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Abstract Accurate understanding of diffusion of anionic radionuclides in different clays is signiﬁcant to
predict long‐term performance of high‐level radioactive waste (HLW) repositories. The importance of
electrical double layer (EDL) on anionic tracer diffusion in different clays has been studied by both
through‐diffusion experiments and pore‐scale simulations in this work. The through‐diffusion experiments
measured the effective diffusion coefﬁcient and the accessible porosity of Re (VII) in compacted
montmorillonite, Na‐bentonite, and illite/smectite mixed layer (I/S) at different salinities. The results
showed that the accessible porosity and the effective diffusion coefﬁcient of Re (VII) in montmorillonite and
Na‐bentonite were similar but lower than those in I/S under the same conditions. For mechanism
analysis and predictions, a pore‐scale modeling was implemented to simulate the diffusion of anions in
compacted clays. In the simulations, the characteristics (porosity, density, and total surface area) of
microstructures of montmorillonite and I/S were used to regenerate three‐dimensional pore structures
numerically by a Quartet Structure Generation Set method. The Re (VII) diffusion was then simulated by
directly solving coupled Poisson‐Nernst‐Planck equations via the lattice Boltzmann method. The diminished
effect of EDL was therefore calculated and compared with Donnan and multiporosity models. As EDLs
overlap in compacted clays, the Donnan model overestimates the inﬂuence of EDL on Re (VII) diffusion,
while the multiporosity model underestimates it. The pore‐scale modeling, which captures the structure of
overlapping EDLs automatically, can simulate the diffusion of anionic radionuclides in compacted clays
without any ﬁtting parameters.
1. Introduction
Bentonite is often chosen as a candidate engineering barrier material for a high‐level radioactive waste
(HLW) repository due to its low permeability, strong sorption/retention of radionuclides, and good swelling capacity. As a porous material, the pores of compacted bentonite consist of the interlayer pores and
the interparticle pores (Bourg et al., 2007). The interlayer pores are small slit‐like pores (<2 nm) and
formed between basal surfaces of stacked montmorillonite platelets. The interparticle pores are formed
among the bentonite stacks, and their pore sizes are usually higher than 2 nm (Villar et al., 2012).
Since the pore size is very small, many studies have shown that the diffusion process dominates the
transportation of radionuclides in bentonite buffer (Idiart & Pękala, 2016; Tournassat & Appelo, 2011;
Van Loon et al., 2007). Radionuclides diffusion is inﬂuenced by many factors, such as dry densities
of bentonite (Sato et al., 1992; Wu et al., 2018), salinities and compositions of pore solution (Glaus
et al., 2020; Tachi & Yotsuji, 2014; Wigger & Van Loon, 2018), and sizes and shapes of clay particles
(Tertre et al., 2018).
Because of the negatively charged surface of bentonite, anionic radionuclides were not only excluded from
the interlayer pores of montmorillonite (Hedstroem & Karnland, 2012) but also partially excluded from the
surface within the interparticle space of dense clays by the electrostatic interaction (Wigger & Van
Loon, 2017). This was usually attributed to the effect of electrical double layer (EDL) when an electrolyte
was in contact with the negatively charged surface of clays. The previous studies showed that the EDL
had signiﬁcant impacts on the diffusion of anions in compacted clays (Appelo, 2017; Soler et al., 2019;
Yang et al., 2019). The effective diffusion coefﬁcient (De) of anions at a trace concentration increased with
increasing ionic strength due to the decrease of EDL thickness (Idiart & Pękala, 2016; Tinnacher et al., 2016;
Xiong & Jivkov, 2018). When the pore size is comparable with the thickness of EDL, the EDL may partially
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or completely overlap, and therefore, anions have a stronger interaction with the charged surface of clays
(Idiart & Pękala, 2016; Wigger & Van Loon, 2017).
In order to investigate the diffusion of anions in compacted clays by modeling, a lot of efforts have been
made by both molecular‐scale simulations (Bourg & Sposito, 2011; Tournassat et al., 2016) and
continuum‐scale simulations (Glaus et al., 2020; Soler et al., 2019). These models need the empirical
geometry factors to consider the complexity of pore‐network in clays, such as tortuosity or connectivity
(Gimmi & Alt‐Epping, 2018; Soler et al., 2019). Besides, to investigate the inﬂuence of electrostatic exclusion
on anion diffusion in compacted clays quantitatively, the previous models simpliﬁed the diffusion in a
three‐dimensional (3‐D) geometry into a one‐dimensional one by approximating porous media as homogeneous slit‐like pores with an average width. The classical Poisson‐Boltzmann model (Tournassat et al., 2009)
or the Donnan model (Birgersson, 2017; Birgersson & Karnland, 2009; Gimmi & Alt‐Epping, 2018; Revil
et al., 2011; Wigger & Van Loon, 2017) was then employed to explain the inﬂuences of compacted dry density
and the salt salinity of an external solution on ion diffusion (Wigger & Van Loon, 2017; Wu et al., 2018). For
instance, the multiporosity model assumes that the anions are totally excluded by EDL. Under a high ionic
strength condition, the effective diffusivity of Re (VII) in clays calculated by this model agreed well with the
experimental data (Idiart & Pękala, 2016; Wu et al., 2018). However, if the ionic strength was low and the
EDL completely overlapped within pores of bentonite, this model needed ﬁtting parameters to agree with
the experimental data. It indicated that the EDL thickness also depended on the local pore size and the overlapping EDL within nanopores of compacted clays might magnify the inﬂuence of EDL on anion exclusion
(Miller & Wang, 2012). Therefore, it is necessary to improve the understanding the inﬂuence of the overlapping EDL on anionic concentration and electrical potential distributions. Recently, a 3‐D pore‐scale model
has been used to predict the diffusion of ions in clays (Yang et al., 2019; Yang & Wang, 2018b, 2019).
Compared with other models, the pore‐scale model can capture the local ionic concentration and electrical
potential distributions automatically at the pore scale.
In this study, the diffusion behavior of Re (VII) (as a surrogate to 99Tc(VII), with a half‐life of 2.14 × 105 year)
was investigated in compacted montmorillonite, Na‐bentonite, and illite/smectite mixed layer (I/S) by
experimental and modeling approaches. I/S used here is to study the effect of smectite illitization on the diffusion of anions. The accessible porosity (εacc) and De were measured at different salinities by a
through‐diffusion method. A novel 3‐D pore‐scale model was employed to simulate the anion diffusion in
clays. The results by the pore‐scale simulation were also compared with those by the Donnan model and
the multiporosity model. The aim of this study is (i) to quantitatively characterize the effect of EDL on Re
(VII) diffusion in three types of clays (montmorillonite, Na‐bentonite, and illite/smectite mixed layer), (ii)
to build a bridge between the through‐diffusion experiment and the pore‐scale simulations, and (iii) to examine the abilities of our pore‐scale model and the previous continuum‐scale models for the anion diffusion
prediction. We want to provide a better understanding of the diffusion mechanism of anions in TOT‐type
clays for the safety analysis of the HLW repository.

2. Experimental Methods
2.1. Clay Materials
The montmorillonite was purchased from Aladdin. It has a clay content of 95%. I/S (ISCz‐1, Clay Minerals
Society) is from a sedimentary stratum in Slovakia, which is an illite‐dominant mixed layer 2:1 clay (67 wt.%
illite, 33 wt.% montmorillonite) found in nature. Part of montmorillonite layers change to illite layers due to
the substitution of the exchangeable cations between montmorillonite TOT layers by K+ cation. Gaomiaozi
(GMZ) bentonite was extracted from Inner Mongolia in China, which is a candidate backﬁlling buffer for
HLW repository of China (Ye et al., 2010). Na‐bentonite was prepared by substituting the exchangeable
cations of GMZ bentonite by Na+. This powder was shaken for 10 min in distilled water. The suspension
was centrifuged for 15 min to remove the impurities. After the solid was dried at 105°C and grinded, the
obtained bentonite was stirred magnetically at 75°C in a 15% NaCl solution for 2 h. In order to allow Na+
to replace the interlayer cations of bentonite, the solution was aged for 24 h. The clay was then washed by
distilled water until the leachate was free of Cl− according to the AgNO3 test. Finally, the Na‐bentonite
was obtained after it was dried at 105°C, grinded and sieved (<75 μm size fraction). Na‐bentonite is the
sodium modiﬁed bentonite from GMZ bentonite. Since quartz and other minerals are removed during the
WU ET AL.
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Figure 1. Experimental setup for a through‐diffusion method.

modiﬁcation process, the montmorillonite content of Na‐bentonite used in this study is about 100%. The
chemical composition of clays lists in the supporting information (supporting information, SI, Table S1).
The external speciﬁc surface area, which was measured by a N2‐absorption apparatus (JW‐BK132) with the
Brunauer‐Emmett‐Teller (BET) method, was 9.98 × 104 m2/kg for montmorillonite, 2.91 × 104 m2/kg for Na‐
bentonite, and 2.56 × 104 m2/kg for I/S. The morphology of clays was characterized by a FEI Quanta 650
Scanning Electron Microscope (SEM). The chemical composition of clays was analyzed by Shimadzu
XRF‐1800 ﬂuorescence spectrometry with a Rh target. The concentration of Re was measured by an inductively coupled plasma optical emission spectroscopy (ICP‐OES, PerkinElmer Optima 2100DV).
2.2. Diffusion Experiments
The through‐diffusion experiments were performed in 0.05–1.0 mol/L of NaCl solution at pH = 7.0 under
ambient conditions. Figure 1 shows the diffusion setup (Van Loon et al., 2003). The clay samples (montmorillonite, Na‐bentonite, and I/S) were sandwiched between the stainless ﬁlters (Ø 2.54 × 0.157 cm) in a diffusion cell (Ø 2.54 × 0.90 cm) with a compacted bulk dry density of 1,600 kg/m3. According to Glaus
et al. (2008), the De of Re (VII) in ﬁlter was estimated to be 1.46 × 10−10 m2/s, which was more than three
times higher than that in the clays (<1.7 × 10−11 m2/s). The diffusive resistance of the ﬁlters was ignored
due to the limited inﬂuence on the diffusion of Re (VII) compared with other sources of errors (Glaus
et al., 2008). After the clay block was equilibrated with a NaCl solution for 5 weeks, NH4ReO4 (Alfa
Aesar, 99.997%) was added in the source reservoir with 200 ml of NaCl solution. The pH of the source reservoir was adjusted to 7.0 by adding minor NaOH and HCl. In order to be measured by ICP‐OES, the initial
concentration of Re was in the range of (9.7–26.9) × 10−3 mol/L. ReO4− will pass through the clay block
to the target reservoir by the force of the concentration gradient. The 10 ml of NaCl solution in the target
reservoir was replaced with a fresh solution at a certain time interval to keep the concentration of ReO4− less
than 5% of the source reservoir. The change of the concentration of Re (VII) in the source reservoir was less
than 5% during the experimental procedure.
WU ET AL.
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2.3. Experimental Data Processing
Based on the experimental setup and methods, the diffusion of Re (VII) follows a one‐dimensional nonsteady diffusion model. Fick's second law was employed to calculate the De and the rock capacity factor (α):
∂C De ∂2 C
¼
:
∂t
α ∂x 2

(1)

Here C (mol/L) is the concentration of the diffusion species in solution, t (s) is the time (s), and x (m) is the
diffusion distance in the clays block. The initial and boundary conditions are as follows:
cðx; t Þ ¼ 0; t ¼ 0; ∀x;
cð0; t Þ ¼ C 0 ; x ¼ 0; t > 0;

(2)

cðL; t Þ ¼ 0; x ¼ L; t > 0:
Therefore, the analytical solution of Equation 1 is given by Van Loon et al. (2007):



Acum
De t α 2α ∞ ð−1Þn
De n 2 π 2 t
¼ SL 2 − − 2 ∑
exp
−
;
2
6 π n¼1 n2
C0
L
Lα

(3)

where Acum (mol) is the accumulated mass of species at the target boundary (x = L), C0 (mol/L) is the
initial concentration of species in the source reservoir, S (m2) denotes the cross‐sectional area, and L
(m) is the length of compacted clay block. The De and α are obtained by ﬁtting the experimental data
by Equation 3. α is related to the porosity (ε) as follows:
α ¼ ε þ ρK d ;

(4)

where ρ (kg/m3) is the compacted dry density and Kd (m3/kg) is the distribution coefﬁcient. Due to the
electrostatic exclusion effect from the negatively charged surface of clays, anions show little absorption
on clays, that is, Kd = 0. It also excludes from the interlayer pores of the compacted clay. The porosity
is the εacc. That is, α equals εacc (Tachi & Yotsuji, 2014; Wu et al., 2017).
The ﬂux at the target boundary (x = L), Jout (mol/(m2·s)), is expressed by
J out ¼

1 ∂A
:
S ∂t

(5)

So far the detail of the experimental implementation has been established, by which one can measure the
effective diffusion coefﬁcient of anionic radionuclides in compacted clays. However, the experimental implementation is time consuming and difﬁcult. Especially in tight or highly compacted clays, one experimental
measurement takes several weeks and months. The pore‐scale simulation is an efﬁcient way to quickly predict the effective diffusivity of radionuclides and to clarify inﬂuences from microstructures of clays and pore
water chemistry on ions diffusion. It can capture the local ion and electrical potential distributions within
nanopores as EDL overlaps. Therefore, in this study, this pore‐scale model is employed to study the diffusion
behavior of Re (VII) in compacted montmorillonite and I/S.

3. Modeling
This section will explain the linkage from the experiment to the pore‐scale simulation and the detail of
pore‐scale modeling.
3.1. Link Experiment With Pore‐Scale Modeling
To investigate the ion diffusion in clays by the pore‐scale modeling, the 3‐D pore structures of clays at nanoscale need to be obtained ﬁrst. Although the microscopic imaging technology (e.g., scanning electron microscope, transmission electron microscopy, or micro CT) has developed rapidly during the past decade, it is still
a challenge to directly image the 3‐D microstructures of clays within one‐nanometer resolution (Gaboreau
et al., 2016). Therefore, the numerical reconstruction is an option to generate the 3‐D microstructures of
WU ET AL.
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Figure 2. Sketch of the strategy to link the experiment with pore‐scale modeling.

clays quickly and economically. This study adopts the well‐used Quartet Structure Generation Set (QSGS)
method to generate the microstructures of montmorillonite and I/S (Wang et al., 2007). The regenerated
microstructures are not absolutely the same as those from the real montmorillonite and I/S. As shown in
Figure 2, the strategy of this numerical method is to create the similar microstructures as the real
materials with the same characteristics (such as porosity, density, total surface area, and mean pore size)
by the QSGS method. Based on calculation by the multiporosity model, montmorillonite and Na‐bentonite
have similar total surface area as shown in Table S2 in SI. This study simpliﬁes Na‐bentonite to
montmorillonite because they have the similar characteristics of microstructures. The reproduced
microstructure contains the major statistical information of porous media and the predictions of ion
diffusivity using these microstructures have validated this strategy (González Sánchez et al., 2008; Wang &
Pan, 2008; Yang & Wang, 2018b, 2019). Figures 2a and 2b show the photograph and the SEM image of
compacted I/S. The layers of montmorillonite and illite intersect, forming an illite‐montmorillonite mixed
layer mineral (Figure 2b). The regenerated microstructures are then used to study the transport properties
by using the pore‐scale simulation (Figures 2c and 2d). These pore‐scale simulations can be used to
quantitatively describe the dependency of the effective diffusivity of anions on the electrical distribution
within pores.
3.2. Microstructure Reconstruction by QSGS Method
The QSGS method is a random generation algorithm, in which two important statistical parameters (porosity and speciﬁc surface area) are identiﬁed for controlling the granular microstructures of clays as described
as follows:
1. Randomly show the cores of the solid phase in the 3‐D N × N × N uniform grids based on the core distribution probability cd. The value of cd is roughly determined by the total porosity (εtot) and mean size
of clay particles d as
WU ET AL.
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6ð1 − εtot Þδx 3
3

πd

;

(6)

where δx is the size of one grid in the regenerated microstructure.
Randomly expand the solid phase to its neighboring grid until the volume fraction of the solid phase reaches
(1 − εtot);
2. Modifying the cd value, repeat the steps 1 and 2 to generate the series of microstructures. Choose the
microstructure whose surface area equals to the expected speciﬁc surface area.
3. The generation algorithm uses two parameters (cd and εtot) to control the microstructures of clays. Both
stochastic and statistical features are involved into the regenerated microstructures. For instance, they
have the same characteristics (porosity, density, and surface area) as the real material. The solid surface
is more stochastic and tortuous compared with the haphazard packing of spheres or dishes. The pore size
distribution (PSD) of microstructures generated by the QSGS algorithm is a one‐peak distribution.
Although the QSGS algorithm cannot get the same PSD of clays as that obtained by experimental methods, the mean pore size is similar.
3.3. Pore‐Scale Modeling
The pore‐scale modeling is based on the reconstructed microstructures of a porous media to predict the
effective diffusion coefﬁcient of species (Yang & Wang, 2018a, 2019). By treating ions as point charges with
consideration of the EDL effect, the mass ﬂux (JiP) of the ith ion species at pore scale is governed by the
Nernst‐Planck equation as following (Duncan, 1992; Probstein, 2005):
J Pi ¼ −Di; 0 ∇CPi − Di; 0

zi eCPi
∇ψP ;
kT

∂CPi
þ ∇  J Pi ¼ 0;
∂t

(7)
(8)

where CiP denotes the local species concentration of the ith ion species, Di,0 denotes the diffusion coefﬁcient of the ith ion species in free water, zi is the algebraic valence of the ith ion, e is the absolute charge
of electron, k is the Boltzmann constant, t is the time, and T is the absolute temperature. The superscript
“p” refers to the corresponding term at pore scale. The local electrostatic potential (ψ p) is governed by the
Poisson equation (Probstein, 2005):
∇2 ψP ¼ −

ρPe
N A ezi CPi
¼ −∑
;
εr ε 0
ε r ε0
i

(9)

where ρeP is the net charge density, εrε0 is the permittivity of the pore solution, and NA is the Avogadro's
number. Equations 7–9 are the Poisson‐Nernst‐Planck (PNP) equations governing the species transport
process within pores in compacted clays. These equations are valid under the condition of a dilute electrolyte, in which the ionic concentration distribution with respect to the distance away from the clay surface
follows the Maxwell‐Boltzmann distribution. When ignoring the species diffusion in the solid phase, we
assumed that the species diffusivity is the same as that of EDL and free water. The constant surface charge
density at the clay surface is adopted as the boundary condition for the Poisson equation,
dψP
σ0
¼−
;
εr ε 0
d!
n

(10)

with the vector !
n normal to the surface and the surface charge density σ0. σ0 is the charge site density on
the solid clay surface, which corresponds to the cation exchange capacity (CEC in equiv/kg) and to the
total speciﬁc surface area (SSA in m2/kg) (Yang & Wang, 2019):
σ0 ¼ −

WU ET AL.
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It ranges from −0.1 to −0.2 C/m2 in illite or montmorillonite (Tachi & Yotsuji, 2014). In this study, the surface charge density is set as −0.12 C/m2 based on the previous studies (Tachi & Yotsuji, 2014; Yang &
Wang, 2019).
The Nernst‐Planck equation uses the nonﬂux boundary condition at the electrolyte‐clay interface as

n Interface ¼ 0:
J Pi  !

(12)

The clay is fully saturated with the NaCl solution. The pH equals 7.0 at room temperature. The other parameters are consistent with those of the experiments.
3.4. Numerical Framework
A numerical framework based on the lattice Boltzmann method (LBM) was employed to combine a species
evolution equation in order to solve the Nernst‐Planck equations. An electrical potential evolution equation
was used to solve the Poisson equation on the same set of discrete lattices (Yang & Wang, 2018b, 2019). The
corresponding numerical lattice evolution equation for CiP is as follows:
i


1h
f α; i r þ cf i δt f i eα ; t þ δt f i − f α; i ðr; t Þ ¼ −
f α; i ðr; t Þ − f eq
α; i ðr; t Þ ;
τf i

(13)

where r is the position vector, δt is the corresponding time step, δx is the lattice size, and eα are the discrete velocities. The subscript α equals 0, 1, …, 6, which represents the discretized directions for a 3‐D
seventh speed (D3Q7) scheme as
8
ð0; 0; 0Þ
α¼0
>
<
eα ¼
:
(14)
>
:
ð±1; 0; 0Þ; ð0; ±1; 0Þ; ð0; 0; ±1Þ α ¼ 1 − 6
For D3Q7 scheme, the dimensionless relaxation time (τ f i ) is determined as
τf i ¼

4Di; 0 δt f i 1
þ :
2
δx 2

The equilibrium distribution (fi,αeq) is expressed as


4Di eα ezi ∇ψP
P
;
¼
ω
C
1
−
f eq
α i
i; α
kTcf i
where the distribution coefﬁcients ω0 = 1/4 and ω1

− 6

(15)

(16)

= 1/8 were used in D3Q7 system.

Similarly, ψ P can be solved by the following evolution equation:


1
ρPe
;
gα r þ cg δt g eα ; t þ δt g − gα ðr; t Þ ¼ − gα ðr; t Þ − geq
α ðr; t Þ þ ωα δt g
τg
εr ε 0

(17)

where gα is the distribution function of electrical potential. τg = 4δtg/δx2+0.5 is the corresponding dimensionless relaxation time. The equilibrium distribution function for the evolution equation of electrostatic
potential (gαeq) can be written as follows:
P
geq
α ¼ ωα ψ :

(18)

After iterative evolution on the discrete lattices, the local concentration and electrical potential at the pore
scale can be calculated by

WU ET AL.
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Table 1
Detail Information of Reconstructed Clays Used by the QSGS Method
Clays

Mesh

Bentonite
I/S

256
3
256

3

Size
3
(nm )
3

12.8
3
12.8

εtot

Mean pore
size (nm)

ρs
3
(kg/m )

ρd
3
(kg/m )

Total SSA
2
(m /g)

Surface area per unit
9 2
3
volume (× 10 m /m )

0.44
0.44

3.2
7.8

2,800
2,800

1,600
1,600

779
319

1.25
0.51

Based on the corresponding boundary conditions of LBM, the conventional bounce‐back rule is employed as
the zero normal ﬂux boundary condition for ion transport in this study. The boundary condition of electrostatic potential is calculated by Obliger et al. (2016):


δt g σ 0
gα r; t þ δt g − gβ ðr; t Þ ¼
;
εr ε0 δx

(21)

where the index β is the direction towards the wall and α is the opposite direction normal to the interface.
The Poisson equation is solved iteratively in the numerical scheme until the electrical potential convergence is reached at each step of the evolution of ions. The detailed procedure can be found in our previous
studies (Yang & Wang, 2018b, 2019). Information of reconstructed structures by QSGS algorithm is listed
in Table 1, and these reconstructed structures have the similar porosities and surface areas as the clays
used in the experiment. Figure S2 in SI shows the PSDs of the reconstructed structures.
In this study, the set of coupled ion and potential evolution equations in charged clays was solved by using
the LBM codes on Tesla‐V100 GPU. This numerical framework for ion transport in charged porous media
has already been validated in our previous works (Obliger et al., 2016; Yang & Wang, 2018a, 2018b). The
actual domain of a 12.8 × 12.8 × 12.8 nm3 cube with two transition regions is the same as that in our previous
works shown in Figure 3 (Yang & Wang, 2018b, 2019). The corresponding boundary conditions are shown
on each side. The boundary conditions of concentration are the same as those in the experiments. The thickness of diffuse layer increases with decreasing ionic strength. The maximal ionic strength used in this study
is 1.01 mol/L and the corresponding minimal thickness of EDL is about 1.5 nm. In order to resolve the structure of EDL, the resolution for simulation is set as 0.05 nm (=12.8/256 nm), and therefore, a 512 × 256 × 256
uniform mesh is adopted in our simulations. This pore‐scale model can capture the ion and electrical potential distributions within the EDL. It can also simulate the transient ion evolution, but at nanoscale, it is not
possible to directly reproduce the experimental data at the transient state. However, the upscaling method
could be employed to directly compare with the transient part from the pore‐scale simulation (Yang &
Wang, 2017).

3

Figure 3. A sketch of the simulation domain of 12.8 × 12.8 × 12.8 nm cube with two transition regions and the
corresponding boundary conditions.
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4. Results and Discussions
4.1. Diminished Effect of EDL on Anion Diffusion
The surface charge of clay particles induces an EDL near the surface of clay when the clay is exposed to an
electrolyte solution. The electrostatic interaction of anions with the negatively charged surface of clay
decreases anionic ﬂux within the EDL as shown in Figure 4 (Tournassat & Appelo, 2011; Wigger & Van
Loon, 2018). The ﬂux of anion Ji in compacted clay is related to the ﬂux of neutral species (such as HTO,
JHTO) and to the decrease of ﬂux of anion caused by the EDL (ΔJi),
J i ¼ J HTO − ΔJ i ;

(22)

where JHTO is determined in the same concentration gradient as that for anionic species.
In order to quantitatively investigate the inﬂuence of the surface electrostatic properties (such as the surface
charge density or the ionic strength) on anion diffusion at pore scale, the diminished effect of EDL on anion
diffusion Γ is deﬁned as the ratio between ΔJi and JHTO,
Γ¼

ΔJ i
Ji
¼1−
;
J HTO
J HTO

(23)

where ΔJi and JHTO can be calculated by the pore‐scale simulation under the same conditions. Γ ranges
from 0 to 1, which increases with strengthening the effect of EDL on anions and reaches the maximum
of one. At a macroscale or in an experiment, Γ can be also obtained by
Γ¼

De; HTO =D0; HTO − De; i =D0; i
De; i D0; HTO
¼1−
;
De; HTO =D0; HTO
De; HTO D0; i

(24)

where De,i and De,HTO are the effective diffusion coefﬁcient of anion and HTO in clays, respectively. D0,i
and D0,HTO are the diffusion coefﬁcient of anion and HTO in free water. D0 of ReO4− and HTO are
1.46 × 10−9 m2/s and 2.2 × 10−9 m2/s at 25°C, respectively (Vanysek, 2000). If we assume that the ﬂux
ratio of negative and neutral species Ji/JHTO only depends on the corresponding mean concentration ratio
Ci =CHTO in porous media and the diffusivity ratio in free water, Γ can also approximately relate to the
accessibility (ξ) or the εacc as
Γ≈1−ξ ¼1−

εacc
:
εtot

(25)

εtot is deﬁned as
εtot ¼ 1 −

ρd
;
ρs

(26)

where the grain density ρs is approximately 2,800 kg/m3 for montmorillonite, Na‐bentonite, and I/S
(González Sánchez et al., 2008; Van Loon et al., 2007). ρd (kg/m3) is the compacted dry density of the clays.
The εtot is identical for the three clays due to their similar grain densities and compaction densities. In
charged porous media, the normalized volume charge density, ρe*, is deﬁned as (Yang & Wang, 2019)
ρ*e ¼ −

σ0 S
CECρd
¼
;
εtot eN A I
εtot I

(27)

where S (m2/m3) is the speciﬁc surface area per unit volume and CEC (equiv/kg) is the cation exchange
capacity. CEC is 1.08 equiv/kg for Na‐montmorillonite (Tachi & Yotsuji, 2014), 0.375 equiv/kg for I/S
(Geramian et al., 2016), 0.22 equiv/kg for illite, and 0.03–0.04 equiv/kg for kaolinite (Xiong & Jivkov,
2018), respectively. The ionic strength I is calculated by
I ¼ 0:5∑ z2i Ci :
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Figure 4. A sketch of the electrical double layer (EDL) and the corresponding ﬂux distribution of anion tracer within the
EDL. σ0 is the surface charge density of clay particles.

Similar to other important dimensionless transport parameters, such as Peclet number, ρe* is not a lump
parameter but an important dimensionless parameter, which characters the diminished effect of EDL on
anion diffusion in clays. It shows the individual contribution of each term by its formula as shown in
Equation 27. For instance, if the CEC increases or the total porosity decreases, ρe* will increase, and therefore, the inﬂuence of EDL on anion diffusion also increases.
4.2. Through‐Diffusion Experimental Data
Ionic strength of the electrolyte solution alters the diffusion behaviors of anionic radionuclides by changing
the properties of EDL (Idiart & Pękala, 2016; Yang & Wang, 2019). Figure 5 shows the effect of ionic strength
on the breakthrough curves of Re (VII) in montmorillonite, Na‐bentonite, and I/S. It included the data of our
recent work under the same condition (Wu et al., 2018). The solid dots were the experimental data for the
accumulated mass and ﬂux. Since the initial concentration of Re (VII) in the source reservoir could not be
ignored, especially in low concentration NaCl solutions. The ionic strength is the sum of NaCl concentration
and half of the initial concentration of Re (VII), that is, I = CNaCl + C0/2. The detailed data processing can be
found in the SI. The dash‐dot lines in Figures 5a–5c were calculated by ﬁtting the experimental data with
Equation 3. It shows that Acum increases with respect to time at high ionic strength, indicating that more
Re (VII) passes through the compacted clay block. The dash lines in Figures 5d–5f were calculated by
Equation 5 with the ﬁtted diffusion parameters De and εacc summarized in Table 2. It shows that the curves
agree with the solid dots, verifying the good quality of De and εacc.
To determine the ratio Γ of Re (VII) in experiment, we need to predict the De of HTO in the same clays. At the
compacted dry density of 1,600 kg/m3, De of HTO was reported around 1.1 × 10−10 m2/s in GMZ bentonite
(Wu, Dai, et al., 2012) and around 0.95 × 10−10 m2/s in Na‐bentonite (Sato et al., 1992). It was 1.0 × 10−10 to
1.8 × 10−10 m2/s in compacted clay at dry density of 1,550 kg/m3 (Tachi et al., 2011). Van Loon and Mibus
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Figure 5. The accumulated mass (a–c) and ﬂux (d–f) of Re (VII) at outlet in montmorillonite, Na‐bentonite, and I/S as a function of time. pH = 7.0 and
3
ρd = 1,600 kg/m . The curves of Acum and ﬂux are ﬁtted by Equations 3 and 5.

suggest that m was around 2.4 using Archie's law (De = D0  εm) in compacted clays (Van Loon &
Mibus, 2015). Therefore, the De (HTO) of (1.50 ± 0.15) × 10−10 m2/s is used in this study. The uncertainty
of De (HTO) is an acceptable value in experiments (Glaus et al., 2010; González Sánchez et al., 2008;
Van Loon et al., 2007). Γ and ρe* of Re (VII) in experiment calculated by Equations 24 and 27 are shown
in Table 2. It shows that De and εacc increased with increasing ionic strength for montmorillonite, Na‐
bentonite, and I/S. In contrast, the trend in Γ was exactly the opposite. This is due to the thinner EDL

Table 2
*
3
Diffusion Parameters (De, εacc, ρe , and Γ) for Re (VII) in Montmorillonite, Na‐Bentonite and I/S at a Dry Density of 1,600 kg/m , Obtained as a Function of Ionic
Strength by a Through‐Diffusion Method
Clays
Mont.

Na‐bent.

I/S

NaCl
(mol/L)

C0
(× 10 mol/L)

I
(mol/L)

L
−3
(× 10 m)

0.05
0.10
0.70
a
0.05
0.10
0.20
0.70
0.05
0.10
0.40
0.70
1.00

21.5 ± 0.5
23.6 ± 0.5
26.9 ± 0.5
a
8.0 ± 0.2
10.5 ± 0.4
10.5 ± 0.4
10.5 ± 0.4
9.7 ± 0.5
9.7 ± 0.5
9.7 ± 0.5
9.7 ± 0.5
9.7 ± 0.5

0.061
0.112
0.713
a
0.054
0.105
0.205
0.705
0.055
0.105
0.405
0.705
1.005

8.0 ± 0.1
8.5 ± 0.1
8.8 ± 0.1
9.0 ± 0.1
8.0 ± 0.1
8.5 ± 0.1
8.8 ± 0.1
8.8 ± 0.1
8.8 ± 0.1
9.0 ± 0.1
8.8 ± 0.1
8.5 ± 0.1

−3

De
−11

(× 10

2

m /s)

1.70 ± 0.20
1.90 ± 0.20
2.91 ± 0.20
a
0.51 ± 0.07
1.70 ± 0.08
2.30 ± 0.11
2.50 ± 0.13
3.80 ± 0.20
5.20 ± 0.20
7.62 ± 0.20
7.20 ± 0.20
7.60 ± 0.20

*

εacc
(−)

CEC
(equiv/kg)

ρe
(−)

Γ
(−)

0.08 ± 0.02
0.12 ± 0.02
0.21 ± 0.02
a
0.09 ± 0.01
0.10 ± 0.02
0.15 ± 0.04
0.19 ± 0.04
0.10 ± 0.02
0.15 ± 0.02
0.25 ± 0.02
0.26 ± 0.02
0.26 ± 0.02

1.08
1.08
1.08
1.08
1.08
1.08
1.08
0.375
0.375
0.375
0.375
0.375

66.4
36.1
5.7
74.7
38.3
19.6
5.7
25.5
13.4
3.5
2.0
1.4

0.87
0.86
0.78
0.96
0.87
0.83
0.81
0.72
0.61
0.43
0.46
0.43

*

Note. I = CNaCl + C0/2. Γ and ρe are calculated by Equations 24 and 27, respectively.
Data from Wu et al. (2018)

a
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125

36

*

Figure 6. The diminished effect of EDL (Γ) on Re (VII),
I, and Cl in different clays with respect to ρe calculated by
experiment data measured in this study and in literatures (Glaus et al., 2010; Molera et al., 2003; Tachi & Yotsuji, 2014;
Tachi et al., 2011; Wu et al., 2017; Wu, Li, et al., 2012). The details of symbol description and corresponding
*
references are shown in the legend. Γ and ρe are calculated by Equations 24 and 27, respectively.

under higher ionic strength condition, which leads to a weaker electrostatic effect on anions within pores
(Idiart & Pękala, 2016; Van Loon et al., 2007). The εacc of I/S was higher than that of other bentonites. It
may imply that the compacted I/S has higher percentage macro‐pores than montmorillonite due to the
substitution of K+ cations between the TOT sheets of montmorillonite and the corresponding collapse of
interlayer (Benedicto et al., 2014). De increased in the sequence of montmorillonite ≈ Na‐bentonite < I/S
under the same conditions. The De of I/S was about 3 times higher than that of montmorillonite and Na‐
bentonite. Glaus et al. (2010) reported that the De value of 36Cl− increased 2 orders of magnitude from
montmorillonite to illite. It implies that the De increases with decreasing mass ratio of montmorillonite.
This is consistent with our recent work in GMZ bentonite (containing 75 wt.% montmorillonite)
(Wu et al., 2017). In contrast, Γ decreased in the sequence of montmorillonite ≈ Na‐bentonite > I/S.
Compared with montmorillonite, Γ of I/S decreased from 24% in 0.05 mol/L NaCl solution to 58% in
0.70 mol/L, indicating that EDL is strongly inﬂuenced by the ionic strength.
To clarify the EDL effect on the diffusion of anions, the relationships between Γ and ρe* for monovalent
anions (Re (VII), 125I, and 36Cl) in different clays are shown in Figure 6. The data of 125I and 36Cl are
obtained from literatures (Glaus et al., 2010; Molera et al., 2003; Tachi & Yotsuji, 2014; Tachi et al., 2011;
Wu, Li, et al., 2012). More data were included so that we can quantitively ﬁnd the relationship of Γ and
ρe*. Although the clay composition and the anionic tracer are different in this ﬁgure, the relationship of Γ
with respect to log (ρe*) follows a linear best‐ﬁt function and most data points lie within the 95% prediction
band. The diminished effect of EDL is larger at higher ρe*, which is proportional to CEC and the compacted
dry density, but inversely proportional to the ionic strength. At higher ionic strength, the accumulated
cations in the EDL screened the negative surface charge of clays, leading to a compression of the EDL
(Wigger & Van Loon, 2017; Xiong & Jivkov, 2018). For example, Γ of 125I− in MX‐80 is lower than other clays
and Γ of 36Cl− in illite is higher than that in bentonite and kaolinite. Note that the maximum initial concentration of Re (VII) is 27 × 10−3 mol/L in our experiment, which is very large in view of the lowest ionic
strength (50 × 10−3 mol/L). In free water, the coupling effects between the different cations and anion cannot be neglected under such conditions (Cussler, 2009). However, the consistency of our experimental data
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with others indicates that this coupling effect can be ignored in compacted
clays. This can be explained by the formula developed by Gimmi and Alt‐
Epping (2018) as



zx Q
zc − za 1 þ
zC
 c c :
De ¼ 
(29)
zc
za
zx Q
−
1þ
zc C c
De; a De; c
Where Q is the net surface charge per volume and De,c and De,a are the
effective diffusion coefﬁcient of cations and anions in clays, respectively.
In this study, za = − 1, zc = +1, and zx = − 1, then we get

De ¼

2−

Q
Cc

1
1
Q
þ
−
De; a De; c De; c Cc

:

(30)

*

Figure 7. The relationship of Γ with ρe calculated by the pore‐scale
simulation (solid lines), the multiporosity model (dash dot lines), and the
Donnan model (gray dash line). Experimental data are shown in points
*
with error bars. Γ and ρe for experimental data are calculated by
Equations 24 and 27. To calculate Γ, the pore‐scale model uses Equation 23,
Donnan model uses Equation S10 in the SI, and the multiporosity model
uses Equation 25, respectively.

In a low salinity solution, we could assume that the mean concentration
of anions Ca in clays is much lower than that of cations Cc (or equally
Q ≈ Cc). Therefore, we arrive at
De ≈ De; a

(31)

This implies that the concentration of Re (VII) in the source reservoir has little effect on its measured effective diffusivity in the low salinity solution. Therefore, there are consistent relationships between Γ and log
(ρe*) for monovalent anions Re (VII), 125I, and 36Cl under different experimental conditions.
4.3. Pore‐Scale Simulation Results
The relationship of Γ with ρe* for Re (VII) in montmorillonite, Na‐bentonite, and I/S was simulated by the
pore‐scale simulation, the multiporosity model, and the Donnan model as shown in Figure 7. The details
of the Donnan and the multiporosity models used in this study are introduced in SI. To calculate Γ, the
pore‐scale simulations use Equation 23, Donnan model uses Equation S10 in the SI, and the multiporosity
model uses Equation 25, respectively. The higher Γ for Na‐bentonite or montmorillonite implies that the
EDL effect on anion diffusion in these clays is larger than that in I/S due to the higher CEC and lower accessible pores in bentonite. However, a pore network model showed that the CEC has an insigniﬁcant effect on
the effective diffusivity of Cl− due to a small Donnan pore‐space (Xiong & Jivkov, 2018). In Figure 7, the lines
calculated by the Donnan model overlap for the different clays. It predicts a higher Γ than the experimental
data, indicating that it overrates the inﬂuence of EDL on Re (VII) diffusion, which was also reported by other
studies (Wigger & Van Loon, 2018). Moreover, the lines calculated by the multiporosity model are below the
data, indicating an underestimation of Γ. Our pore‐scale simulation shows the overlaps of the two lines of
Na‐bentonite and montmorillonite, which has better agreement with the experiment data than the other
two models. The relationship of Γ and ρe* given by the pore‐scale simulations is in good agreement with
experimental data. The pore‐scale modeling, the Donnan model and the multiporosity model can also measure the ﬂux of Re (VII) at the steady state. Equation 24 is adopted to calculate the De,i by using Γ in Figure 7
with the same ρe* as experiments. The ﬂux is then calculated by Ji = C0 × De,i/L. The relative error of anionic
ﬂuxes is in the range of 1.2% to 70.7%. Since the ﬂux is proportional to the De, this difference of De for ions
between modeling and experimental results is acceptable (Tachi & Yotsuji, 2014). The pore‐scale model has
a similar agreement compared with the Donnan model and the multiporosity model as shown in Table S3 in
SI. Note that the multiporosity model needs to be ﬁtted, but the pore‐scale model successfully predicts the
experimental results without any ﬁtting parameters. Particularly, as ρe* is higher than 10 where the EDL
strongly overlaps, the pore‐scale simulation agrees with experimental data better than the multiporosity
model for I/S and bentonite. For instance, when ρe* is around 25.5 in I/S, the relative error of Γ calculated
by the Donnan model is 32%, by the multiporosity model is 37% but by the pore‐scale model is about 13%
compared with the experimental result.
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Figure 8. Sketch of nonoverlapping EDL (a), partially overlapping EDL (b), and completely overlapping EDL (c) within
nanopores and corresponding electrical potential distributions along radial direction given by different models.

The deviations from the multiporosity and the Donnan models are caused by two reasons: (i) pore structure
models: the simpliﬁcation of the 3‐D porous media as 1‐D homogeneous slit‐like pores and (ii) electrostatic
interaction models: the low resolution of the EDL structure. From the viewpoint of the pore structure models, the Donnan model does not separate the interlayer pores and the intraparticle pores. The multiporosity
model can consider both interlayer and intraparticle pores, but the 3‐D pores are assumed as the 1‐D slit‐like
pores. However, our pore‐scale model can consider 3‐D pore geometry. For electrostatic interaction models,
a sketch of the potential distributions calculated by these three models is shown in Figure 8. The electrical
potential distribution calculated by the Donnan approximation is constant in a single pore. The multiporosity model assumes that the thickness of EDL does not depend on the pore size and the electrical potential
distribution within EDL is also constant. However, the absolute value of the electrical potential should exponentially decrease with the distance away from the surface. Therefore, as the EDL partially or completely
overlaps, these two models may not accurately predict the electrostatic interaction between anions and clay
surfaces. In contrast, the pore‐scale model can be used to calculate the local electrical potential within nanopores more accurately because it captures the structures of overlapping EDL. Figure 9 shows the results of
electrical distributions given by our simulation for Na‐bentonite under the ionic strength of 0.12 mol/L.
The structures of EDL within Pores 1 and 2 are completely overlapping, but that in Pore 3 is partially overlapping. The pore‐scale simulation can obtain the exponential decrease of electrical potential along radial
directions and the inhomogeneous distribution of electrical potential along axial directions in all pores. To
compare the electrical potential distributions in Pores 1 and 2, we can ﬁnd that the electrical potential of
the middle point changes more than 70% when the pore size only changes 25%. It indicates that the overlapping EDL could enhance the EDL effect on anion diffusion in compacted bentonite and I/S. The Donnan
model shows a good agreement with experimental data as EDLs completely overlap, which may indicate
that the Donnan approximation is valid in this situation. Figures 8c and 9b can also support this point that
the range of the electrical potential in Pore 3 is smaller and the electrical potential distributions from the
Donnan model and our pore‐scale simulation show less difference compared with other pores. As ρe* is less
than 5, the ionic salinity is very high and the ionic volume effect becomes important. The multiporosity
model considers the ionic volume effect by adopting some empiric relationship from the molecular‐scale
simulations or experiments. However, our pore‐scale model treats ions as charged points, leading to ignoring
the ionic volume effect. Hence, the predictions by our pore‐scale simulation in this range have large error
compared with the experimental data. The other error source is from the small size of the regenerated clay
microstructures. Our pore‐scale simulation is limited by the memory of the single GPU, so that we cannot
use the simulation domain larger than 5123 grids. This will be improved in our future work by using the
multi‐GPU high‐performance computing technique. Note that the Donnan and multiporosity models are
the one‐dimensional models, which can only consider homogeneous clays. Although the pore‐scale model
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Figure 9. Local electrical potential distribution by our pore‐scale simulation in Na‐bentonite under the ionic strength of 0.12 mol/L. Brown phase is solid (a).
Electrical potential distributions along the radial direction (black lines) of Pores 1–3 inside white rectangles (b). Electrical potential distributions along the
axial direction (red line) of Pore 2 (c).

does not show a signiﬁcant improvement compared with the Donnan and multiporosity models, it is based
on the 3‐D microstructures. With the improvement of the microscopic imaging technology, our pore‐scale
model should be possible to use real nanoscale pore structures to run the simulations in the future. It can
be a powerful tool to simulate the diffusion of anionic radionuclides in the pure clay minerals.

5. Conclusions
The diffusion behaviors of anions are inﬂuenced by surface charges and EDLs of porous materials, which is
determined by the chemical and physical properties of clays and the electrolyte solution. A through‐
diffusion experiment and a pore‐scale model have been implemented to reveal the Re (VII) diffusion
mechanism in compacted montmorillonite, Na‐bentonite, and illite/smectite mixed layer at different ionic
strengths. The experimental results show that the accessible porosity and the effective diffusion coefﬁcient
increase as the ionic salinity increases or the CEC of clays decreases. The relationship of Γ with respect to
log (ρe*) follows a linear function for monovalent anions (Re (VII), 125I and 36Cl) in different clays.
Compared with montmorillonite and Na‐bentonite, the effective diffusion coefﬁcient for I/S increases to
about 3 times, and Γ decreases more than 24%. It indicates that the smectite illitization enhances the effective
diffusivity of Re (VII) due to the less carried negative charge and the larger mean pore size for I/S, which
leads to a weaker electrical double layer effect.
Pore‐scale modeling has then been employed to evaluate the inﬂuences from both clay types and salinities
on the effective diffusion coefﬁcient of Re (VII). The microstructures of montmorillonite and I/S are
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generated by QSGS with the statistical characteristics of clays (porosity and surface area). The Re (VII) diffusion is simulated by directly solving the coupled Nernst‐Planck and the Poisson equations in the regenerated
microstructures of clays, and the results are compared with the classical models. The Donnan model overestimates the inﬂuence of EDL on Re (VII) diffusion, while the multiporosity model underestimates it when ρe*
is above 10 where the EDLs overlap. The pore‐scale modeling can capture the interaction of the overlapping
EDLs, with better consistency with the experimental data. For instance, when ρe* is around 23.5 in I/S, the
relative error of Γ calculated by the Donnan model is 32% compared with the experimental result, by the multiporosity model is 37%, but by the pore‐scale model is below 15%. I/S has a larger mean pore size and lower
CEC, leading to a decrease of the inﬂuence of EDL on anion diffusion. Therefore, the effective diffusion coefﬁcient of Re (VII) in I/S is higher than that in other bentonites under the same conditions. The simulation
results also indicate that the overlapping EDLs could enhance the EDL effect on anion diffusion in compacted bentonite and I/S. This study is helpful to improve the understanding of the diffusion mechanism
of monovalent anions in compacted clays. Although our pore‐scale modeling can hardly deal with
heterogeneous porous materials (such as clay rocks) directly within limited computational resources, a multiscale numerical framework will be further developed, similar to the model developed for the cement paste by
Yang et al. (2019) to simulate ion transport in heterogeneous clay rocks. The pore‐scale modeling has shown
to be a robust approach to simulate the diffusion of radionuclides in clays. For long‐term safety assessment, it
is necessary to conduct more experiments to testify whether the results can be generalized to other anionic
radionuclides.
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