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SUMMARY

The article reads about sorption properties of bentonites from the Cherkasy deposit towards
%Sr in case of degradation of cement-concrete components of engineered barrier system in
near-surface radioactive waste storage facilities. Was determined the regularities of the
impact of pH and Ca** ion concentration in model groundwater of the Chornobyl Exclusion
Zone on the transformation and sorption properties of bentonites towards *°Sr. The contact
with degraded cement structures of the near-surface repository causes decrease of the
sorption properties of bentonite towards strontium. The degree of Sr adsorption is higher for
natural Ca-bentonite than for Na-modified bentonite. Natural bentonite will more reliably
isolate Sr within the radioactive waste storage facilities ensuring safety for humans and the
natural environment.
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Introduction

The safety of near-surface repositories of modular type for low and intermediate level short-lived
waste (LILW-SL) during the monitoring and surveillance phase (300 years) is based on the
engineered barrier system (EBS) and is determined by the facility’s radioactive waste (RW)
acceptance criteria taking into account the ground water flow characteristics in the disposal site area.
Compared to other clayey materials, bentonite has much higher barrier properties. That is why, a
significant majority of the world's concepts of a near-surface RW storage consider use of bentonite
clays as underlying anti-migration barriers, compactions and backfills.

Under normal conditions, radionuclides from storage facilities can come into water flows only after
significant degradation of the EBS. The EBS mainly consists of cemented RW matrices, cement
mortar filler, concrete compartments and structures at the base of the storage, the total amount of
which significantly exceeds the amount of the bentonite clay. Degradation of EBS causes changes in
the geochemical conditions of radionuclide migration in the water environment: pH values may
evolve from close to neutral towards strongly alkaline, which in its turn can change the sorption
properties of the bentonites.

The most mobile radionuclide contaminating the geological environment of the Chornobyl Exclusion
Zone (ChEZ) is ?°Sr. In case of degradation of all barriers of the repository, not only the soil in the
aeration zone, but also the groundwater can be contaminated with *°Sr in concentrations exceeding the
permissible concentration (TLK).

The purpose of the work is to ascertain the regularities of the impact of pH and Ca?" ion
concentration in model groundwater of the Chornobyl Exclusion Zone on the transformation and
sorption properties of bentonites from the Cherkasy deposit towards *°Sr in case of degradation of
cement-concrete components of EBS in near-surface radioactive waste storage facilities.

Methods and Materials

As the samples, we used powders of natural (NB) and industrial Na-modified (sodium PBA-20)
bentonites from the Cherkasy deposit (Dashukivska site, layer II) which are characterized in the work
(Shabalin et al., 2018). Bentonite clays consist mainly of fine-dispersed fractions: the 0.005 - 0.001
mm fraction makes 86 - 87.5 wt.%. According to the mineral composition, natural bentonite clay is
represented mainly by smectite (Ca-montmorillonite) — 65 - 75 wt.% and quartz — 20 - 25 wt.%.
Among the impurity minerals, there are (wt.%) calcite (3 - 5), kaolinite (3 - 5), mica (5) and feldspar
(3) (Shimadzu XRD-6000 diffractometer (Japan).

Scanning electronic microscopy (SEM) and energy dispersion spectra (EDS). The analysis of the
precipitates was performed using a scanning electron microscope JSM-6700F, equipped with an
energy dispersion system for microanalysis JED-2300 (JEOL, Japan). SEM images and the chemical
composition of the samples were obtained at an accelerating voltage of 15 kV, probe current of 6-10-1°
A and a probe diameter of 1 to 2 pm. Pure metals, minerals, oxides and fluorides were used as
standards. The relative error (%) was as follows: SiO, — 0.87; ALL,O;— 0.75; FeO+Fe>O3—0.35; MgO
—0.22; CaO - 0.36; Na;O — 0.23; K,O — 0.49.

The chemical analysis of the groundwater in the Chornobyl Exclusion Zone shows that the
composition of the groundwater at the storage facilities sites and in other areas is rather close. The
composition of the initial model solution of the ChEZ groundwater is given in Table 1.
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Table 1 Initial composition of model solution of ChEZ groundwater

Tons Na® | Ca?" | K" | Fe** | Mg?" | Cs* | CI' | SO4 | HCO?* | NO* | Mineralization
Concentration, | 3y 5| 16 | 33| | | 48 | 1 |424|272 | 689 | 57 201.5
mg/dm

The isotope indicator used in the experiments was the isotope *°Sr (ti» = 28.6 years) in the form of
0.1M HCI with the radionuclidic purity more than 99.5%. The activity of the initial solution was 6750
Bg/dm?.

50 ml aliquots of the solution were taken for each sample. CaCl, solution was added to the samples to
reach Ca?" concentrations 160, 320, 640 and 960 mg/dm?. Then, NaOH was added to each sample to
receive pHo of the solution equal to 7.4 and 11.80 (+ 0.01 - 0.03). "IT pH-150" pH meter (P®) was
used for measurement.

Bentonite powders were added to the solution in a ratio sorbent : solution 1:100 (0.5 g of bentonite per
50 ml of the model solution). After 24 hours the solution was filtered using a vacuum pump with a
Buchner funnel and a Bunsen flask through a microporous kapron membrane filter (0.2 um pore size).

The residual activity of the filtrate was measured using a y-spectrometer "ATOLL-1M" (Ukraine).
The relative error of y-measurements was within 10 to 17% depending on pH and the concentration of
Ca?" ions in the contacting solution.

Results

SEM images show (fig. 1) that during the interaction of bentonites, the natural morphology of
bentonite particles is preserved. It confirms the resistance of its structure to alkaline effects and an
increase in the Ca’' ion concentration of the contacting solution. Thus, the changes in sorption of
strontium cannot be related to significant decomposition of the bentonite structure.

Figure 1 Suspension of natural (a) and Na-modified (b) bentonite of the Cherkasy deposit
(Dashukivska site, layer Il). pH = 11.8; Ca’* ion concentration = 960 mg/dm’

At the same time, according to EDS spectra, minor variations of structural elements in the tetrahedra
and octahedra of montmorillonite (the main mineral of bentonites) with isomorphic impurities — Si
(Al, Fe*"), Al (Mg, Fe?*) are observed with increase in pH and Ca*" ion concentration (table 2). The
found regularity is confirmed by the results of the contact interaction between natural Ca and Na
bentonites from different deposits with Portland cement (Sato et al. 2004). At the same time, the
composition of the interlayer ion exchange complex of bentonites, which is mainly determined by the
surrounding equilibrium solution, changes.

An increase in Ca and a decrease in Na concentrations in the interlayer ion exchange complex
compared to the original bentonites is explained by greater mobility (leaching) and low energy of
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hydration of Na* ions compared to Ca?" ions in the interlayer space of montmorillonite. (Kaufhold,
Dohrmann, 2011). Thus, the obtained results show that PBA-20 bentonite transforms from Na, Ca
form to Ca, Na form.

Table 2 Average chemical composition of bentonites (EDS data)”

Oxides SiO; | ALOs | FeO+Fe;03 | MgO | MnO | CaO | Na,O | K;O | Total

Natural bent. 65.85 | 17.56 6.89 2.78 | ND | 5.33 0.9 10.71 | 100.01
1 61.13 | 16.26 8 2.13 | ND | 11.64 | 0.21 | 0.63 100

Na-mod. bent. | 66.17 | 16.51 4.21 1.61 | 0.33 | 2.27 | 849 | 0.4 | 99.99
2 65.6 | 15.32 7.71 1.25 | ND | 6.75 | 3.04 | 0.33 100

* Note. Average values of 10 measurements with an area of 0.25 mm?’; 1 — natural bentonite with the addition of
Ca’" in a model solution - 960 mg/dm’, pH = 11.8,; 2 — bentonite PBA-20 with the addition of Ca’" in a model
solution - 960 mg/dm’, pH=11.8; ND - not detected.

Sorption of Sr on bentonites occurs relatively quickly, and equilibrium is established in about 14-16
hours (fig. 2a).
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Figure 2 (a) Kinetics of *’Sr adsorption on natural (NB) Cherkasy deposit bentonites from the model
solution of ChEZ groundwater in the presence of Ca’* (960 mg/dm?) and pHy = 7.4. (b) Dependence
of the degree of *’Sr adsorption on natural and Na-modified (PBA-20) bentonite from the Cherkasy

deposit on the concentration of Ca’* ions and pHy of the model groundwater of the Chornobyl
Exclusion Zone

As can be seen from the results given in fig. 2b, high values of the *°Sr sorption degree are achieved at
a slightly alkaline pH (7.4) and the initial concentration of Ca?" ions (16 mg/L) in the model solution.
The sorption on Na-modified bentonite (PBA-20) proceeds better than on natural bentonite. With an
increase in pH to strongly alkaline (11.8) and the concentration of Ca*" ions from 16 to 960 mg/L, the
sorption of *°Sr sharply decreases for both bentonites: for natural — by 45-50%, for Na-modified
bentonite — by 25-30%.

The mechanism of sorption is generally explained by the specific structure and heterogeneity of the
surface of montmorillonite, primarily associated with the presence of sorption centres of various
nature — exchangeable cations on the basal faces and particles in the interlayer space, as well as
exchangeable cations and hydroxyl groups on the side faces and edges of crystals. According to the
results of X-ray analysis, the main mechanism of sorption of Sr ions on bentonites is cation exchange
at the basal faces and in the interlayer space (Mayordomo et al., 2019). Here sorption does not depend
on the pH of the medium, but decreases with increase in the ionic strength of solutions at low and
high pH due to competition with other ions (Priadko et al., 2020).

Another mechanism of sorption of Sr ions is the sorption on wedge-shaped edge sites of the layers
with the hydroxyl groups of montmorillonite, which depend on the pH of the solution.
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From the obtained data, it can be assumed that the mechanism of Sr adsorption is aimed at bonding
with surface hydroxyl groups (chemosorption).

The processes of sorption of Sr (as well as other radionuclides) from multicomponent solutions with
different pH, Eh, and salt composition depend on the precipitated insoluble or sparingly soluble
compounds on the bentonite surface. According to our computer simulations data, in model
groundwater with the addition of CaCl, solutions and alkaline pH, small amounts of sediments,
mainly oxides, hydroxides, Fe oxyhydroxides (hematite, goethite, limonite) and Ca carbonates
(calcite, aragonite, dolomite) were detected (fig. 2). Insoluble / sparingly soluble compounds on the
surface of bentonites are formed mainly on the basal surface, chips and surface defects of mineral
grains.
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Figure 3 Phase composition of model solutions of ChEZ groundwater with the addition of excess
Ca’* (Modelling with PHREEQC software (USGS PHREEQC, 2021)

Conclusions

The results of the research allow us to conclude that the contact with degraded cement structures of
the near-surface repository causes decrease of the sorption properties of bentonite towards strontium.
The degree of Sr adsorption is lower for Na-modified bentonite (PBA-20) compared to natural (Ca-
bentonite). Hence, natural bentonite will more reliably isolate Sr within the radioactive waste storage
facilities ensuring safety for humans and the natural environment.
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