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Power Plants Drain Water on Natural Bentonite in the Process
of their Co-ozonation

Keywords: The article presents the general pattern of the combined process of oxidative decomposition of or-
NPP drain water, ganic components of simulated nuclear power plant (NPP) drain water and sorption interaction
ozonolysis, of the imitators of main dose-forming radionuclides (Cs — radiolabel for *’Cs; stable isotopes of
sorption, Co, Sr, Mn salts) on natural bentonites from the Cherkasy deposit in presence of sorption-reagent
doze-forming radionuclides, compounds — iron (IT) and manganese (II) salts. Hydroxides, oxyhydroxides and oxides of Fe
bentonite and Mn formed during ozonation are predominantly localized on the surface of bentonite. The

chemical composition of the main elements of bentonite after drain water ozonation with the
addition of iron and manganese salts remains almost the same as that of natural bentonite. The
phase composition of bentonite is presented by the main rock-forming mineral montmorillonite
and secondary mineral quartz. The iron-containing phases of the ozonised bentonite are Fe(II)-
Fe(I1I) layered double hydroxides (Green Rust), goethite a-FeOOH and magnetite Fe,O,, and
the manganese-containing phases are hausemannite Mn,O,, manganese oxide (IT) and man-
ganese oxyhydroxide MnO(OH),. The iron- and manganese-containing phases deposited on
the bentonite surface during ozonation are predominantly weakly crystallized or amorphized
structures. At the concentration of salts of iron (50 mg/dm’®) and manganese (100 mg/dm’) in
the drain water, the specific surface area of bentonites with the formed layer of iron and manga-
nese hydroxides, (oxy)hydroxides and oxides increases compared to natural bentonite (34.2 m*/g)
and equals to 55 and 51 m?/g, respectively. The degree of radionuclide removal during ozonation
of the simulated solution with the initial concentration of cations (Fe** — 5 mg/dm’; Mn** —
10 mg/dm’; Ca®* — 5 mg/dm’) in the presence of natural bentonite is *’Cs — 78 % + 2%, Sr** —
97.55% + 1%, Co** — 96.5% + 1%, Mn** — 99.7 % * 0.5 %. To preserve the efficiency of *’Cs and
Co?* radionuclide removal, the initial concentration of cations in the solution can be increased to
the following values: Fe** — 50 mg/dm? Mn?** — 100 mg/dm?, Ca** — 50 mg/dm?, and to: Fe** —
500 mg/dm?, Mn** — 1,000 mg/dm?, Ca** — 500 mg/dm? for Sr** and Mn?** removal.

Introduction of the main environmental problems. Today, to reduce

the LRW volume, a special drain water treatment tech-

Treatment and conditioning of liquid radioactive nology is applied at the Ukrainian NPPs. The LRW come
waste (LRW) from nuclear power plants (NPPs) is one from various sources and are collected in settling tanks
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and decanters with the volume of several thousand li-
tres [1]. In the collection tanks, an alkaline (pH > 10) en-
vironment is maintained. The drain water treatment con-
sists of the following main operations: receiving and
pre-treatment of the water, evaporation and distillate
purification, delivery of VAT residue and salt melt for
long-term storage at NPP storage facilities. The drain wa-
ter pre-treatment and purification are the key processes
in this list. The main sources of drain water are routine
washing of the internal surfaces of the equipment and
pipelines of the first and second NPP circuits, and clean-
ing of special laundries and showers with decontamina-
tion solutions such as solutions with organic complexing
agents — ethylenediaminetetraacetic (EDTA) and oxal-
ic (H,C,0,) acids [2]. Radionuclides, for example, “°Co
and **Mn form stable soluble complexes with these acids,
which makes their efficient sorption extraction impossi-
ble. The initial destruction of organometallic complexes
of cobalt, manganese and iron as the corrosion products
of the NPP circuit metal equipment that is located in the
zone of high neutron flux density and y-irradiation can
significantly simplify the further treatment of the drain
water from the nuclear power plants.

According to the oxidative-sedimentary sorption
technology [3-5] that envisages destruction of the drain
water organic compounds by oxidative methods at the
initial stages is the first choice among the available tech-
nological schemes of the LRW treatment. The application
of this technology makes it possible to concentrate radio-
nuclides in a small volume of the final radioactive product
with subsequent conditioning of the secondary waste for
long-term storage and disposal.

Ozonation is considered to be one of the efficient and
relatively simple oxidative methods of destruction of ox-
alates, EDTA and other organic compounds in aqueous
solutions [6]. To increase the adsorption activity of clay
sorbents used for decontamination of the radiation-
contaminated aqueous media, various sorption-reagent
compounds, for example, iron, aluminium, manganese
and other salts are added [7, 8]. Thus, in order to increase
the efficiency of the combined oxidative-sedimentary
sorption method for the drain water decontamination,
a procedure for simultaneous oxidative decomposition
of organic compounds by ozone and sorption of the de-
composition products and radionuclides on natural sor-
bents should be developed.

The aim of the work is to identify the laws of sorp-
tion of the imitators of dose-forming radionuclides
of nuclear power plant drain water on natural benton-
ite of the Cherkasy deposit during the drain water ozo-

nation in the presence of sorption-reagent compounds
of iron and manganese.

Materials and Methods

Simulated drain water solution. In the Ukrainian
NPPs equipped with pressurized water-water reac-
tors, the total salinity of the various components in the
drain water mixture is on average 3-7 g/dm’ (rarely up
to 15 g/dm?) [9]. The purification of drain water from ra-
dionuclides is complicated by the variety of their forms:
simple and complex ions, neutral molecules and colloi-
dal particles. The main dose-forming radionuclides are
%7Cs and *°Sr — uranium fuel fission products, and *Co
and **Mn — activation products of the circuit equipment.
¥7Cs and *°Sr are present in the ionic forms, while “°Co
and **Mn are mainly in the form of organic complexes
with EDTA and oxalic acid. The composition of the sim-
ulated solution used in our study is presented in Table 1.
The radioactive tracer '*’Cs and salts of stable elements
of Sr, Co, Mn as chemical analogues of the related radio-
nuclides were added to the initial solution. Initial activity
of 'Cs in model solution of LRW was 85,600 Bq/dm’.
Initial pH of model solution was 12 units.

To produce the concentrations of Fe?* (50 and
500 mg/dm?’), Mn** (100 and 1,000 mg/dm?) and Ca** (50
and 500 mg/dm?) ions in the initial solution, iron (II) and
manganese (II) sulphates, and calcium chloride were used
respectively.

Bentonite samples. In our study, we used Dashukivka
bentonite of the Cherkasy deposit (II layer). The main

Table 1. Composition of the initial simulated drain
water solution

Chemical compounds Concentration, mg/dm’
H_BO, 1,700
KNO 1,000

Na SO, 2,000
NaCl 1,450
NaOH (45 %) 1,450
CoSO, 132
MnSO-H O 30.77
Sr(NO,), 120.5
CsNO 73.3
FeSO,7H O 25
The CaCl, 13.9
EDTA 100
H.C,O, 40
Lotos-M 350
Mineralization 7,035.47
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rock-forming mineral of bentonite is montmorillonite
(65-70 %), the secondary mineral — quartz (20-25 %).
Also, the bentonite samples contain accessory minerals —
calcite (3-5 %), kaolinite (3-5 %), feldspar (3 %) and hy-
dromica (5 %) [10]. The chemical composition of bentonite
(wt. %) is as follows: SiO, — 68.02, FeO+Fe O, — 6.86,
ALO, — 19.45, MgO — 2.42, CaO — 145, Na O —
0.27, etc. Particle size analysis shows that the fraction
<0.001 mm makes ~83.5%. The specific surface area
of bentonite is 34.2 m?/g (BET method, employed gaseous
adsorbate — nitrogen).

Ozonation conditions. Ozonation of the simulated
drain water solutions was performed by ozone-air mix-
ture, which was produced in an ozone generator and fed
into the column with the simulated drain water solution
through the dispersant [11]. Then the column was heated
to 60 °C, and natural bentonite was added in the ratio
bentonite (g): solution (ml) = 1 : 100. After that, ozone
was passed through the mixture for two hours. In the
process of ozonation was controlled of pH on initial lev-
el (11-12 units) by NaOH. After ozonation, the simulat-
ed solution was filtered with a vacuum pump through
a membrane filter. Then '’Cs activity and residual con-
centration of Sr**, Co*", Mn** were determined.

Research methods

Specific surface area. The specific surface area of the
fine bentonite fractions was determined by BET meth-
od employing argon (GOST 23401-90) as adsorbate gas.
The samples were dehydrated at T = 120 °C for 1 hour.

Scanning electron microscopy (SEM) and energy dis-
persion spectroscopy (EDS). Samples of bentonite were
applied on a film and sputtered with precious metals.
The study was performed with a scanning electron mi-
croscope Tescan Mira 3 LMU, equipped with an energy-
dispersive attachment for microanalysis. The results were
obtained at the following parameters: accelerating voltage
of 3-15 kV, spatial resolution: 1 nm — 30 kV and 2 nm —
3 kV, the working pressure in the chamber: high vacuum
mode about 9-10~* Pa, low vacuum mode 7-150 Pa. Pure
metals, minerals, oxides and fluorides were used as stan-
dards.

X-ray phase analysis (XRD). Phase composition of the
samples was determined using DRON-3 diffractometer
with a copper anode radiation (Cu Ka). The scanning
step — 0.05-0.1 degrees, exposure — 4 seconds, 20 dif-
fraction angles — from 15 to 90°. Patterns were collected
at standard temperature. Identification was performed
according to the ASTM file [12].

Atomic adsorption spectroscopy. To determine
the concentration of Sr, Co, Mn and Fe in the solutions,
Jarrell Ash AA-8500 single-beam dual-channel atom-
ic absorption spectrophotometer with a flame atomizer
was used.

y-spectrometry. The activity of *’Cs in aqueous
solutions was measured using y-spectrometer Atoll-1M
(manufactured by OPYT enterprise, Ukraine).

Results and Discussion

After ozonation of the simulated solution with
the addition of iron salt, the bentonite structure is rep-
resented by dense 1 to 4 um platelets of various forms,
often with clear contours (Fig. 1a, 1b). According to EDS
analysis data (Fig. Ic, 1d), the main elements of the ben-
tonite are (wt. %): silicon 24.9-29.75, aluminum 7.64-8.51,
oxygen 41.59-46.09, magnesium 1.27-1.32 and titanium
0.38-0.64. The qualitative composition of this bentonite
is practically the same as of natural bentonite [10].

1000 10pm

Fig. 1. SEM images of bentonite (a, b, ¢) and
EDS spectrum (d) after ozonation of the simulated drain
water solution in the presence of FeSO,- 7H,0

At the same time, the concentration of other ele-
ments changes (wt. %) [10]: sodium 2.55-2.8 (0.20), chlo-
rine 0.74-0.81 (0), potassium 1.71-1.72 (0.98), calcium
5.15-6.23 (0.54), iron 7.29-8.23 (5.33). This difference
is explained by the complex processes that accompany
ozonation — occlusion, co-precipitation, leaching, ad-
sorption, etc. In the typical image of the EDS spectrum
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1346 nm

Fig. 2. SEM images of bentonite after contact with manganese-containing solution:
a — size of individual crystals; b — size of aggregates; c — crystal of manganese oxide

there are reflexes of gold and palladium — the compo-
nents of the sputtered alloy. SEM images of bentonite
sometimes show single white crystals containing bari-
um and sulphur. No individual phase of iron oxides was
detected.

The average size of bentonite platelets after ozona-
tion with the addition of manganese salt is 1.3 um, and
a platelet thickness is 164 nm (Fig. 2a). The bentonite par-
ticles form microaggregates of various configurations,
about 8 pm in size (Fig. 2b). The manganese-containing
phase is presented by individual 6 pm particles (Fig. 2¢).
Bentonite contains the following elements (wt. %): O —
46.06, Na — 2.63, Mg — 1.54, Al — 8.04, Si — 26.97,
Cl — 0.87, K — 1.50, Ca — 4.63, Ti — 0.54, Mn — 1.31
and Fe — 5.91. Manganese is part of an individual phase,
amounting to 60.6 wt. %. The content of other compo-
nents of the manganese-containing phase, except oxygen
(24.06 wt. %), is insignificant, which may indicate the for-
mation of manganese oxide phases.

Fig. 3 presents EDS spectra of manganese-containing
bentonite (Fig. 3a) and manganese oxide (Fig. 3b).

According to X-ray diffraction data, the diffraction
pattern of bentonite with the addition of Fe salt (Fig. 4a)
shows the reflexes of the main rock-forming mineral —
montmorillonite (#00-012-0204; #000030009). The sec-
ondary mineral is quartz (#01-089-8937). Iron-bearing

ull Scale 6047 cts Cursor: 0.000

phases are presented by Fe(II)Fe(III) layered double
hydroxides (GreenRust) (#13-92), goethite (#8-97) and
magnetite (#19-029). The diffractogram of bentonite
with the addition of Mn salt (Fig. 4b) shows the reflex-
es of montmorillonite and quartz. Manganese-bearing
phases are presented by hausemannite Mn,O, (#4-0731),
manganese oxide (II) (#12-720) and manganese oxyhy-
droxide MnO(OH), (#15-604).

At the diffraction patterns of the both samples
at 20 angle 20-30°, a halo is observed, which indicates
the presence of amorphous phases in the sediments. Iron
and manganese hydroxides, deposited during ozonation
of the studied samples, are weakly crystallized or amor-
phized structures.

Sorption, coagulation and other surface processes
using mainly oxidative methods and alkalizing reagents
are at the core of the purification of man-made aque-
ous solutions from heavy metal cations and radionu-
clides. The sorption processes depend on many factors,
such as aqueous medium characteristics (pH, Eh, ionic
strength of the solution, aquaforms of elements, radio-
nuclides) and sorbent features (structure, specific surface
and associated pores).

Ozonation of drain water with the addition of Fe**
and Mn** salts, and bentonite can be considered as an
example of sorption-reagent interaction, i. e. the activity

il Scale 6047 cts Cursor: 0.000

Fig. 3. EDS spectra of bentonite after ozonation of the simulated drain water solution in the
presence of MnSO,- H,O: a — bentonite; b — manganese oxide
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Fig. 4. Diffractograms of montmorillonite samples with additions (10 %): a — iron; b — manganese.
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of sorbents increases as a result of the chemical reaction
of the sorbent with the solution to be purified [13]. As a
result, hydroxides, oxyhydroxides and oxides of Fe and
Mn are mainly formed on the surface of montmorillon-
ite, which leads to the surface stabilization and reduction
of solubility of the mineral. Two types of montmorillonite
modified with Fe(III) [8] may be present in an alkaline
environment. If the concentration of Fe(III) in the solu-
tion is relatively low, intercalation and adsorption of iron
proceed, which results in formation of montmorillonite
that contains Fe(III) localized mainly in the interlayer
space of the mineral. When the concentration of Fe(III)
is relatively high, iron compounds are formed. They are
localised not only in the interlayer space but also on the
active centres of the surface.

The adsorption capacity of bentonite (the main ad-
sorbing agent in the system) can be explained by its spe-
cific structure and inhomogeneity of the bentonite sur-
face, and especially, the presence of adsorption centres
of various nature — exchange cations, oxygen atoms and
hydroxyl groups on the basal faces of particles; coordi-
natively unsaturated ions Mg*, Al**, Fe**, Si**; exchange
cations and hydroxyl groups on the faces and edges

of crystals and the formation of hydrogen bonds with
active positively charged complexes of montmorillon-
ite particles. The selectivity of adsorption of bentonites
is mainly explained by the presence of micro- and mes-
opores (secondary pores) between the adjacent platelets.
The radius of the pores is 5-9 nm [14]. Montmorillon-
ite belongs to microporous sorbents with the pore size
that may change during adsorption. Depending on the
electronic and geometric structure, the montmorillonite
lattice in the process of adsorption of polar substances
expands by 0.3-1.2 nm and one or several hydroxylated
layers of the adsorbed substance are formed in the in-
terpacket space. This gives grounds for expansion of the
range of sorption of different cations (radionuclides)
on bentonites leading to formation of layers of iron (oxy)
hydroxides and manganese compounds (adsorbents as-
sociated with bentonite) on its surface. At the same time,
the surface layers may block the active adsorption cen-
tres of bentonite.

At the concentration of salts of iron (50 mg/dm?)
and manganese (100 mg/dm?®) in the drain water,
the specific surface area of bentonites with the formed
layer of iron (III) (oxy)hydroxides and manganese com-
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Fig. 5. Degree of radionuclide removal during ozonation with bentonite depending on the initial concentration
of Fe, Mn and Ca in the simulated NPP drain water solution

pounds increases and are equals to 55 and 51 m?*/g, re-
spectively, exceeding the similar values for the natural
bentonite (34.2 m?/g) [15]. The improving of the sorp-
tion properties of composite sorbents based on benton-
ite modified with ferrihydrite and goethite is illustrated
in a number of papers, for example [16]. The presence
of ions of variable valency (Fe(II)/Fe(III); Mn(II)/
Mn(IIT)/Mn(IV)) that increases the oxidative degrada-
tion of organic compounds in the solution due to the
Fenton effect [17, 18], can also increase the sorption
properties of the sorbents.

It is shown [19] that a mixture of bentonite and mag-
netite (2 : 1) adsorbs 75 % of '”’Cs from NaNO, solution
with ionic strength 0.04M at pH = 10.5. When the ionic
strength of the solution increases to 0.14, adsorption de-
creases to 60 %. Bentonite is a more efficient sorbent for
¥7Cs removal compared to magnetite, so sorption of cae-
sium occurs mainly on bentonite. Compared to '*Cs,
70 % of Sr** is adsorbed on bentonite at pH = 9.0 and ionic
strength of the solution is 0.14.

Freshly precipitated oxides and oxyhydroxides of Fe
and Mn have a high sorption capacity of *’Cs and Sr*
at pH 8-10. The mechanism of *’Cs sorption is simi-

lar to the surface adsorption, which is practically in-
dependent of the pH of the medium. Simultaneously
with surface adsorption, chemisorption occurs leading
to the formation of ferrites. In mixed iron-manganese
oxides and oxyhydroxides, '*'Cs sorption increases with
increasing of the Mn : Fe ratio. That is, Mn oxides and
oxyhydroxides have higher *’Cs selectivity and show
a high '¥’Cs content regardless of pH due to the surface
adsorption. Iron hydroxides have increased sorption ca-
pacity of Sr** in an alkaline environment leading to the
formation of ferrites [20].

On the other hand, sorbents based on crystallized
manganese dioxide are Sr** selective. That is caused
by steric factors: the size of the hydrated '¥’Cs and Sr**
cations and the diameter of macro- and micropores [21].

The degree of *’Cs removal (Fig. 5a) during ozona-
tion of the simulated drain water solution with typical
for NPP drain water concentration of competing cations
(Fe’* — 5 mg/dm’; Mn** — 10 mg/dm’; Ca** — 5 mg/dm’)
in the presence of natural bentonite from the Cherkasy
deposit is 78 £2 %. Increase in the concentration of Fe**
ions to 50 mg/dm’ causes increase in caesium adsorption
by only a few percent (up to 80.3+1.5%), and increase
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Table 2. Distribution coefficients of radionuclides in the system: bentonite / simulated drain water solution

zo Initial concentrations of cations, mg/dm? Distribution coefficients of radionuclides, Kd, dm*/kg
Fe2+ Mn2+ Ca2+ 137Cs Sr2+ C02+ Mn2+
1 5 10 5 355 5,592 2,774 81,900
2 50 10 5 407 14,700 3,576 81,900
3 500 10 5 185 6,067 1,036 30,270
4 5 100 5 352 8,780 658 40,900
5 5 1,000 5 176 5,742 479 32,700
6 5 10 50 101 6,527 745 81,900
7 5 10 500 98 3,973 691 48,135

in the concentration of Fe** to 500 mg/dm’ results in a
sharp decrease in caesium removal to 51.5%3 %. In-
crease in the concentration of Mn*" in the initial solution
to 100 mg/dm? leads to a decrease in the degree of ex-
traction of *’Cs to 69.4+2.5%, and at 1,000 mg/dm’
the degree of caesium removal decreases to 49.8 + 3 %.
Increase of the concentration of Ca** ions in the initial
solution to 50 mg/dm? and more leads to a decrease in the
degree of removal of '*’Cs to 50 + 3 %.

The degree of Co** removal from a solution with
a typical concentration of cations (Fe** — 5 mg/dm?
Mn* — 10 mg/dm? Ca** — 5 mg/dm?) during ozonation
is 96.5% (Fig. 5b). Increase in the initial concentration
of Fe?* cations in the simulated solution to 50 mg/dm®
leads to a slight increase in Co** sorption to 97.3 + 0.5 %,
while increase of Fe?* to 500 mg/dm? reduces the degree
of Co** removal to 91.2% + 0.5 %. Increase in the Mn**
concentration in the initial solution to 100 mg/dm” leads
to a decrease in the degree of Co** removal to 86.8 + 1 %,
and at the initial concentration of Mn** 1000 mg/dm?,
the degree of Co** removal is 82.7 £ 1 %. Increase in Ca**
ion concentration in the initial solution to 50 mg/dm?® and
up to 500 mg/dm?® reduces the degree of Co** removal
to 88.2 and 87.4 £ 1 %, respectively.

The degree of Sr** removal (Fig. 5¢) during ozo-
nation of the drain water solutions with different con-
centrations of competing cations varies from 97.55 to
99.3 £ 0.5 %, i. e,, it is almost independent of the chang-
es in the concentration. A similar situation is observed
for Mn?** (Fig. 5d). The degree of Mn** adsorption, de-
pending on the concentration of competing cations, var-
ies from 99.7 t0 99.9 = 0.1 %.

Thus, the degree of *’Cs and Co** removal from
the simulated NPP drain water solution during ozona-
tion in the presence of bentonite remains high with in-
crease of concentration of competing cations to: Fe** —
50 mg/dm’ Mn?** — 100 mg/dm? Ca®* — 50 mg/dm°.
The degree of Sr** and Mn?* removal is practically in-

dependent of the initial concentration of cations in case
the concentration increases at least to: Fe* — 500 mg/dm?;
Mn* — 1000 mg/dm? Ca* — 500 mg/dm’.

Based on the results of the experimental study,
the radionuclide distribution coefficients under pseudo-
equilibrium conditions in the sorbent / solution system
(Table 2) during ozonation of the simulated NPP drain
water solution in the presence of natural bentonite of the
Cherkasy deposit were calculated. For all studied radio-
nuclide imitators, the highest distribution coefficients
were determined at the initial concentration of cations
in the simulated drain water solution and at increase
of their initial concentration to: Fe?* — 50 mg/dm’;
Mn* — 100 mg/dm’; Ca** — 50 mg/dm’. Based on the
calculated distribution coefficients, Sr** and Mn?* are
most efficiently removed from the simulated drain water
solution, removal of Co*" is less efficient, and the lowest
distribution coeflicients were determined for *’Cs [16].

Thus, for the effective removal of radionuclides in the
process of ozonation of the simulated NPP drain water
solution with bentonite, increase in the concentration
of competing cations in the initial solution to Fe** —
50mg/dm’; Mn** — 100 mg/dm? Ca** — 50 mg/dm’
is reasonable.

Conclusions

The following results of the integrated study of the
combined process of oxidative decomposition of organic
components of the simulated NPP drain water by ozone
and sorption interaction of the main dose-forming radio-
nuclides with natural bentonites of the Cherkasy deposit
in the presence of sorption-reagent compounds — iron
(IT) and manganese (II) salts have been received.

1. Compared to natural bentonite, the concentra-
tion of the main elements of the bentonite used in drain
water ozonation with the addition of salts is practically
unchanged. The phase composition of bentonite is pre-
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sented by the main rock-forming mineral montmoril-
lonite and secondary mineral quartz. Iron-containing
phases are Fe(II)-Fe(III) layered double hydroxides,
goethite and magnetite, and manganese-containing
phases — hausemannite, manganese oxide (II) and
manganese oxyhydroxide. During ozonation, iron- and
manganese-containing phases were mainly deposited
on the bentonite surface. They are weakly crystallized
or amorphized structures.

2. At the concentration of salts of iron (50 mg/dm?)
and manganese (100 mg/dm?®) in the drain water,
the specific surface area of bentonite after formation
of iron and manganese compounds on the bentonite sur-
face increases and equals to 55 and 51 m?*/g, respectively,
which exceeds the similar values for natural bentonite
(34.2 m¥/g).

3. The degree of radionuclide (**’Cs) and chem-
ical analogues (stable isotopes of Sr, Co and Mn) re-
moval from the simulated solution with typical for
NPP drain water concentration of competing cations
(Fe** — 5 mg/dm’ Mn*" — 10 mg/dm? Ca* — 5 mg/
dm’®) during ozonation of the simulated drain water solu-
tion in the presence of natural bentonite of the Cherkasy
deposit is as follows: 7Cs — 78 £ 2%, Sr** — 97.55 *
0.5%, Co* — 96.5£0.5 %, Mn** — 99.7 £ 0.1 %. From
the point of view of the efficiency of '*’Cs and Co** re-
moval, the initial concentration of competing cations
in the solution can be increased to: Fe** — 50 mg/dm’,
Mn*" — 100 mg/dm’, Ca** — 50 mg/dm’, and to: Fe** —
500 mg/dm?®, Mn?* — 1,000 mg/dm?, Ca** — 500 mg/dm?
for Sr** and Mn** removal.

4. The increase in the concentrations of competing
cations in the simulated solution has insignificant effect
on the degree of radionuclide adsorption. At relatively
high concentrations, the sorption efficiency decreases.
Thus, bentonite is the main adsorbent, while the sorption-
reagent compounds — salts of iron (II), manganese (II)
and calcium (II) play a minor role in the sorption pro-
cesses and can block active sorption centres of bentonite
at high concentrations.

5. The distribution coefficients of the radio-
nuclides in the system bentonite / simulated NPP
drain water solution during the ozonation process
were calculated based on the experimentally ob-
tained sorption rates. The highest radionuclide dis-
tribution coefficients were found at the initial con-
centrations of competing cations (Fe** — 5 mg/dm?
Mn** — 10 mg/dm’; Ca** — 5 mg/dm’) and at their
increase to: Fe** — 50 mg/dm?, Mn** — 100 mg/dm’,
Ca?* — 50 mg/dm’ in the simulated solution.

10.

References

Management of radioactive waste during operation
of NPP. Report 2016. Kyiv: NNEGC “Energoatom”, 137 p.
(in Ukr.)

Klyuchnikov A. A., Pazukhin E. M., Shygera Yu. M.
(2005). Radioaktivnyye otkhody AES i metody obrash-
cheniya s nimi [Radioactive waste of NPPs and ways
of their management]. Kyiv: ISP NPP, NAS of Ukraine,
487 p. (in Rus.)

Batiukhnova O. G., Bergman K., Efremenkov V. M., et al.
(2005). Tekhnologicheskiye i organizatsionnyye aspekty
obrashcheniya s radioaktivnymi otkhodami: seriya ucheb-
nykh kursov [Technological and organizational aspects
of radioactive waste management: a series of training
courses]. Vienna: IAEA, 230 p. (in Rus.)

Savkin A. E. (2011). [Development and testing of technol-
ogy for the processing of liquid radioactive waste from
nuclear power plants]. Radiochemistry, vol. 53, no. 5,
pp- 470-473. (in Rus.)

Andronov O. B. (2015). [On the creation of a modern sys-
tem for handling liquid radioactive waste at nuclear power
plants in Ukraine. Formulation of the problem]. Problems
of Nuclear Power Plants Safety and of Chornobyl, vol. 24,
pp- 32-41. (in Rus.)

Shabalin B. G., Lavrinenko O. M. (2020). Destruction
of organic matter from radioactively contaminated water
of nuclear power plants equipped with VVER (analytical
review). Nuclear Power and the Environment, vol. 18, no. 3,
pp- 66-89. (in Ukr.)

Tobilko V. Yu., Kornilovich B. K. (2015). [Synthesis and
sorption properties of composite materials based on nano-
sized FeO). East-European Journal for Enterprise Technolo-
gies, vol. 76, no. 4/5, pp. 22-27. (in Ukr.)

Nikitina N. V., Komov D. N., Kazarinov I. A. (2016). [Physi-
cal and chemical properties of sorbents based on bentonite
clays modified with iron (IIT) and aluminum polyhydroxo-
cations by the “coprecipitation” method]. Sorption and
Chromatographic Processes, no. 2, pp. 191-199. (in Rus.)
Nikiforov A. S., Kulichenko V. V., Zhikharev M. 1. (1985).
Obezvrezhivaniye zhidkikh radioaktivnykh otkhodov [Neu-
tralization of liquid radioactive waste]. Moscow: Energo-
atomizdat, 184 p. (in Rus.)

Shabalin B., Yaroshenko K., Buhera S., Mitsiuk N. (2022).
Mineralogical-geochemical properties of bentonite clays
of the Cherkasy Deposit to increase the environmental
safety of radwaste disposal at the Vektor storage complex.
Systems, Decision and Control in Energy III. Studies in Sys-
tems, Decision and Control, vol. 399, pp. 203-220. doi.org
/10.1007/978-3-030-87675-3_12.

34 ISSN 2311-8253 Nuclear Power and the Environment Ne 2 (24) 2022



Sorption of the main dose-forming radionuclides of nuclear power plants drain water

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Shabalin B. G., Lavrinenko O. M., Yaroshenko K. K., Vem-
ber V. V., Buhera S. P. (2021). [Characteristics of products
of ozonation of imitations of radioactively fermented trap
water of NPP]. Proceedings of the XXIIth International
Scientific and Development Conference “Ecology. Man. So-
ciety”. Kyiv: NTUU “Igor Sikorsky Kyiv Polytechnic Insti-
tute”, pp. 272-276. (in Ukr.)

Powder diffraction file 2003. Resource: PDF-2, Database.
Available at: https://www.icdd.com/pdf-2.

Avramenko V. A,, Yegorin A. M., Sokolnitskaya T. A.
(2015). [Sorption-reagent systems in the processing of liq-
uid radioactive waste]. Proceedings of the VIII Russian
Conference on Radiochemistry “Radiochemistry-2015”.
Zheleznogorsk, pp. 80-81. (in Rus.)

Khodykina M. O. (2017). Formuvannia heterostruktur v
systemi neorhanichnyi nosiy-natyvnyi fermentnyi preparat
oksyreduktaz [Molding of heterostructures in the system
of inorganic wear-native enzyme preparation oxireduc-
tase] (PhD thesis). Kyiv, 136 p. (in Ukr.)

Arkhypenko D. (ed.) (1993). Problemy opredeleniya re-
al’noy struktury glaukonitov i rodstvennykh tonkodis-
persnykh fillosilikatov [Problems of determining the real
structure of glauconites and related finely dispersed
phyllosilicates]. Kyiv-Novosybirsk: VO “Nauka”, 200 p.
(in Rus.)

Kroukopova H., Stamberg K. (2005). Experimental
study and mathematical modeling of Cs (I) and Sr (II)
sorption on bentonite as barrier material in deep geo-
logical repository. Acta Geodynamica et Geomaterialia,
vol. 2, no. 138, pp. 79-86.

Tobilko V. Yu. (2016) Rozrobka sorbtsiynykh tekhnolohiy
zakhystu vod vid zabrudnennya vazhkymy metalamy ta
radionuklidamy [Development of sorption technologies
to protect water from pollution by heavy metals and ra-
dionuclides] (PhD thesis). Kyiv, 23 p. (in Ukr.)

Walling S. A., Wooyong U., Claire L., Neil C. H. (2021).
Fenton and Fenton-like wet oxidation for degrada-
tion and destruction of organic radioactive wastes. NPJ
Materials Degradation, vol. 5, no. 50. doi.org/10.1038/
$41529-021-00192-3.

Babuponnusami A., Karuppan Muthukumar K. (2014).
A review on Fenton and improvements to the Fenton pro-
cess for wastewater treatment. Journal of Environmental.
Chemical Engineering, vol. 2, pp. 557-572.

Kuznetsov V. A., Generalova V. A. (2000). [Study of the
sorption properties of iron, manganese, titanium, alumi-
num and silicon hydroxides with respect to **Sr and "*’Cs].
Radiochemistry, vol. 42, no. 2, pp. 154-157. (in Rus.)
Valsala T. P. Joseph Annie, Sonar N. L., Sonavane M. S,
Shah J. G., Raj Kanwar, Venugopal V. (2010). Separation

of strontium from low-level radioactive waste solutions
using hydrous manganese dioxide composite materials.
Journal of Nuclear Materials, vol. 404, p. 138.

B.I. lla6anin’, K. K. SIpomenxko’,
O. M. J/IaBpunenko”?, O. B. Mapiniv®, H. b. Minrox'

LY “Incmumym eeoximii HABKOMUUWMHDOO cepedosUL4a
Hauionanvnoi akademii nayx Ykpainu”, npocn. Ilannadina,
34a, Kuis, 03142, Yxpaina

2 [ncmumym npobnem mamepianosHascmea

im. I. M. ®panyesuua Hayionanvroi axademii nayk Yxpainu,
syn. Kpmuscanoscvkozo, 3, Kuis, 03142, Ykpaina

3 Y “Hayxoso-insenepHuii uenmp padioziopozeoexonozitnux
nonieonHux docnioxeny Hayionanvroi akademii Hayx
Yxpainu”, eyn. O. Tonuapa, 556, Kuis, 01054, Yxpaina

Cop611ist OCHOBHMX 1030y TBOPIOIOYMX
papionyknigis Tpanaux sog AEC npupogunm
6eHTOHITOM Yy poneci iX cyMiCHOro 030HyBaHH:

Y crarTi po3KpUTO 3aKOHOMIPDHOCTiI CyKyIIHOTO
MIPOIIECY O30HOITUYHOI JeCTPYKLii OpraHiYHMX KOMIIO-
HEHTiB MOJIe/IbHMX TPAITHNX BOJl aTOMHMX €/IeKTPUIHUX
CTaHIIil1 Ta cop6uii iMiTaTOpPiB OCHOBHUX /{030y TBOPIOIO-
4ynx pafioHykiifiiB (Cs — i3oTomHo MiTkKo!0 'Cs; comeit
crabinpuux i3otonis Co, Sr, Mn) TpamHuX BOJ IPUPOS-
HIM 6eHTOHITOM UepKachbKoro pofoBMINa 3a IPUCYTHOCTI
cop6LiitHO-peareHTHNUX CIONyK — coneit pepymy (II)
i manrany (II). XimiuHMit CK/IaJi TOTTOBHVX €/IEMEHTIB OeH-
TOHITY MiC/Is1 030HYBaHH:A TPallHMX BOJ, i3 JOlaBaHHAM
corell ¢pepyMy i MaHTaHy NPAaKTMYHO He Bilpi3HAETH-
cs1 Bij ckimapgy npupopHoro. ®as3oBuit ckia OEHTOHITY
IIpefiCcTaB/IeHNIT OCHOBHUM IOPOJIOTBIPHIM MiHEpaioM
MOHTMOPWIOHITOM i PYTOpPAZHUM MiHEpaoM — KBap-
neM. PepymMoBMicHi Ppasy 030HOBAHOTO OEHTOHITY IIpef-
crasyeni Fe(II)-Fe(III) mapyBarumm nopBiitHMMM TifpoOK-
cumamu (Green Rust), rerutom a-FeOOH i marmeTToM
Fe ,O,, a ManranoBMmicHi ¢asu — raycmanirom Mn,O,,
okcupom MmaHrany(Il) i okcurigpokcupom MaHraHy
MnO(OH),. ®epymo- i manranoBMmicHi dasu, ocaykeni
B IIPOIieCi 030HYBaHHs Ha IMIOBEPXHIO OEHTOHITY SBIISA-
I0Tb CO00I0 IepeBa>KHO CabKo OKpucTanxizoBaHi a6o
amop®izoBaHi cTpykTypu. Benrnunna nuromoi nosepx-
Hi OEHTOHITIB 3 IIAPOM TiZPOKCHU/IIB, OKCUTIZPOKCHU/IB
i oxcupiB GpepyMy i MaHraHy 36i/1bIIYETHCA TTOPIBHAHO
3 npupogHuM (34,2 mM*/r) i JopiBHIOE, BifTOBigHO, 55
i 51 M*/r npu KoHUeHTpawuii coneit pepymy 50 mr/mm’
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i manrany 100 mr/ gm’ y TpanHux Bogax. CTyneHi Buiy-
4yeHHA pafiionykmifiB (*Cs) Ta iXHiX XiMIYHUX aHA/IOTiB
(ctabinpuux izotonis Co, Sr, Mn) y mpoiieci 030HyBaH-
Hs MOJI€IbHOTO PO34YMHY i3 BUXiZHOI KOHIIEHTpPali€l0
katioHiB (Fe** — 5 mr/mm® Mn** — 10 mr/ogm®; Ca?t —
5 Mr/gM’) 3a IPUCYTHOCTI IPUPOFHOTO OEHTOHITY CKIa-
mae: ¥7Cs — 78 + 2%; Sr** — 98 + 1%; Co** — 97 + 1 %;
Mn?* — 99 + 0.5%. [Ins 36epeskeHHsT ePeKTUBHOCTI

BUTydeHH:A pafioHykninis 'VCs i Co*" mpumyctumum
€ 30i/IbIIIeHH ST BUXITHOI KOHI[eHTpalii KaTioHiB po34u-
Hy pgo: Fe’* — 50 mr/pm’; Mn** — 100 mr/pm’; Ca* —
50 mr/pm’, a mpu BumydeHHi Sr** i Mn*" mo: Fe** —
500 mr/mm*; Mn?* — 1000 mr/gm?; Ca** — 500 mr/om>.

Kniouosi cnosa: Tpanui Bogn AEC, o30H07i3, cop6is,
D030y TBOPIOIOYi pajlioHyK/IiIV TPAITHMX BOJ, OEHTOHIT.

Haginmna 18.05.2022
Received 18.05.2022

36 ISSN 2311-8253 Nuclear Power and the Environment Ne 2 (24) 2022



