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Abstract: The influence of fly ash (FA) fineness on cesium (Cs) immobilization
in geopolymers was investigated by comparing samples synthesized in this study
with those reported previously, as all samples were prepared at 95 °C with Cs
contents of 2 and 5 wt.%. The effect of FA particle size distribution on physico-
mechanical properties, gel structure development, and Cs leaching behavior was
evaluated. Results show that FA fineness significantly affects the kinetics of
geopolymerization and the development of mechanical properties. In general, Cs
addition prolongs the setting time in G-FA, with longer setting times observed
in G-FA'based on coarser FA sample. These samples also showed lower
compressive strengths, indicating that finer FA particles promote faster
dissolution  of aluminosilicate species and more rapid formation of the
geopolymeric gel. Leaching behavior revealed that Cs release is diffusion-
controlled regardless of FA fineness and Cs content, but the mean leachability
index (Lmean) Was lower in samples based on coarser FA particles, although in all
cases it was higher than 9, which indicates effective Cs immobilization and
satisfactory long-term stability of the material. Overall, FA fineness influences
geopolymer reactivity, gel structure, and thus mechanical performance and
effectiveness of Cs immobilization.

Keywords: alkaline activation; particle size distribution; radioactive waste;
leaching; physico-mechanical properties.

INTRODUCTION

Geopolymers are formed as a product of alkaline activation of aluminosilicate
materials, including fly ash (FA) from thermal power plants.! The main product of
the reaction is a cross-linked, three-dimensional, predominantly amorphous
aluminosilicate gel, consisting of SiO4 and AlO4 tetrahedra that are connected by
oxygen. The negative charge resulting from the incorporation of the AlOs units
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into the silicate structure is compensated by alkali metal cations from the activator
solution,”* mainly Na*, which leads to the formation of N-A-S-H gel. Due to such
a structure, these materials exhibit a high capacity for binding and stabilizing ionic
species, which is why they have recently been intensively investigated for the
immobilization of radionuclides.!®!! Among the key radionuclides resulting from
nuclear activities, *’Cs is characterized by a moderate half-life (about 30
years),”®!1? high specific activity (3.2 TBq/g),"” and high-energy decay,'* which
makes it highly dangerous and harmful to both the environment and human health.

Previous studies have investigated the influence of temperature and curing
time, as well as Cs sources such as CsNO3 and CsOH/H20, on Cs immobilization
in FA-based geopolymers.!® It was observed that flexural strengths increased
with increasing curing time, but they did not observe significant differences
with curing temperature. However, in both cases (when Cs was added as
CsOH'H20 and as CsNO:s), the presence of Cs reduced flexural strengths.
This effect was more significant when Cs was added as CsNOs3, probably
due to the lower pH compared to CsOH H20. Moreover, these studies suggest
that Cs is immobilized within the aluminosilicate gel matrix, which represents the
main product of alkali activation. Li et al.'® reported a similar immobilization
mechanism and demonstrated that geopolymers exhibit higher Cs immobilization
efficiency compared to Portland cement. Jang et al.'” also evaluated Cs
immobilization efficiency using different types of FA with varying chemical
compositions, where the Al203 content ranged from approximately 22 to 27 wt.%
and the CaO content from about 2.9 to 5.2 wt.%. Granulometric characteristics
were not reported. Despite these compositional variations, the leachability index
remained similar, reaching approximately 10 after 90 days of leaching. The
influence of Cs on physico-chemical properties, such as setting time and
mechanical strength, was not assessed. Jain et al.'® demonstrated, using analysis of
variance (ANOVA), that curing temperature has the most significant influence on
Cs_immobilization, contributing approximately 84.64 % to the overall effect,
followed by the interaction between Cs content and temperature. The concentration
of sodium hydroxide as an activator had only a minor influence (approximately
0.35 %). It was also found that at Cs concentrations higher than 8 %, pollucite
(CsAlSi20) formation occurs, which likely resulted in a very high leachability
index ranging from 11 to 14.181

Despite numerous studies, the utilization of geopolymers for the
immobilization of radioactive waste, including Cs, remains largely unexploited in
practice. This is mainly because the wide range of synthesis conditions makes it
difficult to clearly identify the key factors governing FA reactivity and the
resulting geopolymer's structure and properties. In addition to chemical and
mineralogical composition,>?!?> which can differ significantly between sources
and even within the same source, FA fineness is considered an important parameter
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which influences FA reactivity. However, its role in Cs immobilization has not yet
been investigated. In this study, FA from the thermal power plant “Nikola Tesla
A”, Obrenovac (Serbia), was used as the starting material for synthesizing Cs-
containing geopolymers. During pneumatic transport at the thermal power plant,
FA is separated into several fractions. In our previous study?, the FA-4 fraction
(finer particles) was used to synthesize Cs-containing geopolymers: In contrast,
the present study uses the FA-3 fraction (coarser particles) to evaluate the influence
of granulometric composition on Cs immobilization efficiency and
physico-mechanical properties.

EXPERIMENTAL
Materials

The chemical composition of FA-3 was determined using the classical alkali melting
method, while the particle size distribution was determined by wet sieving. The obtained results
are presented in Table I. According to the international ASTM C618 classification,® FA-3
belongs to Class F. Compared to FA-4,2 FA<3 has a slightly higher SiO, content and a slightly
lower Al,Os content. The proportion of fine particles (< 45 um) in FA-3 is lower than in FA-4
(92.5 %).

TABLE I. Chemical composition and particle size distribution of FA-3, wt. %.

Component FA-3
Chemical composition
SiO; 58.2
AlLOs 20.2
Fe O3 53
MnO 0.03
CaO 7.6
MgO 2.0
SO; 2.2
Na,O 0.5
K>O 1.5
Loss on ignition at 1000 °C 1.6
Particle size
<45 um 82.5
45-63 pm 6.8
63-100 pm 6.7
>100 pm 4.0

The geopolymers without and with Cs were prepared under the same conditions as in our
previous study.?? A sodium silicate solution with a modulus (oxide mass ratio n = Si02/Na,0)
of 1.5 was used as the activator. The solution was prepared by mixing a commercial sodium
silicate solution (13.60 % Na,O, 26.25 % SiO,, 60.15 % H,0; “Galenika-Magmasil”, Serbia),
with an initial modulus of 1.93, and sodium hydroxide (NaOH) (98.5 %, “Lach-Ner”, Czech
Republic).

Cesium chloride (99.9 % CsCl, Superlab, Serbia) was used as a source of the non-
radioactive isotope '**Cs*. Concentrated nitric acid (65 % HNOs, Analar Normapur, EC) was
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used to adjust the pH of the solutions obtained by the leaching and filtration procedure, and was
intended for the determination of the concentrations of Cs, Si, and Al.

Synthesis of geopolymers pastes and mortars

The geopolymer pastes without and with Cs were prepared by mixing FA-3, alkaline
activator, and water or CsCl solution. The geopolymer mortars were prepared by mixing FA-3,
alkaline activator, water or CsCl solution, and standard sand, following the procedure of EN
196-1% as closely as possible. Depending on the Cs content (0 %, 2 % and 5 %), the samples
were designated as G-FA-3-0Cs, G-FA-3-2Cs and G-FA-3-5Cs, respectively. The procedures
for pastes and mortars preparation were the same as in the previous tesearch®? and are given in
the Supplementary material.

Physico-mechanical properties

The setting time was monitored on geopolymer paste samples by using Vicat penetrating
needle, according to EN 196-3 standard procedure.?

Compressive strengths of geopolymer mortars were determined according to EN 196-1%
standard, using a Matest device.

Characterization of geopolymers

Mineralogical characterization was performed by XRD analysis using an X-ray
diffractometer (Proto AXRD Benchtop) with CuKo X-rays, with 0.015° 20 steps, in the 5-80°
20 range. Crystal phases were identified using the “Crystallographica Search Match” software
and the JCPDS-ICDD powder diffraction database.

Fourier transform infrared spectroscopy (FTIR) measurements were performed using a
Perkin Elmer Spectrum Two spectrometer in attenuated total reflection (ATR) mode using a
diamond crystal, in the range 0of 400—4000 cm™', with a resolution of 4 cm™ and 4 replicates per
sample.

Microstructural characterization was carried out using field emission scanning electron
microscopy (FESEM) on a TESCAN Mira3 XMU electron microscope. Energy dispersive
spectroscopy (EDS) analysis was performed on an INCAx-act LN2-free analytical silicon drift
characteristic X-ray detector with PentaFET® Precision and Aztec 4.3 software package
(Oxford Instruments) interfaced with a TESCAN Mira3 XMU. EDS analysis was conducted at
17 points per sample. Unreacted FA particles were excluded from the analyzed areas.

Leaching process

Leaching tests for the G-FA-3 samples were conducted according to the semi-dynamic
leaching test ANSI/ANS-16.1-2003,% the details of which are presented in the Supplementary
material. Based on the Cs leaching results, the leaching rates (LR), diffusion
coefficient (D) and mean leachability index (Lmean) were calculated according to the
equation S1, S3 and S5 which are presented in the Supplementary material.

RESULTS AND DISCUSSION
Physico-mechanical properties
Fig. 1 shows the setting time of G-FA-3 pastes at different Cs contents. All
tested pastes met the requirement defined by EN 197-1 [27] standard, which states
that the start of setting should not be earlier than 60 min. As can be seen, increasing

the Cs content, prolonged both the initial and final setting times compared to the
sample G-FA-3-0Cs. According to the relevant EN 197-1 standard,” the final
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setting time must not exceed 600 min; however, both samples exceeded this limit.
The deviation was more pronounced for the sample G-FA-3-5Cs, which showed
the greatest delay in setting.

Also, in a previous study using a finer fraction of FA,*? longer setting times
were observed in samples containing Cs, which was mainly attributed to the
slowing of condensation reactions. In the present study, the setting times were
approximately twice as long as in the previous study. This can be attributed to a
lower proportion of particles smaller than 45 um in the FA used here, since the
setting behavior depends on the dissolution rate of the starting material. This
process is likely governed by the granulometric composition of FA, which
influences the specific surface area of the particles and, consequently, the reactivity
of the FA. Finer FA particles, due to their higher specific surface area, promote
faster release of Si and Al species,>?® leading to accelerated gel formation and
shorter setting times.

1000
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r 600+
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Fig. 1. Setting times of G-FA-3 samples

The compressive strengths of G-FA-3 mortars at different Cs contents are
shown in Table II. All G-FA-3 samples, regardless of Cs content, exhibited
compressive strength far above the minimum requirement of 3.4 MPa specified by
NRC regulations for the immobilization of radioactive waste.? Increasing the Cs
content to 5 % leads to a slight increase in compressive strength, in contrast to
previous research,?? which reported no significant change in mechanical properties
with the addition of cesium. This behavior may be attributed to enhanced
dissolution of FA and partial structural reorganization of the aluminosilicate gel in
the presence of a larger amount of Cs. This is evident in samples based on FA-3,
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which has lower intrinsic reactivity, where Cs likely promotes additional
dissolution and contributes to a higher degree of gel formation. In the case of the
finer system,?? gel phase formation is predominantly governed by the matrix itself,
limiting any additional influence of Cs, although a prolonged setting time was
observed, as in this study.

Overall, the G-FA-3 samples exhibited lower compressive strength values
compared to G-FA-4 (Table II), which can be attributed to differences in
granulometric composition. Obviously, finer particles enable faster formation of
aluminosilicate gel and thus better mechanical properties. These results indicate
that granulometry plays a key role in governing the mechanical performance of
geopolymer.

TABLE II. Compressive and flexural strengths G-FA-3 samples

Sample G-FA-3-0Cs G-FA-3-2Cs G-FA-3-5Cs G-FA-4-0Cs*
Compressive strengths, MPa
40.4+1.00 40.8+0.44 44.4+0.53 58.9+1.59

Relative compressive strength, MPa (relative to the sample G-FA-3-0Cs)

1.00 1.00 1.11 1.45
Relative compressive strength, MPa (relative to the sample G-FA-4-0Cs*)

0.68 0.69 0.75 1.00

XRD

The XRD patterns of FA-3 and G-FA-3 samples with varying Cs contents are
presented in Fig. S-1 in Supplementary material. The XRD pattern of FA-3
shows crystalline phases characteristic for FA, as in the case of FA-4: quartz (SiO2;
JCPDS #89-8934), mullite (Als.33Si0.6709.33; JCPDS #85-1460), hematite (Fe20s3;
JCPDS #88-2359), anhydride (CaSOs; JCPDS #72-0916) and feldspar
(NaAlSi30s; JCPDS #89-6423). In addition to these crystalline phases, calcite
(CaCOs; JCPDS #72-1937) is observed in G-FA-3 samples due to carbonation,
which was also observed in previous research.'>?? A reflection at 31.7° 26 in the
patterns of the Cs-containing samples, which increases with increasing Cs content,
probably indicate a newly formed crystalline phases with Cs, similar as in the
previous research.'>?? These results show that granulometric composition does not
affect the phase composition of FA and FA-based geopolymers.

FTIR

In Fig.2, the FTIR spectra of FA-3 and G-FA-3 samples, which are very
similar to those of FA-4 and G-FA-4, are shown. The most intense band in the
FTIR spectrum of FA-3 is located at 1058 cm™ and originates from the asymmetric
stretching vibrations of T-O-Si (T = Al, Si).*° The bands of the symmetric
stretching vibrations of Si-O-Si and Si-O-Al are observed at about 796, 780, 676,
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611 cm™!, while the bands of the symmetric bending vibrations of Si-O-Si and Si-
O-Al are located at about 594, 555, and 450 cm™,*° very similar as for FA-4. The
doublet at 796 and 780 cm™! is mainly attributed to quartz, which remains. inert
during geopolymerization.®! In the FTIR spectrum of the G-FA-3-0Cs sample; the
most intense band become sharper and more intense, and are shifted towards a
lower wavenumber, from 1058 cm™ in FA-3 to 1005 cm' in the G-FA-3-0Cs
sample (Fig. 2a). The shift of the most intense band indicates a decrease in the T-
O-T angle and elongation of the T-O-Si bonds, and is most often associated with
the incorporation of Al into the gel structure during the formation of an
aluminosilicate gel.’**¥>-% Such shift was also observed in the case of FA-4-based
geopolymer. The bands at 676 and 594 cm™! in the G-FA-3-0Cs sample cannot be
observed, probably due to the dissolution of FA-3 during geopolymerization, while
the band at 555 cm™! remains unchanged during geopolymerization (Fig. 2b). This
band probably belongs to mullite.>® A similar observation was made when using
FA-4.22 The bands at 1443 and 875 cm! are attributed to the stretching vibrations
of the C-O bond in the carbonate group, indicating the presence of carbonate,'>-*°
which is also consistent with.the XRD analysis. The broad band at about 3390 cm-
"'and the band at 1641 cm™ originate from the bending and stretching vibrations of
the O-H and H-O-H water molecules, which are physically and chemically bound
in the N-A-S-H gel structure.'>-3

In the FTIR spectra of G-FA-3 samples with the addition of Cs, a slight shift
of the most intense band was observed from 1005 ¢cm! (for the G-FA-3-0Cs
sample) to 1003 em™! and 999 cm! for the G-FA-3-2Cs and G-FA-3-5Cs samples,
respectively (Fig. 2a). This slight shift of the most intense band with an increase
in the Cs content in the G-FA-3 samples could indicate some kind of structural
reorganization of the N-A-S-H gel, i.e., an increase in the proportion of Si-O-Al
bonds and a higher degree of crosslinking within the gel network. This structural
reorganization leads to the formation of a more compact and stable matrix, which
1s in an agreement with the observed increase in strength, especially at higher Cs
contents (5 %). The shift to lower wavenumbers was not observed in samples
prepared with FA-4, which can be attributed to the higher proportion of finer
particles (particles smaller than 45 um), resulting in a less pronounced effect of Cs
addition, which could not be detected by FTIR analysis.
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Fig 2. FTIR spectra of FA-3 and G-FA-3 samples (a) full spectral range and (b) expanded
view in the 820-500 cm™' range

FESEM/EDS

As shown in Fig. S-2 in Supplementary material, the addition of Cs did not
significantly affect the microstructure of G-FA-3 samples, as was the case with
FA-4-based samples.

Fig. 3 presents the distribution of atomic ratios for the main elements present
in the aluminosilicate gel. Overall, the high variability in the measured atomic
ratios, as in the case of FA=4-based samples, indicates the heterogeneous nature of
the aluminosilicate gel. Notwithstanding, the findings reveal a decrease in the Si/Al
ratio with the incorporation of Cs, consistent with previous research,”? which
indicates the increase in Al content in the gel. This aligns with the FTIR analysis,
where a shift of the most intense band toward lower wavenumbers was observed
(Fig: 2a). The decrease in the Na/Al ratio with the addition of Cs suggests partial
substitution of charge-balancing Na* ions by Cs* ions in the aluminosilicate gel
structure. Similar trends were observed in the G-FA-4 samples. However, due to
the potential migration of Na* ions under the electron beam during EDS analysis,
the Na/Al ratio should be interpreted as a relative trend rather than an absolute
value.”” This may also explain the Na/Al ratio lower than 1 in the G-FA-3-0Cs
sample.

It is evident that Si/Al ratios are lower for G-FA-3 than for G-FA-4 samples,
indicating a higher proportion of Al in the G-FA-3 gel. It is known that, in the
initial phase of the reaction, a gel with higher aluminium content is formed, due to
the greater solubility of aluminium from the amorphous phase of FA in comparison
to silicon. As the reaction progresses, a gel with a higher proportion of silicon is
formed. Consequently, it can be hypothesized that the alkaline activation reaction
is slower in FA-3 due to its coarser particles, resulting in less developed gel
formation. Due to lower degree of geopolymerization, G-FA-3 samples exhibited
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lower compressive strength in comparison with the G-FA-4 samples, as discussed
in the preceding paragraph.
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Fig.3. Distribution of the atomic ratios of main elements in G-FA-3 samples with varying Cs
contents Inset shows Cs/Al ratio due ti its lower magnitude.

Leaching process

Leaching of Cs

The leaching kinetics of Cs from G-FA-3 samples were investigated based on
the cumulative leached concentration and the leaching rate, calculated according
to equation S1 in Supplementary material, as a function of leaching time. The
obtained cumulative concentrations and corresponding leaching rates are presented
in Fig. 4.

Theleaching rate of Cs was highest during the first 2 h (Fig. 4b), similar to
the case of G-FA-4 samples.?? This trend is characteristic of diffusion-controlled
leaching, where, after the initial leaching of surface-available ions, the transport of
Cs"ions occurs by diffusion through the increasingly compact geopolymer matrix.
In general, Cs leaching rates were higher when the Cs content in the sample was 5
%, indicating that the degree of Cs immobilization decreases with increasing Cs
content, probably due to a higher proportion of weakly bound Cs* ions. These ions
are most likely located on the surface or in the pore solution of the aluminosilicate
gel, which enables their faster leaching. This effect is also clearly reflected in the
cumulative Cs leaching values in samples with higher Cs content. After five days
of leaching, the cumulative leached Cs concentration was approximately 3.8 times
higher in the sample with 5 % Cs compared to the sample with 2 % Cs, although
the Cs content in sample G-FA-3-5Cs is 2.5 times greater than in sample G-FA-3-
2Cs. In comparison to G-FA-4 samples (Fig. S3), cumulative concentrations of
leached Cs were higher, regardless of the comparable initial leaching rates.? It can
be seen that LR values in later periods are higher for G-FA-3 samples, which
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indicates their less compact matrix and easier Cs leaching, meaning lower
immobilization efficiency.
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Fig 4. a) The cumulative concentration of leached Cs and b) the leaching rate of Cs.
(Analytical uncertainty in each point is approximately 1 %)

Leaching of Si and Al

The cumulative leached concentrations of Si and Al are presented in Fig. 5.
The very low concentration of leached Al indicates the stability of the formed gel
in deionized water, regardless of the high concentration of leached Si. As
hypothesized in previous research,” the leached Si originated mainly from
unreacted sodium silicate used as the alkaline activator. This assumption is further
supported by the consistently high pH values (11 — 11.5) of the leaching solution
throughout the entire leaching period, which indicates the leaching of unreacted
alkaline activation solution. Higher concentrations of leached Si in the case of G-
FA-3 (Fig. 5a and S-4a) are probably the result of a slower alkaline activation
reaction, resulting in larger amounts of residual, unreacted sodium silicate in the
gel pores compared to G-FA-4.% It was also observed that the addition of Cs leads
to ‘a decrease in the leaching of Si and Al, particularly at a Cs content of 5 %,
indicating an acceleration of alkaline activation and the formation of a more stable
gel structure, consistent with the observed increase in compressive strength.
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Fig. 5. Cumulative leaching behavior of the main aluminosilicate gel components: (a) Si, (b)
Al. (Analytical uncertainty in each pointis approximately 1 %)

Mechanism of Cs leaching and effectiveness of Cs. immobilization

The diffusion model proposed by de Groot and van der Sloot was used to
determine the primary mechanism of Cs leaching, based on the slope of the
relationship between the logarithm of the cumulative leached Cs (B:) and the
logarithm of time (7).***° The value of B:can be obtained from equation 1:

B, =" (1)

where B: is the cumulative concentration of leached Cs over time ¢, mgm™); ¢

is the contact time, s; Cris the concentration of leached Cs over time 7, mgL™!; Vi

is the volume of the leaching medium, L; § is the geometric surface area of the

sample, m”. A slope value between 0.4 and 0.6 indicates diffusion-controlled

leaching. When the slope value is greater than 0.6, the primary leaching

mechanism is dissolution (it implies that dissolution on the surface is faster than

the diffusion of ions from the interior of the sample), while for a slope value less

than 0.4, surface leaching is the primary mechanism. The obtained values are
shown in Fig. 6.

As can be seen from Fig. 6, the primary mechanism of Cs leaching is diffusion,
regardless of the Cs content. Similar Cs leaching behavior was observed for G-FA-
4 samples, but the slopes were slightly lower (Fig. S2 in Supplementary
material).?? This indicates that the difference in the granulometry of the FA has no
significant effect on the mechanism of Cs leaching from the geopolymer, as
observed for the physico-mechanical characteristics.

The mean leachability index (Lmean) of Cs from G-FA-3-2Cs and G-FA-3-5Cs
was calculated according to equation S5 in Supplementary material. Lmean was 9.4
and 9.1 for samples with 2 % and 5 % Cs, respectively. The obtained Lmean are
higher than 6, which is the minimum value for a material to be considered suitable
for Cs immobilization, according to the NRC criterion.?’
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Fig. 6. The leaching mechanism of Cs from G-FA-3

The corresponding values for G-FA-4-2Cs and G-FA-4-2Cs were 9.7 and 9.3
for 5 days of leaching. Based on presented results, the slightly lower Lmean for G-
FA-3 can be attributed to the formation of a less compact and more permeable gel
structure due to lower reactivity of the coarser FA particles.

CONCLUSION

In this study, the influence of fly ash (FA) particle size distribution on Cs
immobilization was investigated. Geopolymers were synthesized using fly ash
(FA-3) with approximately 82 wt. % of particles smaller than 45 pm, at 95 °C for
24 h, and Cs contents of 2 and 5 wt.%. The obtained results were compared with
literature data for geopolymers prepared under identical experimental conditions
using finer FA-4, with approximately 92 wt. % of particles smaller than 45 pm.

The FA-3-based geopolymers (G-FA-3) showed that the addition of Cs
prolonged the initial and final setting times, indicating a slowdown of condensation
reactions, similar to that observed in G-FA-4 samples. However, longer setting
times were recorded for G-FA-3 compared to FA-4-based geopolymers (G-FA-4).
The addition of Cs also increased compressive strength at 5 wt.% Cs in the G-FA-
3 samples, but compared to G-FA-4, the compressive strengths were lower, which
is attributed to the slower reaction of coarser FA-3 particles. The slower reaction
kinetics likely led to the formation of a less compact aluminosilicate gel structure,
which is reflected in the generally lower compressive strength values of G-FA-3
compared to G-FA-4.

The leaching behavior confirmed that Cs release was diffusion-controlled in
all systems, independent of FA granulometry, with mean leachability index (Lmean)
values of 9.7 and 9.3 for G-FA-3 at 2 and 5 wt.% Cs, respectively. Nevertheless,
the slightly higher Cs release observed for G-FA-3 compared to G-FA-4 is



CESIUM IMMOBILIZATION IN GEOPOLYMERS 1 3

consistent with the formation of a less compact gel network resulting from the
lower reactivity of the coarser FA particles.

Overall, the results confirm that both FA fractions with different particle size
distributions can be successfully applied for Cs immobilization. Although the
influence of Cs on setting behavior, mechanical performance, and leaching
resistance follows the same general trends as those observed for G=FA-4, these
effects are more pronounced in G-FA-3 due to the lower reactivity of the coarser
FA fraction. These findings highlight the importance of optimizing FA
granulometry to improve matrix compactness and mechanical performance
without compromising long-term environmental stability.
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H3Bona

HUCITUTUBAIBGE YTUILIAJA TPAHYJIOMETPUJCKOI CACTABA EJIEKTPOOUJITEPCKOT
MEIEJIA HA UMOBUJIM3ALIUIY HE3UJYMA T'EOIIOJIMMEPUMA

TOPIAHAT. CTAHOJEBUR', MUPOCITAB M. KOM/bEHOBHR', JAHA Jb. TETPOBUR?, PATIA II. TIETPOBUR?
"Uncimuinym 30 Myniugucyuiiunapa uctuparusard, MHCIUmY i 0g HAUUOHATHOT 3HAUAjA 34
Peiiydnuxy Cpdujy, Ynusepsuivew y Beoipagy, Knesa Buwecnasa 1, 11030 Beoipag, Cpbuja, *Hrosayuonu
ueninap Texnonowxo-memanypukot paxynitetma, 11060 Beotpag, Cpouja, u *Texnonmouxo-memanypuxu
(axynitein, Ynugepsuitieli y Beoipagy, Kapneiujesa 4, 11060, beoipag, Cpouja.

YTunaj rpaHysioMeTpHrjcKor cactasa enekTpodunrepckor nenena (E®II) Ha umodunuzanujy
1e3djyMa reonoluMeprMa HUCIHTaH je mopehemeM y3opaka CHHTETHCAHUX Y OBOM pamy; ca
pesyiTatima JaTiM y MPETXONHUM HCTpakuBamwa. CBH y30pLoOM Cy npunpemand Ha 95 °C npu
yneny Cson 2 u 5 mas.%. Ucnuras je ytunaj pacnonene BenuyuHe yectuua EQIT Ha pusnyko-
MeXaHW4YKa CBOjCTBA, CTPYKTypy Tena u usmykuBame Cs. Pesynrath mnokasyjy nmAa
TPaHy/TIOMETPHjCKM CacTaB 3HAa4YajHO YTHYE Ha KHHETHKY TIE€ONOIMMEPH3aLdje H PasBoj
MEXaHWYKHUX CBOjCTaBa. ['eHepasHo, nogasame Cs npony»kasa BpeMe Be3uBama [-EDTII, npu uemy
Cy IyXa BpeMeHa Be3uBamwa youeHa koj [-E®II ca kpynuujum yecturiama E®IT. Takohe, I-EPII
nodujeny kxopuimrhewem E®IT ca xpynHMjUM 4ecTHnama Cy IOKasajld HWXE 4YBpCTohe NpH
NPUTHCKY, IUTO YyKasyje pAa ¢uuuje uyectunle E®II nomctuuy Opke pacTBapame
TyMUHOCUIMKATHUX BpCTa M Opxe dopmupame reonoiaumepHor rena. Msmyxusame Cs je
mrdy3noHO KOHTpOIHCaHOo Oe3 ob3upa Ha BenuuuHy dectuna EQII u ymeo Cs, Hako je cpenmsu
UHIEKC U3myXuBama (Lsr) S0 HeITo HKK Y y3opLuuma ca KpynHujum yectunama EPIT (L« 3a
cse y3opke Ouo je Behu on 9). T'enepanHo, rpaHynomeTpHjcka cBojctBa E®IT yTuuy Ha
PEaKkTUBHOCT TeoNo/iiMMepa, CTPYKTypy Trejla, a CaMMM THM UM Ha MeXaHHWYKa CBOjCTBA U
eduxacHocT umodunusauyje Cs.

(ITpumsseno 16. Maja; peBupgvpaHo 27. maja; nmpuxsaheno 2. jyna 2026.)
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