
water

Article

Comparison of Sr Transport in Compacted Homoionous Na and
Ca Bentonite Using a Planar Source Method Evaluated at Ideal
and Non-Ideal Boundary Condition

Lucie Baborová 1,* , Eva Viglašová 1,2 and Dušan Vopálka 1

����������
�������

Citation: Baborová, L.; Viglašová, E.;

Vopálka, D. Comparison of Sr

Transport in Compacted Homoionous

Na and Ca Bentonite Using a Planar

Source Method Evaluated at Ideal

and Non-Ideal Boundary Condition.

Water 2021, 13, 1520. https://doi.

org/10.3390/w13111520

Academic Editor: Tushar Kanti Sen

Received: 25 April 2021

Accepted: 24 May 2021

Published: 28 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical
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Abstract: With the aim to determine the influence of dominant interlayer cation on the sorption and
diffusion properties of bentonite, diffusion experiments with Sr on the compacted homoionous Ca-
and Na-forms of Czech natural Mg/Ca bentonite using the planar source method were performed.
The bentonite was compacted to 1400 kg·m−3, and diffusion experiments lasted 1, 3 or 5 days.
Two methods of apparent diffusion coefficient Da determination based on the analytical solution
of diffusion equation for ideal boundary conditions in a linear form were compared and applied.
The determined Da value for Ca-bentonite was 1.36 times higher than that for Na-bentonite sample.
Values of Kd were determined in independent batch sorption experiments and were extrapolated for
the conditions of compacted bentonite. In spite of this treatment, the use of Kd values determined by
batch sorption experiments on a loose material for the determination of effective diffusion coefficient
De values from planar source diffusion experiments proved to be inconsistent with the standard
Fickian description of diffusion taking into account only the pore diffusion in compacted bentonite.
Discrepancies between Kd and De values were measured in independent experiments, and those
that resulted from the evaluation of planar source diffusion experiments could be well explained
by the phenomenon of surface diffusion. The obtained values of surface diffusion coefficients Ds

were similar for both studied systems, and the predicted value of total effective diffusion coefficient
De(tot) describing Sr transport in the Na-bentonite was four times higher than in the Ca-bentonite.

Keywords: bentonite; planar source method; diffusive transport; sorption

1. Introduction

Clays are considered as promising host formations for the deep geological repository
for disposal of high-level radioactive waste and spent nuclear fuel due to their main
advantages, such as high sorption capacity for contaminants, geochemical and thermal
stability, buffering capacity, low hydraulic conductivity, etc. [1]. The understanding of
transport (sorption and diffusion) processes in clays and between clays and other materials
is a key issue with respect to the functionality of engineered barriers [2].

For strongly sorbing species of radionuclides, steady-state methods of determining
diffusion parameters are very time-consuming, and if used, the real achievement of the
steady-state might be unsure, as it was encountered, for example, by Bestel et al. [3]. Addi-
tionally, if the time-lag method is used for the evaluation of through-diffusion experiments,
the maintaining of the required ideal boundary conditions might be challenging because
the flux into the compacted clay layer is large due to the sorption, and changing of solu-
tions in reservoirs might become a source of uncertainties [4]. From this point of view,
non-steady-state methods appear to be more suitable. In all methods using either an inlet
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and/or outlet reservoir, it is necessary to deal with separating filters, which affect the
evaluation of the experiments, as was shown, e.g., by Glaus et al. [4,5] or Samper et al. [6].
Application of a planar-source method eliminates both of the mentioned complicating
factors. Firstly, no filters are needed, eliminating the uncertainties associated with their
impact on experiment evaluation. Secondly, the diffusion experiment duration would be
short to ensure that the tracer will not reach the end of the bentonite layer and the required
boundary conditions will be met. In the presented study, two evaluation methods based on
a linear representation of the analytical solution of diffusion equation for given boundary
conditions are introduced, also allowing the evaluation of real planar source diffusion
experiments, which do not meet the required semi-infinite boundary condition [7].

The aim of our study was to verify the differences in transport properties between
clays with different dominant interlayer cations, namely Na+ and Ca2+ as most investigated
representatives of monovalent and divalent interlayer cations, respectively. Some of these
differences were observed in our previous through-diffusion studies [8,9], in which natural
bentonite saturated by respective electrolytes was used. The diffusive transport of Sr was
faster when the dominating interlayer and background cation was Ca2+. This might be
explained by lower swelling pressure and higher hydraulic conductivity of Ca-bentonite,
which many authors have referred to [10–15]. For example, González Sánchez et al. [11]
found HTO (tritiated water) De values about the factor 2.5 lower in Na-exchanged bentonite
compared to Ca-exchanged bentonite.

As a sorbing species was chosen, Sr that exists dominantly as Sr2+ under the wide
range of physico-chemical conditions and its sorption mechanism on clay minerals is
dominantly ion exchange. This sorption mechanism is described as non-specific and
reversible [16–18] with fast sorption kinetics, and therefore, the uptake is dependent on
the solution composition and ionic strength as well as on the cation exchange capacity and
cation-exchange complex composition of the sorbent. The dependence of Sr distribution
and selectivity coefficient value in FEBEX bentonite contacted to sodium solutions on ionic
strength was showed by Missana and García-Gutiérrez [19]. The strongest competitor
for Sr2+ sorption on clay minerals is Ca2+ due to its similar ionic (respectively hydrated)
radius and valence [20]. Suppressed Sr sorption on Slovak bentonite by cations in the
order of Ba2+ < Ca2+ < Mg2+ < NH4

+ < K+ < Na+ was reported by Galamboš et al. [21],
and similarly, Khan et al. [22] reported the decreasing competitive strength for Sr of Ca2+ <
Mg2+ < K+ < Na+ and decreasing Sr sorption with increasing ionic strength of solution. In
our sorption study [9], the selectivity of natural bentonite for divalent cations was found
to be about ten times higher than the selectivity for Na. This is in agreement with the
selectivity coefficient determined by Karnland et al. [23] for the exchange of Ca for Na
on the MX-80 bentonite, which was 5.7–11.7 with the correction for activity in high ionic
strength solutions (correction factor 1.5). To further eliminate complicating factors such as
a heterogeneous mixture of interlayer cations in natural bentonite, homoionous Na- and
Ca-forms of the Czech natural Mg/Ca bentonite were used in this work.

It is often reported that some cations, mainly those from alkali or alkali earth metal
groups that have high hydration status and their main sorption mechanism on clay minerals
is ion exchange, diffuse through compacted clays faster than expected, e.g., on the basis of
HTO diffusion or batch sorption experiments [5,6,18,24–28]. Most of these studies were
based on through-diffusion experiments. For observed discrepancies between the results of
diffusion experiments and single porosity diffusion models which suppose linear decrease
of apparent diffusion coefficient Da with increasing value of distribution coefficient Kd,
an idea of surface diffusion was introduced. Such discrepancies were described, e.g., by
Eriksen et al. [29]. The theory was first described for gases, but later was also used for
ionic substances. As early as 1983, Rasmuson and Neretnieks [30] introduced surface
diffusion coefficient Ds [m2·s−1]. Surface diffusion enhances the diffusive transport and
is related to sorption via distribution coefficient and dry density of the clay. The mobile
surface-bound species might be adsorbed in the electrical double-layer (EDL) or create
an outer-sphere complex [31]. This means that the effect of surface diffusion depends on
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the cation hydration status, and the cations with a more extensive hydration shell, which
is also bound by weaker sorption forces, should be more influenced. This assumption is
supported by results of diffusion experiments with strongly (Cs, Eu) and weakly (Na, Sr)
bound species, where the diffusive transport of the former usually fits the non-electrostatic
single-porosity models better, whereas the transport of the latter is faster than predicted,
e.g., in [19,29,32].

Except for the extent of hydration shell and sorption specificity, the surface diffusion
is further influenced by the ionic strength of pore solution and the dry density of clay
material. Thanks to the competition between ions in pore water, sorption by ion exchange
is lower [15] and thus the effect of surface diffusion is less pronounced, and the diffusion
is slower as the ionic strength of pore solution increases. At low ionic strengths, faster
diffusion expressed as higher effective diffusion coefficient De is often observed [24,28].
Glaus et al. [27] evaluated diffusion experiments of Sr, Co and Zn with the use of transport
code in the geochemical speciation program PhreeqC [33], which allows to implement
cation mobility in EDL, and found a good agreement between the model and experimental
data. As it was explained by Tachi and Yotsuji [34], drawing from an electrostatic single-
porosity model developed by Ochs et al. [35,36], ionic strength does not influence only
sorption, but through electrostatic forces, which manifest as geometric characteristic of
pore space, it influences effective diffusivity itself. Resulting apparent diffusion coefficients
are then ionic strength independent, which is consistent with Gouy–Chapman theory [37].
The microstructure analysis performed by Melkior et al. [38] showed that the diffusion
coefficient of HTO and Na+ was dependent on the content of gel phase in the clay with
solid particles homogeneously dispersed throughout the microstructure, which was higher
in Na-dominated clay, whereas in Ca-dominated clay, solid particles were aggregated with
free spaces amidst them. The dependence, however, was of the opposite significance for
neutral and cationic species, i.e., HTO diffusion was correlated to the gel content negatively,
whereas Na+ diffusion was positive. This indicates that the cation diffusion pathway
may differ from that of neutral species. This might be also supported by the results of
Kozaki et al. [12], although they only measured Da values. They found increasing values
of Da(HTO) with increasing content of Ca2+ in Ca-enriched clay but independent values of
Da(Ca), leading to the conclusion that HTO diffuses in bulk pore water, whereas cations
diffuse dominantly through interlayer space, the characteristics of which, according to
XRD analyses, do not depend on the content of Ca2+ in the clay.

From the review of literature resources, as well as from our own previous work, it is
clear that the description of diffusive transport of Sr in compacted clays by the standard
Fickean transport model is insufficient. Therefore, for this work, we have focused on rela-
tively simple experimental methods and homoionous clay systems with the aim to quantify
the cation dual transport pathway in a relatively simple manner and draw conclusions for
future work with more complex systems.

2. Materials and Methods

The material used was Czech bentonite BaM (“Bentonite and Montmorillonite”)
which was transformed into homoionous Ca- and Na-form (named Ca-BaM and Na-
BaM, respectively) by the procedure mentioned below. Bentonite BaM has high smectite
content ~88% (distribution of other minerals is: SiO2 ~5%, anatas ~4% and Mg-siderite ~3%)
and CEC ~60 mmol+·100 g−1 (determined by Cu-Trien method) [39]. The bentonite was
transformed into homoionous form in four steps: (a) carbonates removal; (b) transformation
into dominant cation form; (c) removal of salt residuals and dialysis; (d) drying and milling.
The resulting occupancy of ion exchange sites by dominating ions were ~85% in case of
Na-BaM and ~88% in case of Ca-BaM.

2.1. Planar Source Diffusion Experiments

The main experimental technique was a planar source diffusion experiment. The
diffusion experiments were carried out in static stainless-steel diffusion cells with the inner
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lining of carbon composite, the inner diameter d = 0.03 m and the length L = 0.01 or 0.015 m.
Initially, the given mass of powdered bentonite for the dry density ρd = 1400 kg·m−3

was weighted and compacted by hydraulic press into the diffusion cell. For saturation,
stainless-steel filters were placed at both ends of the cell, the plastic reservoir with solution
of either 0.1 M NaCl or 0.033 M CaCl2) was connected, and the cell was placed into the
vacuum dryer for at least two weeks. When the solution reached the end of the plug, the
direction of saturation was switched to ensure the homogeneous saturation. The diffusion
cell with filters and reservoir is schematically depicted in Figure 1 and described in detail
in a separate publication [40].

Figure 1. Scheme of a diffusion cell.

Before the start of an experiment, the tail end of the cell was sealed with a plastic foil
to avoid water evaporation and diffusion into the filter space. The source of radioactive
tracer was a circle of filter paper with the same diameter as the bentonite plug spiked with
7.5 × 10−8 m3 of solution (V0, [m3]) containing a known initial source tracer concentration
(C0, [mol·m−3]) provided by non-active carrier (SrCl2·6H2O) and a known total activity
of 85Sr measured as counts per 100 s (I0, [counts/100 s]) (concentration of 85Sr was not
higher than 5·10−12 mol·m−3) and thus a known molar mass of non-active Sr (M, [mol]).
All reagents used during experiments were with analytical purity. The source end of the
cell was then also sealed with plastic foil. It was verified in an independent experiment and
also after the experiment termination that the tracer is sorbed neither by the filter paper
nor by the plastic foil. It was also verified that the presence of the filter paper does not
have significant influence on the shape of the concentration profile which would lead to
mistaken value of determined Da, this knowledge is also supported in the literature [41].
After the given contact time, the bentonite plug was pushed out of the cell and sliced into
0.5 mm slices, which were placed into plastic vials, weighted, and 2 mL of demineralized
water were added to unify geometry of 85Sr activity measurement. Samples γ-activity
of 85Sr was measured in a well-type NaI(Tl) scintillation detector (Tesla, η ≈ 30%) with
a single-channel analyzer (Tema JKA300 RS232) for 3 × 100 s. Samples were measured
relatively against a reference sample with the correction to the background signal. The
total concentration of the tracer in each sample (Ctot,i, [mol·m−3]) was calculated from the
total activity of the sample (Ii, [counts/100 s]) and from its volume (Vi, [m3]) estimated
from its mass (mi, [g]) and known volume of the diffusion cell (Vcell, [m3]). The distance
of the sample center from the source (x, [m]) was also calculated based on the volumes
of individual slices. Finally, the slices were dried at temperature 105 ◦C, and from the
difference between the wet and dry weights, the value of porosity ε was determined and
the saturation and compaction homogeneity were verified.

2.2. Batch Sorption Experiments

In addition to planar source diffusion experiments, batch sorption experiments with
both clays mixed with respective electrolytes were carried out. Several values of solid-to-
liquid ratios (m/V, [kg·m−3]) and a range of tracer total concentrations (C0, [mol·m−3])
were tested. The total concentration was controlled by non-active carrier (SrCl2·6H2O), and
the distribution between solid and liquid phase was assessed with the use of radioactive
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tracer (85Sr), the concentration of which was not higher than 5 × 10−12 mol·m−3. The
equilibration time was set to be 3 days. The experimental vials were placed on the horizon-
tal shaker for the desired contact time, after which samples were centrifuged (966× g for
10 min) and the activity in 2 mL of supernatant was measured in a well-type NaI(Tl) scin-
tillation detector. The equilibrium distribution of a tracer between solid and liquid phase
was determined and based on the measured data, sorption isotherms were constructed,
expressed as qeq= f (C eq), where qeq [mol·kg−1] is an equilibrium concentration in the
solid phase and Ceq [mol·m−3] is an equilibrium concentration in the liquid phase. The
distribution coefficient Kd [m3·kg−1] was determined as a parameter of linear function
qeq = Kd · Ceq for each solid-to-liquid ratio.

2.3. Evaluation of Planar Source Experiments

The usually described setup of planar-source method is a thin source, often a filter
paper soaked with a tracer solution, placed between two parts of a compacted saturated
bentonite sample [7]. For evaluation of such experiments, the analytical solution of dif-
fusion equation might be used, which is restricted to initial and boundary conditions,
which are further referred to as “ideal”. The assumptions of ideal planar source diffusion
experiments are homogeneous, isotropic, saturated porous medium of semi-infinite length,
i.e., the tracer does not reach the layer boundary (infinite boundary condition). The width
of the planar source is very small, and therefore, Dirac delta function δ(x) might be applied
for the description of the source. The source is homogeneous, i.e., the tracer is equally
distributed over the cross section of the compacted bentonite sample. For the initial and
boundary conditions in the time t = 0 and at the distance x = 0, the total concentration
Ctot(x, t) equals:

Ctot(x = 0, t = 0) =
M
A
δ(x) and (1)

Ctot(x > 0, t = 0) = 0 (2)

Here, Ctot(x, t) is a total tracer concentration [mol·m−3] at the distance x [m] and the
time t [s], M is a total tracer molar mass [mol], and A is a cross section area [m2].

Apparent diffusion coefficient Da for the symmetrical setup of diffusion experiment
(i.e., the source placed between two parts of compacted saturated bentonite sample) is
evaluated by the analytical solution of diffusion equation for the cross-section area unit [7].
This solution should be multiplied by the factor two for the asymmetrical setup of diffusion
experiment (i.e., the source placed on the front side of compacted saturated bentonite
plug) [42] (both setups are illustrated in Figure 2):

Ctot(x, t) =
M

A
√

πDat
exp (− x2

4Dat
) (3)

Figure 2. Schematic representation of symmetrical setup (left) and asymmetrical setup (right) of
planar source diffusion experiment. PS—planar source, B—bentonite.
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By logarithmization of this equation, the linear dependence of total tracer concentra-
tion logarithm on the square of longitudinal coordinate over time is obtained (4), in which
both constants determining the linear function, the slope a and the intercept b, contain the
apparent diffusion coefficient Da:

ln Ctot(x, t)= ln(
M

A
√

πDat
) − x2

4Dat
(4)

The advantage of this method is that it not only provides the value of Da in two ways,
but it gives also uncertainty estimates s(Da) for both methods of Da determination. The
Gauss’s law of uncertainty propagation was applied, using standard deviations estimates
of linear function parameters s(a) and s(b) obtained by the linear regression of transformed
experimental data. Derived relationships for quantifying Da and s(Da) by both methods
are summarized in Equations (5) and (6). The advantage of method ‘slope’ over method
‘intercept’ is that it is independent of the tracer amount in the source.

Method ‘slope′ : Da = − 1
4a

, S(Da) =
Da

|a| s(a) (5)

Method ′intercept′ : Da =
1

πt
·
(

M
A·eb

)2
, S(Da) = 2DaS(b) (6)

Using these approaches, it is possible to evaluate even those experiments that do
not satisfy the output boundary condition set for analytical solution of diffusion from the
planar source (4), which assumes an infinite length of diffusion layer. At the real finite
length of diffusion layer, the course of the concentration profiles over time is influenced
by the real boundary condition at the end of the layer, i.e., it differs from the ideal course
given by relation (4). The extent to which it would be suitable to evaluate real experimental
data by applying the analytical solution of diffusion equation on the initial linear part of
the concentration profile in a linear representation was demonstrated in a numerical study
with the use of verified model of real diffusion experiment prepared in Contaminant Trans-
port Module of GoldSim program environment [43], which is a graphical object-oriented
program that allows to create complex models and run dynamic and probability simula-
tions. The prepared model of diffusion experiment is based on a full analytical solution
of transport equation and solves the diffusion equation using a finite difference method.
Transport simulations may follow various initial and boundary conditions, consider linear
or non-linear description of sorption and enable connection of filters. Its application on
through-diffusion experiments with Sr was presented by Baborová et al. [8]. Using this
model in a setup similar to a real planar source diffusion experiment, i.e., very small volume
of inlet and outlet reservoirs, diffusion cell of length L = 10 mm and diameter d = 30 mm
with the Da value 2 × 10−11 m2·s−1, concentration profiles were generated and compared
with the analytical solution of diffusion equation valid for the planar source experiment (4).
As can be visually assessed from Figure 3, for given conditions, the concentration profile in
a finite diffusion cell begins to be influenced after 3 days of experiment duration, which
was also verified in a numerical study. The analytical solution expressed as lnCtot = f

(
x2

t

)
valid for semi-infinite boundary condition creates straight lines, which are almost parallel
for different times, and their intercepts are function of time.

The difference between the default Da value 2 × 10−11 m2·s−1 and the Da value
obtained by fitting of the analytical solution to the initial linear part of the transformed
concentration profile (ln Ctot = f

(
x2

t

)
) in a model of real diffusion cell of finite length

generated by the diffusion model in GoldSim program increased with increasing duration
of the model experiment. Based on the results of this numerical study, it could be concluded
that both methods based on the analytical solution of diffusion equation are feasible for the
evaluation of planar source diffusion experiment, where the tracer concentration profile is
influenced by the restricted length of diffusion cell, given that the effect is not too great.
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The difference between the default Da value and that obtained by the ‘intercept’ method
exceed 10% after 16 days, whereas in case of the ‘slope’ method, it was after 10 days for
given conditions. The ‘intercept’ method provided a smaller systematic error for more
influenced profiles, i.e., for longer lasting experiments, and it tended to underestimate
the theoretical Da value, whereas the ‘slope’ method was overestimating the Da value of
several times in more influenced profiles.

Figure 3. Comparison of the analytical model of tracer total concentration profiles in the infinite
porous layer compared with the numerical model in the layer of restricted length (L = 0.01 m) in
regular (left) and transformed (right) scales. Da = 2 × 10−11 m2·s−1, ρd = 1400 kg·m−3, C0 = 1 ×
103 mol·m−3, V0 = 7.5 × 10−8 m3, d = 0.03 m.

3. Results
3.1. Batch Sorption Experiments

Sorption of Sr on both clays showed a linear trend in the given concentration range
(Ceq from 10−9 to 10−6 mol·m−3), as shown in Figure 4. Values of Kd obtained from the
slope of a linear regression of the equilibrium sorbed amount of tracer qeq [mol·kg−1]
dependence on the equilibrium liquid concentration Ceq [mol·l−1] for each solid-to-liquid
ratio are summarized in Table 1. Mean Kd value of Sr on Ca-BaM in CaCl2 was (9.4 ± 0.3)×
10−3 m3·kg−1, and (47.4± 1.8)× 10−3 m3·kg−1 on Na-BaM in NaCl background electrolyte,
respectively. Such a difference between Sr sorption on clays with different dominating
interlayer cations is in agreement with the previous findings on the natural bentonite [9]. It
is given by the different selectivity of bentonite ion exchange sites for Na+, Ca2+ and Sr2+

ions. In our previous study [9], it was estimated that the selectivity of natural bentonite for
divalent cations was about 10 times higher than that for monovalent Na+.

Figure 4. Sorption isotherms of Sr on the bentonite Ca-BaM in CaCl2 background electrolyte (left)
and on the bentonite Na-BaM in NaCl background electrolyte (right).

The Kd values of Sr on homoionous clays did not tend to decrease with increasing m/V
as significantly as in the case of natural bentonite contacted with simple electrolytes [9].
Such result supports the assumption that the Kd dependence on m/V in natural bentonite
is caused by competing cations, which are released into the solution in a higher amount
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when the bentonite mass in the system is increased. In case of homoionous clay contacted
to homoionous solution, the competition among ions, except between the tracer and the
dominant ion, was significantly reduced. However, because a certain dependence of Kd
values on m/V was appreciable, an extrapolation of Kd value to the solid-to-liquid ratio
m/V of compacted bentonite was performed according to power function, where:

Kd = k(
m
V
)
−n

(7)

The fitted constants k and n and the extrapolated Kd values for the bentonite dry
density ρd = 1400 kg·m−3 used in planar source diffusion experiments are summarized in
Table 2.

Table 1. Obtained Kd values from batch sorption experiments with Sr on loose Ca- and Na-bentonite.

Material m/V
[kg·m−3]

Kd × 103

[m3·kg−1]

Ca-BaM
10 9.80 ± 0.07
50 9.29 ± 0.04

100 8.97 ± 0.07

Na-BaM
10 49.5 ± 0.9
50 46.1 ± 0.6

100 46.7 ± 0.4

Table 2. Extrapolation of Kd value from batch sorption experiments for the conditions corresponding
to bentonite dry density ρd = 1400 kg·m−3 (m/V = 2800 kg·m−3) according to Equation (7).

Material k n Kd × 103

[m3·kg−1]

Ca-BaM 0.0107 0.038 7.95 ± 0.30
Na-BaM 0.0525 0.028 42.0 ± 1.6

3.2. Planar Source Diffusion Experiments

Obtained profiles of Sr total concentration in compacted bentonite after the termination
of planar source experiments were fitted with the analytical solution of diffusion equation
for given boundary conditions in a linear form (4) and the ‘slope’ (5) and the ‘intercept’ (6)
methods of Da evaluation were compared (Table 3). The modelled concentration profiles
corresponding to the ‘slope’ method are displayed in Figure 5 along with experimental
points. As can be seen, the concentration profiles of Sr in Ca-bentonite are less steep than
those in Na-bentonite, which indicates faster transport of Sr and thus higher Da value in
Ca-bentonite. This is in line with our previous findings on the natural bentonite [8]. The
results of single experiments evaluations are summarized in Table 3.

Table 3. Obtained values of apparent diffusion coefficients from planar source diffusion experiments
of Sr on compacted Ca- and Na-bentonite.

Material Duration
[days]

ρd
[kg·m−3]

ε
[-]

Da × 1011

(Slope)
[m2·s−1]

Da × 1011

(Intercept)
[m2·s−1]

Ca-BaM
1 1392 0.51 3.29 ± 0.01 3.51 ± 0.03
3 1356 0.51 3.95 ± 0.05 3.64 ± 0.03
5 1367 0.52 3.47 ± 0.11 3.66 ± 0.07

Na-BaM
1 1420 0.49 2.75 ± 0.03 2.91 ± 0.10
3 1411 0.56 2.61 ± 0.20 2.47 ± 0.27
5 1387 0.50 2.61 ± 0.04 2.42 ± 0.02
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The mean Da values and the estimates of its standard deviations obtained by the
‘slope’ method and the ‘intercept’ method did not differ significantly. Thus, final Da values
for further discussion were calculated as the mean of values obtained from both methods,
these values were (3.6± 0.2)× 10−11 m2·s−1 for Ca-BaM and (2.6± 0.2)× 10−11 m2·s−1 for
Na-BaM, see Table 4. The Da value of Sr obtained in this work for Ca-BaM was 1.36 times
higher than that for Na-BaM that might correspond either to lower value of Kd or to higher
value of G (lower tortuosity) or both, which might be caused by higher swelling pressure in
Na-bentonite. In any case, both the qualitative and the quantitative difference in diffusion
between these two materials is less distinctive than it could be expected from the results of
sorption experiments. This discrepancy will be further discussed.

Figure 5. Profiles of Sr total concentration in the compacted Ca- and Na-bentonite after 1, 3 and
5 days of contact shown as dependences of Ctot on x (left) and ln Ctot on x2/t (right). C0(Sr) was
10 mol·m−3, V0 was 7.5 × 10−8 m3. AS refers to the analytical solution of diffusion equation fitted to
the experimental data using the ‘slope’ method, fitted apparent diffusion coefficients are summarized
in Table 4.

Table 4. Mean experimental and calculated values of Sr diffusion parameters.

Material

Measured Calculated According to Equation (8)

ρd
[kg·m−3]

ε
[-]

Da × 1011

[m2·s−1]
(Slope)

G
[-]

Kd × 103

[m3·kg−1]

Ca-BaM 1372 ± 15 0.51 ± 0.01 3.6 ± 0.2 0.50 ± 0.03
valid for Kd = 7.9·10−3 m3·kg−1

3.4 ± 0.3
valid for G = 0.23

Na-BaM 1406 ± 14 0.51 ± 0.03 2.6 ± 0.2 1.91 ± 0.10
valid for Kd = 42·10−3 m3·kg−1

3.5 ± 0.3
valid for G = 0.17
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4. Discussion

Obtained Da values lay within the range of usually reported Da values for similar
experimental conditions (i.e., compacted powdered clay in dominant Ca- or Na-form) in
the order of 10−11 m2·s−1 (e.g., [32,44,45]). Through-diffusion experiments were performed
by Glaus et al. [46] on Volclay compacted to 1300 and 1600 kg·m−3 and saturated with
bentonite pore water and evaluated using a numerical solution with consideration of
separating filters presence, and the resulting Da values were about 2 × 10−11 m2·s−1. The
results of Kasar et al. [44] and Kim et al. [32] were obtained by a symmetrical planar-source
technique. On a smectite-rich clay compacted to 1600 kg·m−3, Kasar et al. [44] found
the Da value of about 3.3 × 10−11 m2·s−1, and on MX−80, the Da values obtained for
1300 and 1600 kg·m−3 were 1.6 × 10−11 and 1.1 × 10−11 m2·s−1, respectively [32]. All
of these clays were dominantly in Na-form. There is not very much data on Sr diffusion
in Ca-dominated clays relevant for this work. The Da values in FEBEX bentonite [6,25]
are almost two orders of magnitude lower, which is given by two orders of magnitude
higher distribution coefficient of Sr on this bentonite, which was contacted to bentonite
pore water. Clay rocks exhibit low diffusion coefficients due to their high bulk density and
low porosity. The Da value measured on Opalinus clay with bulk density of approximately
2500 kg·m−3 is about three times lower compared to that in Na-BaM [18]. Similar values
were found on Callovo-Oxfordian clay with a similar bulk density [26], although this clay
was contacted with Bure pore water with dominating Ca2+ cation. The Da value of Sr on
Callovo-Oxfordian clay contacted with Na-dominating solution of a similar ionic strength
was about two times lower than in the previous example, i.e., 3.6 × 10−12 m2·s−1, despite,
in this case, the stated bulk density was slightly lower, ca 2200 kg·m−3 [28].

From the nature of this type of diffusion experiment, which is evaluated by a model
with a single fitting parameter, i.e., apparent diffusion coefficient Da, there is no inherent
information on the values of either the partial diffusion parameters, such as Kd or G
(a geometric factor that expresses the relationship between the diffusion in the pores of
compacted bentonite, Dp, and under ideal conditions in free water, Dw), or the value of
effective diffusion coefficient De. If we apply the value of Kd extrapolated from the batch
sorption experiments with loose material using relation (7) in the equation (8), as it is stated,
e.g., in the fundamental work of Shackelford and Moore [46] for the standard Fickian
description of diffusion in a homogeneous water-saturated layer of compacted bentonite,
the relation between an apparent diffusion coefficient Da, describing diffusion flux in the
bulk volume, and an effective diffusion coefficient De (9), describing diffusion flux in the
pore water, we will arrive at the conclusion that the value of geometric factor G should be
higher than a physically relevant value for both systems (see Table 4):

Da =
GεDw

ε + ρdKd
(8)

Note that in this relation, G [-] is a geometric factor, ε [-] is a total porosity, ρd [kg·m−3]
is a dry density of compacted bentonite and Dw [m2·s−1] is a Sr reference diffusivity (for
both systems equal to 1.58 × 10−9 m2·s−1 [47]).

High G values of some cations (that is usually expressed as high values of effective
diffusion coefficient De, i.e., De(cat) ≥ De(HTO)), are often reported, mainly those for
from alkali or alkali earth metal groups (e.g., [5,6,24–28,34,38,48]) and are often formally
explained by the effect of surface diffusion [28,48,49] or the enhanced transport in the
electrical double layer (EDL) [5,24,27,32,34], in both approaches, in some cases, without
quantification of characteristic parameters.

On the other hand, if we use the values of G equal to 0.23 ± 0.02 for the Ca system
and 0.17 ± 0.02 for the Na system, which were obtained from evaluation of independent
through-diffusion experiments with HTO and I through two Czech bentonites [50], and
evaluate the experiments using a standard Fickian approach, we will arrive at considerably
lower values of Kd than those obtained by evaluation of batch experiments (see Table 4).
The difference of G values between the two studied systems mentioned above corresponds
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well to findings of Choi and Oscarsson [10] and other authors [11–13], who attributed this
effect to higher swelling pressure and lower hydraulic conductivity in Na systems. Lower
cation Kd values obtained from the evaluation of diffusion experiments in a compacted
state, using relation (8), compared to those obtained in loose state, were reported in many
studies (e.g., [18,41,48]), and also included our previous study on the natural bentonite
BaM [8]. This effect is usually explained by the lower amount of accessible sorption sites in
a compacted material, where the higher ionic strength is assumed.

Both introduced estimations of parameters Kd and G within the frame of standard
Fickian description of diffusive transport lead to physically unsubstantiated results, which
indicates that applied description of diffusion is not sufficient for the description of Sr
diffusive transport through compacted bentonite. The effective diffusion coefficients
De(theor) [m2·s−1], obtained according to G values presented in Table 4, with the use of
measured G(HTO) values, presented in Table 4 and using relation (9):

De(theor) = εGDw (9)

of both bentonites is essentially very close, i.e., (1.84 ± 0.25) × 10−10 for Ca-BaM and
(1.43 ± 0.27) × 10−10 m2·s−1 for Na-BaM. On the contrary, if the effective diffusion coeffi-
cient De(tot) [m2·s−1] is calculated based on the experimentally obtained Da and Kd values
according to relation (10):

De(tot) = Daα = Da(ε + ρdKd) (10)

where α [-] is the capacity factor, the diffusion coefficient De(tot) is four times lower for
Ca-BaM compared to Na-BaM, i.e., (4.09 ± 0. 26) × 10−10 for Ca-BaM and (15.65 ± 1.58) ×
10−10 m2·s−1 for Na-BaM.

Regarding effective diffusivities often reported upon the interpretation of diffusion
experiments results using standard Fickian descriptions, it is necessary to consider higher
values of total porosities, effective porosities and/or geometric factors in clays with dom-
inating Ca ions compared to those with dominating Na ions leading to higher values of
effective and/or apparent diffusion coefficients of HTO and/or anionic species [10–12,38].
However, the De values of cations in Ca- and Na-dominated clays may have the opposite
relation, as was found in our work. Melkior et al. [38] reported higher De(Na) value in
Na-clay containing higher amounts of gel phase than Ca-clay, which significantly influences
the cation transport in compacted clays.

In compliance with the literature resources cited in Section 1, we decided to interpret
the obtained diffusion coefficients using the surface diffusion approach. Assuming that
the surface bound species is transported through the porous layer according to its own
diffusion coefficient Ds [m2·s−1], as was introduced by Rasmuson and Neretnieks [30] and
developed later by other authors [29,49–51]:

De(tot) = εGDw + ρdKdDs (11)

similar values of Ds for both bentonites, i.e., (2.1 ± 0.3) × 10−11 m2·s−1 for Ca-BaM and
(2.4 ± 0.4) × 10−11 m2·s−1 for Na-BaM were obtained assuming the predictions of Kd, and
G and De(tot) values gained from independent experiments.

It could be therefore concluded that, in case the surface bound species is transported
in the bentonite layer, the diffusion coefficient of this species is not influenced by the
dominating interlayer cation of the bentonite. On the other hand, the diffusion flux
through a solid phase, or over its surface, significantly depends on the value of distribution
coefficient Kd.

For systems investigated in the presented work, it can be concluded that, despite
the apparent diffusivity Da of Sr in Ca- and Na-bentonite differs to a lesser extent than
could be predicted from the sorption studies, the effect of surface diffusion can explain
the substantial difference of effective diffusion coefficients De(tot). This can be simply
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explained using relation (10), from which follows a significant influence of the value of
Kd on the value of De. Based on relation (11), also valid in determining the value of the
effective diffusion coefficient De, it followed for the studied systems that for Na system,
the fraction of flux in the pores was less important ( εGDw

De(tot) = 0.09) than for Ca system

( εGDw
De(tot) = 0.45). Thus, in both studied systems, the diffusion flux, which corresponds

to surface diffusion, was found to be more significant than the flux corresponding to
diffusion in pores. The main advantage of application of the idea of surface diffusion
into the description of diffusion experiments with planar source can be seen in respecting
the results of independently obtained experimental knowledge about the characteristics
of bentonite and studied cationic species (G, Kd) and in the possibility to make relevant
conclusions about the value of effective diffusion coefficient De, which is not attainable
by the standard evaluation of such type of diffusion experiments based on the simple
Fickian approach.

5. Conclusions

Diffusion experiments with Sr on the homoionous Ca- and Na-form of the Czech
natural Mg/Ca bentonite BaM using the planar source method were performed. Two
methods of apparent diffusion coefficient Da determination based on the analytical solution
of diffusion equation for given boundary conditions in a linear form were introduced and
both were found suitable and comparable because both provided similar values of Da and
their uncertainty estimates.

The mean Da value obtained for Ca-BaM was (3.6 ± 0.2) × 10−11 m2·s−1 and for
Na-BaM it was (2.6 ± 0.2) × 10−11 m2·s−1. Obtained apparent diffusion coefficients laid
within the range of usually reported values.

Values of Kd were determined in independent batch sorption experiments. The
obtained values were (9.4 ± 0.4) × 10−3 m3·kg−1 on Ca-BaM in CaCl2, and (47.4 ± 1.6) ×
10−3 m3·kg−1 on Na-BaM in NaCl background electrolytes, respectively, with only a small
dependence of the solid-to-liquid ratio, and they were extrapolated for the conditions of
compacted bentonite. In spite of this treatment, their use for determination of De from
planar source diffusion experiments proved to be inappropriate within the standard Fickian
description of diffusion because it was shown that Kd values estimated on the basis of
geometric factor G obtained from HTO diffusion experiments were considerably lower.
The discrepancies between Kd and G values measured in independent experiments and
those resulting from diffusion experiments were explained using the phenomenon of
surface diffusion.

The method of evaluation of diffusion experiments with planar source taking into
account the effect of surface diffusion was introduced. The obtained values of surface
diffusion coefficients Ds were similar, but the subsequently predicted value of effective
diffusion coefficient describing Sr transport in the Na-BaM system was found four times
higher than that in the Ca-BaM system, corresponding to the higher Kd value determined
for this system.
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