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The physic-chemical properties of ash extracted from smoke during the combustion of coal at the Burshtyn
thermal power plant were investigated. The particles formed in the flame are crystallized glass beads with a size
of 0.8-600 um. It was found that the ash particles are heterogeneous in their chemical composition. The mass
content of the ferric oxides can vary from 2.1 % to 96.4 %, however, despite this, the Al,O4/SIO; ratio in the glass
balls remains constant at a value of 0.47 = 0.02. Phase analysis confirmed the presence of a-quartz particles
(~ 62 wt%), mullite (~ 32 wt%) and a-FeOOH, a-Fe,0O; and Fe;0O, mixtures (totaing 6 wt%). Radiological
studies have reveded higher B- and y-activity of fly ash, selected from the dump, compared with the fly ash from
the electro-filter. Thisis due to the accumulation of *“Pb and #Bi radionudlides particles formed on the surface

of the particles due to due to decay of Rn.
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I ntr oduction

During the combustion of coal, anthracite or
combustible shale on the thermal power plants (TPPs),
the solid wastes are produced in the form of dag (with
the particle size <1 mm) and fine fly ash. The amount of
this waste relative to burned coal can be up to 16 % [1].
Slag wastes are used as components of concrete
mixtures, as basis for building slag blocks, etc. However,
fly ash presents a difference from slag both in particles
morphology and in phase composition therefore, it is not
widely used. Fly ash small particles generated in the coal
combustion zone, are driven by flue gas, caught by an
electrofilter, mixed with water in the form of a
suspension, and then transported to an ash dump. In
Ukraine, about 8 million tons of waste is accumulated
annually, but only 5% is being used. About 400 million
tons of fly ash is concentrated in the Ukrainian TPP
dumps. About 40 million tons of fly ash accumulate in
the bins of Burshtyn TPP [2, 3]. Such wastes are the
reason of environmenta pollution. Fly ash is spread by
the wind and causes air contamination, changes the
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chemical and mineralogical composition of the soil.
Impregnation of water from ash dumps to the ground
leads to the dissipation of pollutants (heavy metals,
radionuclides) into underground waters, and with them —
in rivers, from where people are usng water.

According to the literary data, the state of utilization
of the fly ashes by TPPs is satisfactory in Finland, Grest
Britain and Germany [4-6]. In the European Union, 50%
of the fly ashes are processed into useful products, and in
the US - only 25%. In many countries, research is being
carried out on the creation of new technologies, for
example, for the production of cement, concrete
products, as well as during construction of roads [5, 7].
Undoubtedly, the in-depth study of the physico-chemical
properties of the fly ash of each TPP will accelerate the
search for new enrichment or modification technologies
that will ultimately expand the applications of these
minera waste.

The am of this paper is to investigate the
morphology, phase composition and radiologica
properties of fly ash from the Burshtyn TPP.
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Fig. 1. SEM of fly ash particles: a— magnification x1200 times; b - magnification x500 times (the e emental
composition was determined in the balls marked with the labels in the image b).

I. Materialsand Methods

The samples of fly ash were selected in two places:
the first placeis from an dectrofilter, in which the ash is
removed from the chimney gases, and the second placeis
from ash-store, whereit is sored.

The morphology of the fly ash particles was
investigated using a scanning electron microscope
REMMA-102-02 (Ukraine), coupled with an express-
andyzer of the elemental composition of the samples. X-
ray fluorescence analyzer EXPERT-3L (Ukraine) was
used for the precise determination of the eementa
composition of the samples.

The size digribution of the fly ash particles, as well
as their specific surface area, was investigated by the
Malvern Mastersizer 3000 E laser diffraction particle
size analyzer (England). Ethanol was used as a
dispersion medium.

The phase composition of fly ash was determined by
X-ray diffractometer DRON-3.0 equipped with Cu-Ka
radiation. XRD patterns were analyzed by the Rietveld
method using the software Full Prof.

The structure of the fly ash particles was investigated
by infrared spectroscopy (IR spectroscopy). The sample
(4 mg) was mixed with KBr in a 1: 100 ratio and
homogenized in a vibrating mill for 5 minutes. The
prepared mixture was compressed by forming a plate of 8
x 20 mm and mass 20 mg. The spectra were recorded on
the spectrophotometer SPECORD M80 (Germany).

For radiological studied of fly ash, a dosimeter, G-M
detector and gamma spectrometer were used. The
average dose in Roentgen per second (uP-s?) of
radiation was measured by dosimeter “SRP-6801". The
B-activity of fly ash was measured using G-M detector
with applied voltage 400 V. The gamma spectra were
obtained using scintillated detector with  Nal(Tl),
equipped with program AkWin. We calibrated gamma
spectrometer with standard gamma sources **’Cs and
%Co. The gamma spectrometer efficiency (o) was 9 %.
Applied voltage — 1100 V. Instruments manufactured by
the enterprise “Atom Complex device’ (Ukraing). The

172

average activity was measured using equation: A = Niy
— N/ m t¢ I, , where Niy, — number of pulses in
characteristic peaks from samples of fly ash; N, —
number of pulses from background radiation; I, — yield of
gamma line of the isotope; ¢ - spectrometer efficiency
(%); t - measured time (S); m - mass of the sample (kg).

II. Experimental results and discussion

The shape of the particles and the phase state of the
fly ash depend both on the mineral composition of coal
and the temperature of its combustion. If the total content
of oxides SIO,, Al,O3, F&;,0O3 in ash more than 70%, the
fly ash is called acidic. If the amount of these oxidesisin
the range 50-70 %, then such fly ash is called basic. The
particles of fly ash are usually micro-spherica, and the
particles of the basic ash have irregular shape [8, 9].

SEM images of the fly ash particles are shown in
Fig. 1 and they confirm that particles have a micro-
spherical shape. The particle size distributions is shown
in Fig. 2. The specific surface area and the di

The smallest particlesin the fly ash haveasize of 0.8
um, and the largest ones are 600 um. The maximum peak
on the integral curve corresponds to particles having a
size of ~16 um. The volume fraction of these particlesis
the largest — 4.5 %. In the fly ash, the fraction with sze
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Fig. 2. The particle size distributions of fly ash.
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Tablel
The specific surface area and size distributions
of fly ash
Specific Fraction particle size (um)
surface and volume fraction (%)
area,
cm?gt | 0,832 | 32-63 | 63-200 | 200-600
171 548 | 183 19,3 7,6
Table2
Chemical composition of fly ash
The mass content of the
Oxide components, %
component Fly ash from | Fly ash from the
the eectrofilter dump
SO, 56,373 + 0,067 | 56,708 + 0,063
Al,O5 21,177 £0,071 | 22,623+ 0,070
Fe,0s 9,390+ 0,018 | 9,344+ 0,016
KO 4,367 £ 0,065 | 4,504+ 0,063
Ca0 3,675+0,037 | 2,525+0,031
MgO 1,500+ 0,088 | 1,861+ 0,082
TiO, 1,121+0,012 | 1,149+0,011
Na,O 0,826+ 0,008 | 0,471+ 0,008
P,0s 0,214+ 0,007 | 0,248+ 0,006
SO; 0,980+ 0,005 | 0,209+ 0,003
MnO, 0,076+ 0,0002 | 0,078 + 0,0002
V,0s (448 + 50)-10° | (489 + 49)-10°®
SO (472 £5)-10° | (441 4)-10°
ZrO, (358 +5)-10° | (335+4)-10°
Ni,Os3 (242 +£7)-10° | (228+6)-10°
Cr,05 (162 +21)-10° | (199 + 21)-10°

The total content of Rb,O, CuO, Y,0s3, GeO,, Ag,0 i
Nb,Os oxides in the fly ash from the dump is 7-10™
%, and in the fly ash from the electrofilter —
7,5-10%.

of 0.8 - 32 um is dominant and represents about 54.8 %
(Table1).

Elemental composition of fly ash, determined by X-
ray fluorescence analysis, was recalculated in the mass
content of their oxides. Table 2 shows the chemical
composition of particles taken from the electrofilters and
the dump.

Data analysis shows that fly ash from the dump, due
to its contact with the sediments, the content of Na,O and
Ca0 decreasesin comparison with the fly ash taken from
the eectrofilter, from 0.86 to 0.47 % and from 3.675 to
2.525 %, respectively. The SO; content is also reduced
from 0.980 to 0.209 % in the fly ash. The changes in
their chemical composition are due to the washing out of
water-soluble compounds (NaSO,) from the surface
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Table3
Chemical composition of fly ash microspheres

= Oxide compounds in the microspheres, wt. %
29

8 > — N ™ <t n ©
IS - S - — - ~
§s| = | = s | 5| = | =
NaO | 062 | 0,33 | 1,0 | 1,20 | 1,34 | 0,02
MgO | 254 | 1,76 | 2,63 | 2,07 | 0,63 | 0,09
Al,O; | 19,72 | 13,35 | 26,2 | 26,18 | 28,70 | 0,93
SO, | 42,82 | 28,35 | 53,15 | 57,5 | 61,02 | 2,01
KO | 23 | 200 | 352 | 439 | 399 | 0,01
CaO | 1,02 | 237 | 1,3 | 0,71 | 0,12 | 0,24
TiO, | 0,77 | 1,06 | 0,77 | 0,58 | 0,09 | 0,27
FeO, | 30,21 | 50,18 | 11,43 | 6,00 | 2,10 | 96,43

layer. In turn, at pH < 7, Ca?* cations are replaced by
protonsof H.

The EDS andlysis alows to trace the changes in the
chemical composition in the fly ash micro-spheres.
Depicted in Fig. 1 ash particles, in which the chemica
content of the components was determined, are indicated
by the corresponding numbers M1-1, M2-2, M1-3, M1-4,
M1-5, M1-6. Theresults of the studies presented in Table
3 show a dignificant difference in their chemical
composition.

In particular, in the six spheres labeled M1-1, M2-2,
M1-3, M1-4, M1-5, and M1-6, the mass content of ferric
oxides varies considerably from 2.1 to 96.43%. It is
important to highlight how the ratio between Al,Os, CaO,
N&0O, K;0, MgO, TiO, and silica increases as FeO,
increases. From Fig. 3, it can be seen that despite the
change in the chemica compostion, the ratio of
Al,O4/SIO; in the spheres remains constant at a value of
0.47 £ 0.02. The K,O/SIO; ratio, which is approximately
0.066, is also constant. With the increase of ferric oxides
content, the values CaO/SIO, and MgO/SIO, ratios
increase from 0.002 to 0.12 and from 0.01 to 0.044 (Fig.
3, curves 2 and 3) respectively. In these conditions, the
TiO,/SIO;, ratio also increases from 0.002 t0 0.143 (Fig.3,
curve 4), and the value of Na,O/SIO, decreases from
0.022 to 0.009 (curve 5).

Consequently, the obtained results of the dispersion
and the chemica composition of the fly ash are
evidenced by its heterogeneity in both particle size and
content of the components.

The X-ray diffraction pattern of the of fly ash as
depicted in Fig. 4 indicates the presence of few
microcrystalline phases in its composition. A detailed
andysis of the diffraction pattern reveal that the main
phases in the fly ash particles are a-quartz (~ 62 wt%),
mullite Al 4Sioe04 8 (~ 32 Wt%), and a mixture of ferrous
compounds — goethite a-FeOOH, hematite a-Fe,O; and
magnetite Fe;O, (total 6% by weight). Structural
characteristics of the identified phases are given in Table
4,
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Fig. 3. Changesin theratio between oxide components and silicaiin the fly ash particles with iron oxides (Fe,Oy)
increasing.
Table4
Structural characteristics of crystalline phases of fly ash.
Structural i Phases
characteristics SO, Al34S06048 a-FeO(OH) Fe;0.
(quartz) (mullite) (goethite) (magnetite)
Space group symmetry P 32/21 Pbam (55) Pbnm (62) Fd3m (227)
a | 04919+310" | 0,75880+5.10™ 0,4625+6-10* | 0,8396+6-10*
Lattice parameter, nm | b | 0,4919 + 3.10™ 0,75880 + 5-10°* 0,9990 + 6-10™ -
c | 05413+510" | 0,28895+6-10™ 0,3037 + 7-10™* -
experiment
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Fig. 4. The diffraction pattern of the fly ash (experiment) and the bar graph of its microcrystalline phases.

The €eementa composition of the mullite
corresponds to the chemica formula AlgSi;O43
(3A1,0302S510,). The mullite phase of Al;4Si0604s
(2A1,03°SI0,) in fly ash micro-spheres is a non-
stoichiometric compound that contains an excess of Al
atoms. This is due to the fact that mullite forms solid
solutions with Al,O; [10].

To determine the structural characteristics of the Fe-
containing fly ash micro-crystals, the magnetic particles
were removed from the powder material by an externa
magnet. The magnetic fly ash fraction contains 29% a-
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quartz, 50% Fe;0, and 21% a-Fe,0;. Comparing the
parameters of the micro-crystalline phases encapsulated
in the vitreous matrix of fly ash particles, with the
parameters of the corresponding crystalline phases,
which are contained in the literature, some differencesin
their values are noticed. The cell parameters of a-quartz
micro-crystals given in Table 4 are larger than that of
ordinary crystals a-quartz [11] (a= b= 0.41414 nm; c =
0.54060 nm). The lattice parameter of Fe;O, micro-
crystals in the fly ash particles is close to the lattice
parameter of this phase as an independent material (a =



Morphology, Phase Composition and Radiological Properties of Fly Ash Obtained ...

0.8396 nm) [12]. In this case, the effect of pressure is
insignificant, since the micro-crystals arerdatively large.

Theincreasein the lattice parameters of a-quartz and
mullite micro-crystals indicates the presence of large
mechanical stresses inside the fly ash micro-spherical
particles. The tensile state of the micro-crystalline phases
is due to the effect of considerable pressure from the
vitreous matrix side. It is related to the crystallization of
glass spheres at high temperatures.

Consider the sequence of fly ash formation processes
in a flame The aerosol particles SiO,, AIOOH, o-
FeOOH, MgCQ;, CaCOs;, NaO, K,O or a mixture of
these compounds, formed during the coal combustion at
temperatures of 1000 -1500°C, are driven by gaseous
products and hot air from the fire zone. Under the action
of turbulent diffusion, small particles are assembled into
aggregates and associates. The melting components in
the associates contribute to the formation of melted
drops, which become glass spheres during cooling. It
should be noted that the associates formed from silica
and duminosilicate components ingantly melt at a
temperature of 900-1100°C, while the associatives
containing dlica and Fe-containing compounds are
molting at a temperature > 1100°C. Thus, the
heterogeneity of temperature in the coal combustion zone
and, consequently, the different degree of turbulence of
waste gases lead to the formation of different Sze fly ash
and heterogeneous chemicad composition. The
crystallization of glass spheres begins in a molten state
and continues at high temperatures and in solid state. An
increase in the size of a micro-droplet of glassis limited
only by the temperature of the flame and the time they
areinit.

The formation of mullite and magnetite inside the
glass spheres is accompanied by an increase in ther
specific volume. According to the literature data, the
density of the mulliteis 3.16 g-cm™ and it is smaller than
the density of a-Al,O; (3.96 g-cm™), and the density of
magnetite is 5.18 g-cm™ and a'so less than the density of
output phases of FeO (5.7 g-cm™) and a-Fe,Os (5.25
g-cm™) [13]. The increase in the specific volume of
crystallites causes strain in glass spheres. Significant
pressure from the side of the vitreous matrix leads to a
decreasein the valence angle Si-O-Si, Al-O-Al, Fe-O-Fe,
which bond octahedrons or tetrahedrons in the lattice.
Due to this convergence of the cations in the sublattices
and due to the emergence of repulsive electrostatic force
between them is compensated by elongation of bonds.
This effect results in an increase in the parameters of the
micro-crystal phases.

Mechanical strains in the volume of crystallized fly
ash particles cause to the growth of their hardness. In
particular, through the micro-crystallization of specia
grades of glass the high-grength materials - sitias could
be obtained [14].

The FTIR spectrum of the fly ash, as depicted in Fig.
5, contains an intense broad band with a maximum
intensity at 1064 cm™, which belongs to asymmetric
oscillations of dloxane bridges S-O-Si in quartz
crystallites [11]. The contour of this band aso covers
individual strips due to asymmetric oscillations of atoms
from Si-O-Al, Al-O-Al bonds. The symmetric valence
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oscillation of siloxane bridges corresponds to a band of
810 cm™ [15].

Deformation vibrations of SiO, tetrahedrons in
micro-crystallites and vitreous matrix are indicated by
the band located at 452 cm™ Such fluctuations are
recorded in the range of 450 - 500 cm™ for other SIO,
modifications (coesite, quartz, cristobalite, tridymite)
[11].

The bands with weak intensity observed at 1356,
880, 796 cm™ are characterigtic for a-FEOOH and the
vibration of Fe-O bonds within the goethite structure
[16]. The bands at 612 and 424 cm™, manifest the
variations of the Fe;0, lattice.

Separate weak intensity bands in the fly ash
spectrum indicate the presence in the volume of its
inclusions particles of carbon clusters. In particular, the
bands at 570, 1508 and 1640 cm™ are characterigtic
vibrations of atomsin a hexagonal graphene cycles[17].

Radiation that originates on Earth is called terrestrial
radiation. Radionuclides that were present when the
Earth formed are referred to as primordid. The coal
extracted from the Earth’s crust can contain primordial
radionuclides, include the series of radionuclides
produced when Uranium and Thorium decay, as well as
Potassium-40 (half-life 1,39-10° year) and Rubidium-87
(half-life 4,8810" year) [18, 19].

During coal combustion, radionuclides are absorbed
by molten particles of fly ash. As aresult, the content of
(for example) Uranium in fly ash exceeds its content in
some types of coal in 2,5-6 times [3].

The radioactivity of materias is estimated by their
specific activity A (Bq-kg™) [23]:

Ag= Agra +1,31 Aqy + 0,085A, 2,
where Agr,, Am, A — gpecific activity of Radium,
Thorium and Potassium in the sample.

Dose (Radiation Dose) refers to the effect on a
material that is exposed to radiation. It can denote the
amount of energy absorbed by a material. In this work,
the dose of background radiation was calculated as the
arithmetic mean of 26 measurements and it is equal
0,0719 + 0,0058 pP-s™. The radiation doses from fly ash
from an dectro-filter and fly ash from the dump are
equal to 0,0708 + 0,0056 uP-s™ i 0,0731 + 0,0063 uP-s™
respectively. Therefore, the average dose of gamma
radiation of the studied samples is at the background
level.

The average B-activity of samplesis measured as the
arithmetic mean of 18 measurements. For fly ash from
the dump it is 9,1 Bg-kg ™ and is greater than for fly ash
from an dectrofilter (7,9 Bq kg ™) and background
activity (7,1 Bg- kg ™).

The B-activity of samples is due to isotopes of
Potassum-40 and Rubidium-87 [1]. The content of
isotope “°K in natural Potassium is~ 0,01 %.

The decrease in the amount of any radioactive
material with the passage of time due to the spontaneous
emission from the nuclei of either alpha or beta particles,
often accompanied by gamma radiation. Gamma
spectrum of the sudied samplesis shown on Figure 6.

On the spectra, the characteristic peaks of the
isotopes of Lead, Bismuth, Cesium and Potassum
manifested. It should be noted, that Cesium is a beta-
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Fig. 5. FTIR spectrum of fly ash.

emitter, but the line of 661 keV gives its daughter isotope
3"Bain metastable state ("™ Ba).

The gamma spectrum of fly ash from an dectro-filter
in the energy range from 100 to 700 keV is close to the
background spectrum. However, the gamma spectrum of
fly ash from the dump in the energy rangel00-700 keV
indicates the higher gamma activity of this materiad.

This activity is due to the long storage of fly ash in
the dump and mainly due to **’Rn decay products. 2Rn,
formed in the Earth’s bowels, results in *°Ra decay,
percolates outward, contacts with particles of fly ash and
adsorbs on their surface.

The half-life of *?Rn is only 3,1 minute. Adsorbed
222Rn israpidly decay in to ***Pb (E;=1000 keV; Ey=295
keV, 352 keV); ?Bi (E,= 3200 keV, Ey = 609, 1120,
1760 keV) [20-22], which are transformed in to ?°Pb and
stable **Ph.

The accumulation of these isotopes on the surface of
fly ash particles |eads to an increase its f— and y—activity.

The common specific activity of fly ash from an
electro-filter is 200,4+39,6 Bg-kg *; fly ash from the
dump 313,2+59,1 Barkg ™. According to ref. [23], fly ash

from an eectrofilter and fly ash from the dump with such
specific activities have no restrictions on their practical
use.

Conclusions

1. Fly ash particles formed in a flame during coal
combustion are crystallized glass spheres with a size of
0.8 — 600 um. The fly ash fraction with the size of 0.8 -
32 microns is dominates in the powder material and its
volume is 54.8%.

2. Micro-spheric  particles of fly ash are
heterogeneous in chemical composition. In particular, the
mass content of iron oxides in spheres varies from 2.1%
to 96.4%. However, despite the different chemical
composition, the mass ratio of Al,0s/SIO, in fly ash
particlesisa constant 0.47 + 0.02.

3. Phase analysis shows the presence of a-quartz
(~ 62 wt%) in micro-spherical particles, Al;4Si06048
mullite (~ 32 wt%), and mixtures of goethite, hematite
and magnetite (total 6 wt%). In particles with high
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content of ferrous oxides, the man phases are
microcrystalline a-quartz (~ 29 wt%), magnetite (~ 50
wt%) and hematite (~ 21 wt%).

4. An increase in the specific volume of micro-
crystallites formed inside the glass spheres causes
considerable mechanical strain in the particles, which in
turn leadsto an increase in their hardness.

5. The higher B- i y-activity of the fly ash from the
dump compared to fly ash from the electro-filter isdueto
accumulation of the “?Rn decay products such as #*Pb,
214g; 219y on the surface of fly ash particles.
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[.D. MI/IpOHIOKl, T.P. TaTapquz, I'.B. Bacunsena®, LII. HpeMiﬁ4, .M. Mukutun®

Mopddoaoris, ¢pazoBuii cKIax Ta pagiosoriyHi BJIaCTUBOCTI 30J1M BHHOCY
BypumuTHHCBHKOI TENJIOBOI €JIEKTPOCTAHNII

1Ka(j)e<)pa ximii, ABH3 «lIpuxapnamcoxuil nayionanvhuil ynisepcumem imeni Bacunsi Cmeganuxa»,
Isano-@panxiscek, 76018, Vipaina, myrif555@gmail.com
2Ha6ttafzbuo-l—taykoeml yenmp XiMiuHo20 Mamepiano3nascmea ma Hanomexuonoeiu, [{BH3 «lIpuxapnamcoxuil
HayloHanvHutl yrisepcumem imeni Bacuns Cmeganuxa», Isano-@pankiscor, 76018, Vkpaina, tatarchuk.tetyana@gmail.com
3Biooinenns izuxu adpa i enevenmapnux wacmunox, kagedpa meopemuynoi Qizuki, Yoceopodcekuii HayionabHiLi
yuigepcumem, 88000, Vorceopod, Vrpaina, hanna.vasylyeva@uzhnu.edu.ua
4I(aqbe()pa Mamepianosnascmea ma Hogimuix mexnonoziu, /[BH3 «lIpukapnamcvkuii Hayionanvhuil yHisepcumem
imeni Bacuns Cmeganura», Ieano-@panxiecvk, 16018, Vrpaina, yaremiyip@gmail.com

JocnimxeHo (i3MKO-XiMiYHI BIACTHUBOCTI 301M, IO BMIIYYA€ThCA 3 IMMY IIJI Yac 3rOpaHHS BYIiJUIs Ha
BypiuTHHCBKINH TEIUIOBIM eNeKTpocTaHIii. YTBOPEHi B MONyM'I YaCTHHKM € 3aKpUCTaJi30BaHUMHU CKILSIHUMU
Kyapkamu 3 posmipom 0,8 — 600 Mxm. 3’sicoBaHO, IO YACTWHKHM 30JM HEOJHOPIMHI 3a XiMIYHMM CKJIaJOM.
Macoswuii BMicT OKcuiB (pepyMy B HUX MO)Ke 3MiHIOBaTHCS B Mexax Bix 2,1 % no 96,4 %, onHak, He3Bakarouu
Ha ue, criBBigHomeHHs: Al,Oy/SIO; B Kylibkax 3aJIMIIAEThCs BEIMUUHOK cTaliow, piBHoo 0,47 = 0,02. da3oBui
aHaJi3 MiTBep/UB HAsSBHICTh Yy YaCTHHKAxX o-kBapiyy (~ 62 mac. %), mymity (~ 32 mac. %) Ta cymiui o-FeOOH,
a-Fe,03 1 Fe;04 (pasom 6 mac. %). Pagionorivni qociikeHHs BUSBHIN BUILY B- 1 Y-aKTHBHICTH 301H, BifiOpaHoi
3 BiJBaly, HOPIBHAHO i3 301010 3 enekrpodinbTpy. Lle 3yMOBIEHO HAKONMMYEHHSM Ha MOBEPXHI BKa3aHMX
JacTHHOK panioHykninis 214Pb i 214Bi, sixi yTBOpIOIOTHCS BHACHIIOK PO3KIay ajacopboBaHoro 222Rn.

K ey wor ds: 301a BuHOCY, CKJISHI MiKpoc(epH, MyJIiT, KBapll, paaionoris.
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