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A better understanding of thermal effect on ion transport in compacted clay is of great significance to
enhance long-term safety of repository for high-level radioactive waste. It was reported that the macro-
scopic Soret coefficient in clay is five times larger than that in free water, which was ascribed to the elec-
trokinetic effect. By pore-scale simulations using lattice Boltzmann method, it is found that the Soret
effect contributes little to the ionic flux changes in clay because the Soret coefficient is still around the
value in free water for different external temperature gradients. The essential cause is the inhomoge-
neous charged liquid-solid interfaces in clays induced by the temperature gradient. This interface effect
plays an important role to the significant changes of inner electrical and concentration fields in clay.
Therefore the concentration diffusion and electromigration should be responsible for this phenomenon
instead of the thermodiffusion (Soret effect). This study may improve the understanding of ion transport
in clays driven by multiphysiochemical effects.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

The compacted clay of low permeability is commonly used as
the barrier material for the geological disposal of high-level
radioactive waste [1,2]. A better understanding of properties of
these materials is of great significance to system design and
enhancement of long-term safety of repository [3–6]. In general,
the half-life of high-level radioactive waste is very long and the
decay of radionuclides continually releases energy. Therefore the
high-level radioactive waste likes a heater and continuously heats
surrounding buffer materials, which creates a distinct thermal
gradient in near field [7,8]. This thermal gradient can affect the
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chemical environment and the transport process of radionuclides
in compacted clay significantly [9–11], so that the thermal and
chemical coupled transport processes have been investigated at
different scales. For instance, Thomas et al. provided a theoretical
framework to investigate the ion reactive transport in clays under
coupled thermal and chemical conditions at macroscale and they
found that the temperature gradient could significantly influence
the ion transport behavior and concentration distribution in clays
[12]. Xie et al. also simulated the chemical diffusion under thermal
conditions on continuous scale. Their results showed that the heat
transfer and temperature-dependency of diffusion coefficient
could enhance the chemical transport process [13].

In the absence of a concentration gradient, when one applies an
external temperature gradient in NaCl electrolyte, the thermal
motion for a given ion in the high temperature side increases, and
therefore the ion gets more collisions from the high-temperature
side than from the low temperature side. As a result, the species dif-
fuse from high to low temperature. This effect is called as thermod-
iffusion (the Soret effect) [14]. For the diluted concentration, in
general, a linear relationship between the ionic flux JT and the tem-
perature gradientrT is assumed as: JT ¼ �DTrT, where DT denotes
the thermodiffusion coefficient (m2 s�1 K�1) [15]. The Soret coeffi-
cient, ST (K�1), which is usually used to characterize the magnitude
of thermodiffusion, is defined as the ratio ST ¼ DT=D, where D
denotes the ionic pure diffusion coefficient. The Soret coefficient
could be positive or negative depending on the sense of migration
of the reference component and for usual aqueous electrolyte its
absolute value is about jST j � 10�3 � 10�2 K�1 [16]. The Soret coeffi-
cient is a vital input parameter for the macroscale models to predict
radionuclide transport in engineered barrier system. Therefore, for
these macroscale models, to give a reasonable and reliable value of
Soret coefficient is important in order to design the geological repos-
itory and predict its durability.

It was found that, compared with the imposing concentration
gradient only, the flux of sodium chloride in compacted clay
increased by applying an external temperature gradient superim-
posed on concentration gradient [17–19]. Researchers contributed
this raise to the Soret effect and suggested a large value of the
macroscale Soret coefficient for clays, which is five times larger
than in the free water. They explained that the electrokinetic effect
(or electrical double layer (EDL) effect) coupled with temperature
effect in clay on pore scale might enhances the Soret effect and
was responsible for the observed large ST . Up to now, no further
explanation and quantitatively analysis have been reported.

To experimentally study the enhanced flux within a tempera-
ture gradient in clays at macroscale is expensive and tough, espe-
cially when the pore size is very small. The measurements may be
resulted from multi-factorial coupling and hard to reveal the
mechanism. Numerical modeling therefore provides an efficient
way to help people know what is happening at pore scale and clar-
ifies effects from different factors. Therefore, in this investigation,
the potential for the enhanced ionic flux within a temperature gra-
dient through compacted clay is examined by using a pore-scale
modeling. The diffusion in this study means the ionic flux caused
by the concentration gradient and the electromigration means that
by electrical filed. We want to clarify the Soret effect on the change
of flux in clay under a temperature gradient. The inhomogeneous
charged surface in clay induced by temperature gradient will be
carefully considered in this study, which could significantly change
the ionic electromigration and diffusion process in clays.
Fig. 1. Sketch of the charged clay particle and electrical double layer. M and A
donate the monovalent cation and anion, respectively. wd is the zeta potential. The
electrical double layer has two layers: Stern layer and diffuse layer. The Stern layer
is also named as compacted layer, which means the counter-ions are compactly
adsorbed on the charged surface. In diffuse layer, since the negative charged surface
the concentration of cation is higher than the anion.
2. Theoretical models

With the electrokinetic effect considered, when the concentra-
tion gradient and temperature gradient fields are applied
simultaneously, the evolution of ion transport on pore-scale in por-
ous media should be governed by following equations:

J i ¼ �DirCi � Di
zieCi

kT
rw� DiSTCirT; ð1Þ

@Ci

@t
þr � J i ¼ 0; ð2Þ

where J i donates the mass flux of the ith ion species, Di the diffusion
coefficient of the ith ion species, Ci the concentration of the ith ion
species, zi the ith ion algebraic valence, e the absolute charge of
electron, k the Boltzmann constant, w the electrical potential, t time
and T the absolute temperature. The ions in pore solution near sur-
faces form the electrical double layer, and the electrical potential on
the shear plane is called zeta potential, as shown in Fig. 1. Because
the ionic mobility in the Stern layer is near zero, only the ion trans-
port in the diffuse layer is considered in this study. The distribution
of the electrical potential w is governed by the Poisson equation:

r2w ¼ � qe

ere0
¼ �

X
i

NAeziCi

ere0
; ð3Þ

where qe is the net charge density, NA the Avogadro’s number, and
ere0 the dielectric constant of the pore solution. The temperature
evolution is based on the Fourier’s law as:

qcp
@T
@t

¼ r � ðkrTÞ; ð4Þ

where q, cp and k are density, thermal capacity and conductivity of
media, respectively.

Eqs. (1)–(4) govern the ion transport process on pore-scale in
the situation where the temperature, electrical potential and con-
centration gradients are presented together in clays.



Table 1
Temperature sensitivity of important physical parameters in this study.

Parameter Temperature sensitivity, a Reference

Zeta potential 5% [10]
Diffusion coefficient 5% [23,24]
Dielectric constant 0.5% [26]

Y. Yang, M. Wang / Journal of Colloid and Interface Science 514 (2018) 443–451 445
Since the zeta potential changes with respect to pH, salinity and
temperature [10], it is arduous to choose a suitable boundary con-
dition for the electric potential at the liquid-solid interface in clays.
Therefore we consider the pH and salinity is constant in clay and
apply that the zeta potential is a function only with temperature
as the electrical boundary condition: wd ¼ nðTÞ, which is suggested
as a linear relationship with temperature by previous theories
[20,21]. For the ion transport, the zero normal flux boundary con-
dition is used at the solution-solid interface as: Ji � n ¼ 0.

There are only two temperature dependent terms related to the
ionic flux in the governing equations, Eq. (1): one is the term for
Soret effect and the other is the electromigration term. In the
absence of external electrical field, the magnitude of electrical
potential term along ionic transport direction is usually around
zero by a previous study [19], hence it seems that the flux raised
by adding an external temperature gradient comes from the Soret
term. However, if the governing equations (1)–(4) are carefully
revisited, there are some temperature-dependent parameters,
which may also play a non-negligible role on the change of ion flux
in clays. Moreover, the pure diffusion coefficient, dielectric con-
stant, as well as wall electrical potential are all functions of tem-
perature [22], which makes the problem more complicated, and
it is hard to conclude without careful evidence that the major
change of ion flux is from the Soret term. In the following para-
graphs, we will discuss these parameters and analyze the temper-
ature sensitivity of each parameter.

The drift velocity of a given ion in free water is characterized by
the diffusion coefficient, which is a very important input parameter
for the ion transport model. An approximate dependence of the dif-
fusion coefficient on temperature in liquids is generally predicted
by the Stokes-Einstein equation [23]:

DiðT1Þ
DiðT2Þ ¼

T1

T2

lðT2Þ
lðT1Þ ; ð5Þ

where lðT1Þ and lðT2Þ are the dynamic viscosity of the solvent for
corresponding absolute temperature T1 and T2. Because the viscos-
ity of water decreases with increasing temperature [24], the diffu-
sion coefficient consequently increases.

The zeta potential is usually used to characterize the electroki-
netic effect at the solid-liquid interface. Its value also depends on
temperature. For instance, Revil et al. [21] and Wang and Kang
[20] suggested a linear relationship for the temperature depen-
dence of the zeta potential on silica by their theoretical models.
In addition, Rodriguez and Araujo [10] also carefully measured
the zeta potential of quartz, kaolinite and calcite in different tem-
peratures. They found that the zeta potential of kaolinite, a kind of
clay, is about �20 mV at room temperature and its value decreases
with temperature at a rate �1 mV/�C. It means the absolute value
of zeta potential of kaolinite would be double when temperature
increases 20 �C from room temperature. Therefore the temperature
effect on zeta potential is also significant.

The clay is charged naturally in electrolyte solutions, so the
Coulomb force between charged clay surface and ions in pore solu-
tion should be considered. Dielectric constant is a basic material
property to determine the Coulomb force. The previous studies
show that the Dielectric constant of water decreases with increase
of temperature [25,26]. The relationship for the temperature
dependence of Dielectric constant is given by Malmberg and
Maryott [26] as:

er ¼ 87:74� 0:40008Tc þ 9:398� 10�4T2
c � 1:410� 10�6T3

c ð6Þ

where Tc is the temperature in degrees Celsius.
Table 1 displays the temperature effects quantitatively on each

important physical parameter in this study. The concept ‘‘temper-
ature sensitivity” for each parameter is defined mathematically as
its absolute relative rate of variation with respect to temperature
change [22]:

a ¼ 1
v
@v
@T

����
����; ð7Þ

where v denotes physical parameter. The temperature sensitivity
for zeta potential and diffusion coefficient is around 5% but for
dielectric constant is only 0.5%. Since the temperature sensitivities
for zeta potential and diffusivity are 10 times larger than that for
dielectric constant, we only consider the zeta potential and diffusiv-
ity with respect to the temperature and ignore the change of dielec-
tric constant by using the average value.

The heat transfer in saturated clays is much faster to reach equi-
librium than that for ion diffusion [13], Because the thermal diffu-
sion coefficient of saturated clays is about 1� 10�6 m2=s, which is
much larger than the ionic diffusivity. Hence the heat transfer is
assumed to be steady-state in this study. The previous study indi-
cated that Soret coefficient is not a constant and changes versus
salt concentration, temperature and molecule size [15] but this
change is not very large. In order to be compared with experiment
easily, we still adopt the constant Soret coefficient. Therefore, in
this study, two main assumptions have been adopted for the
pore-scale modeling, including (i) steady-state heat transfer; (ii)
a constant Soret coefficient.

3. Numerical method

This section presents our numerical framework to investigate
the Sore effect in clays at pore scale. Benefiting the high efficiency
of lattice Boltzmann method (LBM) for parallel computing, there
are several successful attempts to use LBM to calculate the ion
and temperature evolutions in porous media [27–29]. Therefore,
in this investigation, the set of coupled ion and temperature evolu-
tion equations in charged clay are solved by the GPU-LBM codes on
Tesla K80 GPU [27,30–33].

The corresponding numerical lattice evolution equations for
concentration Ci, temperature T and electrical potential w are
shown as [30]:

f aðr þ cf idtf iea; t þ dtf i Þ � f aðr; tÞ ¼ � 1
sf i

½f aðr; tÞ � f eqa ðr; tÞ�; ð8Þ

gaðr þ cgdtgea; t þ dtgÞ � gaðr; tÞ ¼ � 1
sg

½gaðr; tÞ � geq
a ðr; tÞ�; ð9Þ

haðr þ chdthea; t þ dthÞ � haðr; tÞ ¼ � 1
sh

haðr; tÞ � heq
a ðr; tÞ

� �
; ð10Þ

where f a, ga and ha denote the distribution functions for
concentration of ith ion, temperature and electrical potential,
respectively. sf i ¼ 4Didtf i=dx

2 þ 0:5, sg ¼ 4kdtg=qcpdx2 þ 0:5 and
sh ¼ 4dth=4dth þ 0:5 are corresponding dimensionless relaxation
times. r denotes the position vector, dt corresponding time step,
dx lattice size and ea the discrete velocities where a ¼ 0;1; . . . ;6
representing the discretized directions for a 3D seventh speed
(D3Q7) scheme shown in Fig. 2. For the D3Q7 lattice scheme, the
discrete velocities are:
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ea ¼
ð0;0;0Þ a ¼ 0

ð�1;0;0Þ; ð0;�1;0Þ; ð0;0;�1Þ a ¼ 1� 6

8><
>: : ð11Þ

The equilibrium distribution functions for corresponding evolu-
tion equations are [28]:

f eqi;a ¼ xaCi 1� 4Di
eaðezirw=kT þ STrTÞ

cf i

� �
; ð12Þ

geq
a ¼ xaT; ð13Þ

heq
a ¼ xaw; ð14Þ

where the distribution coefficientsxa ¼ 1=4 for a ¼ 0 andxa ¼ 1=8
for a ¼ 1—6 in D3Q7 system. The concentration, electrical potential
and temperature are then calculated respectively as Ci ¼

P
f i;a ,

w ¼P ga and T ¼Pha. The gradients of potential and temperature
can be determined by [28]:

@w
@xj

¼ � 4
shdx

X
a
ðea � ejÞha; ð15Þ

@T
@xj

¼ � 4
sgdx

X
a
ðea � ejÞga: ð16Þ

From Eq. (1), the ionic flux relates to three gradients, thus it is
difficult for traditional numerical methods to calculate the local
ionic flux in porous media. However, in LBM, the ionic flux is easily
obtained by the local distribution functions:

J i ¼
sf i � 0:5

sf i

X
a
cf i ;af i;a þ DiCi 1� sf i � 0:5

sf i

� �

� ezi
kT

sg � 0:5
sg

X
a
cg;aga þ ST

sh � 0:5
sh

X
a
ch;aga

 !
ð17Þ

The apposite numerical boundary condition is a critical part for
the accuracy of simulation. Since the conventional bounce-back
rule is easy to handle for complex geometries, it is also used as
the zero normal flux boundary condition for ion transport in this
study [34]. For the electrical potential boundary, the Dirichlet
boundary condition follows [34]: gaðr; t þ dtgÞ � gbðr; tÞ ¼
0:25nðTÞ, where the index a and b is the opposite directions normal
to the interface and b is the direction towards wall.
Fig. 2. The discretized directions in D3Q7 model.
The temperature distribution is first obtained by solving evolu-
tion equation of LBM, then the coupled Poisson and Nernst-Planck
equations are directly solved iteratively in the LBM scheme until
the convergences of electrical potential and ion concentrations
are reached at each time step of the evolution of ions.

In order to investigate the Soret effect in porous clays by pore-
scale modeling, the morphology of the pore structure of clays
should be obtained firstly. There are two avenues to get the
microstructures of clays: one is the direct measurement of clay
microstructures by imaging techniques (such as nano-CT tech-
nique) [2,35,36] and the other is numerical regeneration tech-
niques [37,38]. The direct measurement of three dimensional
clay microstructures on nanoscale is high-cost and time-
consuming [39]. The regeneration strategy is adopted to obtain
the three dimensional clay microstructures in this work for funda-
mental study since its convenience and low cost. To restructure the
porous microstructures of clays, we employ the QSGS algorithm for
saturated porous media developed by Wang et al. [27] and the
input of this method is the main available structural information
such as particle size and porosity.
4. Result and discussion

4.1. Comparison with analytic results

Our numerical framework for ion transport in charged porous
media has already been validated in our previous work [39], which
indicates the accuracy and robustness of our codes are suitable to
capture interactions between ions and charged surfaces. Here to
validate our numerical framework for thermodiffusion, we con-
sider a simply one-dimensional (1D) domain to compare the con-
centration profiles calculated by our numerical method with the
analytical model presented by Xie et al. [13], shown in Fig. 3. The
length of domain is 0.512 m and the constant diffusivity is
employed as D ¼ 1� 10�10 m2=s. The inlet ion concentration is
set as 0.02 mol/L, and the outlet and initial ion concentration is
0.01 mol/L. The other physical parameters are: the Soret coefficient
ST ¼ 0:2 K�1, inlet temperature 90 �C and outlet temperature 10 �C.
Since the thermal diffusivity is around 10�6 m2=s, which is four
orders of magnitude larger than the ion diffusion, the heat transfer
is assumed as steady state. Therefore the temperature gradient is
constant that we set dT=dx ¼ A, and the analytic solution is:

Cðx; tÞ � C0

C1 � C0
¼ 1

2
erfc

ADSTt þ x

2
ffiffiffiffiffiffi
Dt

p
� �

þ 1
2
exp �ASTxð Þerfc �ADSTt þ x

2
ffiffiffiffiffiffi
Dt

p
� �

; ð18Þ

where C1 and C0 denotes the inlet and initial concentration, respec-
tively. Fig. 3 shows unsteady ion diffusion process in the situation
where thermal and ion concentration gradients exist. The good
agreements between present simulation and analytic results vali-
date our numerical framework for thermodiffusion.

4.2. Soret coefficient in clay

In this section, we calculate the Soret coefficient in the
microstructure of clay by the present numerical framework. Our
pore-scale modeling can resolve the pore structure of clays and
therefore quantitatively analyses the contribution of each term in
Eq. (1) to the flux change as the temperature gradient exits. The
microstructure of clay for simulation is a 38.4 nm � 38.4 nm �
38.4 nm cube with two transition regions shown in Fig. 5. This
domain size is large enough to satisfy the respective-elementary-
volume (REV) requirement for the typical compacted clays. In



Fig. 3. (a) The computational 1D domain and corresponding and initial boundary conditions for validation; (b) comparison of concentration profiles of the simulation with
analytic results. The points are analytic results and solid lines numerical results.

Fig. 4. The zeta potential (a) and diffusivity (b) with respect to temperature. The points in (a) are zeta potentials of kaolinite measured by experiment [10] and the solid line in
(a) is the result best fitted with experiment data. The solid line in (b) is the diffusivity normalized by the diffusivity at room temperature calculated by Eq. (5) and the viscosity
of free water is used from Ref. [26]. The points in (b) are diffusivities from Ref. [40] to verify the temperature dependency of diffusivity independently.

Fig. 5. The sketch of the simulation domain: the microstructure of clay is a 38 nm * 38 nm * 38 nm clay and two transition regions. The corresponding boundary conditions
are shown in each sides and the Soret coefficient ranges from 0.001 K�1 to 0.005 K�1.
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Fig. 6. The electrical potential distribution in porous media for different temper-
ature gradients: (a) Tinlet ¼ 90 �C and Toutlet ¼ 10 �C, (b) Tinlet ¼ 50 �C and
Toutlet ¼ 50 �C, (c) Tinlet ¼ 10 �C and Toutlet ¼ 90 �C. The white denotes the solid phase
and inhomogeneous potential distributions at pore scale are calculated by our LBM
schemes.
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order to resolve the electrical double layer structure, a 256 � 128
� 128 uniform grid is adopted in our simulation, which is fine
enough but does not need too much computational cost. The clay
is fully saturated and we consider the solid is not diffusive. To sim-
plify the simulation, we consider the same thermal diffusivities of
both solid and pore solution, and the original pore solution in clay
is a simple binary monovalent electrolyte solution (e.g. NaCl),
which concentration is 0.01 M. The pH and salinity is the same
throughout the simulated domain, the changed parameter is the
temperature. Hence it is reasonable to assume that the zeta poten-
tial of the clay is only related to the temperature. The diffusivities
for all ions equal to 1� 10�10 m2/s at the room temperature 25 �C.
As mentioned in Section 2, the temperature dependent physical
parameters considered in this investigation are the zeta potentials
and ionic diffusivities. The detail variations with respect to temper-
ature are presented in Fig. 4. The other parameters are: the
dielectric constant 6:95� 10�10 C2=J �m, and the Soret coefficient
0.001–0.005 K�1. Because of the cationic chemical adsorption and
reaction, the cation diffusion in clays is very complex. This kind
of adsorption or reaction is also temperature-dependency, and
would affect the transport process and increase the uncertainty.
Therefore, in this study, we ignore chemical reaction and use the
anion as the tracer to study the thermal effect on ion transport.
To refuse the influence of the tracer chloride ion on the salinity
and pH of original pore-solution, the concentration of tracer chlo-
ride ion is very low as 2� 10�8 M at inlet and 1� 10�8 M at outlet.

In this simulation, different temperature gradients are applied
on clay while the concentration gradient of the tracer is constant
and the electrical potential distributions at pore scale are shown
in Fig. 6. The electrical potential distributions in different pores
are more inhomogeneous in Fig. 6(a) and (c) due to the influence
of thermal gradient. Fig. 7 shows the calculated tracer flux per unit
cross-section considering or not the electrical double layer (EDL)
effect in porous microstructure of clay as the simulation reaches
steady state. The temperature difference DT equals to
Toutlet � T inlet but the average temperature keeps at the same value
�T ¼ 0:5ðToutlet þ T inletÞ ¼ 323:15 K. If no EDL effect considered, the
zeta potential for pore wall of clay is zero. We use chloride ion as
tracer to study Soret effect, and the flux with considering EDL is
smaller than that without EDL effect due to the negative charged
surface of clays. It shows that flux is more sensitive to the temper-
ature gradient in the case where the clay surface is charged. At con-
tinue scale, ion transport through porous structures such as clays is
usually treated using simplified homogeneous models with macro-
scale diffusivity and macroscale Sore coefficient. These macroscale
parameters are different from those in the free water. Then we
calculate the macroscale Soret coefficient by the formula given
by Rosanne et al. [19] in the absence of applied electric field:

J ¼ ��Dr�C � �D�ST �Cr�T; ð19Þ

where �D and �ST denote the macroscale diffusivity and Soret coeffi-
cient at continue scale. �C and �T are the average concentration and
temperature in clays at macroscale. Since we use the constant con-
centration gradient, the all change of flux is caused by the adjust-
ment of temperature gradient. When temperature difference DT is
zero, it means r�T ¼ 0 and therefore the macroscale diffusivity
can be determined: �D ¼ �J=r�C. Then we can use this �D and the flux
changes to calculate �ST .

Through simulation, Table 2 gives the values of macroscale
Soret coefficients and diffusivities calculated by Eq. (19). If the
electrical double layer in clays is considered, the value of the
macroscale Soret coefficient for clays is 3.7–11.1 times larger than
in the free water, but the macroscale Soret coefficient in porous
media without EDL approximately equal to it in free water. These
results are consistent with the previous research [19]. It seems that
the electrokinetic effect could enhance the Soret effect and induce
a large value of the Soret coefficient.

Benefiting from the pore-scale simulation, the detail at pore
scale can be obtained and therefore we can clarify the flux change
from different factors. Considering Eq. (1), the flux comes from
three terms: concentration diffusion �DirCi , electromigration
�DizieCirw=kT and thermodiffusion �DiSTCirT. We calculate the
mean flux proportions in clays at pore scale shown in Fig. 8. In



Fig. 7. The tracer flux for different temperature gradient. The temperature
difference DT ¼ Toutlet � T inlet . The dash line considers the electrical double layer
effect but solid line ignores.

Fig. 8. Flux proportions in clay at pore scale with respect to various temperature
differences DT are shown in (a); the solid line in (b) is the sum of flux from both
diffusion and electromigration, and dash line is the flux from the thermodiffusion.
The Soret coefficient is 0.001 K�1.
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Fig. 8(a), the diffusion and electromigration terms are more sensi-
tive to temperature gradient than thermodiffusion term, but ten-
dencies of diffusion and electromigration with respect to
temperature gradient are quite different. The flux from diffusion
becomes larger as temperature difference increases, however the
opposite trend emerges for electromigration. Hence Fig. 8(b) gives
the sum of the flux from both diffusion and electromigration over
temperature differences. This figure shows direct evidence that the
changes of flux by applying different external temperature gradi-
ents mainly come from the diffusion and electromigration terms,
and the thermodiffusion term has little effect on this change. It
means the electrical double layer effect cannot enhance the Soret
effect and macroscale Soret coefficient calculated by pore-scale
simulation is still around the value for the free water.

The remaining question is why the flux from diffusion and elec-
tromigration terms changes so much with the various temperature
gradients. The reason lies in the inhomogeneous charged surface
induced by applied external temperature gradient. Fig. 9 shows
the mean concentration and potential distributions of each cross
section along x direction in clays. The fluctuations of electrical
potential and concentration in Fig. 9 come from the random factors
in irregular microstructures of clay. Since the property of surface
Table 2
The macroscale Soret coefficient and other parameters at different temperature gradients.

DT (K) ST (K�1) ��D�ST �Cr�Ta (�109 mol/m2/s)

With EDL �80 0.001 1.29
�40 0.66
0 0.00
40 �0.69
80 �1.36
�80 0.005 2.34
�40 1.15
0 0.00
40 �1.11
80 �2.18

Without EDL �80 0.001 0.29
�40 0.31
0 0.00
40 �0.58
80 �1.38

a The total flux J is from our pore-scale simulations and the flux ��D�ST �Cr�T is obtaine
b The macroscale diffusivity �D is calculated as DT ¼ 0 by using Eq. (19).
c The average concentration �C is from our pore-scale simulations.
charge is dependent on the temperature shown in Fig. 4(a), the sur-
face zeta potential is inhomogeneous as the external temperature
gradient applied, which induces an inhomogeneous mean electri-
cal potential distribution in clays in Fig. 9(a). Therefore based on
�Db (m2/s) �Cc (�109 mol/L) �ST (K�1) Average �ST=ST

1:46� 10�11 7.91 0.011 11.1
7.94 0.011
7.98 /
7.95 0.011
7.92 0.011

1:45� 10�11 8.14 0.019 3.74
7.98 0.019
7.92 /
7.91 0.019
7.97 0.018

5:59� 10�11 15.0 0.0003 0.97
15.0 0.0007
15.0 /
15.0 0.0013
15.0 0.0015

d from Eq. (19).



Fig. 9. The mean concentration distribution (a) and potential distribution (b) of cross section along x direction in our simulated domain of clays for various temperature
differences. The legends in figures (a) and (b) denote the temperature differences DT .
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the Donnan equilibrium [41], the inhomogeneous electrical poten-
tial in clays would cause the corresponding concentration distribu-
tion in Fig. 9(b). When the temperature difference varies from 0 K
to 80 K, the mean potential gradientr�w decreases, thus the anionic
tracer flux from electromigration term �DizieCirw=kT also
decreases. However the negative charged surface would lower
the concentration of anion, hence the tracer’s concentration gradi-
entr�C also decreases but the flux from diffusion term �DirCi will
increase. These relations can be easily obtained from the detail
information provided by our pore-scale simulation.

As well known, the charged surface of clay would influence the
ion distribution in pores by long-rang Coulomb force. Because the
pore size of compacted clays is usually comparable with the EDL
thickness, the electrical double layer effects, including ion-ion
and ion-surface interactions, are very strong and significantly
affect ion transport. Therefore, the inhomogeneous charged surface
of clay induced by external temperature gradient can also affect
flux of ion transport. For instance, the inhomogeneous charged sur-
face generates an inner electrical field in clays, which promotes the
ionic electromigration process, but the previous study [19] consid-
ers that the electromigration has negligible effect on ion transport
because of the absence of external electrical field. Our pore-scale
simulation gives the direct evidence that in the thermal chemical
coupled transport process the inhomogeneous charge effect in
clays has to be regarded as an important role. Despising inhomoge-
neous charge surface effect will bring the improper conclusions.
5. Conclusions

In this paper, we establish a pore-scale numerical framework to
study the ion transport process with electrokinetic effects in por-
ous microstructures of clays. The coupled transport governing
equations were solved by a high-efficiency LBM codes on GPU,
which has been validated by comparisons with analytic solutions.
The present modeling results give a direct evidence to explain why
the flux changes so much with an external temperature gradient
on saturated clay. In fact, the thermodiffusion has a limited effect
on the change of flux in this situation, and the macroscale Soret
coefficient of clay is still around the value in free water. The essen-
tial cause of the large change of ion flux is the inhomogeneous
charged surface induced by the temperature gradient. Although
the inhomogeneously charged surface is a solid-liquid interface
effect, this effect plays an important role on electrical potential dis-
tribution in the pore solution of clay, and then causes the changes
of electrical field and concentration field in clay. Therefore the con-
centration diffusion and electromigration should be responsible for
this phenomenon instead of the thermodiffusion. The present
study could help improve the understanding of thermal-chemical
coupled ion transport in clays.
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