Electrochemical Sensors Application of Tb,Ti,Oy
Nanoparticle Modified Carbon Paste Electrode for the Sensing of Mefenamic Acid Drug in Biological Samples and Pharmaceutical
Industry Wastewater. Talanta 2022, 247, 123593. [CrossRef] [PubMed]

Belkhiria, F; Rhouma, F1.H.; Gammoudi, H.; Amlouk, M.; Chtourou, R. Structural and Optical Investigations on LaGaO3
Synthesis by Sol-Gel Method along with a Blue Luminescence Property. Inorg. Chem. Commun. 2022, 143, 109807. [CrossRef]
Han, R.; Bao, Z.; Zhu, Y.; Li, N.; Tang, M.; Zhang, H.; Zhao, C. High Temperature Oxidation Resistance Performance of TiC/Mo
Composite by Spark Plasma Sintering. Medziagotyra 2022, 28, 171-177. [CrossRef]

Orru, R.; Licheri, R.; Locci, A.M.; Cincotti, A.; Cao, G. Consolidation/Synthesis of Materials by Electric Current Activated / Assisted
Sintering. Mater. Sci. Eng. R Reports 2009, 63, 127-287. [CrossRef]

Tokita, M. Spark Plasma Sintering (SPS) Method, Systems, and Applications. Handb. Adv. Ceram. Mater. Appl. Process. Prop.
Second Ed. 2013, 1149-1177. [CrossRef]

Guillon, O.; Gonzalez-Julian, J.; Dargatz, B.; Kessel, T.; Schierning, G.; Réthel, J.; Herrmann, M. Field-Assisted Sintering
Technology /Spark Plasma Sintering: Mechanisms, Materials, and Technology Developments. Adv. Eng. Mater. 2014, 16, 830-849.
[CrossRef]

Hu, Z.Y;; Zhang, Z.H.; Cheng, X.W.; Wang, F.C.; Zhang, Y.F; Li, S.L. A Review of Multi-Physical Fields Induced Phenomena and
Effects in Spark Plasma Sintering: Fundamentals and Applications. Mater. Des. 2020, 191, 108662. [CrossRef]

Potanina, E.A.; Orlova, A.L; Nokhrin, A.V.; Boldin, M.S.; Sakharov, N.V.; Belkin, O.A.; Chuvil’deev, V.N.; Tokarev, M.G.; Shotin,
S.V,; Zelenov, A.Y. Characterization of Nax(Ca/Sr)1-2xNdxWO4 Complex Tungstates Fine-Grained Ceramics Obtained by Spark
Plasma Sintering. Ceram. Int. 2018, 44, 4033—4044. [CrossRef]


https://doi.org/10.1016/j.jnucmat.2022.154175
https://doi.org/10.1016/j.jnucmat.2022.154212
https://doi.org/10.25560/61472
https://doi.org/10.1016/0191-815X(81)90055-3
https://doi.org/10.1111/jace.17322
https://doi.org/10.1016/j.ceramint.2022.08.007
https://doi.org/10.1007/s10853-021-05886-2
https://doi.org/10.1016/j.matchemphys.2022.126233
https://doi.org/10.1016/j.aca.2023.341007
https://doi.org/10.1002/smtd.201800071
https://doi.org/10.1016/j.jallcom.2022.166660
https://doi.org/10.1002/slct.202203023
https://doi.org/10.1111/jace.18696
https://doi.org/10.1016/j.jallcom.2022.167132
https://doi.org/10.21285/2227-2925-2016-6-3-81-93
https://doi.org/10.1021/acsami.2c18090
https://doi.org/10.1063/5.0100097
https://doi.org/10.1016/j.jlumin.2023.120048
https://doi.org/10.1016/j.talanta.2022.123593
https://www.ncbi.nlm.nih.gov/pubmed/35636361
https://doi.org/10.1016/j.inoche.2022.109807
https://doi.org/10.5755/j02.ms.27486
https://doi.org/10.1016/j.mser.2008.09.003
https://doi.org/10.1016/B978-0-12-385469-8.00060-5
https://doi.org/10.1002/adem.201300409
https://doi.org/10.1016/j.matdes.2020.108662
https://doi.org/10.1016/j.ceramint.2017.11.199

J. Compos. Sci. 2023, 7, 421 14 of 14

31.

32.

33.

34.

35.

36.

37.

38.

Mikhailov, D.A.; Orlova, A.l; Malanina, N.V.; Nokhrin, A.V.; Potanina, E.A.; Chuvil’deev, V.N.; Boldin, M.S.; Sakharov, N.V.;
Belkin, O.A.; Kalenova, M.Y;; et al. A Study of Fine-Grained Ceramics Based on Complex Oxides ZrO,-Ln,O3 (Ln = Sm, Yb)
Obtained by Spark Plasma Sintering for Inert Matrix Fuel. Ceram. Int. 2018, 44, 18595-18608. [CrossRef]

Shu, X.; Chen, S.; Hou, C.; Xie, Y;; Zhang, H.; Li, B,; Yang, Y.; Wang, X; Li, L.; Lu, X. Rapid Synthesis of Gd,Zr,O7 Glass-Ceramics
Using Spark Plasma Sintering. J. Am. Ceram. Soc. 2020, 103, 597-603. [CrossRef]

Alekseeva, L.; Nokhrin, A ; Boldin, M.; Lantsev, E.; Murashov, A.; Orlova, A.; Chuvil'Deev, V. Study of the Hydrolytic Stability of
Fine-Grained Ceramics Based on Y2.5Nd0.5A15012 Oxide with a Garnet Structure under Hydrothermal Conditions. Materials
2021, 14, 2152. [CrossRef] [PubMed]

Shichalin, O.O.; Belov, A.A.; Zavyalov, A.P.; Papynov, E.K.; Azon, S.A.; Fedorets, A.N.; Buravlev, L.Y.; Balanov, M.L; Tananaeyv,
I.G.; Shi, Y.; et al. Reaction Synthesis of SrTiO3 Mineral-like Ceramics for Strontium-90 Immobilization via Additional in-Situ
Synchrotron Studies. Ceram. Int. 2022, 48, 19597-19605. [CrossRef]

Papynov, E.K.; Belov, A.A,; Shichalin, O.O.; Buravlev, L.Y.; Azon, S.A.; Gridasova, E.A.; Parotkina, Y.A.; Yagofarov, V.Y.; Drankov,
AN.; Golub, A.V, et al. Synthesis of Perovskite-Like SrTiO3 Ceramics for Radioactive Strontium Immobilization by Spark Plasma
Sintering-Reactive Synthesis. Russ. J. Inorg. Chem. 2021, 66, 645-653. [CrossRef]

Zavjalov, A.P,; Lyubas, G.A.; Sharafutdinov, M.R,; Tarasov, I.A.; Belov, A.A.; Shichalin, O.O.; Papynov, E.K.; Kriventsov, V.V,;
Kosyanov, D.Y. Fabrication and Thermoelectric Properties of SrTiO3-TiO, Composite Ceramics. Ceram. Int. 2022, 48, 36500-36514.
[CrossRef]

Szajerski, P.; Bogobowicz, A.; Gasiorowski, A. Cesium Retention and Release from Sulfur Polymer Concrete Matrix under Normal
and Accidental Conditions. |. Hazard. Mater. 2020, 381, 121180. [CrossRef]

Cioffi, R.; Pansini, M.; Caputo, D.; Colella, C. Evaluation of Mechanical and Leaching Properties of Cement-Based Solidified
Materials Encapsulating Cd-Exchanged Natural Zeolites. Environ. Technol. 1996, 17, 1215-1224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ceramint.2018.07.084
https://doi.org/10.1111/jace.16658
https://doi.org/10.3390/ma14092152
https://www.ncbi.nlm.nih.gov/pubmed/33922684
https://doi.org/10.1016/j.ceramint.2022.03.068
https://doi.org/10.1134/S0036023621050132
https://doi.org/10.1016/j.ceramint.2022.08.210
https://doi.org/10.1016/j.jhazmat.2019.121180
https://doi.org/10.1080/09593331708616491

	Introduction 
	Materials and Methods 
	Materials 
	Sol–Gel Synthesis 
	Material Characterization Methods 

	Results and Discussion 
	Preparation of Starting Mixtures 
	Characterization of Sintered Ceramics 
	Dilatometric Analysis 
	Phase Composition and Structure 
	Morphology and Chemical Composition 
	Mechanical Properties of the Samples 
	Hydrolytic Stability of the Samples 


	Conclusions 
	References

