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The aim of this study was determination of radiological characterization of alkali-activated
material with Sm,Oj; and its polymerization products. Alkali-activated materials with 1 wt.%
and 5 wt.% addition of Sm,0; were synthesized and their natural radioactivity was deter-
mined. Energy dispersive X-ray fluorescence showed changes in the phase composition, or the
formation of stable compounds, at higher temperatures. All samples demonstrated good
pozzolanic activity, while the percentage of Sm,O; was slightly changed. The X-ray photoelec-
tron spectroscopy confirmed that the obtained material has a very low carbon content making
it environmentally friendly, due to its low carbon content. A detailed analysis of the oxygen
peak indicates variations in the stoichiometry of the oxides, which may affect the changes of
natural radioactivity. Scanning electron microscopy confirmed that with the increase in the
temperature of the thermal treatment, the opening of the pores in the alkali-activated material
occurs, as well as further propagation of reaction that increased porosity and crystallization.
Radiological measurement confirmed that examined alkali-activated material is safe for usage
and exploitation. It should be emphasized that the presence of artificial radionuclide cesium

137Cs was not detected.

Key words: alkali-activated material, Sm,0;, gamma-ray spectrometry,
energy dispersive X-ray fluorescence, X-ray photoelectron spectroscopy

INTRODUCTION

In the last few years, alkali-activated materials
(AAM) have become an increasingly important re-
search subject due to their exceptional mechanical
properties, excellent corrosion resistance, and high du-
rability, which is especially important for high-temper-
ature applications [1]. The AAM are known as al-
kali-aluminosilicate cementitious materials that can
exhibit superior mechanical, chemical, and thermal
properties compared to Portland cement-based ce-
ments, with significantly lower CO, emissions during
production [2]. According to the available literature,
AAM demonstrate greater durability than Portland ce-
ment at temperatures between 600 °C and 800 °C and
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even at higher temperatures [3]. After alkali-activation,
AAM form a cage-like closed cavity structure, which,
together with a combination of ring molecules, can en-
capsulate metal ions or other toxic substances and trap
them inside the cavity [4, 5]. Despite this, some metal
cations can participate in the polymerization reaction.
Previous studies have shown promising results in the
treatment of toxic metals by immobilizing into an al-
kali-activated structure [6-9]. [vanovic€ et al. [10] exam-
ined the thermodynamic parameters (viscosity, density,
refractive index, speed of sound) of the alkali activator
and examined the influence on the synthesis of
geopolymers. It was confirmed that, with the knowl-
edge of the thermodynamic parameters, there is a better
understanding of the first stage of gel formation of the
AAM structure. In previous research by Nenadovic et
al.[11]and Kljajevi€ et al. [12], the synthesis and struc-
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ture of AAM, the influence of AAM were examined fo-
cusing on the influence of changes in the aluminosili-
cate matrix and the alkaline activator [13]. Materials
with 12 M NaOH have been the most common subjects.
The aim of this work is to examine the effect of Sm in
the form of its oxide, and incorporation during the ini-
tial phase of gelation of the geopolymer structure. Inter-
est in developing AAM is motivated by economic ad-
vantages as the process allows the use of industrial
by-products (slag, fly-ash) and natural clays, and ka-
olin, to produce a material with significant added value
that is competitive with Portland cement [14]. Building
materials play various roles in construction, so they
should have appropriate properties. Mineralogical and
chemical composition of the raw materials influences
fundamental properties (physico-chemical, mechani-
cal, and long-lasting) of building materials [15]. Since
these materials are usually considered as naturally oc-
curring radioactive materials (NORM), the radiological
aspect of their use as building materials should also be
taken into account [16]. Determining the content of nat-
ural radionuclides in building materials is important for
assessing the radiation exposure of people, who can
spend up to 80 % of their time indoors [17, 18]. Terres-
trial radiation in buildings originates not only from the
soil [19, 20] but also from the building materials used
[21,22]. For the last few decades, radiological research
related to construction materials and buildings and their
impact on human health has been supported. Building
materials strongly influence indoor levels of the radio-
active gas radon — a direct descendant of 2>°Ra, and its
decay products, which contribute significantly to total
inhalation doses. International studies by the World
Health Organization (WHO) [23] and the International
Commission on Radiological Protection [24] show that
building materials have a non-negligible share in the
public's exposure to radiation due to radon. Depending
on the material, the concentration of natural
radionuclides (mainly *?Ra, 2*?Th, and “’K) ranges
from 1 Bgkg™' to 4000 Bgkg™' [25]. In the focus of the
research of Ivanovic ef al. [16] was kaolin, which was
the subject of their previously published work [26], and
its polymerization products — AAM. The structural
characteristics of precursor materials and AAM sam-
ples were investigated using different analytical tech-
niques. The DRIFT and XPS analyses were used to
monitor the formation of new chemical bonds during
the synthesis of geopolymers as potential construction
material. Gamma spectroscopic measurements of a set
of samples (kaolin, metakaolin and geopolymer) deter-
mined the activity of natural radionuclides (*?°Ra,
232Th, and “°K). One of the challenges is the fact that,
despite the large number of studies and increasing atten-
tion on AAM, they are not fully elucidated, since the
polymerization process of AAM and the structure itself
are not yet fully understood, considering the variety of
precursors that can serve as the basis for obtaining these
type of material. This work focuses on paying more at-

tention to the structural, chemical, and radiological
characteristics of the obtained AAM samples.

EXPERIMENTAL
Materials and methods

The used kaolin is high clay obtained from Ser-
bia. The physicochemical and radiological character-
ization of kaolin and its polymerization products were
investigated in previous work by Nenadovic et al. [18]
and Ivanovi€ et al. [16]. It was shown that the struc-
tural characteristics of this kaolin are suitable for
mechanochemical, radioactivity, and thermal treat-
ment planned in this research. The alkaline solution
was prepared from sodium silicate (volume ration
Na,Si03/NaOH=1.6) and 12 M NaOH. The reference
alkali activated was formed from metakaolin, 1 wt.%
or 5 wt.% Sm, 05, and the alkaline solution (solid/lig-
uid ratio was 0.85), mixed for 10 minutes and then left
at room temperature for one day. Finally, the mixture
was kept in a sample drying oven for two days at con-
stant temperature 50 °C. A time of 28 days is necessary
to complete the process of polymerization.

In this research, 8 samples (S1-S8) were synthe-
sized. Sample S1 was synthesized with 1 wt.% Sm,0;,
while sample S2 was synthesized with 5 wt.% Sm,0;.
Samples from S3 to S8 were thermally treated at tem-
peratures 0of 300 °C, 600 °C, and 900 °C. The synthesis
results are presented in tab. 1.

CHARACTERIZATION TECHNIQUES

Energy dispersive X-ray
fluorescence spectrometry

Energy dispersive X-ray fluorescence (EDXRF)
is a rapid, straightforward, and cost-effective non-de-
structive technique for multielement analysis. For this
process, the pulverized sample was pressed into a pellet
and analyzed directly using an XRF spectrometer
equipped with three monochromatic excitation sources
built in-house: *°Fe, 'Cd, and ?*' Am. This configura-
tion of monochromatic excitation sources allows for
optimal excitation across arange of elements, from light

Table 1. The chart of synthesized samples

Number Code ofthe| Amount of | Thermal treatment
sample | SmyO; [wt.%] | temperature [°C]
1 S1 1 Sm203 —
2 S2 5 Sm203 —
3 S3 1 Sm,0;3 300
4 S4 5 Sm,03 300
5 S5 1 Sm,03 600
6 S6 5 Sm,03 600
8 S8 5 Sm,03 900
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elements such as sodium (Na) and potassium (K) to
heavier elements such as samarium (Sm). The resulting
fluorescence radiation was detected using EDXRF
spectrometers with SDD or Si(Li) detectors. Details on
the spectrometer configuration and the quantitative
analysis software used are available in the referenced
sources [27, 28].

Diffuse reflectance infrared
Fourier transform spectroscopy

The DRIFT spectra were obtained using a
Perkin-Elmer FTIR spectrometer. Approximately 5 %
of the samples were dispersed in dry, spectroscopic
KBr with arefractive index of 1.559 and a particle size
of 5-20 um. Baseline KBr spectra were obtained, and
spectra were rationed to the background. The spectra
were scanned at a resolution of 4 cm™! and collected in
the mid-IR region from 4000 cm™" to 400 cm™'.

The X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) was
performed using a SPECS instrument for X-ray photo-
electron spectroscopy by monochromatic Al Ko line
with a photon energy of 1486.67 eV. Detailed spectra of
the main photoelectron lines were taken in the fixed ana-
lyzer transmission mode with a pass energy of 20 eV
(FAT 20), an energy step of 0.1 eV, and a dwell time of 2
seconds. Charging compensation was performed using
an electron flood gun and the constant current and volt-
age. The survey spectra were performed according to the
characteristic spectral line intensities.

Scanning electron microscopy

An emission scanning electron microscope
(FESEM, FEIScios 2, DualBeamsystem) was used for
morphological examinations. The samples were attached
to the sample holder using double-sided copper tape. Mi-

Table 2. Chemical composition of AAM

crographs were taken at an accelerating voltage of 15 kV
and a chamber pressure of approximately 9-10~ Pa.

Gamma-ray spectrometry

The radiological characterization of the synthe-
sized samples was performed using the gamma spec-
trometric method. This method is used to identify
gamma emitter radionuclides present in the tested
samples, as well as determination their specific activ-
ity. Measurements were carried out in accordance with
international recommendations [29]. The measure-
ments were performed on a semiconductor HPGe
spectrometer (Canberra, relative efficiency 18 % and
resolution 1.8 keV at 1332 keV) and, due to the
achievement of the appropriate measurement uncer-
tainty, lasted 60000 s each. The preparation of refer-
ence radioactive material for spectrometer efficiency
calibration according to the recommendations of the
International Atomic Energy Agency (IAEA) [30]
was carried out using a certified solution of a mixture
of gamma emitting radionuclides (**'Am, '%Cd,
139CC, 57C0, 60CO, 137CS, 133Ba, SSSI', SICI', ZIOPb, and
8Y) produced by the Czech Meteorology Institute
(CMI). The spectra of the tested samples were re-
corded using the Genie2000 software package (Can-
berra). Energy calibration was performed with refer-
ence point standards '3*Ba and ®°Co.

RESULTS AND DISCUSSION

Energy dispersive X-ray
fluorescence spectrometry

Quantitative EDXRF chemical analysis deter-
mined the percentage composition of oxides in samples
S1-S8. The results in tab. 2. show a high level of sili-
con(IV)-oxide (Si0O,), aluminum(IIl)-oxide (Al,O,),
sodium oxide (Na,O), and iron(Il)-oxide (Fe,O5).
Based on the literature [31], good pozzolanic activity of

Samples
Thermally treated [°C]
Oxides Non-treated Sm,0; 1wt.% Sm,0; 5wt%

Sm,0;5 Iwt.% Sm,0; 5wt.% 300 600 900 300 600 900

S1 S2 S3 S5 S7 S4 S6 S8
Na,O [%] 16.95 14.33 15.53 18.09 15.02 18.50 18.23 16.36
MgO [%] 1.81 3.16 2.80 0.99 1.86 2.04 1.67 2.17
ALOs [%] 23.76 24.19 23.72 22.83 24.39 23.28 22.46 22.57
Si0O; [%] 53.11 51.89 53.50 53.54 53.67 52.50 51.25 51.72
K,0 [%] 1.55 1.53 1.53 1.65 1.72 1.50 1.49 1.63
CaO [%] 0.29 0.29 0.29 0.29 0.35 0.28 0.28 0.30
TiO, [%] 0.26 0.21 0.47 0.46 0.53 0.42 0.43 0.45
Fe,05 [%] 1.53 1.41 1.46 1.47 1.68 1.41 1.40 1.56
Sm,0; [%] 0.63 2.89 0.61 0.59 0.68 2.85 2.70 3.13
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the material requires that the content of silicon, alumi-
num, and iron oxides (SiO,+ Al,O;+ Fe,0;) be greater
than 70 % and that the material contains as much of the
amorphous phase as possible. All the samples have
good pozzolanic activity because the sum of silicon,
aluminum, and iron oxides (SiO,+ Al,O5 + Fe,03) is
greater than 70 %. Pozzolanic activity for untreated
samples is S1 = 78.40 % and S2 = 77.49 %.

Table 2 shows the percentages of oxides present in
thermally treated samples in which Sm,0, was incorpo-
rated. As with samples that were not thermally treated, it
is observed that the largest contribution is made by
silicon, aluminum, and sodium oxide, which are charac-
teristic of aluminosilicate materials. Elevated tempera-
tures generally increase the percentage of oxides such
as Na,0, Al,054, Si0,, and TiO,. These changes indicate
changes in the phase composition, or the formation of
stable compounds, at higher temperatures. All the
samples show a good pozzolanic activity, meeting the
standard of the American Society for Testing of
Cementitious Materials (ASTM C618) [32] with a
combined content of SiO,, AL,O;, and Fe,O; exceed-
ing 70 %. The thermally treated samples show slightly
different results, which indicates that the thermal treat-
ment affects the pozzolanic activity of the material.
The results of the pozzolanic activity for the thermally
treated samples are for S3 = 78.68 %, S4="77.19 %,
S5=77.84%,S6="75.11%,S7=79.74 %, S8 =75.85 %.
Based on the results, it can be concluded that pozzolanic
activity increases in samples with 1 wt.% Sm,O;, while
pozzolanic activity decreases in samples with 5 wt.%
Sm,05.

The thermal treatment causes slight changes
compared to the basic samples, such as the percentage
composition Sm,0;, which in some samples show an
increase, while the MgO content decreases, which in-
dicates possible phase changes. Oxides such as AL,O5,

110

Si0,, K,0, and CaO remain stable, indicating thermal
stability.

Diffuse reflectance infrared Fourier
transform spectroscopy

The graph in fig. 1 shows the DRIFT reflectance
spectra of geopolymer samples with incorporated 1 wt.%
Sm,0;, the samples were analyzed at different temper-
atures: S1 (non-thermally treated), S3 (300 °C), S5
(600 °C), and S7 (900 °C). The adsorption of CO, from
the atmosphere is also observed in fig. 1, the vibrational
bands attributed to this are located at 2793 cm™! and
1470 cm™' [33, 34]. The assignation of the band at 1030
cm™! is characteristic of Si-O-T (T= Si or Al) asym-
metric vibrations. The stretching vibration of Sm-O oc-
cursat 796 cm™!. The confirmation of the Sm-OH bond
formation is the assignment of the Sm-OH bending vi-
bration band at 669 cm™'. The stretching vibration of
Sm-O-Si is visible in the 561 cm™! vibrational band [35].
The S1 remains in its original, less modified form, with
the highest reflectance. Samples S3, S5, and S7 show
structural changes, with reorganization of the silicate net-
work as the temperature rises. The trend is clear: higher
temperatures lead to more significant structural modifi-
cations, with S7 showing the most changes, likely due to
crystallization or partial sintering at 900°.

The graph in fig. 2 shows the DRIFT reflectance
spectra of geopolymer samples with incorporated 5
wt.% Sm,0;, the samples were analyzed at different
temperatures: S2 (non-thermally treated), S4 (300 °C),
S6 (600 °C), and S8 (900 °C). The values of the
wavenumbers remained almost the same; there is a dif-
ference in the band characteristic for forming the
Sm-OH bond; its value after thermal treatment is
3623 cm!. Also, the bands for carbon- dioxide ad-
sorption from the atmosphere have 2784 cm™ and
1475 cm™! wavenumber values.
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with incorporated 5 wt.% Sm,0;,
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Atwave numbers 1033 cm™, 807 cm™, and 669 cmi ™,
there are vibrations corresponding to Si-O-T, Sm-O, and
Sm-O-H bonds, respectively.

The X-ray photoelectron spectroscopy

The XPS analysis of aluminosilicate materials is
quite demanding. Due to its insulating properties,
non-uniform surface charging occurs, which results in
peak broadening. For this reason, one should be very
careful when talking about this type of characteriza-
tion because materials of natural origin are generally
multiphase.

Figure 3(a) shows the survey spectrum of AAM
treated at 300 °C. The most dominant spectral line be-
longs to oxygen O 1s, while very pronounced peaks
for aluminum Al 2p, and silicon Si 2p are also visible
due to the chemical composition of the material. The
presence of samarium can also be seen from the survey
spectrum at binding energy around 1100 eV. From the
same image, it can be seen that the carbon peak practi-
cally does not exist. This speaks in favor of the fact that
this is effectively a carbon-free material.

Figure 3(b) shows the O 1s spectral line of the
AAM treated at 300 °C, which has been resolved into
two contributions (Ols-1 and O 1s-2). The first more
prominent contribution of O 1s-1 at 531.2 eV belongs
to siloxo (Si-O-Si) and sialate bonds (Si-O-Al). An-
other contribution of O 1s-2 at 529.1 eV can be attrib-
uted to Si-OH and Si-ONa bonds. From the graph, it
can be concluded that the great majority of chemical
bonds in AAM are siloxo and show stability at ele-
vated temperatures, figs. 3(c) and 3(d). The O 1s-1
contribution shows that it represents the basic matrix
of AAM and that it does not suffer major chemical
changes with conditions. As for the second contribu-

Wavenumber [cm_1]

tion, O1s-2, it shows an irregular trend with increas-
ing temperature. At 600°C, the Ols-2 contribution
drops considerably, fig. 3(c), while at 900 °C, fig.
3(d), it reappears in a higher percentage (about 20 %).
This indicates that at the maximum treatment tempera-
ture, Si-OH and Si-ONa chemical bonds are regener-
ated to a higher extent compared to the lowest treat-
ment temperature.

Scanning electron microscopy (SEM)

The SEM micrograph at 1200x magnification,
fig. 4(a) shows the overall morphology of sample S1.
The particles have irregular shapes with variable sizes.
The surface is heterogeneous, which indicates a com-
posite material with a porous structure.

After heat treatment at 300 °C, fig. 4(b), the struc-
ture becomes more compact. The surface is still uneven,
but the pores are more pronounced, and slight cracks in
the structure of the material are noticeable. Heat treat-
ment at 300 °C leads to slight compaction of the particles,
which could be attributed to a slight ordering of the
crystal structure at high temperatures [36]. Treatment at
600 °C, fig. 4(c), additionally changes the morphology;
the particles become larger, and a greater degree of
sintering occurs. The surface becomes smoother, which
indicates thermal stabilization. The micro-structure
shows porosity, and the presence of an initial phase of
crystallization within the matrix is possible [36]. By in-
creasing the temperature of the thermal treatment, the ef-
fect of pore expansion and crystallization of the sample
occurs. Thermal treatment at 900 °C contributed to the
visible crystallization of the sample. The structure has
become more homogeneous, with a smooth surface and
porosity, as shown in fig. 4(d).

The sample doped with 5 wt.% Sm, 05, fig. 5(a),
shows a similar structure to the sample with 1 wt.%
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Figure 3. The XPS analysis of AAM with 5 wt.% Sm; (a) Survey XPS spectrum, (b) O 1s 300 °C, (c¢) O 1s 600 °C,

and (d) O 1s 900 °C

Sm, 05, but with larger agglomerates. The particles are
coarser and have less sharp edges. Porosity is present,
but the particles appear more stable and compact. Ata
temperature of 300 °C, compaction and consolidation
of the structure occurs, a similar trend to the sample
with 1 wt.% Sm,0;, but with the presence of a higher
concentration of Sm,0;, the structure appears more
stable. Porosity is still present, fig. 5(b), with a higher
number of open pores compared to the lower dopant
sample, fig. 4(b). A similar sintering trend is observed
in both samples, but the sample with 5 wt.% Sm,0; in
fig. 5(c) shows a clearer crystalline phase and a more
homogeneous micro-structure. Also, compared to the
sample thermally treated at 600 °C with 1 wt.%
Sm,0;, the sample with 5 wt.% Sm,O; has a more pro-
nounced tendency to expand the pores. This sample
appears more stable at this temperature. At 900 °C, the
sample with 5 wt.% Sm,O; in fig. 5(d) shows crystalli-
zation [36] and a more stable structure compared to the
sample with 1 wt.% Sm,O; in fig. 4(d). There are
fewer pores and irregularities, which indicates better
thermal stability due to a higher amount of Sm,0;. The
presence of Sm,0; in geopolymers significantly af-
fects their morphology, especially at higher concentra-
tions and higher temperatures of thermal treatment.

Gamma spectrometric analysis

It is known that all building materials contain
different activities of natural radionuclides. Given that
the synthesized aluminosilicate materials have a po-
tential application in construction, the specific activity
of radionuclides for thermally untreated samples was
determined and the results are presented in tab. 3.
Measurement uncertainty are given at the 95 % confi-
dence level (k =2).

Given that a natural material, metakaolin, was
used for the synthesis of aluminosilicate material, the
presence of *’Cs could be expected, which was found
in nature partly after the nuclear tests, and to the greatest
extent after the accident in Chernobyl. However, tab. 3
shows that the specific activity of this radionuclide was
below the detection minimum. Also, no other produced
radionuclide was detected.

As the aim of this investigation was to examine
whether AAM are safe for use in construction from a
radiological aspect, the recommendations of the Euro-
pean Commission on the principles of radiological
protection concerning the natural radioactivity of
building materials [37] were respected. There it is
stated that as a screening method should be used activ-
ity concentration index (ACI) determination. An ACI
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Figure 5. The SEM micrographs at the magnification 1200x; (a) S2, (b) S4, (¢) S6, and (d) S8
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Table 3. Specific activities of radionuclides in thermally
untreated samples with measurement uncertainties
k=2

. ) Thermally untreated samples
R“‘[C]‘S}‘c’lﬁ‘g*ﬂide 1 wt.% Sm0; | 5 wt% Sm,0;
S1 S2
210py, 146 + 32 240 + 37
2%Ra 96 + 12 106 + 13
) 184 + 38 <160
By 16+6 <12
28Ac(**Th) 66 + 24 <40
K 443 £ 106 262 + 83
¥7Cs <3 <3

value of less than 1 ensures that the internal annual ef-
fective dose rate E, originating from the tested mate-
rial, if all the structures of the room are made of it, will
be less than 1 mSv per year. If the ACI is greater than 1,
it is necessary to evaluate the E for other possibilities
(oraspecific case) of using the tested material. In addi-
tion to ACI, Hint was also calculated, which is more
rigorous in terms of 2>Ra concentration, because it
also takes into account the dose received by inhaling
radon and its descendants (radon is considered the sec-
ond cause of lung cancer, after cigarettes).

The E is calculated by eq. (1) [37], using a con-
version coefficient of 0.7 SvGy ™! to convert the ab-
sorbed dose in the air into the effective dose in the hu-
man body. The D is the absorbed dose in the air and p-¢
is annual exposure time, where p is the percentage of
years during which humans are exposed to radiation
and ¢ is 8.760 hours (number hour in year)

E(mSv per year) = D(HGTYJ

S @)
v -6
-p-t(h per year)- 0.7(—) 10

Gy

For estimate indoor effective dose rate (Ej4o0m
Eqy o,) calculation takes into account that the people
spend about 80 % of the time indoors (indoor occu-
pancy factor p is 0.8) [37].

The absorbed dose in the air, D (nGyh™), is esti-
mated based on eq. (2) [37], where are: ¢; specific dose
rate for isotope i in (nGyh!)/(Bgkg ™) and 4, the activ-
ity concentration of isotope i in Bqkg™!

D = 4226, 'A226Ra+‘1232ﬂ, ‘A232Th+ 940, ‘15140K 2

Value of g; are usually calculated by simulating
of different cases. To calculating ¢g; for estimate ab-
sorbed dose of building material, the most frequently
used is a standard model room (a room of 20 m? and
2.8 min height). An ACI value less than 1, eq. (3), en-
sures that £ will be less than 1 mSv per year if all the
structures of the room (floor, walls and ceiling) are
made of tested material

A226Ra + 1‘11232Th N 940,
300 200 3000

ACI =

3

For some cases they are too strictly defined, so
these are only screening parameters. When ACI is
greater than 1, it is necessary to estimate the dose for
the situation in which the observed material is used,
for example if they are used for construction only parts
of the room: floor and walls (Dg, ), floor only (Dy), sur-
face material for all walls (Dg,,). Estimates of ab-
sorbed dose for these cases where made using egs.
(4)-(6), respectively [37]

Dy, =067 Ay +078 Ayyy  +0057- Ay (4)
Dy =024-Ap +028 Aypy +002- A4 (5)

Dy, =012 Ay +014- 455, +00096- 44 (6)

In addition to the external radiation, radon and
its short-lived products are also hazardous to respira-
tory organs, and that is quantified by internal hazard
index H,,, eq. (7), [22]. The value of H,,, should be
less than 1, for material used indoor

= Ay, + Ay, + 940, %
185 259 4180

Table 4 shows the parameters of radiological
safety for samples of synthesized aluminosilicates.

Calculated radiological safety parameters indi-
cate an acceptable radiological risk for use these mate-
rials for building, i.e. annual effective dose of radia-
tion to the human body originating from the interior of
standard room (4 x 5 x 2.8) m with all structures (floor,
ceiling and walls) built with them is for both samples
below the limit of 1 mSv, each [37, 38].

The specific activities of radionuclides in ther-
mally treated samples were determined by gamma spec-
trometric analysis and presented in tab. 5. As mentioned,
all building materials contain different activities of natu-
ral radionuclides. All present radionuclides 2'°Pb, 22°Ra,
238J, 235U show moderate deviations from the usual val-
ues according to UNSCEAR [17] and do not represent
any alarming data. Also, as in all previous samples, the
presence of artificial radionuclide '3’Cs was not detected.
The ACI and H,, are greater than 1 for samples
S5-S8, which indicates that additional assessments of
radiological hazard are needed to examine in which
cases the materials are suitable for internal use in con-
struction.

As can be seen from tab. 6, all tested heat-treated
samples are acceptable from a radiological point of
view if they are used for construction the next parts of
room: floor and walls, floor only, surface material for

Table 4. Radiological safety parameters of thermally
untreated samples: ACI and H,,

Thermally untreated samples

Radiological safety 1 Wt.% Sm,0, 5 wt.% Sm,0s
parameters
S1 S2
ACI 0.798 0.641
Hy [Bakg '] 0.865 0.778
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Table 5. Specific activities of radionuclides in thermally treated samples with measurement uncertainties (k = 2)

Thermally treated samples
Radiomuclide [Bakg™] Smy0; 1 wt.% \ Smy0; 5 wt.%
S$3 (300 °C) S5(600°C) | S7(900°C) S4 (300 °C) S6 (600 °C) S8 (900 °C)

210pp, 166 +28 173 430 90 +20 113 +22 248 +31 <25
%Ra 86 +11 200 +10 150 10 81 £10 135 +29 133 £9
By 277 £37 190 £30 124 +28 200 +30 140 430 108 +23
By 15 43 17 2 12.8+1.8 1142 8 +1 7.7+1.1

BAc(**Th) <30 85 +16 73 +14 65 +20 90 +20 80 +14
OK 320 +80 720 £90 625 75 <190 642 +84 629 +75
Cs <3 <2 <1 <3 <2 <1

Table 6. Radiological safety parameters: the ACI and H;,, absorbed dose in the air (D) and annual effective dose from
inside (Einq00r) for three different cases of possible use of thermally treated samples (floor and walls, only floor, superficial

material for all walls)

Thermally treated samples
Radiological safety parameters Smy,0; 1 wt.% Sm,0; 5 wt.%
S3 (300 °C)| S5 (600 °C) |S7 (900 °C) | S4 (300 °C) | S6 (600 °C) | S8 (900 °C)
ACI 0.543 1.332 1.073 0.658 1.114 1.053
H, [Bakg '] 0.647 1.559 1.223 0.728 1.211 1.159
Dy, [nGyh™], floor and walls / 241.34/191.34"|  193.07 / 197.24 187.36
Dy [nGyh™'], only floor / 86.20 68.94 / 70.44 66.90
| Dauwp [nGyh™'], superficial material for all walls / 42.8 34.22 / 34.96 33.20
Eindoortw (MSV per year) / 1.18/0.94" 0.95 / 0.97 0.92
Eindoor.f (MSV per year) / 0.42 0.34 / 0.35 0.33
Eindoorsup (MSV per year) / 0.21 0.17 / 0.17 0.16

* This is not the excess exposure from building materials because concrete structures shield against gamma radiation from the undisturbed
earth's crust. Using the average value of 50 nGyh ™' for the background, the excess dose rate in the room is therefore

(241.34-50) nGyh ' = 191.34 nGyh™'

all walls. Due to, the annual effective dose of radiation
of external exposure from all the investigated, ther-
mally treated samples, does not exceed 1 mSv per year,
if they are used like superficial material, these materi-
als are acceptable for radiological aspect for the use as
external insulation materials.

CONCLUSIONS

A detailed structural, physicochemical and ra-
diological analysis of AAM doped with 1 wt.% and 5
wt.% Sm,0; was performed in this research. The
tested material showed great potential for application
in everyday life in various branches of industry. It is
very important to point out that from relatively
low-cost raw materials we can get a useful and usable
material for wide applications in industry — mechani-
cal properties, corrosion resistance, and high durabil-
ity in high-temperature applications. The XRF analy-
sis confirmed the chemical composition (converted to
oxides) dominated by silicon (IV)-oxide (SiO,), alu-
minum (IlI)-oxide (Al,0;), and iron (III)-oxide
(Fe,05), which leads to excellent pozzolanic proper-
ties material. At elevated temperatures, the examined
AAM proved to be very stable and the stoichiometric
content of the oxide was slightly changed, while the
pozzolanic activity was more pronounced in the sam-
ple with 1 wt.% Sm,O5.

The DRIFT method confirmed that thermal treat-
ment changes the chemical bonds in AAM. The most
significant changes occur at the highest temperatures.
In this study, the largest change was observed in sample
S7 treated at 900 °C, where the formation of the Sm-OH
bond is most clearly seen. The XPS analysis showed
that the investigated AAM has a very low (almost
non-existent) carbon content, classifying this material
as green-sustainable material for future applications.
Based on the shift of the fitted O1s spectral lines, it can
be concluded that with increasing temperature of ther-
mal treatment, the amount of Si-OH and Si-ONa bonds
increases, because with increasing temperature (maxi-
mum 900 °C) these bonds are regenerated and recon-
structed. The SEM characterization additionally con-
firmed the structure and micro characteristics of the
tested samples. It was clearly observed that the porosity
and crystallinity of the grains increases with the in-
crease in temperature. At 900 °C, the examined AAM
were almost sintered. Better characteristics were ob-
served in AAM doped with 5 wt.% Sm,0O;, while a
slightly less stable structure was noted in samples with
1 wt.% Sm,0;. It is obvious that the amount of Sm,O;
affects the stability of alkali- activated materials, by in-
creasing the crystallinity and decreasing the pore size.
Gamma spectrometric analysis showed that all the mea-
sured samples contain radionuclides (>'°Pb, %?Ra,
238, 235U, 228 Ac (**2Th), “°K) at concentrations within
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typical ranges, whereby the presence of '¥’Cs was not
detected. Although the ACI for some tested materials is
greater than 1, this does not pose a problem for commer-
cial use and is considered safe for a surface construction
material, because the E for that use, calculated accord-
ing to the recommendations of the European Commis-
sion, does not exceed 1 mSv per year.
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PAINOJOMKA KAPAKTEPU3AIINJA AJIKATHO AKTUBUPAHOI' MATEPUJAIIA
JOIMUPAHOI CA SM203 1 IbETOBUX IMMPOU3BOJA NOJMMEPU3AIIMIE

Lwum oBor pama 6mo je ogpebmBame papmoniomke KapakTepu3aldje ajlKaTHO aKTHBUPAaHOT
Matepujana ca Sm,0; 1 ’BeroOBIM NPOAyKTHMa TonMepu3anyje. CHHTETHCAaHH Cy aJIKaJIHO aKTUBUPAHU
Matepujanu ca popmaTtkoM 1 Mmac.% u 5 mac.% Sm,0; u oapebeHa je mpupogHa pafgMOaKTHBHOCT.
Eneprercka nucrnep3uBHa peHAreHCKa (hIyopecleHIrja nokas3ana je mpoMeHe y (pa3HOM cacTaBy WU
¢opmMupame CTaOUITHUX jeinkHeHha Ha BAIIMM Temnepatrypama. CBU y30pny NOoKa3yjy Ko0py MyIOJIaHCKY
aKTUBHOCT, IOK je mporeHaT Sm,0; He3HaTHO MpoMemeH. PeHAreH hoToeIeKTPOHCKA CIIEKTPOCKOHja
MOTBPAMIIA je a MOOUjeH! MaTepujal uMa BeoMa HU3aK Cajp:Kaj YIJbEHUKA U JIa je Kao TaKaB MOTIIYHO
€KOJIOIIKY 300T HUCKOT YIJbeHMYHOT OTHCKa. [leTalbHa aHaIM3a MIKa KUCEOHNKa yKa3yje Ha Bapujanuje y
CTEXHOMETPHUjH OKCHAa, KOjeé MOTy YTHIaTH Ha HPOMEHY BPENHOCTH HPHUPONHE PagHOaKTHBHOCTH.
Ckenmpajyha enekTpoHCKa MEKPOCKOTHja TIOTBPANIIA je Ia moBehameM TeMIepaType TepMuike oopaje
JoJa3u 10 OTBapama Iopa y alKajlHO aKTHBHPAHOM MaTepHjaly, Kao W Jajber IIUpetha peakiuje
noBehara MOPO3HOCTH M KpUCTanu3anuje. PaguonomkuM MepemeM je TOTBpHeHO fja je UCIUTHBAHU
aJIKaITHO aKTHBUpaHU MaTepHjai 6e30efaH 3a ynorpeOy u ekcruroaTanyjy. Tpe6a HaraacuTH ja IprucycTBO
BEIITAYKOT pauoOHyKauza 1e3ujym °’Cs Huje JeTEKTOBaHO.

Knyune penu: ankaano axitiusupanu maitiepujan, Sm,0s, 2ama cileKitipomeiipuja, eHepzeiicka
oucilep3usHa peHOZeHCKa PAyopecueHyUja, peHOZeH (hollloeneKiUpOHCKa
cilexipockoiiuja



