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w00 ¥’Cs uepKacbKnx 6eHTOHITIB (YKpaiHa)
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The safety of near-surface and deep radioactive waste storage facilities is based on a system of en-
gineered and natural barriers. Significant degradation of the engineered barrier system composed of
cemented waste matrixes covered by cement mixture, concrete compartments, and structures at the
basement of the storage facility may cause radionuclide transfer from the facility to groundwater. Mix-
ing of the cement and concrete with water leads to the formation of several various hydration products
with subsequent leaching of Ca?* ions and formation of hydroxyl ions (OH"), which affects the alkalinity
of the water environment and the sorption properties of bentonite, as a component of the engineered
barrier at the basement of near-surface facilities. The article presents the results of an experimental
study of the influence of Ca* ion concentration and pH of the model solution (similar to groundwater
composition at Vector Site in Chornobyl Exclusion Zone) on the elemental composition and sorption
properties of natural (NB) and Na-modified (PBA-20) bentonites from the Cherkasy deposit concerning
Cs at the Solid : Solution ratio of 1: 100. Geochemical modeling suggests that addition of CaCl, to
test solution and resulting alkaline pH leads to precipitation of solids, mainly oxides, hydroxides, Fe
oxyhydroxides (hematite, goethite, limonite), and Ca carbonates (calcite, aragonite, dolomite). Their
role in Cs adsorption was evaluated. The concentration of structural elements (Si, Al) in bentonites
practically does not change with Ca* ion concentration increase in the model solution, demonstrating
the bentonite structure’s stability under these conditions. At the same time, an increase in the Ca
concentration and a decrease in the Na concentration was found in the ion exchange complex of the
bentonites if compared to the initial natural bentonite. This results in the transformation of Na-modi-
fied bentonite from Na, Ca-form to Ca, Na-form. The total sorption capacity of NB and PBA-20 bentonite
concerning Cs* ions at increased concentrations of Ca* ions and pH of the solution slightly decreases,
though retaining high values of the degree of absorption (> 90 %). The total adsorption of Cs* ions on
NB and PBA-20 bentonites from model groundwater with the addition of CaCl, from 16 to 960 mg/dm?
and increase of pH from 7.4 to 11.8 decreases with the increase in ionic strength, in particular, due to
competition with Ca> and Na*ions. NB and PBA-20 bentonites of the Cherkasy deposit remain a reli-
able component of the liner at the repository basement owing to their main functional property - high
absorption capacity for *’Cs, which is an important dose-forming radionuclide of short-lived low- and
medium-level waste.
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Influence of pH and Ca* lons on Chemical Composition and Sorption of ¥’Cs by Cherkasy Bentonites (Ukraine)

Introduction

At present, radioactive waste (RAW) in Ukraine is
stored in national storage facilities at the Industri-
al Complex “Vector” (IC “Vector”) in the Chornobyl
Exclusion Zone (ChEZ). The IC “Vector” accepts var-
ious classes of RAW, including low- and interme-
diate-level waste with short-lived radionuclides
(LILW-SL), from various enterprises generating
waste and from interim waste storage facilities.
Large volumes of accumulated radioactive waste
require an extension of the already existing storage
facilities and the construction of new ones (State
Agency of Ukraine on Exclusion Zone Management,
2022).

The safety of such storage facilities is based on
an engineered (EBS) and natural barrier system,
and it determines the Waste Acceptance Criteria
(WAC) for the disposal of radioactive waste at each
facility. The WAC for near-surface disposal facilities
for LL-ILW at IC “Vector” contains requirements on
the rate of radionuclide leaching from a waste ma-
trix (for example, cement) of immobilized LILW-SL
by groundwater (Criteria for acceptance of radio-
active waste for disposal, 2009), which would also
affect the performance of other EBS components.

Most of the world’s concepts of near-surface and
deep disposal facilities for radioactive waste con-
sider bentonite clays as an underlying engineered
barrier at the base of the storage facility or as com-
paction and backfill material (Canadian National
Report for the Joint Convention on the Safety of
Spent Fuel Managemen, 2020; Joint Convention on
the Safety of Spent Fuel Management, 2020; Swe-
den’s seventh national report under the Joint Con-
vention on the safety of spent fuel management,
2020; Shabalin et al., 2023). The isolating hydrau-
lic and sorption properties of bentonite clays are
much higher than those of other clay materials
(Wilson, 2013).

In the absence of emergencies, only significant
degradation of the EBS may cause radionuclide
transfer from the facility with infiltration to ground-
water. The RAW and EBS components at the base of
the repository can encounter water due to leakage
through the walls and basement of the compart-
ments because of flooding (for example, with rising
groundwater or/and perched water levels), as well
as with atmospheric precipitations through insuf-
ficiently watertight engineered covering of the fa-
cility.

In the process of functioning (the post-closure
institutional control period lasts for 300 years) of
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near-surface RAW storage facilities, the bentonite
barriers can be exposed to a strongly alkaline envi-
ronment, and increased concentration of Ca%ions
produced in the case of concrete-cement structures
and cement matrices degradation. Under such con-
ditions, the contact of bentonites with an aqueous
environment can change the sorption properties of
bentonites with respect to cations of radionuclides
(Balmer et al., 2016).

A lot of laboratory studies of cement (concrete) -
bentonite systems showed that extended chem-
ical reactions between the pore water and con-
crete-cement hydration products lead to partial
dissolution of the formed solid phases and leach-
ing of Na* and K* ions at the initial stage and later
of Ca> from cement (concrete) with the formation
of hydroxyl ions (OH-). These processes increase
the alkalinity of the water environment, starting
from pH 11-12, and affect the stability of bentonites
and their physical and chemical properties (Pus-
ch et al., 2003; Karnland et al., 2007; Kaufhold and
Dohrmann, 2011; Anh et al., 2017; Liu et al., 2018).

One of the mechanisms affecting the sorption
properties of bentonites is self-compaction due to
precipitation and co-precipitation caused by the
composition, pH and/or redox potential Eh of the
contact water due to filling pore spaces with degra-
dation products.

Consequently, determining the elemental com-
position and sorption properties of bentonites in
case of degradation of the cement-concrete EBS
components of a near-surface RAW storage facility
is a fundamental area of research related to radio-
active waste disposal.

The maximum specific activity of radionuclides
in wastes disposed of in near-surface facilities
can reach 3.7 x 10’ Bq/kg (Management of radioac-
tive waste, 2018). The radionuclide composition of
waste buried in surface / near-surface repositories
is quite diverse and includes "Cs, "“Cs, °°Sr, %°Co,
%Mn, 2°Pu, 2'Am, and several short-lived radionu-
clides. The ™Cs represent one of the most envi-
ronmentally hazardous components of radioactive
waste stored in near-surface repositories due to
the long half-life of this radionuclide and the high
yield during the uranium fuel fission in reactors in
Ukraine.

The article aims to assess the influence of Ca*
ion concentration in model solution (similar to the
composition of groundwater at the “Vector” Site in
the Chornobyl Exclusion Zone) on the elemental
composition and sorption properties of the Cher-
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kasy bentonites for *’Cs in case of degradation of
cement-concrete engineered barriers in a near-sur-
face radioactive waste storage facility.

While this study is focused on "Cs, it is inter-
esting to conduct similar studies for other radio-
nuclides such as °°Sr, ®Co, and other radioactive
constituents present in RAW.

Materials and Methods

Bentonite Characterization. We used powdered
natural (NB) and industrial sodium modified
(PBA-20) Cherkasy bentonite. The characteristics
of the bentonites are presented in previous au-
thors’ articles (Shabalin et al., 2018; Shabalin et
al., 2022).

Bentonite clays of the Cherkasy deposit
(Dashukivka area, Il layer) consist mainly of low-dis-
persed fractions: the 0.005-0.001 mm fraction
makes 86-87.5 wt. %. Natural bentonite predomi-
nantly comprises smectite (Ca-montmorillonite) -
70-75 wt. % and quartz - 20-25 wt. %. The accessory
minerals are calcite (3-5 %), kaolinite (3-5 %), mica
(5 %) and feldspar (3 %). SiO, contained in quartz,
cristobalite, and silica, which is confirmed by plas-
ma atomic emission spectrometry data. The com-
position of exchangeable cations is as follows (mg-
equiv/100 g): Na* - 2.6; Ca?* - 41.3; Mg? - 32.6; K* = 1.2;
the total amount of exchangeable cations is 77.6.

B.H. Shabalin, K.K. Yaroshenko, N.B. Mitsiuk

The chemical composition of bentonites was stud-
ied by scanning electron microscopy (SEM) in com-
bination with roentgen energy dispersion spectros-
copy (EDS) using a scanning electron microscope
JSM-6700F, equipped with an energy dispersion sys-
tem for microanalysis JED-2300 (JEOL, Japan). SEM im-
ages and the chemical composition of the samples
were obtained at an accelerating voltage of 15 kV, a
probe current of 6 x 10" 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; AL,O, - 0.75; FeO+Fe,0, - 0.35;
MgO - 0.22; Ca0 - 0.36; Na,0 - 0.23; K,0 - 0.49.

Mineral composition of sediments. The composi-
tion of sediments (precipitated solids) in the mod-
el solution under the experimental conditions was
simulated using the program Modeling with USGS
PHREEQC (PHREEQC Software), which analyses the
chemical composition, pH, and Eh of multicompo-
nent solutions.

Solution Chemistry. The initial composition of the
model solution was like the composition of ground-
water at the Vector Site in the Chornobyl Exclusion
Zone and is given in Table 1 (Shestopalov, 1999).

y-spectrometry. The isotope indicator used in
the experiments was 'Cs isotope (t,, = 30.15 years)
in the solution form with radionuclide purity of
more than 99.5 %. The activity of the initial solution

Table 1. Initial composition of model solution simulating the ChEZ groundwater

ct S0, HCO* NO*  Mineralization

Concentration, mg/dm?3 31.2 16.0 33 1.0

1.0 42.4 27.2 68.9 5.7 201.5

X9,000 2pm

N
L 4

X9,000 . 2um

Fig. 1. Suspension of natural (a) and Na-modified (b) bentonite of the Cherkasy deposit (Dashukivska site, Il layer). pH 11.8; Ca? ion

concentration - 960 mg/dm?
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Influence of pH and Ca* lons on Chemical Composition and Sorption of ¥’Cs by Cherkasy Bentonites (Ukraine)

was 3.13 x 10* Bq/dm?. ¥Cs activity was measured
using the semiconductor y-spectrometer “ATOLL-
1M” (Ukraine) with Csl-crystals. The relative error
of measuring the radionuclide activity by semicon-
ductor detectors depends on the sample activity
and the measurement time (set by the operator).
The sample measurement time was 60 minutes.
The error (s activity measuring in the initial solu-
tion (high activity) was 1 %. The error of measuring
the "Cs activity in the solutions after sorption (low
activity) was within 3.2-21.8 % depending on the
amount of activity.

Potentiometry. The pH of the solution was mea-
sured with a potentiometer (pH meter) “IT pH-150"
(Russian Federation) with an appropriate elec-
trode. The relative measurement error is + 0.1 unit.

Experimental procedure. For the batch exper-
iments, 50 ml aliquots of the solution were taken
for each sample. Then CaCl, solution was add-
ed to the samples to reach Ca* concentration
equal to 160 mg/dm? (4 x 10 mol/L), 320 mg/dm?
(8 x 10* mol/L), 640 mg/dm?3 (1.6 x 103 mol/L) and
960 mg/dm? (2.4 x 10 mol/L) taking into account
the significant amount of cement and concrete in
the total mass of near-surface modular LILW-SL
storage facilities (Industrial..., 2003).

NaOH (0.1 M) was added to the samples to achieve
pH, of the solutions 9.5 and 11.8 (+ 0.05-0.1). Pow-
dered bentonite was added to the solution in a ra-
tio of 1:100 (0.5 g of bentonite per 50 ml of model
solution). After 24 hours, the mixture was filtered
through a microporous Capron membrane filter
(0.2 pym pore size) using a Buchner funnel vacuum
pump and a Bunsen flask. The residual activity of
the filtrate and the final pH values were measured.
Each experiment was repeated three times, and the
average value was used. The maximum experimen-
tal error was 0.5 %. The accuracy of determination
of the degree of sorption of *’Cs on bentonites and
of respective K, values was calculated considering
both experimental and analytical errors.

Results and Discussion

The results of experiments of the *’Cs adsorption
on natural and soda-modified bentonite are shown
in Figs. 1, 2 and Table 2. SEM images (see Fig. 1)
show that the natural morphology of bentonite
particles is preserved during sodium modification,
which confirms the resistance of its structure to al-
kaline effects (Shabalin et al., 2022). So, the cesium
adsorption cannot be related to the decomposition
of the structure and dissolution of bentonite. Simi-
lar results on the contact interaction between nat-
ural and alkali-modified bentonites from various
deposits and Portland cement in an aqueous en-
vironment are reported in the publications of (Sato
et al., 2003; Anh et al., 2017; Morozov et al., 2022).

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 con-
centrations in the interlayer ion exchange complex
compared to the original bentonites is explained
by the ion exchange of Na* in the montmorillonite
structure. An increase in the mass fraction of CaO in
the chemical composition of bentonite after contact
with solutions containing high concentrations of Ca?
is an important indicator of its competitive sorption,
which leads to a decrease in the sorption properties
of bentonite concerning *’Cs. Moreover, the mass
fraction of CaO increases twice for natural benton-
ite - from 5.33 to 11.64 %, for Na-modified bentonite
three times - from 2.27 to 6.75 %. Similar results were
obtained in experiments with bentonites saturated
with CaCl, solutions (Kaufhold and Dohrmann, 2011).
Minor variations in the composition of Al and Fe can
be explained by the partial dissolution of these ele-
ments on the wedge-shaped edge areas of the mont-
morillonite layers and partly by the relative error of
the used method. The decrease in the concentration
of quartz (see Table 2) occurs due to quartz amorphi-
zation and its dissolution in the solution with an ex-
cess of Ca(OH), from a highly alkaline pH.

Table 2. Average chemical composition of bentonites (based on energy dispersion spectroscopy data - EDS)*

FeO+Fe,0,  Mg0

Natural bent. 65.85 17.56 6.89 2.78 ND 5.33 0.9 0.7 100.01
1 61.13 16.26 8.00 213 ND 11.64 0.21 0.63 100.00
Na-mod. bent. 66.17 16.51 4.21 1.61 0.33 2.27 8.49 0.4 99.99

2 65.6 15.32 7.7 1.25 ND 6.75 3.04 0.33 100.00

*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.
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Fig. 2. Kinetics of Cs adsorption on natural (NB) and Na-modified (PBA-20) Cherkasy deposit bentonites from a model solution in the

presence of Ca?* (960 mg/dm?) and pH, 11.8

Adsorption of Cs on bentonite in the presence
of Ca?* (960 mg/dm?) and pH, 11.8 is relatively fast,
and the equilibrium is established in 14-15 hours
(see Fig. 2). In NB and PBA-20 clays, the pH of the
equilibrium solutions slightly differed from the pH,
of the initial solutions. It is explained by the dif-
ferent buffering capacities of the clays and depro-
tonation of the edge structural units of montmo-
rillonite (=SOH & =SO" + H*). Similar dependencies
concerning the contact interaction between natu-
ral bentonites from different deposits and Portland
cement are reported in international comprehen-
sive studies (Disposal-Engineered..., 2004; Geolog-
ical..., 2016).

The mechanism of cation adsorption on mont-
morillonite is complex and has yet to be deter-
mined. One of the reasons why it is difficult to study
this mechanism is that sorption occurs on a small
area that cannot be observed even with the latest
experimental equipment (Okumura et al., 2018).
Generally, the sorption mechanism is explained
by the specific characteristics of the structure and
heterogeneity of the montmorillonite surface (Pro-
ceedings..., 2004).

According to the X-ray structure analysis data,
the main mechanism of Cs* ion adsorption on
montmorillonites is the ion exchange mechanism
of interaction on flat surfaces of bentonite, which
does not depend on the pH of the solution (Be-
lousov et al., 2019). Still, it decreases with an in-
crease in the ionic strength of solutions at low and
high pH (Priadko et al., 2020).

Another mechanism of Cs* ion adsorption is
sorption at the expanded edge regions of montmo-
rillonite layers. It was found (Osipov and Sokolov,
2013) that ions with low hydration energy (Cs*, Rb?,
K', NH,*) can comparatively easily lose their hydra-
tion shell and penetrating the wedge-shaped edge
areas of montmorillonite layers, formed fixed forms
(=SOH + R* < =SOR + H*, S = edge area, R = Cs*, Rb?,
K', NH,"). Such sites are extremely highly selective
towards Cs* ions compared to other singly charged
cations and depend on the pH of the solution. Such
adsorption centers may fix Cs* by the chemisorp-
tion process due to deprotonation. This bond is
stronger than the electrostatic interaction of Cs
ions with flat surfaces in the form of exchangeable
cations. The centers are more selective; they are
initially filled with Cs* ions, significantly contribut-
ing to total sorption (Anderson et al., 1998).

The data we obtained from this study suggest
that the total adsorption of Cs* ions on NB and PBA-
20 from model groundwater solutions after adding
CaCl, solution from 16 mg/dm? to 960 mg/dm?* and
an increase in pH, - from 7.4 to 11.8 decreases with
an increase in ionic strength also due to competi-
tion with Ca? and Na* ions. But it retains high values
(>90 %) (Fig. 3). Thus, the degree of Cs adsorption (%)
on natural bentonite at pH, 7.4 with the increase in
Ca* ion concentration from 16 to 960 mg/dm? de-
creases from 97.7 + 1.0 to 88.2 + 1.3, at pH, 9.5 - from
98.4 + 0.9 10 90.2 £ 1.0, at pH, 11.8 - from 99.4 + 0.9
to 91.2 £ 1.0. For PBA-20 bentonite at pH, 7.4 and the
concentration of Ca? ions 16 mg/dm?, the degree of
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Fig. 3. Dependence of the degree of ¥’Cs adsorption on natural bentonite from the Cherkasy deposit on the concentration of Ca* ions

and pH, of the model solution

Cs adsorption is 98.2 + 0.9, at pH, 11.8 and the con-
centration of Ca* ions 960 mg/dm? it decreases to
90.2 + 1.0 %. Accordingly, the calculated phase dis-
tribution coefficients of “Cs (K,) adsorbed on nat-
ural bentonite at pH, 7.4 and Ca* ion concentration
16 mg/dm? in the model groundwater solution in-
creases. In contrast, with an increase in pH and Ca*
ion concentration, it decreases (Table 3), which fully
corresponds to the conclusions from the data on the
¥Cs sorption degree. Earlier, it was shown (Shabalin
et al., 2022) that at neutral pH (6.1) and the concen-
tration of Na* ions from 6.1 to 61 mg/dm? and Ca*
ions from 16 to 60 mg/dm?, the values of adsorption
degree remain high enough - at least 80 % for both
types of bentonite. The difference in the adsorption
degree values is within 10 %. Similar dependencies
are reported by (Hong et al,, 2016), i.e., K, of benton-
ite increases with the increase in pH and decreas-
es with the increase in ionic strength of the contact
solution.

In (Nakano et al., 2003) the energy of Cs* ion ad-
sorption on Na-bentonite was measured. It was found
that montmorillonite has at least two types of sorp-
tion centers for Cs* cations. It was also observed that
bentonite MX 80 (Wyoming, USA) treated with cesium
chloride solution, contains sorption centers in the in-
terlayer spaces and extended edge areas of bentonite
layers (Bostick et al., 2002). Thus, we can conclude that
the adsorption of Cs* ions on bentonites occurs main-
ly via two mechanisms. The main sorption mechanism
is the fixation of Cs* on flat surfaces due to ion ex-
change. Increasing pH to alkaline values strengthens
the pH-dependent positions on the wedge-shaped
edge areas of montmorillonite layers, on which Cs*
ions can be fixed more firmly. In (Makarov et al., 2017),
it was published that the adsorption of various cat-
ions on alkaline and alkaline earth bentonites does
not affect the nature of the distribution of the main
active centers but changes their ratio in the alkaline
regions of pH values.

Table 3. Distribution coefficients (K ) of *’Cs adsorption on natural bentonite of the Cherkasy deposit from a model solution depending

on pH and concentration of Ca* ions

Concentration of Ca*, mg/dm? 16 160 320 640 960

pH, 7.4

K, (¥Cs), ml/g 4800 * 60 2120 £ 40 1280+ 30 920 + 30 750 £ 30
pH, 9.5

K, (¥Cs), ml/g 6030 + 70 2630 + 40 1550 + 30 1130 + 30 920 + 30
pH, 1.8

Ky (¥"Cs), ml/g 16000 + 130 7660 + 80 2290 + 40 1440 + 30 1040 + 30
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Adsorption of Cs* cations on montmorillonites is
accompanied by competitive interaction with Na’,
Ca%*, Mg%, and K* cations at alkaline pH values. In NB
and PBA-20 bentonites, Na* and Ca* ions usually co-
exist in the interlayer space as compensatory ions.
In montmorillonite, the mobility of Na*is always
much higher than that of Ca* due to the difference
in their hydration shells and hydration energy (Ca* >
Na* > Cs'). Based on the contact time of aqueous
solutions with hydration complexes of Na* and Ca%,
the complexes with Ca* are more stable than with
Na*. In montmorillonites with a high Ca?*/Na* ratio,
a clearly expressed inhibitory impact of Ca> hydrate
complexes on Na* mobility was found (Ferrage et al.,
2007). Thus, the sorption of Cs* on the basal surfaces
is blocked by excess Ca* cations, which are well-ad-
sorbed on these sites. In other words, the sorption
properties of bentonite concerning *¥Cs can be lim-
ited owing to the partial blocking of the sorption
centers by Ca* ions on the interlayer and the basal
and edge surfaces (Zhang et al.,, 2014). This is also
observed from the results of our experiments.

The processes of Cs adsorption (as well as oth-
er radionuclides) from multicomponent solutions
with different pH, Eh, and salt composition values
also depend on the precipitated insoluble or spar-
ingly soluble compounds on the bentonite surface.
According to our computer simulations data, in
model groundwater with the addition of CaCl,solu-
tions and alkaline pH, small amounts of sediments,
mainly oxides, hydroxides, oxyhydroxides of Fe
(hematite, goethite, limonite) and Ca carbonates
(calcite, aragonite, dolomite) were present (Fig. &).
Insoluble Fe compounds play an important role in
Cs adsorption processes on bentonites (Shabalin
et al., 2022). At the same time, they block adsorp-
tion centers predominantly on the basal surface of
montmorillonite though partially adsorbing Cs. Ad-
sorption of these compounds is non-selective, the
bonds are weaker than in montmorillonite. High Cs
adsorption values indicate (see Fig. 2, 3; Table 3)
that the formed insoluble / sparingly soluble com-
pounds on the surface of bentonites do not block
the interlayer surface of montmorillonite but are
formed mainly on the basal surface, chips, and
surface defects of the mineral grains. Taking into
account the obtained results of Cs adsorption on
both types of bentonites, it can be assumed that
PBA-20 bentonite gets more compacted with pore
collapse due to precipitation of insoluble / spar-
ingly soluble compounds on the surface than the
natural sample, which requires additional research.

B.H. Shabalin, K.K. Yaroshenko, N.B. Mitsiuk

Conclusions

In our study of the influence of the Ca* ion con-
centration (from 16 to 960 mg/dm3) and pH (from
7.4 to 11.8) of the model solution (similar to the
composition of groundwater at the Vector Site in
the Chornobyl exclusion zone) on the elemental
composition and adsorption properties of natural
(NB) and Na-modified (PBA-20) bentonites from the
Cherkasy deposit concerning Cs, in case of failure
of the components of the water-proofing liner and
degraded concrete constructions of the engineered
barrier system of a near-surface RAW storage facil-
ity we obtained the following results:

1. Based on geochemical modeling, adding CaCl, to
test solutions with alkaline pH, the precipitat-
ed solids are formed mainly in the form of iron
oxides, hydroxides, oxyhydroxides (hematite,
goethite, limonite), and calcium carbonates (cal-
cite, aragonite, dolomite), which considerably
impact Cs adsorption processes.

2. The concentration of montmorillonite’s main
structural elements (Si, Al) (the dominating min-
eral of bentonite) practically does not change
with increased Ca* ion concentration and pH
of the model solution, demonstrating the ben-
tonite structure stability. At the same time, the
concentration of Ca increases and Na decreas-
es in the ion exchange complex of bentonites.
Thereby PBA-20 bentonite transforms from a Na,
Ca-form into Ca, Na-form.

3. Increased concentrations of Ca* ions in the
model solution and alkaline pH reduce the effi-
ciency of Cs adsorption on bentonites. The total
adsorption of Cs* on natural and modified (soda)
bentonites from model solutions with the addi-
tion of CaCl, from 16 to 960 mg/dm?* and an in-
crease in pH value from 7.4 to 11.8 decreases with
an increase in ionic strength. This occurs due to
competition with Ca? and Na* ions. Despite the
above, the values of adsorption remain high
(> 90 % at solid : liquid ratio of 1: 100). So, the
degree of Cs adsorption (%) on natural bentonite
at pH, 7.4 with an increase in Ca* ion concen-
tration from 16 to 960 mg/dm? decreases from
97.7+1.0to 88.2 £ 1.3, at pH, 9.5 - from 98.4 £ 0.9
to 90.2+1.0, at pH, 1.8 - from 99.4+0.9 to
91.2 £ 1.0. For PBA-20 bentonite at pH, 7.4 and
Ca* ion concentration 16 mg/dm3, the degree
of Cs adsorption is 98.2 + 0.9 %, at pH, 11.8 and
Ca* ion concentration 960 mg/dm?, it decreases
10 90.2 £ 1.0 %. Thus, the calculated phase dis-
tribution coefficients (K,) of *Cs adsorption on

ISSN 1025-6814 | Teonoriunuit xxypHan. 2024. N2 1 | Geologi¢nij Zurnal. 2024. N2 1



Influence of pH and Ca lons on Chemical Composition and Sorption of Cs by Cherkasy Bentonites (Ukraine)

20
3
pH 7.4 M Ca 16 mg/dm
10 ¥ Ca 160 mg/dm?
M Ca 320 mg/dm?
. 0 [l Ca 640 mg/dm?
[
o
5 M Ca 960 mg/dm?
= 410
8
=
o
=1
5 -20
%]
-30
.['0 L
R 2 £ 3 L E @ 2 2 2 G 2 2
5 5 5§ = 3 s 2 3 2 & € 5 s = X = 5
~ ~ =3 > T ~ @ > o = S o S < T 7}
e o~ = 2 o ] 2 < o 2 h=d ) 6] 3 S £
K o H < o = 2 0 I =) 3 o
] & < = < kg ES
=
20
pH 9.5
10
Sedimentation
0™ N i
] Dissolution
o
£
£
= -0
8
=
o
=1
5 -20
%]
-30
-40 L
- “a [} [ Q o X [ £ b [ Q [ Q - ] i3
[ a =4 L E=4 3 1 =] [ = k= = = = = =1
5 & % ] = 5 g = 3 &) £ 5 < s = = 5
Ao R ] 2 R = ° 2 R S = =
= = 1] %) s o' 3 2 = o k=] =4 =] [} g ] £
K O H c o = 2 0 o =) 3 @
] & < = < kg ES
=
20
pH 11.8
10
Sedimentation
@ Dissolution
o
£
£ 10
c
x=]
=
o
=3
= -20
(%]
-30
-40 L
) 2 2 2 v ¥ 2 E 9 2 2 2 2 = 2 2
$ & § 2 Z & & £ g & £ § ©T 3 Z £ 3
2 2 < = 2 = o 4 2 S = =
et e 2 2 T s 2 ES 2 ° ° =] = 8 3 3 £
K] O = c © = 8 n o = G} 2
2 = < < @

Fig. 4. Phase composition of model solutions with the addition of excess Ca> (Modelling with PHREEQC software)

[ocnigHuubKi Ta ornagosi cTarTi

NB increase at pH, 7.4 and Ca*" ion concentration
16 mg/dm?® in the model pore water solution,
while with an increase of pH and Ca* ion con-
centration, the K, values decrease.

4. Natural and modified (PBA-20) Cherkasy ben-

tonites, in case of failure of the water-retaining
barrier components and degradation of the en-
gineered barrier systems in a near-surface ra-

| Research and Review Papers

dioactive waste storage facility, remain a reliable
component of the isolating liner at the basement
of the facility, retaining its main functional prop-
erty — high values of adsorption concerning the
important dose-forming radionuclide *’Cs which
is present in short-lived low- and medium-level
waste, contributing to the safety of storage facil-
ities safe for population and environment.
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be3neka NpvNoOBEPXHEBUX CXOBWULL, PafiOaKTUBHUX BiAXOAIB FPYHTYETbCS HA CUCTEMI iHXEHEPHUX | MpUMpoaHUMX 6ap’epiB. 3HaUHa
Jerpagauis iHxeHepHoi 6ap’€pHOI CUCTEMMU, LLO CKNAAAETLCS 3 LLEMEHTOBAHMX MATPULLb BiAXOAIB, MOKPUTUX LEMEHTHOI CyMiLLLIO,
6ETOHHUX BIfICIKIB | KOHCTPYKLIN Y NiABasi CXOBMLLA, MOXEe CPUUMHUTUI NEPEeHeCceHHs PaAioHYKNIAIB 3i cxoBuLa 3 iHGinbTpaLieto
B I'PYHTOBI BOAM. 3MillyBaHHA LEMEHTY i 6€TOHY 3 BOAOI NPU3BOAUTb A0 YTBOPEHHA HU3KU Pi3HUX NMPOAYKTIB rigpatauii 3 no-
[aNblUVM BUYroBYBaHHAM iOHiB Ca%* Ta yTBOPEHHSAM FiAPOKCUAbHUX i0HIB (OH"), WO BNIMBAE HA NYXKHICTb BOAHOIO CEpeaoBuLLa
i COp6UiNHiI BNacTMBOCTI 6EHTOHITIB K KOMMOHEHTIB NPOTUMIrpaLiiiHOro 6ap’epy B OCHOBI MPUMOBEPXHEBUX CXOBHUL. Y CTaTTi
HaBeAEeHO Pe3ynbTaTh eKCNepruMeHTaIbHOro AOCIAXEHHS BNINBY KOHLEHTPaLIi ioHiB Ca?* Ta BeNNYMHU pH MOAENbHOIO PO3UUNHY
(ananoriuHoro cknagy nig3emMHUX BOA MaiaaHumnka «BekTop» y YopHOBUNbCbKINA 30HI BilUYXEHHSA) Ha eNneMeHTHUI cKnag i cop-
6uiiini BnactusocTi npupogHoro (MB) i Na-moaudikosaHoro (MBA-20) 6eHTOHITIB YepKacbkoro pogosuwa woao ¥Cs y cnissia-
HOLIEHHI TBepAia PeYOBMHA : PO3UMH fK 1:100. NeoximMiuHe MOAeNIOBAHHA NOKa3Ye, o AoAaBaHHsA CaCl, 40 MOAENbHOTO PO3UNHY
Ta KiHueBe nyxHe pH Npu3BoAATb A0 OCAAKEHHSA TBEPANX PEUOBUH, FOTOBHUM UMHOM OKCUAIB, TiAPOKCMAIB, OKCUTIAPOKCUAIB Fe
(rematuT, retuT, NMMOHIT), Kap6oHaTiB Ca (KanbLuT, aparoHiT, 4ONOMIT). OLiHEHO iX ponb B aacopbuii Cs. KOHLEHTpaLlia CTPYKTyp-
HUX enemeHTiB (Si, Al) B 6EHTOHITaX NPaKTUUHO He 3MIHIOETbCA NPU 36iNblIEHHI KOHLEHTpaLiT ioHiB Ca2” B MOfieNIbHOMY PO3UUHI,
L0 CBIAUUTb MPO CTabiNbHICTb CTPYKTYPY GEHTOHITY B LMX yMoBax. Mpu LbOMY B iOHOO6MiHHOMY KOMMJIEKCi 6EHTOHITIB BUSIBNEHO
36iNblWeHHA KOHLEeHTpaLiT Ca Ta 3MeHLWeHHsA KOHLeHTpaLii Na y NOpiBHAHHI 3 BUXiZHUM NPUPOAHUM 6E€HTOHITOM. Lie npn3BoAUTb
[0 nepeTBopeHHs Na-moancikoBaHoro 6eHTOHITY 3 Na, Ca-chopmu B Ca, Na-chopmu. CymapHa copbuinHa 3aaTHICTb 6eHTOHITIB Mb
Ta MBA-20 wopo ioHiB Cs* Npu MiABMULLEHIN KOHLEHTpaLii ioHiB Ca?* Ta pH po3umMHyY AeLL0 3HUKYETbCA, ane 36epirae BUCOKi 3HaUEH-
HA CTyneHs abcopbuii (> 90 %). CymapHa agcop6buis ioHiB Cs+ 6eHToHITamu MB Ta MBA-20 3 MOAENbHOIO PO3UnHY MiA3eMHUX BOf i3
AopaBaHHAM CaCl, Bia 16 40 960 Mr/aM’ Ta NiABULEHHAM pH, Bif 7,4 10 11,8 3MEHLIYETbCA 3 36iNblWEHHAM IOHHOT CUNK, 30KPeMa 3a
paxyHOK KOHKYpeHLUii 3 ioHamu Ca?* Ta Na*. beHTOHiTK MB Ta MBA-20 YepKacbKOro pofoBuMLLA 3a/INILAKTLCSA HAAIMHUM KOMMNOHEH-
TOM (hyTePOBKM (hyHAAMEHTY CXOBULLA 3aBASKM OCHOBHIN (hYHKLIOHANbHIN BNACTUBOCTI — BUCOKIN NOMMMWHANbHIN 34aTHOCTI WOAO

37Cs, AKMIA € BX/IMBIM A030YTBOPIOOUNM PaLiOHYKNIAOM KOPOTKOXMBYUMX HN3bKO- Ta CEPEAHbOAKTUBHMX BiAXOAiB.
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