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Characterization of the Purified Ca-type Bentonil-WRK Montmorillonite and
Its Sorption Thermodynamics With Cs(I) and St(II)
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Thermodynamic sorption modeling can enhance confidence in assessing and demonstrating the radionuclide sorption phe-
nomena onto various mineral adsorbents. In this work, Ca-montmorillonite was successfully purified from Bentonil-WRK
bentonite by performing the sequential physical and chemical treatments, and its geochemical properties were character-
ized using X-ray diffraction, Brunauer-Emmett-Teller analysis, cesium-saturation method, and controlled continuous acid-
base titration. Further, batch experiments were conducted to evaluate the adsorption properties of Cs(I) and Sr(II) onto the
homoionic Ca-montmorillonite under ambient conditions, and the diffuse double layer model-based inverse analysis of
sorption data was performed to establish the relevant surface reaction models and obtain corresponding thermodynamic
constants. Two types of surface reactions were identified as responsible for the sorption of Cs(I) and Sr(II) onto Ca-mont-
morillonite: cation exchange at interlayer site and complexation with edge silanol functionality. The thermodynamic sorp-
tion modeling provides acceptable representations of the experimental data, and the species distributions calculated using
the resulting reaction constants accounts for the predominance of cation exchange mechanism of Cs(I) and Sr(II) under the
ambient aqueous conditions. The surface complexation of cationic fission products with silanol group slightly facilitates

their sorption at pH > 8.
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1. Introduction

Safe disposal of high-level radioactive waste (HLW),
including the discharged spent nuclear fuel (SNF) and
contaminated by-products generated from the ensuing
chemical treatments, has become a serious issue in many
countries operating the nuclear power plants. Among
the various concepts of radioactive waste management
proposed thus far, deep geological disposal (DGD) has
been considered as the most proven technology and wide-
ly agreed upon as the safest solution for the permanent
isolation of HLW from the biosphere. The DGD system
consists of multiple components; from a hydrogeochemi-
cal perspective, the bentonite clay-based engineered bar-
riers are designed to perform the primary functions of 1)
preventing the inflow of groundwater and any reactive
substances that could compromise the safety of waste
canister and 2) retarding the migration of released radio-
nuclides into geosphere by providing sufficient chemical
sorption capacity [1]. Thus far, the sorption behaviors of
dissolved chemical species onto mineral adsorbents have
been widely described and quantified using the concept of
sorption-desorption distribution coefficient (Kd), which
is simply defined as a ratio of species concentration in
adsorbent to that in supernatant phases; since any specific
reaction mechanisms are not considered and reflected
in the Kd concept, an experimental Kd value is intrinsi-
cally dependent on the geochemical conditions (e.g., pH,
Eh, S/L, and etc.) under which it was evaluated. In this
framework, substantial scientific efforts have been made
to develop a robust basis for parameterizing the sorption
phenomena more reliably, and the application of thermo-
dynamic sorption modeling (TSM) [2-4], which is based
on the conventional chemical principle of mass action
laws (MALs), has been actively studied to enhance the
overall predictability on migration of radionuclides under
a wide range of geochemical conditions.

Montmorillonite, which is a 2:1 phyllosilicate belong-

ing to smectite group, constitutes the majority of mineral
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components in bentonite clay, and it primarily dominates
the swelling and sorption characteristics of clay. The
montmorillonite is further classified according to its ex-
changeable cation, and the most abundant types found
in nature are the Na- and Ca-montmorillonites. In gen-
eral, Na-montmorillonite has a higher swelling pressure
than Ca-montmorillonite at moderate dry density (< ~1.5
g'cm™), but it has been experimentally and theoretically
reported that the Ca-montmorillonite can exhibit a greater
swelling pressure than Na-montmorillonite at higher dry
density [5-7]; most of commercial Ca-bentonite clays also
provide sufficient swelling pressure to ensure the sealing
and damping performances required for the engineered
barrier system of deep geological repository (DGR) when
manufactured in a form of compressed block with the dry
density larger than 1.6 g-cm™ [8]. Indeed, the Ca-ben-
tonite clays are currently being considered as a candidate
material for the construction of DGR in several countries;
still, from a geochemical point of view, thermodynamic
data on sorption reactions between the Ca-montmoril-
lonite and dissolved nuclides of interest are lacking com-
pared to that of Na-montmorillonite.

In this framework, we aimed to thoroughly analyze
the chemical sorption properties of highly soluble fission
products onto Ca-montmorillonite and establish a robust
thermodynamic database. This study presents an over-
view of the utilization of TSM and experimental results
for geochemical characterization of Ca-montmorillonite
separated from the newly adopted reference bentonite
(Bentonil-WRK) in the disposal performance demonstra-
tion R&D division of Korea Atomic Energy Research
Institute (KAERI) by means of X-ray diffraction (XRD),
Brunauer-Emmett-Teller (BET), cation exchange capac-
ity (CEC) measurements, and controlled acid-base titra-
tion. Further, chemical sorption behaviors of monovalent
cesium (Cs(I)) and divalent strontium (Sr(II)), which are
the two major cationic fission products, onto the purified
Ca-montmorillonite under aqueous conditions of S/L =5
g'L L, 1=0.01 M CaCl,, pH =4-9, pCO, = 107>* atm, and
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T = 25°C were examined, and the resulting thermodynam-

ic data and surface speciation were discussed.

2. Purification and Characterization of the
Bentonil-WRK Montmorillonite

2.1 Physical and Chemical Treatments of the
Bentonil-WRK Bentonite

Thus far, extensive experimental and modeling stud-
ies on the Thermal-Hydrological-Mechanical-Chemical-
Biological (THMCB) properties of domestic KJ-I and
KJ-II Ca-bentonites have been conducted in South Korea,
but as the two clay resources are being depleted, the dis-
posal performance demonstration R&D division of KAERI
introduced a new reference Ca-bentonite clay called Ben-
tonil-WRK (Clariant Korea) for HLW disposal research in
2021. The Bentonil-WRK bentonite has a montmorillonite
content of ca. 75%, and the montmorillonite adsorbent was
further separated and purified through the following proce-
dure. Firstly, fine mineral particles were collected from the
crushed Bentonil-WRK clay using a 200-mesh sieve and
mixed with deionized water (Millipore, Milli-Q/RiOs) at a
S/L ratio of 0.2 kg-L™! subsequently. The mixture was me-
chanically stirred for 1 hour at a rotational speed of 600 rpm,
and the particulate minerals were further dispersed for 30
minutes by applying 20 kHz ultrasonic pulse (15 seconds
on/20 seconds off) with an intensity of 1,500 W (Sonics
& Materials, VCX-1500). Then, the upper suspension was
separated after 30 minutes of sedimentation and centrifuged
at 5,000 rpm for 20 minutes (Thermo Scientific, Sorvall X1
Pro). The light-colored surficial fraction of precipitate was
carefully collected and dried under ambient condition. The
recovered powder sample was further reacted with pH 4
HCI solution (Sigma-Aldrich, ACS reagent) for 24 hours at
a S/L ratio of 5 g-L™! to remove trace amounts of carbonate
impurities. Finally, the purified mineral sample was thor-

oughly washed with deionized water and lyophilized.

JINFCWT Vol.21 No.4 pp.427-438, December 2023

Cs(I) and Sr(IT)

T T T T T T
Mt: Montmorillonite O: Opal-CT
Ms: Muscovite Q: Quartz

Before separation
—— After separation

Z: Zeolite (Clinoptilolite)
F: Feldspar (Andesine)

Intensity

26 (deg.)

Fig. 1. XRD patterns of the raw Bentonil-WRK bentonite (black solid
line) and purified montmorillonite (red solid line) samples.

2.2 XRD, BET, CEC, and Acid-Base Titration
Analyses of the Purified Ca-type Bentonil-
WRK Montmorillonite

XRD analysis provides qualitative and quantitative in-
formation on the mineral composition of analyte, and Fig.
1 shows the measured powder XRD patterns of both raw
Bentonil-WRK  bentonite and purified montmorillonite
samples; the XRD spectra were recorded on the diffrac-
tometer (Bruker, Model D8 Advance) with a Cu Ka radia-
tion source at 40 kV and 40 mA, and the measurement step
size and acquisition time were 0.015° and 95.5 seconds
per step, respectively. Signal assignment of the XRD pat-
terns confirmed that feldspar, muscovite, opal-CT, quartz,
and zeolite exist in the raw Bentonil-WRK clay as minor
components, but those accessory minerals were effectively
removed from the bentonite by performing the sequential
physical and chemical treatments as described in section
2.1. Table 1 summarizes the results of quantitative Rietveld
analysis on the XRD spectra obtained, and montmorillonite
content in the purified clay sample was finally determined
to be 95wt%.

In addition, specific surface areas of both raw Ben-

tonil-WRK bentonite and purified montmorillonite were
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Table 1. Mineral composition of the Bentonil-WRK bentonite and purified montmorillonite samples analyzed by the Rietveld method

Quantitative composition (wt%)

Constituent minerals

Bentonil-WRK bentonite

Purified montmorillonite

Montmorillonite 75
Feldspar 9
Muscovite 6
Quartz 2
Opal-CT 4
Zeolite 4

95
<1
2
1
2

<1

Table 2. CEC measurement of the Bentonil-WRK bentonite and purified montmorillonite samples

Eluted concentrations of cations (meg/100 g)

Exchangeable cations

Bentonil-WRK bentonite

Purified montmorillonite

Na 0.6
K 0.8
Ca 61.7
Mg 14.0
Sum 71.1

4.8

1.0
75.6
12.8
942

measured based on the BET theory. The mineral analytes
were priorly degassed at 90°C for 18 hours, and multipoint
BET analysis was conducted using a N, adsorption analyz-
er (Micromeritics, ASAP2010) subsequently. The result-
ing values were 59.1 and 74.4 m?-g! for raw and purified
analytes, respectively; such increase in specific surface
area after the physical and chemical treatments signifies
an increase in montmorillonite content in the purified clay
as well, and it proportionally corresponds to the Rietveld
analysis of XRD spectra.

In the unit crystal structure of montmorillonite, two
tetrahedral sheets of silica sandwich an octahedral sheet of
alumina, and replacement of Al(IIT) with Mg(Il) (i.e., iso-
morphic substitution) leads to a formation of permanent
negative charges in the 2:1 T-O-T structure. Accordingly,
cationic species are driven to sorption sites in the interlayer
space (X) of montmorillonite to compensate electrostatic
charge, which eventually makes the mineral has unique
swelling and ion-exchange behaviors in an aqueous en-

vironment. CEC, which is defined as the total quantity of
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positive charges that can be exchanged on the negatively
charged sites of clay mineral, is a major geochemical factor
describing the chemical sorption properties of montmoril-
lonite, and hence CEC of the purified Bentonil-WRK sam-
ple was assessed as well. Specifically, 0.1, 0.15, and 0.2 g of
the purified montmorillonite samples were mixed with 100
mL of 0.5 M CsNO; (Sigma-Aldrich, 99%) neutral aqueous
solutions, and the mixtures were stirred for 7 days with a
rotational speed of 150 rpm at 25°C; Cs" has a stronger ex-
change affinity than the most of naturally occurring cations
(e.g., Ca*¥, Mg*, Na’, K, and etc.), and hence it was se-
lected as an index cation in this study. After the reaction, su-
pernatants were centrifuged at 5,000 rpm for 5 minutes and
additionally filtered with PTFE membrane (Whatman) hav-
ing a pore size of 200 nm. The eluted total concentrations
of Ca*", Mg*', Na', K" were determined by means of induc-
tively coupled plasma-optical emission spectroscopy (ICP-
OES, Perkin Elmer, Optima 8300). As summarized in Table
2, it was confirmed that a predominant exchangeable cation

in the purified Bentonil-WRK montmorillonite is Ca**, and
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corresponding average CEC value was 94.2 meq/100 g; a
proportional increase in CEC of the purified montmorillon-
ite compared to that of raw bentonite confirms the appropri-
ateness of physical and chemical treatments again.

In an aqueous medium, exchangeable cations of mont-
morillonite can be additionally replaced by hydrogen ions
depending on the solution pH, and the external surface hy-
droxyl groups of clay also undergo pH-dependent proton-
ation and deprotonation reactions. Therefore, it is essential
to investigate such chemical interactions of hydrogen ions
with montmorillonite to develop a robust thermodynamic
sorption database for various radionuclides, and the corre-
sponding reaction constants should be taken into account as
they simultaneously compete for the limited sorption sites
of montmorillonite. Accordingly, Ca*-H* exchange and
relevant protonation/deprotonation constants of the purified
montmorillonite were further assessed by conducting the
controlled continuous acid-base titration experiments and
diffuse double layer model (DDLM) [9]-based geochemi-
cal modeling in the present work; considering the structural
properties of 2:1 clay mineral, we simply assumed that the
edge hydroxyl functionalities of montmorillonite are com-
posed of amphoteric aluminol ([SEAIOH]) and monoprotic
silanol ([=SiOH]) groups. All sample preparation and ex-
periment for acid-base titration were carried out in an Ar-
filled glovebox system (KOREA KIYON, KK-011AS) to
exclude the influence of atmospheric carbon dioxide (CO,);
it was confirmed that CO, level in the glovebox system uti-
lized was maintained below 1 ppm during the entire pro-
cesses. The homoionic Ca-montmorillonite suspension was
prepared by saturating the purified mineral sample with 0.1
M CacCl, solution (Sigma-Aldrich, > 99%) at a S/L ratio
of 2 g'L™! for 7 days, and the Ca-montmorillonite suspen-
sion was thoroughly washed and lyophilized. Subsequently,
the Ca-montmorillonite was re-dispersed in aqueous solu-
tions having I = 0.01, 0.05, 0.1 M CaCl, at a S/L ratio of
5 g'L™". The Ca-montmorillonite suspensions were firstly
acidified to pH ca. 4 by adding a standardized 0.0225 M
HCI solution (Sigma-Aldrich, ACS reagent), and they were
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gradually basified using a standardized 0.0051 M CaOH,
titrant (Sigma-Aldrich, 99.995 %) until the pH values of su-
pernatants reached ca. 9. During the titration, temperature
of clay suspensions was maintained within the range of 25
+ 2°C, and the stepwise pH changes were measured using a
glass combination electrode (Orion, 8107BN) and a potable
pH meter (Orion, A326) while the suspensions were kept
moderately stirred. The electrode potentials were recorded
when the reading values reached a stability of 0.1 mV per
20 seconds, and it generally took 3—4 minutes for each titra-
tion step. The uncertainty of measured pH values was con-
servatively assigned to be =0.05, which is a typical reproduc-
ibility of the utilized pH electrode observed. Further, actual
molar proton concentrations of supernatants were corrected
from the measured pH values based on a simple empirical
method as described elsewhere [10]. From the resulting
acid-base titration curves (i.e., change in pH of the suspen-
sions versus volume of acid/base titrants added), the net
surface proton excess (AQ) of Ca-montmorillonite at each
titration point can be calculated as described in Equation (1).
In Equation (1), C, and C, denotes molar concentrations of
acid and base titrants added, [H"] and [OH] are molar con-
centrations of hydrogen and hydroxide ions corrected from
the measured pH, and M indicates the S/L ratio of suspen-
sion analyte, respectively; ionic strength dependence of the
ionization constant of water (K,,) was calculated and reflect-
ed using the Davies equation [11]. Site densities of the reac-
tive hydroxyl functionalities and thermodynamic constants
of relevant surfaces reactions (see Equation (2)—(5)) were
eventually refined from the experimental AQ data using a
geochemical modeling code PHREEQC [12] coupled with
parameter estimation tool PEST [13]; thermodynamic activ-
ities of exchange and surface species were considered to be
equal to their equivalent and mole fraction for each site, re-
spectively. The Davies equation was adopted to correct the
activity coefficients of dissolved species as well, and Table
3 summarizes the optimization results. All statistical uncer-
tainties provided in Table 3 correspond to a 95% confidence

level, and Fig. 2 displays the experimental AQ values (open
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Table 3. Acid-base reaction parameters of the purified Ca-type Bentonil-
WRK montmorillonite

Surface reaction log K
X,Ca +2H" = 2XH + Ca* 3.38+£0.06
=AIOH + H' = =AIOH," 8.35+0.24
=AIOH = =AI0” +H' -9.59+0.28
=SiOH ==Si0" +H" ~7.65£0.09
Surface site Total site density
X 94.2 meq/100 g*
=AIOH (4.94+0.12)x107 mol-g ™'
=SiOH (7.42+0.87)x10° mol-g™!

* adopted value from the CEC measurement

0.12 T T T T T T T
009 | =001 MCaCl, A
0.06
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_0.06 1 1 1 1 1 L L 1
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0.12 R R R .

0.09 | I=005MCaCl,
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Fig. 2. Experimentally evaluated net surface proton excess of the puri-
fied Ca-type Bentonil-WRK montmorillonite as a function of pH, (open
square) and their modeling results (solid line) at different ionic strengths:

(2) 0.01 M CaCl,; (b) 0.05 M CaCl,; (c) 0.10 M CaCl,.

80 86 92
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Fig. 3. Calculated surface species distribution of the Ca-type Bentonil-
WRK montmorillonite at [=0.01 M CaCl,, S/L=5 g'L™!, and T=25°C:
(a) edge hydroxyl sites; (b) interlayer exchange sites.

Exchange site distribution (%)

square) of purified Ca-type Bentonil-WRK montmorillon-
ite at different ionic strengths and their comparisons with
the DDLM-based computed data (solid line); the optimized
acid-base reaction parameters reproduce the experimental
data fairly well under the studied aqueous conditions (pH =
4-9,1=0.01-0.1 M CaCl,, S/L=5g-L"!, and T=25 £ 2°C),
and they were successfully used as primary input data for
thermodynamic sorption modeling of Cs(I) and Sr(II) onto
the Ca-montmorillonite. A general view on the pH-depen-
dent distribution of edge hydroxyl and interlayer exchanges
sites in the purified Ca-montmorillonite is presented in Fig.
3, clearly showing the active acid-dissociation behaviors of
both aluminol and silanol groups in the pH range of 4-10
and the predominance of Ca-exchanged interlayer sites at
pH>S.

AQ = ([XH] + [EAIOH,"] - [EAIO] — [ESiO]) x M"!
=(C,~C,—[H]+[OH]) x M (1

INFCWT Vol.21 No.4 pp.427-438, December 2023
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X,Ca + 2H" 2 2XH + Ca** (2)
=AlOH + H* = =AIOH," 3)
=AIOH = =Al0 + H* “)
=SiOH = =SiO + H* (5)

3. Sorption Behaviors of Cs(l) and Sr(ll)
Onto the Purified Ca-type Bentonil-
WRK Montmorillonite

3.1 Batch Sorption Experiment and Thermo-
dynamic Modeling for Cs(l)

Cesium, which is one of the major fission products in-
cluded in HLW, only has a stable oxidation state of +1 in
an aqueous solution, and the high solubility of Cs(I) facili-
tates its rapid transport in the natural water systems by ad-
vection; understanding the chemical sorption mechanisms
of Cs(I) onto montmorillonite and evaluating the relevant
thermodynamic reaction constants are essential to accurate-
ly predict the retention and long-term migration behaviors
of Cs(I) in a DGR. In the present work, totally 55 batch
samples (S/L =75 g-L " and pH 4-9), classified into 4 groups
according to their total concentration of Cs(I) and ionic
strength conditions, were prepared to evaluate chemical
sorption of Cs(I) onto the purified Ca-type Bentonil-WRK
montmorillonite (group 1: [Cs(I)],oy = 0.1 mM and I =0.01
M CaCl,, group 2: [Cs(D)]ye = 0.2 mM and I = 0.01 M
CaCl,, group 3: [Cs(I)],yy = 0.4 mM and I =0.01 M CaCl,,
group 4: [Cs(D)],ys = 0.4 mM and I = 0.03 M CacCl,). Spe-
cifically, the precisely weighed homoionic Ca-montmoril-
lonite samples were pretreated with CaCl, solutions for 3
days with constant end-over-end shaking where the pH val-
ues of supernatants were adjusted with concentrated HCI
and CaOH, solutions. After the pretreatment, appropriated
amounts of CsCl (Sigma-Aldrich, 99.9%) stock solutions
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Fig. 4. Chemical sorption kinetics of Cs(I) onto the purified Ca-type
Bentonil-WRK montmorillonite at I = 0.01 M CaCl,,
S/IL=5g L, pH7,and T=25+ 1°C.

were added to the suspensions, and the sorption samples
were allowed to equilibrate for another 3 days in a bench-
top incubated shaker (Lab Companion, IST-4075R) under
ambient conditions at 25 + 1°C, followed by separation of
supernatant from the solid adsorbent by centrifugation at
5,000 rpm for 10 minutes. Final pH values of the super-
natants were recorded and corrected as described in sec-
tion 2.2, and dissolved concentrations of Cs(I) and AI(IIT)
in the solutions were determined by inductively coupled
plasma-mass spectrometry (Perkin Elmer, NexION 350X);
the quantified AI(II) concentrations were below a detec-
tion limit (5 ppb) for the all samples, indicating that the
solid-liquid separation process was effective. Fig. 4 shows
the evaluated sorption kinetics of Cs(I) onto the purified
Ca-type Bentonil-WRK montmorillonite at pH 7, indicat-
ing that the chemical sorption reaction generally reached an
equilibrium state within 24 hours.

Fig. 5 presents Kd values calculated from the entire
batch sorption data, and it shows the gradual enhancement
of Cs(I) sorption onto the Ca-montmorillonite with increas-
ing pH. Under the acidic conditions, it is explained by a
competition between H" and Cs" cations for the interlayer
sites, whereas this tendency also implies that the surface
complexation between Cs® and edge hydroxyl sites of
montmorillonite additionally occurs in the basic pH region

since the precipitation of ~10~* M dissolved Cs(I) can be
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Fig. 5. Resulting Kd values of Cs(I) for the purified Ca-type Bentonil-
WRK montmorillonite at different pH, I, and [Cs],,, conditions.

Table 4. Thermodynamic sorption constants for surface reactions of Cs(I)
and Sr(II) onto the purified Ca-type Bentonil-WRK montmorillonite

Surface reaction log K
X,Ca+2Cs" = 2XCs + Ca® 2.324+0.04
X,Ca + Sr*" = X,Sr + Ca?* -0.05 £0.02
=SiOH + Cs™ = =SiOCs + H* -5.62+0.38
=SiOH + Sr*" = =SiOSr" + H' —6.85+0.41

generally excluded in the Ca-H-Cl-CO;-OH aqueous sys-
tem. In order to estimate the corresponding surface reaction
constants from the experimental sorption data, a combina-
tion of PHREEQC and PEST codes was utilized again to
perform the DDLM-based geochemical calculation. Firstly,
along with the Ca?*-Cs" exchange reaction at the interlayer
sites (see Equation (6)), the surface complexations of Cs*
with both aluminol (see Equation (7)) and silanol (see
Equation (8)) functionalities were considered in the inverse
modeling. However, it was identified that silanol group is
more likely to be involved in the surface complexation than
aluminol group through a parametric reaction sensitivity
analysis, and that the experimental sorption data can be sat-
isfactorily fitted even though only the silanol complexation
is taken into account in the thermodynamic modeling in con-

junction with the cation exchange mechanism. Therefore,
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Fig. 6. (a) Experimentally assessed [Cs(I)] in the supernatants of batch
samples (open symbol) and their DDLM-based modeling results (solid
line); (b) species distribution of Cs(I) adsorbed onto the purified Ca-type
Bentonil-WRK montmorillonite at [ = 0.01 M CaCl,, S/L= 5 gL,
T=25°C, and [Cs],y = 0.4 mM.

by adopting the principle of Ockham’s Razor, surface reac-
tions (6) and (8) were reflected in the geochemical calcula-
tion, and the refined constants are summarized in Table 4;
such surface reaction model is comparable with that used
in the previous study to describe Cs(I) sorption onto MX-
80 bentonite in a synthetic groundwater medium [14], and
the stability constants of aqueous CsCl(aq) and CsOH(aq)
complexes, required for the accurate geochemical model-
ing, were adopted from the ThermoChimie DB v12a [15].
All uncertainties provided in Table 4 correspond to a 95%
confidence level, and Fig. 6(a) displays an acceptable ac-
cordance between the experimentally assessed [Cs(I)] re-
maining in the sorption supernatants (open symbol) and
their DDLM-based computed data (solid line). Finally,
Fig. 6(b) illustrates the distribution of surface Cs(I) spe-

cies adsorbed onto the purified Ca-montmorillonite, which
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demonstrates the predominance of cation exchange-driven
sorption characteristic of Cs(I) under the acidic-neutral pH
conditions and additional formation of the =SiOCs surface
complex at pH > §; the thermodynamic reaction model and
surface speciation of Cs(I) onto Ca-montmorillonite scruti-
nized in the present work are fairly consistent with the pre-
viously reported pH-dependent sorption behavior of Cs(I)

onto the Na-montmorillonite [14, 16] as well.

X,Ca+2Cs™ = 2XCs + Ca* (6)
=AIOH + Cs* = =Al0Cs + H* )
=SiOH + Cs* = =SiOCs + H* (8)

3.2 Batch Sorption Experiment and Thermo-
dynamic Modeling for Sr(ll)

Strontium exists in a +2 oxidation state in an aqueous
medium, and it generally has a solubility in the range of
1073~10"2 M under the natural water environments, which is
still higher than most of other constituent nuclides in HLW
(e.g., actinides, lanthanides, etc.); investigating the geo-
chemical interactions between Sr(IT) and montmorillonite
is important from a viewpoint of enhancing the reliability
in a performance assessment of DGR as well. Similar to the
Cs(I) sorption experiment, 57 batch samples (S/L=5 gL
and pH 4-9) were prepared in this study to evaluate sorp-
tion behavior of Sr(Il) onto the purified Ca-type Bentonil-
WRK montmorillonite, where the experimental sets were
classified into 4 groups according to the total concentration
of Sr(II) and ionic strength conditions (group 1: [Sr(I1)]
=0.05mM and [ = 0.01 M CaCl,, group 2: [Sr(I)] ;e = 0.1
mM and [=0.01 M CaCl,, group 3: [Sr(I)] ,,; = 0.2 mM and
[=0.01 M CaCl,, group 4: [St(I])],ou = 0.2 mM and I=0.03
M CacCl,). The Sr(II) stock solutions were made by dissolv-
ing powdered SrCl,-6H,0 (Sigma-Aldrich, 99%) in deion-
ized water, and the rest experimental methods used for the

pretreatment of purified Bentonil-WRK montmorillonite,

JINFCWT Vol.21 No.4 pp.427-438, December 2023
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Fig. 7. Chemical sorption kinetics of Sr(II) onto the purified Ca-type
Bentonil-WRK montmorillonite at 1= 0.01 M CaCl,, S/L=5 gL', pH 7,
and T=25+1°C.

evaluation on chemical sorption of Sr(II), and data analysis
were identical to those of the Cs(I) experiment detailed in
section 3.1. Fig. 7 shows the resulting sorption kinetics of
Sr(IT) onto the Ca-montmorillonite at pH 7, which signifies
that the Sr(II) sorption reaction reached a chemical equilib-
rium within 24 hours in general.

The assessed Kd values of Sr(II) for Ca-montmoril-
lonite are depicted in Fig. 8, and a slight but gradual in-
crease in the Kd values were observed with increasing pH,
as similar to the Cs(I) sorption behavior. Such chemical
trend can also be explained by the competitive cation ex-
change of H* with Sr?* at the interlayer of montmorillonite
under acidic conditions and the additional formation of
surface Sr(II) complex with edge hydroxyl sites of mont-
morillonite under neutral-basic conditions; precipitation
of Sr(OH), or SrCO; in the studied aqueous system can
be ruled out according to the geochemical calculation as
well. By performing a parametric reaction analysis using
the PHREEQC and PEST codes, the surface complexation
of Sr*" with aluminol functionality of montmorillonite (see
Equation (10)) was excluded from the subsequent inverse
modeling of sorption data; in other words, only surface
reactions of Sr*" at the interlayer site (see Equation (9))
and edge silanol group (see Equation (11)) of montmoril-
lonite were considered. The stability constants of aque-
ous SrOH*, SrCI*, StHCO;", and SrCO;(aq) species were
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Fig. 8. Assessed Kd values of Sr(II) for the homoionic Ca-montmorillon-
ite at different pH, 1, and [Sr],,, conditions.

taken from the ThermoChimie DB v12a [15] and reflected
in the geochemical calculation. The DDLM-based refined
reaction constants are provided in Table 4 as well, and
Fig. 9(a) shows the good agreement between the experi-
mental Sr(Il) sorption data (open symbol) and modeling
result (solid line). Finally, Fig. 9(b) displays the distribu-
tion of surface Sr(II) species adsorbed onto the purified
Ca-type Bentonil-WRK montmorillonite under aqueous
conditions of T=0.01 M CaCl,, S/L= 5 gL', T = 25°C,
pCO, = 1073* atm, and [Sr],, = 0.2 mM, representing
that the Sr(II) sorption behavior is primarily governed by
the cation exchange mechanism over the entire pH range,
whereas the formation of =SiOSr" species under basic con-
ditions is thermodynamically weaker than that of Cs(I)-
silanol surface complex; such geochemical understanding
on surface reaction of Sr(II) with Ca-montmorillonite also
agrees well with the previously reported chemical sorption

characteristics of Sr(II) onto Na-smectite clays [17, 18].

X,Ca + Sr** = X,Sr + Ca* 9)
=AIOH + Sr** = =AIOSr* + H* (10)
=SiOH + Sr** = =SiOSt* + H (11)
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Fig. 9. (a) Resulting dissolved [Sr(II)] in the supernatants of batch
samples (open symbol) and their DDLM-based computed data (solid
line); (b) Sr(II) species distribution adsorbed onto the purified Ca-type
Bentonil-WRK montmorillonite at I=0.01 M CaCl,, S/L= 5 gL,
T=25°C, pCO, = 107 atm, and [Sr],,; = 0.2 mM.

4. Concluding Remark

Adsorption characteristics of the radionuclides con-
tained in HLW onto montmorillonite should be explicitly
investigated to reliably assess the radionuclide retention ca-
pacity of engineered barriers in a DGR. Utilization of TSM
in the performance assessment of DGR generally improves
the confidence in demonstrating and evaluating the chemi-
cal sorption phenomena under a wide range of aqueous con-
ditions, and hence it is ultimately expected to reduce uncer-
tainty and enhance predictability in assessing the long-term
migration of radionuclides under the DGD environment. In
this framework, we aimed to scrutinize the chemical sorp-
tion mechanisms of fission products onto Ca-montmorillon-
ite and establish a robust thermodynamic database. As a first

step, this study presents the purification and geochemical
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characterization of Ca-montmorillonite separated from the
newly adopted Bentonil-WRK clay in the disposal perfor-
mance demonstration R&D division of KAERI, and its
sorption thermodynamics with Cs(I) and Sr(II), which are
the two major cationic fission products having relatively
high solubility, onto the purified Ca-montmorillonite under
ambient conditions were investigated by the DDLM-based
TSM; the established surface reaction models and associ-
ated thermodynamic constants successfully represented the
sorption characteristics of Cs(I) and Sr(II) over the studied
aqueous conditions, where logarithms of thermodynamic
constants for the surface reactions of 1) X,Ca + 2Cs™ =
2XCs + Ca*, 2) X,Ca + Sr** = X,Sr + Ca?", 3) =SiOH +
Cs" = =SiOCs + H', and 4) =SiOH + Sr** & =SiOSr" +
H* were determined to be 2.32 + 0.04, —0.05 = 0.02, —5.62
+ 0.38, and —6.85 + 0.41, respectively. The predominant
surface reaction mechanism of both Cs(I) and Sr(II) onto
Ca-montmorillonite was confirmed to be cation exchange at
the interlayer site, while surface complexation of the fission
products with edge silanol group was additionally identified
as responsible for the slight enhancement of their sorption
at pH > 8. Further experimental and modeling works should
be devoted to expanding the target adsorbate for sorption
study of the purified Ca-type Bentonil-WRK montmorillon-
ite (i.e., anionic fission products, activation products, and
actinides), and to exploring the sorption thermodynamics
under the wider geochemical conditions, such as higher

temperature, ionic strength, and pH as well.
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