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Introduction

Since the disposal of liquid radioactive waste (LRW) is

hazardous due to possible leakages and contamination, its

pre-treatment and conditioning is obviously needed. One of

the methods to decrease the volume of waste by

concentration of radionuclides is an oxidative-sedimentary

sorption. Then the secondary waste can be conditioned for

storage and final disposal. The efficiency of the oxidative-

sedimentary sorption method could be improved by

application of a simultaneous oxidative decomposition of

organic compounds by ozone and adsorption of

radionuclides and decomposition products on natural

sorbents.

The chemical and mineral composition as well as

adsorption capacity of bentonite were analysed in the

course of simultaneous ozonation of a simulated NPP drain

water solution and bentonite in the presence of sorption-

reagent compounds – iron (II) and manganese (II)

sulphates.

Methods and Matherials

Simulated drain water solution. In the Ukrainian NPPs

equipped with pressurized water-water reactors, the total

salinity of the various components in the drain water

mixture is on average 3 – 7 g/dm3 (rarely up to 15 g/dm3).

The purification of drain water from radionuclides is

complicated by the variety of their forms: simple and

complex ions, neutral molecules and colloidal particles.

The main dose-forming radionuclides are 137Cs and 90Sr –

uranium fuel fission products, and 60Co and 54Mn –

activation products of the circuit equipment. 137Cs and 90Sr

are present in the ionic forms, while 60Co and 54Mn are

mainly in the form of organic complexes with EDTA and

oxalic acid. The composition of the simulated solution used

in our study is presented in (Table 1). The radioactive

tracer 137Cs and salts of stable elements of Sr, Co, Mn as

chemical analogues of the related radionuclides were added

to the initial solution.

Table 1 Composition of the initial simulated drain water 

solution

Bentonite samples. In our study we used Dashukivka

bentonite of the Cherkasy deposit (II layer). The main

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 hydromica

(5 %) (Shabalin et al., 2022). The chemical composition of

bentonite (wt. %) is as follows: SiO2 – 68.02, FeО + Fe2O3

– 6.86, Al2O3 – 19.45, MgО – 2.42, CaО – 1.45, Na2О –

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 m2/g (BET method, employed gaseous

adsorbate – nitrogen).

Ozonation method. Ozonation of the simulated drain water

solutions was performed by ozone-air mixture was

produced in an ozone generator and fed into the column

with the simulated drain water solution through the

dispersant. Then the column was heated to 60 ºC, 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. After ozonation, the

simulated solution was filtered with a vacuum pump

through a membrane filter. Then, the final pH, chemical

oxygen demand (COD), 137Cs activity and residual

concentration of Sr2+, Co2+, Mn2+ were determined.

Results and Discussion

According to X-ray diffraction data, the diffraction patterns

of bentonite with the addition of Fe salt (Fig. 1a) and Mn

salt (Fig. 1b) show the reflexes of the main rock-forming

mineral – montmorillonite and the secondary mineral –

quartz. The iron-bearing phases are Fe (II) - Fe (III)

double-layered hydroxides (Green Rust), goethite and

magnetite (# 19-029). The manganese-bearing phases are

hausemannite Mn3O4, manganese oxide (ІІ) and

manganese oxyhydroxide MnO(OH)2. A halo observed at

the diffraction patterns of the both samples at 2θ angle 15 –

25 ° indicates that the iron and manganese hydroxides

deposited during ozonation are weakly crystallized or

amorphized structures.

Fig. 1. Diffractograms of montmorillonite samples with

additions (10 %): a – iron; b – manganese.

The average size of bentonite platelets after ozonation with

an iron salt additive is 1 to 4 μm. The platelets are of

different forms, often with clear contours (Fig. 2a, 2b).

From the EDS analysis (Fig. 2c, 2d), the content of silicon,

aluminium, oxygen, magnesium and titanium of the

bentonite is 24.9 - 29.75 wt. %, 7.64 - 8.51 wt. %, 41.59 -

46.09 wt. %, 1.27 - 1.32 wt. % and 0.38 - 0.64 wt. %

respectively. The qualitative composition of bentonite after

simultaneous ozonation remains virtually unchanged.

Fig. 2. SEM images of bentonite (a, b, c) and EDS

spectrum (d) after ozonation of the simulated drain water

solution in the presence of FeSO4×7H2O.

At the same time, the content of other elements changes

(wt. %): sodium 2.55 - 2.8 (0.20), chlorine 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 can be explained by the

complex processes that go along with ozonation –

occlusion, co-precipitation, leaching, adsorption, etc. In the

typical image of the EDS spectrum, there are reflexes of

gold and palladium – the components of the sputtered

alloy. SEM images of bentonite sometimes show single

white crystals containing barium and sulphur. No

individual phase of iron oxides was detected.

The average size of bentonite platelets after ozonation

with a manganese salt additive is 1.3 μm, and a platelet

thickness is 164 nm. The bentonite particles size form

microaggregates of various configurations, about 8 μm.

The manganese-bearing phase is represented by individual

6 μm particles. The values for oxygen, sodium,

magnesium, aluminium, silicon, chlorine, potassium,

calcium, titanium, manganese and iron content of bentonite

are the following (wt. %): 46.06, 2.63, 1.54, 8.04, 26.97,

0.87, 1.50, 4.63, 0.54, 1.31 and 5.91 respectively. The

manganese-bearing phase contains 60.6 wt. % of Mn and

24.06 wt. % of O, while the content of other elements is

insignificant, which may indicate the formation of

manganese oxide phases.

The degree of 137Cs removal from the simulated NPP drain

water solution with concentration of competing cations

(Fe2+ – 5 mg/dm3; Mn2+ – 10 mg/dm3) in the course of

ozonation in the presence of natural bentonite is 78 % (Fig.

3a). Increase in the concentration of Fe2+ ions to 50

mg/dm3 causes increase in cesium adsorption by only a few

percent (up to 80.3 %), and increase in the concentration of

Fe2+ to 500 mg/dm3 results in a sharp decrease in cesium

removal to 51.5 %. Increase in the concentration of Mn2+ in

the initial solution to 100 mg/dm3 leads to a decrease in the

degree of extraction of 137Cs to 69.4 %, and at 1000

mg/dm3, the degree of cesium removal decreases to 49.8%.

The degree of Co removal (Fig. 3b) from the solution with

a typical concentration of cations (Fe2+ – 5 mg/dm3; Mn2+ –

10 mg/dm3) during ozonation is 96.5 %. Increase in the

initial concentration of Fe2+ cations in the simulated

solution to 50 mg/dm3 leads to a slight increase in Co

removal to 97.3 %, while increase of Fe2+ to 500 mg/dm3

reduces the degree of Co removal to 91.2 %. Increase in

the Mn2+ concentration in the initial solution to 100

mg/dm3 leads to a decrease in the degree of Co removal to

86.8 %, and at the initial concentration of Mn2+ 1000

mg/dm3, the degree of Co removal is 82.7 %.

Fig. 3. 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.

The degree of Sr removal (Fig. 3c) in the course of

ozonation of the drain water solutions with different

concentrations of competing cations varies from 97.55 to

99.3 %, i.e., it is almost independent of the changes in the

concentration. A similar situation is observed for Mn (Fig.

3d). The degree of Mn removal, depending on the

concentration of competing cations, varies from 99.7 to

99.9 %.

Thus, the degree of 137Cs and 60Co adsorption on bentonite

in the course of simultaneous ozonation with the simulated

NPP drain water solution remains high with increasing of

concentration of competing cations to: Fe2+ – 50 mg/dm3;

Mn2+ – 100 mg/dm3. The degree of 90Sr and 54Mn removal

is practically independent of the initial concentration of

cations in case the concentration increases at least to: Fe2+

– 500 mg/dm3; Mn2+ – 1000 mg/dm3.

Conclusions

Compared to natural bentonite, the concentration of the

main elements of the bentonite used in drain water

ozonation with the addition of salts is practically

unchanged.

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, the

sorption-reagent compounds – salts of iron (II) and

manganese (II) play a minor role in the sorption processes

and can block active sorption centers of bentonite at high

concentrations.

Chemical compounds Concentration, mg/dm3

H3BO3 1700

KNO3 1000

Na2SO4 2000

NaCl 1450

NaOH (45%) 1450

CoSO4 132

MnSO4·H2O 30,77

Sr(NO3)2 120,5

CsNO3 73,3

FeSO4·7H2O 25

CaCl2 13,9

EDTA 100

H2C2O4 40

Lotos-M 350

Mineralization 7035,47


