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ABSTRACT: Cation diﬀusion through compacted clays is of
great interest due to its potential for buﬀer materials for waste
disposal. The importance of the electrokinetic eﬀect on
cationic tracer diﬀusion is investigated by using pore-scale
simulations to consider the inﬂuence from the electrokinetic
properties and topology of clays. It is indicated that the
normalized volume charge density has a signiﬁcant impact on
the cationic diﬀusion. In clays with a large normalized volume
charge density, the electrical double layer has the major impact
on cationic diﬀusion. When the ion strength of the pore
solution is constant, the ﬂux from the electromigration term
can be negligible. However, once an ion strength gradient is
added, the electromigration process should be considered carefully due to its non-negligible role to balance the alteration of
total ﬂux. The present study could help improve the understanding of the transport mechanism of simple cationic tracers in
compacted clays.

1. INTRODUCTION
Due to low permeability, swelling ability, and the large
retention capacity for cations, compacted clay-based materials
are commonly suggested as the buﬀer material for the
geological disposal of high-level radioactive wastes. Improving
the understanding of the mechanism of cation transport
through barrier materials is signiﬁcant to predict the long-term
safety. For many cations at low concentrations, it has been
reported that the cations diﬀuse through compacted clay at a
greater rate than neutral or negatively charged species.1 The
concept of “surface diﬀusion” is often employed to explain the
large ﬂux of cations compared with neutral species from
experimental measurements.2 It is usually attributed to the
interaction of cations with negatively charged surfaces of clays,
and this electrostatic interaction increases the ﬂux along
surfaces within the electrical double layer (EDL) referred to
the surface diﬀusion. However, the existence and importance
of surface diﬀusion for diﬀerent cations in various compacted
clays is still doubtful. It was reported that the surface diﬀusion
was unimportant for Cs+ in dense clays3 or FEBEX bentonite4
and not important for Sr2+ and Na+ in compacted clays.5
Instead, a lot of measurements showed that the surface
diﬀusion was important for Cs+ and Na+ in compacted
montmorillonite1 or important for Na+, Sr2+, and Zn2+ in
compacted illite.6,7 Moreover, the importance of surface
diﬀusion through clay-based materials also depends on ion
salinity, pH, clay density, and clay composition.1,5,6
Recently, several continuum-scale models have been
developed to describe sorbed cation diﬀusion through
compacted clays, such as the models based on the Donnan
theory,8−11 or the models that may include separated bulk
diﬀusion, surface diﬀusion, and interlayer diﬀusion.2,12,13
© 2019 American Chemical Society

Admittedly, these phenomenological formulas could enhance
the understanding and explain some experimental results, but
parameters involved in the generalized Fick’s law had to be
determined empirically or by ﬁtting with experiment data. For
instance, the surface diﬀusion coeﬃcient Ds of sorbed cations is
often involved in these phenomenological formulas.14 However, the relative surface diﬀusion coeﬃcient of the cesium ion
depends on the tracer’s concentration ranging from 0.1 to
0.00012 by ﬁtting with the experiment data. Besides, the
sorption distribution coeﬃcient KD is also uncertain. Diﬀerent
methods (batch or diﬀusion experiment) give various KD
values.15 To simplify the diﬀusion in three-dimensional
microstructures of clays into the diﬀusion in a one-dimensional
channel, the previous studies2,13,16 also assume that the
tortuosity of sorbed cations’ diﬀusion is the same as that of
neutral species’ diﬀusion. This assumption may be reasonable
for the interlayer pores in compacted montmorillonite, but for
illite or kaolinite without interlayer pores, it may be diﬀerent
due to the rough surfaces of clay particles.17 In particular, when
the pore size is at nanoscale or the clay density is high, the
experimental study becomes time-consuming and diﬃcult.
Besides, the assumptions and the physical meanings of
parameters (e.g., Ds) in the generalized Fick’s law are uncertain
for diﬀerent species and clay minerals. The pore-scale
modeling therefore could provide a possible way to contribute
to understanding of sorbed-ion transport in compacted clays
and to clarify eﬀects from diﬀerent physical or chemical
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Figure 1. Sketch of surface diﬀusion and electrodiﬀusion in illite. (a) The clay particles and the diﬀusion pathway; the red lines show the pathway
of surface diﬀusion. (b) The electrical double layer (EDL) near the charged clay surface. M+ denotes the cations and A− the anions. (c) The
corresponding ﬂux composition within EDL.

factors.2,14,18 Our goals are (1) to reveal the mechanism of
surface diﬀusion for simple positively charged tracers (like
sodium ions) in compacted clays under a constant ion strength
or under an ion strength gradient and (2) to quantitatively
investigate under what conditions the cationic surface diﬀusion
is signiﬁcant.

EDL. Actually, the sorbed ions nearest to the mineral surface
are mainly inner-sphere complexes, so the concept “surface
diﬀusion” may cause misunderstanding at the pore scale.
Hence, the concept of electrodiﬀusion is usually employed at
the pore scale to describe sorbed-ion diﬀusion within
EDL,18,22,23 shown in Figure 1b.

2. CATION TRANSPORT WITHIN THE ELECTRICAL
DOUBLE LAYER
Cationic Mobility. The surface of clays usually carries
negative charges, which forms EDL structures when in contact
with the electrolyte as shown in Figure 1b. The EDL structure
generally includes two layers: the diﬀuse layer and the Stern
layer. Because the local ionic mobility within pores depends on
the distance away from clay surfaces,19 the pore size can aﬀect
the mean ionic mobility within pores. The previous molecular
dynamic simulations20,21 suggested that the mean ionic
mobility is about 60 to 90% of the mobility in the free water
when the pore size is near 2 nm and the mean ionic mobility
would tend to the mobility in free water with the increase of
pore size. Because this study focuses on the clays whose mean
pore size larger than 3 nm, we assume that the local mobility
within pores is the same as that in free water. The relative error
of calculated ﬂux of sodium ions from this assumption should
be less than 20% as the mean pore size is larger than 3 nm.
Surface Diﬀusion vs Electrodiﬀusion. The resolution of
previous models is at continuum scale (i.e., centimeter or
meter). Because the thickness of electrical double layer in clays
is only several nanometers, the diﬀusion within EDL can be
considered on the clay surface at continuum scale, as in the socalled “surface diﬀusion” shown in Figure 1a. In contrast, the
pore-scale modeling can resolve the ion distribution within

3. MODELING CATIONIC DIFFUSION AT THE PORE
SCALE
The Nernst−Planck equations govern the evolutions of
cationic electrodiﬀusion in porous media. By the treating of
ions as point charges, the ﬂux comes from pure diﬀusion and
electromigration (or electrophoresis):24
JiP = −Di ,0∇CiP − Di ,0
∂CiP
+ ∇·JiP = 0
∂t

zieCiP
∇ψiP
kT

(1)

(2)

where the JPi donates the mass ﬂux of the ith ion species, Di,0 is
the diﬀusion coeﬃcient of the ith ion species in free water, CPi is
the local concentration of the ith ion species at pore scale, zi is
the ith ion algebraic valence, e is the absolute charge of an
electron, k is the Boltzmann constant, t is the time, and T is the
absolute temperature. The superscript “P” means the
corresponding term at pore scale. ψPi denotes the local
electrical potential related to the charged clay surface and to
the local ion distribution, which is governed by the Poisson
equation:
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Figure 2. Schematic overview about this numerical framework to simulate ion diﬀusion in three-dimensional porous media. (a) The simulation is
implemented in the realistic pore geometry extracted using the numerical generation method. (b) After solving of the coupled Poisson−Nernst−
Planck equations in the simulation domain, (c) the local electrostatic potential and ionic concentration distributions within nanopores can be
obtained as an example.

∇2 ψiP = −

ρeP
εrε0

= −∑
i

NAe ziCiP
εrε0

In this study, the coupled governing equations are directly
solved in regenerated microstructures by our numerical
framework based on the lattice Boltzmann method (LBM),
whose detail is described in the Supporting Information. After
the calculation, the local electrostatic potential and ionic
concentration at pore scale can be determined shown in Figure
2. Based on the local information at pore scale, the statistical
average ﬂux of diﬀerent species in geometry is estimated by
using eq 1.26 This numerical framework for ion transport in
charged porous media has already been validated in our
previous work,22,27 which indicates that the accuracy and
robustness of our framework are suitable to capture

(3)

where ρPe is the net charge density, εrε0 is the dielectric
constant of the pore solution, and NA is the Avogadro’s
number. Eqs 1 and 2 govern the ion transport process within
EDL at pore-scale. Our model is based on the point charge
assumption of ions; hence, our model is not valid for the
electrolyte, which has high salinity (over 1 M) or exists in the
outsized ions.25
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Table 1. Predictions of the Distribution Coeﬃcient and the Relative Surface Diﬀusivity of Sodium Ions in Illite by Pore-Scale
Modelinga
distribution coeﬃcient KD (kg/m3)

relative surface diﬀusivity μs

ion salinity (mol/L)

pore-scale modeling

experimental data6

pore-scale modeling

ﬁtting data in ref2

ratio of concentration, Cs/C

0.05
0.1
0.2
0.5
1

0.00407
0.00274
0.00153
0.000637
0.000302

−
0.002
−
0.0005
0.0002

0.14
0.20
0.31
0.51
0.69

0.07−0.8

43.19
21.22
10.25
3.83
1.79

ratio of gradient
dCs/dx
dC /dx
3.78
2.74
2.00
1.25
0.79

a

Our pore-scale modeling also calculates the ratios of mean concentration and mean concentration gradient within the channel at the mid-section
of the channel.

corresponding boundary conditions is shown in Figure S1. The
bulk pore solution is set as 0.05, 0.1, 0.2, 0.5, and 1.0 M NaCl,
−5
respectively. The tracer’s concentration is Cinlet
tracer = 2.0 × 10
−5
outlet
M at the inlet and Ctracer = 1.0 × 10 M at the outlet. To be
consistent with Glaus’ experiment for sodium ion in illite,6 the
pore size h equals 3.5 nm, and the surface charge density is set
as −0.19 C/m2. The other parameters are the same as those in
ref 27.
It is necessary to clarify how to calculate the ﬂux of surface
diﬀusion in this work. In fact, there are two deﬁnitions of
surface diﬀusion: the surface diﬀusion is the diﬀusion of
cations in EDL along the clay surface5 or the surface diﬀusion
is the excess mobility of the cation due to the excess of sorbed
cations within EDL.30 At the continuum scale, the total ﬂux of
sorbed cation in clays is considered as the sum of ﬂux from the
normal diﬀusion in pores Jbulk and that from the surface
diﬀusion Jsurface as:2

interactions between ions and charged surfaces. To simplify the
simulation, we use the simple binary monovalent electrolyte
solution (e.g., NaCl) as the electrolyte solution. The positive
and neutral tracers (22Na+ and HTO) are used to investigate
the electrodiﬀusion within EDL in compacted clays. To refuse
the inﬂuence of the tracer species on the chemical environment
of the original pore solution, the tracer concentration should
be low enough (less than 1 × 10−4 M). The pH value equals 7,
and temperature T is equal to 298.15 K. The diﬀusivities for all
species are assumed to be 1 × 10−10 m2/s at room temperature.

4. ELECTROKINETIC BOUNDARY CONDITIONS
Within EDL there are several important parameters: the
surface charge density σ0 or surface electrical potential ψ0 and
the diﬀuse layer charge density σd or ζ potential ψd. The
surface charge density is the charge sites density on the solid
clay surface, which corresponds to the cation exchange capacity
(CEC in equivalents per kilogram) and to the total speciﬁc
surface area (SSA in square meters per kilogram):
σ0 = −

eNA CEC
SSA

J = Jbulk + Jsurface = − De, uncharge

dC
dC
dC
− Ds s = − De, cation
dx
dx
dx
(5)

where De, uncharge is the eﬀective diﬀusivity of uncharged species
in clays, Ds is the surface diﬀusivity, C is the concentration in
bulk solution, Cs is the sorbed cation concentration on the
surface, and De, cation is the eﬀective diﬀusivity of cations in
clays. The relative surface diﬀusivity is deﬁned as:

(4)

The CEC changes with diﬀerent clay minerals:6 ∼1 equiv/kg
for montmorillonite, ∼0.1 equiv/kg for illite, and ∼0.01 equiv/
kg for kaolinite. The total surface area obtained by ethylene
glycol monoethyl ether (EGME) method28 was found to be
∼700 m2/g for montmorillonite, ∼100 m2/g for illite, and 50
m2/g for kaolinite. Hence, the surface charge density ranges
from 0.01 C/m2 to 0.2 C/m2. The diﬀuse layer charge density
σd and ζ potential ψd character the electrokinetic phenomena
such as electroosmosis and electrophoresis. The ζ potential has
the same order value for diﬀerent clay minerals from −50 to
−10 mV.29 Because the pH and temperature are the constant
throughout the simulated domain, the surface of clays is
homogeneously charged. The surface potential or ζ potential
depends on the ion strength,8 and therefore, the surface charge
density σ0 is adopted as the boundary condition for the
Poisson equation in this study to describe the electrokinetic
eﬀects on cationic electrodiﬀusion.

μs = Ds /D0

(6)
2,14

Therefore, in previous one-dimensional modeling,
the
cationic tracer’s eﬀective diﬀusivity De, cation in eq 4 is usually
described as:
De,cation =

ρ KDμ
θ
D0 + bd s D0
τ
τ

(7)

where θ is the porosity of clay, τ is tortuosity, and ρbd is the dry
bulk density of clay. The distribution coeﬃcient KD is
calculated by:14
KD =

5. VALIDATION OF THE PORE-SCALE SIMULATION
In this section, this pore-scale modeling is validated with
experimental data and previous reported models by predicting
the distribution coeﬃcient KD and the relative surface
diﬀusivity μs of sodium ions. To simplify the simulation, a
three-dimensional straight nanochannel is considered as the
simulation domain. The detail of simulation domain and

Cs̅ P − C̅ P
θ
C̅ Pρbd

(8)

where Cs̅ P is the mean concentration of cations within pores,
and C̅ P is the mean concentration of uncharged species in the
same condition as cations. Jbulk of the sorbed cations is
obtained by using De,uncharge, which is determined by the
uncharged species such as tritium water (HTO). The total ﬂux
J equals to the sum of Jsurface and Jbulk. Note that the neutral
1979
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species is accessible into EDL, and the cationic ﬂux within
EDL JEDL actually combines some from Jbulk with all from Jsurface
shown in Figure 1:
EDL
JEDL = Jsurface + Jbulk

φ=

ρ* = −

(12)

CECρbd
σ0S
=
θeNAIS
θIS

(13)

where S (square meter per cubic meter) denotes the surface
area per unit volume, and θ the porosity. The ion strength IS
depends on the bulk concentration Ci as IS = 0.5∑ z2i Ci, and a
lower ion strength leads to a larger thickness of EDL. In the
previous studies,11,34 the normalized volume charge density ρe*
was used as an index to character the strength of EDL eﬀects.
Based on the reported modeling using the Donnan theory,11 eq
10 changes to:

(10)

φ=1+

This assumption suggested that the ratio of mean
concentration gradient within pores along transport direction
between sorbed cations and nonsorbed cations should equal
the ratio of corresponding mean concentration within pores.
Table 1 shows the ratios of mean concentration gradient and
mean concentration within pores calculated by our model,
which found that dCs/dC is much lower than Cs/C in the lowsalinity solution. The thickness of EDL increases as the ion
salinity becomes lower.14 For the low ion salinity, the strong
overlapping EDL reorganizes the ion distributions and the
classical models breaks down.32 For instance, the classical
Gouy−Chapman model will underestimate the concentration
of counterions than the direct simulation as EDL strongly
overlaps.33

ρ*
−
2

ij ρ* yz
jj zz + 1
j 2 z
k {
2

(14)

The cationic electrodiﬀusion in eq 1 consists of the pure
diﬀusion term, Di,0∇CiP, and the electrophoretic term,
Di,0zieCPi ∇ψP/kT. There is, however, no agreement about the
contribution from each term to the total electrodiﬀusion. Revil
et al.35 suggested that it is a pure electromigration process due
to the membrane potential in clays, yet Oscarson5 proposed
that it is pure diﬀusion process caused by the increase of the
concentration gradient. Hence, to characterize the importance
of electromigration (or electrophoresis) process in clays,
another ratio between the total cationic tracer’s ﬂux from the
electro-potential gradient and from the concentration gradient
Ξ is deﬁned as:

6. RESULTS AND DISCUSSION
We investigate the inﬂuences from both topological properties
(such as surface area and porosity) and surface electrokinetic
properties (such as surface charge density or ion strength) on
tracer’s electrodiﬀusion. To character the importance of
cationic electrodiﬀusion (or surface diﬀusion at the macro
scale), we deﬁne the ratio of the surface electrodiﬀusion, φ, of
sodium ions as:
φ = Jelectro /J = Jelectro /(Jelectro + Jbulk )

De,Na+

where De,Na+ and De,HTO are eﬀective diﬀusivities of sodium
and HTO in clays measured by the through-diﬀusion test.
D0,Na+ and D0,HTO are the sodium and HTO diﬀusivity in free
water. If φ > 0.7, the electrodiﬀusion or the surface diﬀusion is
considered as the dominated transport process in compacted
clays in this study; while if φ < 0.3, it is unimportant. In
charged porous media, the normalized volume charge density
ρ*e (C/m3) is deﬁned as

(9)

with JEDL
bulk the ﬂux of neutral species within EDL. It means that
the ﬂux from surface diﬀusion should be the excess ﬂux of the
sorbed cations due to the excess of cations within EDL.
The predicted KD of sodium ions in illite by our modeling is
consistent with the experimental data at similar conditions,6
and the range of relative surface diﬀusivity matches up with the
ﬁtting values in previous reported modeling2 listed in Table 1.
Besides, our modeling shows that the relative surface diﬀusivity
decreases when the ion salinity is reduced. Note that the
constant diﬀusivity is used in our modeling. This reveals that
the observed slower surface diﬀusivity may not describe the
real local ionic mobility near the clay surface.
To obtain the eﬀective diﬀusivity of cations in eqs 6 from
eqs 4, the previous generalized Fick’s law employed the
assumption:2,14,31
dCs
dCs/dx
C
=
= s
dC
dC /dx
C

De,Na+ − D0,Na+De ,HTO/D0,HTO

Ξ=

∬ −Di ,0zieCiP∇ψ Pds
kT∬ −Di ,0∇CiPds

(15)

where ∬ [·]ds is the surface integral on cross-sections normal
to the transport direction. When Ξ ≥ 0.1, it means that the
cation ﬂux from electromigration (or electrophoresis) by the
inner electric ﬁeld (or membrane potential) along transport
direction in clays cannot be ignored, but as Ξ < 0.1, the
electrophoretic process has little contribution to the total ﬂux
of cation and is negligible.
In this study, two situations, in which cationic tracer diﬀuses,
are considered: the ionic strength is constant throughout the
simulated domain or a linear ionic strength gradient along the
ion transport direction. A constant ionic strength is normally
adopted in experimental measurements.1,6 Because the ion
strength is constant, the local electrical distribution can be
calculated by the eﬃcient Poisson−Boltzmann model.11 For
the second situation, a linear ionic strength is applied along the
transport direction, which was reported by Glaus et al.36 In this
situation, the local electrical distribution is solved by coupled
Poisson−-Nernst−Planck model.
Tracer Diﬀusion under a Constant Ion Strength. The
tracer’s ﬂux is calculated in the microstructures of compacted

(11)

where J denotes the total ﬂux of monovalence tracer and Jelectro
the excess ﬂux of the sorbed cationic tracer at the pore scale,
which equals Jsurface at the macroscale. The Jbulk is calculated by
the neutral tracer HTO in the same conditions as the sodium
ions. This ratio φ characters the contribution from cationic
electrodiﬀusion to the total ﬂux at pore scale. Our pore-scale
simulation can obtain the J and Jelectro, then we use eq 10 to
calculate the ratio of electrodiﬀusion. However, at macroscale
or in experiment, it is diﬃcult to separate the contributions
from electrodiﬀusion and bulk diﬀusion of sodium ions. The
ratio of electrodiﬀusion φ in experiment is obtained by using
the eﬀective diﬀusivities of HTO and sodium ions:
1980
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Table 2. Total Flux of Sodium Tracer and HTO in Clays and the Corresponding Ratio of Electrodiﬀusion φ Calculated by Our
Pore-Scale Modeling at a Constant Ion Strengtha
ﬂux J (× 10−9
mol/m2/s)
porosity θ

surface charge density σ0 (C/m2)

ion strength IS (mol/L)

surface area per unit volume S (nm−1)

Na+

HTO

ρ*

φ

0.3
0.3
0.3
0.3
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.7
0.7
0.7
0.7
0.7
0.7

−0.002
−0.001
−0.0004
−0.0002
−0.1
−0.01
−0.004
−0.001
−0.002
−0.001
−0.001
−0.001
−0.0004
−0.0004
−0.0002
−0.1
−0.01
−0.004
−0.002
−0.001
−0.001
−0.0004
−0.0004
−0.0002

0.0005
0.001
0.001
0.001
0.01
0.01
0.001
0.01
0.0005
0.0001
0.0002
0.001
0.0001
0.001
0.001
0.01
0.01
0.001
0.0005
0.0001
0.001
0.0001
0.001
0.001

0.251
0.251
0.251
0.251
0.087
0.087
0.087
0.087
0.281
0.281
0.281
0.281
0.281
0.281
0.281
0.077
0.077
0.077
0.251
0.251
0.251
0.251
0.251
0.251

9.382
5.115
2.749
1.665
3.650
1.785
3.522
0.964
8.516
13.307
9.965
5.295
9.832
3.480
2.594
3.819
2.294
3.777
8.635
13.554
5.574
10.135
4.063
3.378

0.684
0.684
0.684
0.684
0.861
0.861
0.861
0.861
1.700
1.700
1.700
1.700
1.700
1.700
1.700
1.512
1.512
1.512
2.660
2.660
2.660
2.660
2.660
2.660

34.71
8.68
3.47
1.74
22.45
2.25
8.98
0.22
23.34
58.35
29.17
5.83
23.34
2.33
1.17
13.33
1.33
5.33
14.87
37.19
3.72
14.87
1.49
0.74

0.927
0.866
0.751
0.589
0.764
0.518
0.756
0.107
0.800
0.872
0.829
0.679
0.827
0.512
0.345
0.604
0.341
0.600
0.692
0.804
0.523
0.738
0.345
0.213

In our simulation, the normalized volume charge density ρ* is calculated by eq 12; Jelectro = J+Na − JHTO.

a

that the 22Na+ tracer’s ﬂux increases as the ion strength
decrease but the HTO tracer’s ﬂux is almost constant, which is
consistent with the reported experiment results.1,6
Figure 3 indicates that the ratio of electrodiﬀusion with
respect to normalized volume charge density is in a nonlinear
relationship. The ratio φ increases as ρ* increases and trends

clays by the present pore-scale numerical framework. To
directly probe the nature texture of clays at nanoscale is highcost and time-consuming;35 therefore, the pore structures of
clay in this study is generated by the numerical reconstructed
techniques.37,38 In this study, we employ the QSGS algorithm
to restructure the porous microstructures of clays39 and the
properties at the REV scale (such as porosity, bulk density, and
mean particle size) of regenerated microstructure can be
controlled by this method. The clay is fully saturated, and the
solid phase is not diﬀusive. A 192 nm × 192 nm × 192 nm
cubic porous clay with two transition regions is used for
simulation, as shown in Figure S2, which is large enough to
satisfy the REV requirement for typical compacted clays. To
resolve the electrical double layer structure, the resolution of
our simulation is 0.75 nm. The other parameters are the same
as mentioned before. The pore-scale modeling can resolve the
local pore morphology of clays, and the local ion distributions
are shown in Figure 2c. Due to the inhomogeneous local
electrical potential distribution, the concentration distributions
at pore scale in compacted clays are also inhomogeneous. We
analyze the inﬂuences from four parameters on the total
sodium tracer’s ﬂux quantitatively: surface charge density σ0,
ion strength IS, porosity, and surface area per unit volume S.
To clarify the interrelated inﬂuence from both EDL and
topology on cationic electrodiﬀusion, a series of microstructures of compacted clays are generated in which the
porosity changes from 0.3 to 0.7. In our simulation, the bulk
concentration of 23NaCl ranges from 10−2 to 10−4 mol/L so
that the corresponding EDL thickness changes from 15 to 150
nm.40 The surface charge density changes from −0.0002 to
−0.1 C/m2. Our simulation results tabulated in Table 2 show

Figure 3. Ratio of electrodiﬀusion φ with respect to the normalized
volume charge density ρ*. The blue square is our simulation results,
and the black points are reported experiment data in compacted
montmorillonite, illite, and kaolinite6,41,42 (the values are tabulated in
Table S1). The black line is predicted by eq 13 based on the Donnan
theory. The shaded area is the region where our pore-scale modeling
is valid.
1981
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Table 3. Ion Strength Gradient Applied in a Two-Dimensional Channel and Cationic Tracer Total Fluxes from Pure Diﬀusion
Terms (−Di∇Ci) and Electromigration Term (−DizieCi∇ψ/kT) on the Cross-Sectiona
ΔC/C̅

concentration gradient of cation
tracer (mol/m4)

ﬂux from pure diﬀusion (× 10−7
mol/m2/s)

ﬂux from electromigration (×
10−7 mol/m2/s)

-1.6
-0.8
-0.4
0
0.4
0.8
1.6

0.28
−0.05
−0.18
−0.32
−0.45
−0.61
−1.01

−1.40
0.23
0.92
1.58
2.27
3.03
5.02

3.07
1.37
0.67
0.00
−0.68
−1.42
−3.34

sum of ﬂux (× 10−7
mol/m2/s)
1.67
1.60
1.59
1.58
1.59
1.61
1.68

φ

Ξ

0.55
0.53
0.52
0.52
0.52
0.53
0.55

2.19
5.99
0.74
0.00
0.30
0.47
0.67

The surface charge density is −0.01 C/m2. The average concentration C̅ = (Cinlet
+ Coutlet
)/2 equals 0.01 mol/L.
0
0

a

toward one. Because ρ* is less than 1, φ is less than 0.3, which
means that the electrodiﬀusion of cation is negligible. The
electrodiﬀusion (or the surface diﬀusion at the REV scale)
becomes the dominant diﬀusion process for cations when ρ*
reaches 20. For instance, as the bulk concentration equals to
0.1 M, the experiment data reported by Glaus6 indicated that
ρ* equals 2.3 in kaolinite with the low surface charge and φ
equals 0.36. However, for the high surface charge case in the
same conditions, φ = 0.78 when ρ* = 14.1 in illite and φ =
0.97 when ρ* = 45.2 in montmorillonite. Our simulation in
Table 2 shows that φ ranges from 0.345 to 0.872 when ρ*
increases from 1.17 to 58.35, which quantitatively agrees with
the experimental data. The Donnan theory predicts larger
values than experiment data when normalized volume charge
density is less than 40 (shaded area in Figure 3), where the
surface diﬀusion gradually changes from unimportant to
important. When normalized volume charge density is larger
than 40 (unshaded area in Figure 3), the clay usually has
narrow nanopores, and the steric eﬀect becomes important,
which breaks the assumption of our simulation.
For the constant-ion-strength case, the thickness of EDL is
changeless. The inner electrical ﬁeld along the diﬀusion
direction has little impact on ion transport. The contribution
ratio of ﬂux from the electromigration to that from the
concentration gradient is less than 0.01 (Ξ < 0.01) calculated
by our pore-scale modeling. It means that the cation ﬂux from
electromigration process is negligible. Therefore, the ﬂux of
positive monovalent tracer comes mainly from the pure
diﬀusion process for the constant ion strength case. These
results reveal that the cationic diﬀusion in the less-charged
clays is mainly aﬀected by the connectivity and tortuosity, but
in clays with a high surface area or surface charge density, the
electrodiﬀusion is the dominant process and the inﬂuence from
EDL is signiﬁcant. These are also consistent with the previous
experimental measurements6,43 where for the montmorillonite,
the surface charge was usually high enough to make the
electrodiﬀusion usually important. However, the electrodiﬀusion may be not so important in kaolinite due to its low
CEC value and the inﬂuence from topology on diﬀusion
becomes relatively signiﬁcant.
Tracer Diﬀusion under an Ion Strength Gradient. In
this situation, the numerical instability signiﬁcantly increases,
and the mesh should be reﬁned at least 8 more times than the
previous case, which causes the computing eﬀorts to
exponentially increase. Therefore, the two-dimensional nanochannel is used as the geometry of simulation. The simulation
domain and corresponding boundary conditions are shown in
Figure S3. The width of the channel is 8 nm, and the surface
charge density is −0.01 C/m2. To generate a constant ion

strength gradient in the simulated domain, the normalized
concentration diﬀerences ΔC/C̅ = (Coutlet
− Cinlet
0
0 )/C̅ at
boundaries are set as −1.6, −0.8, −0.4, 0, 0.4, 0.8, and 1.6,
respectively, where the average concentration C̅ = (Cinlet
+
0
)/2 is kept as 0.01 mol/L. The tracer’s concentration is
Coutlet
0
−8
−8
M at the inlet and Coutlet
M
Cinlet
tracer = 2.0 × 10
tracer = 1.0 × 10
at the outlet. The other parameters are the same as mentioned
before. The cationic tracer’s ﬂuxes from the pure diﬀusion and
the electromigration terms are calculated in these situations
listed in Table 3.
As shown in Table 3, the ﬂux from electromigration can be
ignored when the ion strength is constant (ΔC/C̅ = 0).
However, if apply an ion strength gradient ΔC/C̅ ≠ 0, the
simulation shows that the total ﬂux is from both pure diﬀusion
and electromigration, but the total ﬂux is nearly the same for all
cases. Actually, the changes of ﬂux caused by the pure diﬀusion
ﬁnally oﬀset by the electromigration, and this balance therefore
causes a little change of total ﬂux shown in Figure 4. For
instance, the ion strength increases along the tracer transport
direction because ΔC/C̅ equals to 0.8. Because the lower ion
strength side has lower mean electrical potential and can
adsorb more sodium tracer ions,44 the direction of ﬂux from
the electromigration term is opposite to the ﬂux from pure
diﬀusion term, as shown in Figure 4a,d. Note that the ratio Ξ
reﬂects the importance of electromigration terms of the
sodium ions. Hence, the electromigration process is signiﬁcant
as the absolute value ofΔC/C̅ increases. However, the previous
reported models11,14 ignored the ion motion by the electrophoresis, which only considers the ion transport driven by the
concentration gradient. Our pore-scale modeling shows that
the contribution from electromigration should be respected
because its non-negligible role to balance the total ﬂux as the
inner membrane electrical ﬁeld exists in clays and the ﬂux of
cationic tracer in this situation can be predicted from the
situation with the constant ion strength situation. Table S2 also
indicates that the ratio Ξ follows the same trend of ratio φ. The
ratio Ξ is larger in the lower-salinity solution or in clays with
higher surface charge density as ΔC/C̅ ≠ 0.
Environmental Implications. The EDL overlap within
nanopores of compacted clays may magnify the impact of this
two-way coupling between the electrokinetic eﬀect and the
cationic diﬀusion process. The continuum-scale models ﬁtting
with experimental results are limited on understanding this
coupled process in compacted clay. The proposed pore-scale
modeling has important implications for the quantiﬁcation of
simple cationic transport in compacted clays in the background
of the geosphere transport of radioactive material, which is also
helpful for future experimental design. In particular, the
classical Gouy−Chapman model falls as EDL overlaps.33 To
1982

DOI: 10.1021/acs.est.8b05755
Environ. Sci. Technol. 2019, 53, 1976−1984

Article

Environmental Science & Technology

directly solve coupled Poisson−Nernst−Planck equations at
the pore scale can overcome this shortage and clarify eﬀects
from diﬀerent physical or chemical factors. Simulations in this
work were run to hours when steady-state conditions were
reached, which is time-saving and cheaper to implement
compared with experiment. The present study quantitatively
characters the contribution from surface diﬀusion in
compacted clay under diﬀerent situations. The signiﬁcant
impact of the parameter of normalized volume charge density
on cationic surface diﬀusion is consistent with the previous
studies.8,11,34 Actually, the linear change of ionic strength along
the diﬀusion direction can occur in the ﬁeld9 or in laboratory
conditions,36 while most of the experiments or models are
implemented using the constant ionic strength assumption.
However, as an ionic strength gradient exists, the membrane
potential has an important impact on electromigration terms in
eq 1, which should be respected in future studies.

■

ASSOCIATED CONTENT

* Supporting Information
S

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.8b05755.

■

Details on the pore-scale numerical framework; ﬁgures
showing the simulated domains for each case; tables
showing the reported experimental data and simulation
results as an ion strength gradient is applied (PDF)

AUTHOR INFORMATION

Corresponding Author

*E-mail: mrwang@tsinghua.edu.cn. Phone: 86-10-627-87498.
ORCID

Moran Wang: 0000-0002-0112-5150
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work is ﬁnancially supported by the NSF of China (grant
no. 51766107). Y.Y. thanks the helpful discussion with Ravi A.
Patel, Philipp Krejci, and Dr. Georg Kosakowski in Paul
Scherrer Institute, Switzerland.

■

REFERENCES

(1) Tachi, Y.; Yotsuji, K. Diffusion and sorption of Cs+, Na+, I− and
HTO in compacted sodium montmorillonite as a function of
porewater salinity: Integrated sorption and diffusion model. Geochim.
Cosmochim. Acta 2014, 132, 75−93.
(2) Gimmi, T.; Kosakowski, G. How mobile are sorbed cations in
clays and clay rocks? Environ. Sci. Technol. 2011, 45 (4), 1443−9.
(3) Cho, W. J.; Oscarson, D. W.; Gray, M. N.; Cheung, S. C. H.
Influence of Diffusant Concentration on Diffusion Coefficients in
Clay. Radiochim. Acta 1993, 60, 159.
(4) Cormenzana, J. L.; García-Gutiérrez, M.; Missana, T.;
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