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Electrokinetic techniques have attracted considerable attention due to their competitive advantage in enhancing
transport phenomena and remediation of low permeability soils. However, many types of low-permeability
porous media, such as active clays like bentonite, present a double porosity structure that strongly affects
mass transfer processes. In this work, we develop a modeling approach to simulate electrokinetic transport in
double porosity media. The proposed model is based on the previously released code M4EKR and explicitly
considers the transport due to electromigration as well the effects of the electrical diffuse layer in charged porous
media. For this purpose, two modeling levels have been established: one associated with the soil macrostructure
(bulk water) and the other with the microstructure (diffuse layer). At the latter level, the effect of the electro-
static interactions imposed by the negative charge of the clay particles is modeled with a Donnan approach. The
comparison of the results between synthetic cases in single and double porosity systems shows the fundamental
role of the microstructural modeling level. High enrichment of cations and, therefore, high cationic fluxes are
produced in such microstructural level. These mechanisms significantly modify the extent of cation transport by
electromigration and, thus, directly influence the transport of other species determined by the electrostatic

interactions.

1. Introduction

Electrokinetic (EK) soil remediation has been proposed as a treat-
ment technology due to its potential effectiveness for in-situ contami-
nant removal in low permeability porous media. In addition, EK
techniques have also been used in other fields of science and engineering
with the aim of enhancing the transport of species and/or fluids through
low permeability porous matrices where other conventional technolo-
gies showed limitations [1-8]. EK techniques are based on the applica-
tion of an electric potential gradient by means of electrode pairs
(anodes/cathodes) placed in the porous media. The electric potential
gradient acts as a driving force for different electrokinetic transport
mechanisms that take place simultaneously such as electroosmosis,
electromigration and electrophoresis [9]. Additionally, other transport
processes such as diffusion and advection can occur, driven by chemical
concentration gradients and hydraulic gradients, respectively.

The occurrence of this multitude of transport processes makes it
necessary to develop numerical models capable of simulating complex
interactions. A particular advantage of process-based numerical models
is that they allow the description of complex systems, the analysis of
each individual phenomena and their coupled interactions. In the last
decades, considerable research effort has been dedicated to quantita-
tively describe different physicochemical processes, and the research
community has developed a wide variety of mathematical models
[10-13]. The most advanced solute transport codes are based on the
solution of the Nernst-Plank-Poisson equations, which account for the
transport of charged species in porous media considering the effect of
Coulombic interactions in natural transport [14-16] and under the
application of an external electric field [12,17-20]. Although there are
codes that can account for Coulombic interactions and surface charge
effects [13,21-25], the models describing electrokinetic transport are
typically designed for single-porosity domains.
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However, soils with very low hydraulic conductivity often contain
large fractions of active clays such as bentonites and have been
described using two modeling levels [26-32]. The microstructural
modeling level allows the description of the processes taking place in
intra-aggregate pores (Fig. 1a) which corresponds to the void volume
affected by charged surfaces (equivalent to the diffuse layer volume
[33]), whereas the macrostructural modeling level accounts for the
processes occurring in the pores between the clay aggregates (inter-ag-
gregate voids in Fig. 1a) [34], which corresponds to the free water
volume [33]. Although reactive transport models, incorporating
dual-continuum formulation for clay media, exist for simulating trans-
port in low-permeability media [14,23,24,35-37], they have mainly
been developed for the study of natural transport systems and the
adoption of such approaches for EK systems has been rarely attempted
[21].

In this study, we present an approach to simulate electrokinetic
transport by electromigration in double-porosity porous media. The
approach is implemented as a new, extended version of the previously
published code, M4EKR, [40,41] (multiphysics model for the simulation
of reactive transport processes in porous media under the action of an
electric field). The approach is based on Donnan equilibrium to deter-
mine the species distribution between the macrostructural and micro-
structural levels (i.e., free water and diffuse layer) [14,35]. The model
has been used to investigate the transport of ionic species in an active
clay with two modeling levels, analyzing the influence of the micro-
structure on the mobilization of the chemical species. To this end, the
model was first tested under natural diffusive transport conditions. The
outcomes of the proposed approach were compared with an analytical
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solution and with the results of the software PHREEQC. Subsequently,
electrokinetic transport was considered and the results of the developed
MA4EKR approach were verified in a single-porosity with the data of a
recent numerical study [17]. Finally, we used the developed approach to
simulate EK transport in a double-porosity system (MX-80
bentonite-like) and to evaluate the influence of the microstructural
domain on the transport of a charged species by electromigration. We
analyzed different scenarios considering different values of the ionic
strength of the porewater.

2. Mathematical formulation

A double porosity approach has been adopted to define the structure
of charged porous media, such as clay. This conceptual model considers
the internal composition of clays through a macroscopic model in which
two interconnected continua maintain a mass-exchange equilibrium
[42]: (i) the microstructural modeling level, which simulates the effect
of the processes occurring at the intra-aggregate pores affected by the
electric fields imposed by the negatively charged surface of the clay
sheets, and (ii) the macrostructural modeling level for the rest of the
porespace [43]. We consider that the diffusive layer (DL) is linked to
microstructural modeling level, where a high concentration of coun-
terions neutralize the excess of charge from clay surface. The rest of the
porewater volume is called free water, where the solution is electrically
neutral, and corresponds with the macrostructural modeling level as
illustrated in Fig. 1c [14,35,44].

(©)

Anode

Bulk solution/Free water
Macrostructural level

Diffuse Layer
Microstructural level

+HICN. Y ©c02 0
Q00000000000

Clay surface negatively charged

Fig. 1. (a) Schematic of double-porosity media (adapted from [38]). (b) Qualitative distribution of incremental pore volume for a double-porosity medium from a
mercury intrusion porosimeter test (adapted from [39]). (c) Conceptual model of a double-porosity-EK system.
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2.1. Donnan equilibrium approach

The Donnan equilibrium approach [35,45] assumes that the elec-
trochemical potential of the i th species at the generic modeling level L,
/4}, must be equal both in macro (M) and microstructural (m) levels (;4}“
= puM). Considering the definition of 4", the electrochemical potential at
any structural level is given by:

;4!‘ = Uy + RTlna{“ + ziFy/L (@]

where pg;, a- and z; are the electrochemical potential in standard con-
ditions, the chemical activity and the charge of the i th species,
respectively, R is the ideal gas constant, F is the Faraday constant, and y*
is the electric potential at the corresponding modeling level which is the
sum of several contributions. In the M4EKR model, y"is calculated ac-
cording to the following expression:

V= v Ve @

where L, is the electrical potential that includes the electrostatic effects
generated by multicomponent diffusion and charged surface properties
of the clay [14,46,47], and wL, is the electric potential applied
externally.

The chemical activity can be defined as a “effective concentration” of
i th species into the real mixtures. In liquid solutions it is calculated as a-
= ybcl where y* is the activity coefficient (that represents the deviations
from ideal behavior) and c-the molality. Considering the above, and
assuming that the activity coefficients are equal in the micro and
macrostructural levels (" = y?"), the Donnan equilibrium which regu-
lates the distribution of the species in both modeling levels can be
defined as [48]:

—4F)
"= c?’lexp( ZRTWD> 3)

where the concentrations of the i th species in the micro and macro-
structural levels are ¢™ and cM, respectively.
The Donnan potential, y, is defined as:

yp =y —y" ©)]

The procedure for the calculation of the Donnan potential, taking into
account the geochemical system selected in this work is described in
detail in the Supplementary Material.

2.2. Transport of chemical species

The spatial and temporal distribution of each i th species can be
obtained by solving the general mass balance equation:
6mi

-+ V'jmt,i

ot —f=0 ©

where m; is the total mass per unit of volume, ji, ;is the total flux and f; is
the sink/source term of the i th species, respectively. The total mass of
the i th species is calculated by the sum of the individual mass in the
macrostructural, mM, and microstructural levels, m®, which are defined
as:

my = mM 4 m™ = MSMPM 4 S ™ (6)

where Sr* is the degree of saturation and ¢"is the porosity associated
with the modeling level L. The total flux j;, similarly to the mass, is
constituted by the contribution of the fluxes generated at each modeling

L
level (jor; = > jty;), Which is defined by the Nernst-Planck equation
[22,[44,45,49,50]. As aresult, j{“ot,i can be obtained by the sum of several
terms related to the different transport mechanisms involved in the
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expression:
jkn.i = j(];if.i + jlge.i + ji‘m.i + ja]:dv.i @

where jg;; is the diffusive flux, ji,; is the flux generated by Coulombic
effects derived from the local charge-neutrality constraint during
multicomponent transport and charged clay surfaces [14,46], jL. . is the
electromigration flux generated by the application of an external electric
potential gradient, and jiy,; is the contribution of advective fluxes

(driven by hydraulic and electroosmotic gradients). These terms are
calculated according to the following expressions:

jﬁif,i = —D};c;V(Inay) (8)
Jeoi = —Heiel Vg, ©
Jemi = Ui VG 10)
jaLdv,i = ¢ (ay +a) an

The terms g} and q., are the water fluxes representing the hydraulic and
electroosmotic fluxes, respectively, u-

e,i

[51,52] and D’eji is the effective diffusion coefficient [40] calculated as:

is the effective ionic mobility

ZiFD]gi
uy; = R (12)
DL, = ¢~Sr“D,; 13

where D, ; is the aqueous diffusion coefficient of the i th species in water.
St and 7" are the tortuosity and the degree of saturation of the 1-th
modeling level, respectively.

2.3. Transport of electric current

Poisson’s equation can be obtained from both Gauss’s law and the
conservation of charge, provided that the electrical properties of the
medium are constant [53,54]. The proposed M4EKR model implements
a formulation based on the conservation of charge and the electro-
neutrality condition at both structural levels [38]. Such approach is
equivalent to the use of Gauss’s law, as proposed by other authors [12,
17,19], but with certain practical advantages from a numerical and
conceptual point of view, as discussed in detail in [55].

The electroneutrality condition in the macro and microstructural
levels is defined with the following expressions:

S udt=0 (14)

N
D a4+ Quuy =0 (15)
i=1

where Q,y is the charge concentration of clay particles defined as:

Quay = (1- ) ;% CEC ae
where CEC is the cation exchange capacity, p, is the density of the solid
particles and ¢ is the total porosity (¢ = ™ + ¢™).

Starting from an electrically balanced initial condition with no
charge accumulation and taking into account that during an EK appli-
cation no phenomenon generates charge accumulation [56], the elec-
trical charge balance can be expressed as:

Vi=0 a7)

The current density i can be defined by the sum of the contributions
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from the transport of ionic species in the liquid phase (i) and the con-
duction in the solid matrix (Ohm’s Law)[57]:

L
i=oVy,, + ZiL 18)

where o is the apparent electrical conductivity of the soil and i is
expressed as:

N
i =F) zig 19)
i=1

In contrast, considering that the current density is higher than zero
when an external electric field is applied, either by conduction in the
solid matrix or by the charge carried by the ionic species in the pore-
water mostly by electromigration [17,54,57], it can be assumed that i =
0 in the absence of an external electric potential (w5, = 0; jL., = 0). In
this case, Eq. (19) can be rewritten as:

N N
=Y (i +ih) = F Y0 a( - DhetV(inad) — eV () ) =0
i=1 i=1
(20)

The gradient of the electric potential can then be calculated by rear-
ranging Eq. (20) [14,46]:

N

> uDy;cV (Inay)
VW= e

N

L L
> Tl ;€
izl

2.4. Numerical model implementation

The proposed version of the MAEKR model has been fully imple-
mented in COMSOL Multiphysics. This platform is a differential equa-
tion solver based on the application of the finite element method with
Lagrange multipliers. In this work, all equations have been implemented
using the constitutive models presented above, without pre-
programmed COMSOL modules. In the scenarios investigated, we
consider four dissolved charged species (although without loss of gen-
erality, it can be expanded to the desired number of species) and,
consequently, a total of 5 partial differential equations: four of them to
solve the mass balance of the corresponding species and one to solve the
electric charge balance. The state variables are the concentration in the
macrostructural level of each ion (cM) and the external electric potential
(w%)- The Donnan potential is calculated as a quadratic equation using
the formula described in Supplementary Material (Section 3).

The code solves all the balance equations simultaneously, using a
monolithic, fully coupled approach. COMSOL manages pre-processing
(discretization, initial and boundary conditions), the solution of the
system of partial differential equations (PDE), and the post-processing of
the results (Fig. 2).

Electrochimica Acta 431 (2022) 141139
3. Description of the simulation exercises

To analyze the capabilities of the proposed M4EKR model, a series of
simulations have been performed to: (i) verify diffusive transport in
double porosity media, (ii) test electrokinetic transport in single porosity
media, and (iii) explore electrokinetic transport in double porosity
media. For this purpose, simulation exercises (SE) have been carried out
using different configurations (Fig. 3) and considering four ideal species:
A*, B, C*, D". In all simulations the contribution of hydraulic and
electroosmotic fluxes (j&;, ;) has been disregarded as a first approxima-
tion to the problem. Consequently, it is assumed that the main transport
phenomena of charged species are diffusion and electromigration.

Fig. 3a illustrates the first setup representing a one-dimensional
domain with a porous medium similar to the Opalinus clay described
in a previous study [14]. The porous medium is in contact at the left
boundary with a salt solution contained in a large reservoir so that it can
be assumed at a constant concentration. The right boundary condition is
a no-flux condition.

Fig. 3b presents a similar configuration but formed by two domains
with different initial porewater concentrations. In this setup, the
imposed boundary conditions are no-flux on both sides. Considering
these aspects, the diffusive transport is verified in the following three
stages. First, a simulation exercise (SE 1) has been performed to verify
the diffusion through the micro- and macrostructural levels indepen-
dently, by setting the porosity of the other level equal to zero to compare
the results obtained directly with the analytical solution of one dimen-
sional diffusive transport in a semi-infinite domain [58]. Subsequently, a
second simulation exercise (SE 2) has been performed to test the
transport through both structural levels at the same time. For this pur-
pose, a test including surface/solution interactions has been simulated
using the same configuration (Fig. 3a) and the results have been
compared with those obtained with the code PHREEQC. In the third
simulation exercise, the diffusive flux through a double-porosity me-
dium with two domains of different initial concentration has been
examined (Fig. 3b). For this purpose, a benchmark proposed by Tour-
nassat and Steefel [36] has been simulated (SE3) and the results have
been compared with those obtained by the software CrunchClay and
3-Diff [36]. The parameters used in simulation exercises considering
natural transport are shown in Table 1.

The initial chemical composition of the porewater domain and the
concentration of the source reservoir is presented in Table 2.

Electrokinetic transport was investigated in SE 4 and SE 5 as shown
in Figs. 3c and 3d, respectively. SE 4 considers EK transport in a single
porosity medium, whereas SE 5 illustrates the capabilities of the pro-
posed M4EKR model to evaluate electrokinetic transport in double
porosity media. The MX-80 bentonite, which has been extensively
studied [59-61], was selected as representative double-porosity mate-
rial. The simulated setups (Fig. 3c and 3d) are based on a
one-dimensional system, consisting of a 1 m long compartment for the
porous media and two large volume reservoirs. In this way, it is possible
to neglect the effects of electrolysis reactions and to assume a constant
concentration in the electrode reservoirs.

The three scenarios analyzed consider that the ionic strength (IS) of

MONOLITIC APPROACH of M4EKR

COMSOL COMSOL
Initialization TRANSPORT
* Geometry of the experimental setup )

« Initial and boundary conditions
(concentration in the macrostructural
level and the external electric potential)

* 4 PDE to solve the mass balance of the - COMSOL
corresponding species

+ 1 PDE to solve the electric charge balance

* Quadratic equation to calculate de
Donnan potential

Post-processing

Fig. 2. Schematic illustration of the M4EKR numerical code to simulate electrokinetic transport in double-porosity media.
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Fig. 3. Scheme of the different configurations selected for conducting the simulation exercises (SE): (a) diffusive transport in a double porosity medium (SE 1 and SE
2), (b) diffusive transport between two different double porosity media- (SE 3), (c) electrokinetic transport in a single porosity medium (SE 4), and (d) electrokinetic
transport in a double porosity medium (SE 5).

Table 1
Parameters used in the natural transport simulations (simulation exercises SE 1, SE 2 and SE 3).

SE 1 Diffusion in individual levels (Fig. 3a) SE 2 Diffusion and solid/solution interactions SE 3 Diffusion in a
(Fig. 3a) double-porosity
medium with two
initial concentration
domains (Fig. 3b)

Parameter  Description Unit Transport only in Transport only in Transport both in micro and Macro Domain Domain
Macro micro 1 2

oM Porosity at Macro - 0.08 0.00 0.08 0.3 0.3

" Porosity at micro - 0.00 0.08 0.08 0.3 0.3

™ Tortuosity at Macro - 0.16 0.00 0.16 1 1

™ Tortuosity at micro - 0.00 0.16 0.16 1 1

t Time s 1.0 x 108 1.0 x 10°

L Domain length m 1 3.0 x 1072

T T emperature °C 25 25

CEC Cation exchange capacity molkg™! 0.1128 0.1000 0.1000

oy Apparent electrical Sm~1 0 0

conductivity
Pa Dry density kgm 3 2270 1000

Do Aqueous diffusion m2s~! 1.0 x 107%* A" 1.3x107%
coefficient B~ 21x10°%

ct 1.3 x107%

D~ 21 x107%*

" Same value for the species A*, B~, Ctand D™.
" Same value for the two domains.

Table 2
Initial chemical composition of the porewater and source reservoir composition for a system of ideal ions (units mol kgv’v;[er) to conduct the SE 1, SE 2 and SE 3.
A" B~ c* D
SE1 Transport only in Macro Source, cM 1.0 x 107* 1.0 x 107* 2.5 x 1073 2.5 x 1072
Porewater, cM 1.0 x 1073 1.0 x 1073 1.0 x 1073 1.0 x 1073
Transport only in micro Source, ¢ 1.2 x 107! 8.1x10°8 3.1 x 10° 2.0 x 10°°
Porewater, c" 1.6 x 10° 6.2 x 1077 1.6 x 10° 6.2 x 1077
SE 2% Transport both in micro and Macro Source, cM - - 1.0 x 1073 1.0 x 1072
Porewater, cM 1.0 x 1072 1.0 x 1073 - -
Source, ¢ - - 3.2 x 10° 3.1x1077
Porewater, c" 3.2 x 10° 3.1x1077 - -
SE 3** Domain 1 Porewater, cM 1.0 x 1072 1.0 x 1072 1.0 x 107'2 1.0 x 107'2
Porewater, c" 3.3 x 107! 3.0 x 107* 33x 1071 3.0 x 1074
Domain 2 Porewater, cM 1.0x 107" 1.0 x 107! 1.0 x 107% 1.0 x 107%
Porewater, ¢ 3.6 x 107! 2.8 x 1072 3.6 x 107 2.8 x 1073

* The results of SE 2 are compared with PHREEQC where pH is fixed to 7.0.
" The results of SE 3 are compared with CrunchClay where pH is fixed to 7.0.
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the porewater at the beginning of the tests is lower (ISpow), equal
(ISgquan) or higher (ISjgh) than the one of the cathodic electrolyte. This
allowed us to evaluate the influence of the ionic strength of the pore-
water and of the catholyte on the transport of the different species
included in the system [62]. Note that the total porosity in both EK
simulations is equal to 0.4. In SE 5, the distribution-ratio between the
macro and microstructural porosities selected was 50% for each
modeling level (realistic value according to the literature [44,59]). The
parameters used in the electrokinetic transport simulations are shown in
Table 3.

The initial location of the ionic species, both in the porous media and
in the electrode reservoirs is the same regardless of the three scenarios
evaluated. Initially, the species A™ and B~ are only found in the cath-
olyte, whereas C* and D™ in the anolyte and porewater. The initial
concentration of porewater and anolyte used in each of the evaluated
scenarios is shown in Table 4, considering that the concentrations used
in the simulations with the single-porosity model (SE 4) are those of the
macrostructural level in the double-porosity approach (SE 5). The initial
concentration of the species A™ and B~ in the catholyte is, constant

(102 mol kg,,..,) in all three scenarios. In all simulations, Dirichlet-type
boundary conditions have been applied following the concentration
values of the catholyte and anolyte in each case.

In the simulation exercise exploring EK transport in double-porosity
media (SE 5), we considered two different scenarios with restricted and
free microstructural transport, respectively. These assumptions are
implemented in the proposed M4EKR model by modifying the tortuosity
value of microstructural modeling level, 0.0 for restricted transport

simulation and 0.4 for free microstructural transport.
4. Results and discussion
4.1. Diffusive transport in double porosity media

The simulation of diffusive transport has been tested at each struc-
tural level independently versus the analytical solution (SE 1) and the
results obtained for the micro and macrostructural levels are presented
in Figures SM1 and SM2 in the Supplementary Material document and
show the capability of the model to correctly describe diffusive transport
in both levels.

The results of the test considering surface/solution interactions with
two structural levels (SE 2) are shown in Fig. 4.

There is a very good match between the results of the MAEKR model
and PHREEQC. The profiles show the replacement of the cations (A™ for
C™) due to their interactions with the surface in the microstructural level
and also the affection to the concentrations at the macrostructural level.
The distribution of the anions (B™ for D7) in both levels is directly
affected by the cations due to the electroneutrality condition. It can be
observed how the surface electrical effects of the simulated porous
medium (Opalinus clay) influence the ion concentration at the

Table 3
Parameters used in the EK transport simulations (simulation exercises SE 4 and
SE 5).

Parameter Description Unit SE 4 SE 5
oM Porosity at Macro - 0.4 0.2
" Porosity at micro - 0 0.2
™ Tortuosity at Macro - 0.4 0.4
™ Tortuosity at micro - 0 0.4
CEC Cation exchange capacity molkg™! 0 —-0.88
t Time day 6

T T emperature °C 25

Vi eyt External electrical potential gradient Vem™! 1

o Apparent electrical conductivity Sm~1 0

P Density of solid particles kgm 3 2750

D,;* Aqueous diffusion coefficient m2s! 1.0 x 107°

" Same value for the species A*, B, C*and D™.

Electrochimica Acta 431 (2022) 141139

Table 4
Initial chemical composition of the porewater and anolyte composition for a
) to conduct the SE 4 and SE 5. Adapted

system of ideal ions (units molkg,_ .,

from Sprocati and Rolle [17].

AT B C' D~ wp* (V)
IStow Anolyte 0 0 25x107°  25x107% -
Porewater, cM 0 0 25x107%  25x107°  —0.205
Porewater, ¢{"* 0 0 7.257 8.6 x 1077
ISgquai  Anolyte 0 0 1.0x102 10x10%2 -
Porewater, cM 0 0 1.0x102  1.0x102  —0.169
Porewater, ¢"* 0 0 7.259 1.4 x 107°
IShigh Anolyte 0 0 40x102 40x102 -
Porewater, cM 0 0 40x102  40x102  -0.134
Porewater, c* 0 0 7.26 2.2 x 1074
Only for SE 5.
— 4 — 4x10”
5 (@ "5 (b)
3 Z 3x107
2 2
S 2 S 2x107
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] 5 1 E_ 107
\F O QE 0 §
0 02 04 06 08 1 0 02 04 06 08 1
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X [m] X [m]
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Fig. 4. Simulation exercise 2. Concentration distribution, at t = 10% s, of: cat-
ions A" and C" in the (a) micro and (c) macrostructure; anions B~ and D™ in the
(b) micro and (d) macrostructure. Markers indicate results from PHREEQC
whereas lines are the results of M4AEKR model.

microstructural level, where the cation concentrations are orders of
magnitude higher, and the anions concentrations are orders of magni-
tude lower than at the macrostructural level.

The outcomes of the last natural transport case SE 3, considering
diffusion and charge interactions in two adjacent double-porosity do-
mains, can be found in Figures SM3, SM4 and SM5 in the Supplementary
Material. The computed spatial distribution of the species concentra-
tions in the macro and microstructural levels, and the evolution of the
Donnan potential are shown at two different times. The results illustrate
the capability of the M4EKR model to simulate transport and Coulombic
interactions in spatially distributed double-domain porous media with
different initial conditions and the very good agreement with other
simulators [36].

4.2. Electrokinetic transport in single-porosity media

This simulation exercise (SE 4) involves the three cases with different
ionic strength, described Section 3. These electrokinetic transport
problems were simulated by adapting the double-porosity M4EKR
model to domains with a single structural level by cancelling the
microstructural porosity and tortuosity, the Donnan potential and by
setting CEC=0 mol kg ~!. We analyzed the same variables reported in the
work of Sprocati and Rolle [17] to test the proposed M4EKR imple-
mentation. The results are illustrated in Fig. 5.

The results obtained with the M4EKR model fit those used as a
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Fig. 5. Simulation exercise 4. Results of the cases ISy o (15t row), ISgqual (2nd row) and ISy;gh (3rd row). 1st column: Spatial distribution of B~ evaluated at 2 h, 4 h
and 6 h. 2nd column: Spatial distributions of the A*, C*and D™ concentration. 3rd column: Spatial distributions of the electromigration fluxes of A*, B, C*and D". 4th
column: Spatial distributions of Vi,,,. The results presented in the last three columns are evaluated at 6 h. Markers: Results of Sprocati and Rolle [17]; Lines:

Proposed double-porosity MAEKR model.

reference base. The simulation indicates that the transport of B” from the
catholyte is dependent on the initial concentration of charged species in
the porewater, or in other words, the ionic strength of the solution. Even
though the concentration of species in the catholyte is 102 mol kg‘;}im,
the concentration of the B~ anion is stabilized at values equivalent to
those of the species of opposite sign contained in the porewater: 2.5 x
103 mol kg;,;ter in IS4y and 4.0 x 1072 mol kg‘;;ter in IShigh scenarios,
respectively. This behavior is due to the electroneutrality condition of
the system and the behavior of the electrode reservoirs acting as a
source/sink of species with constant concentration. Hence, the concen-
tration profiles of the B~ and D™ anions in the soil complement each
other and are compensated by the only positively charged species pre-
sent in the soil, the C* cation. The outcomes of this test and the com-
parison with the previous study [15] show that the proposed M4EKR
model can accurately describe EK transport in single-domain porous
media.

4.3. Electrokinetic transport in double-porosity media

The last simulation exercise (SE 5) allowed us to illustrate the unique
capability of the proposed M4EKR approach to simulate EK transport in
double-porosity materials. Specifically, we considered the three sce-
narios with different ionic strength illustrated in the previous section,
but now electrokinetic transport occurs in a porous medium character-
ized by a macro- and microstructural levels. The aim of this analysis is
twofold: (i) to evaluate the behavior of the system when considering an
additional modeling level where the species are influenced by the sur-
face charge of the porous medium (microstructure) and (ii) to determine
the influence of the transport of species through this additional
modeling level.

4.3.1. Restricted microstructural transport

Fig. 6 presents the main results obtained under the assumption of
“restricted microstructural transport”.

Comparing the results evaluated at macrostructural level with those
obtained in the simulation EK single-porosity media (SE 4), the only
difference between the approaches can be seen in the magnitude of the
macrostructural electromigration flux (Fig. 6b, f and j). Although the
concentration is the same, the macrostructural electromigration flux
magnitudes are smaller, namely a half of the original ones (Fig. 5c, g and
k). This behavior can be explained considering that the porosity asso-
ciated with the macrostructural modeling level is 0.2, half of the total
porosity for the single-porosity case (SE 4). The porosity is present both
in the definition of the mass per unit volume (Eq. (6)) and in the defi-
nition of all the fluxes through the expression of the effective diffusion
coefficient (Eq. (13)). Therefore, since the source-sink term is equal to
zero, the porosity is a factor that multiplies all terms on both sides of the
mass balance equation (Eq. (5)). Halving the porosity does not affect the
final outcome of the mass distribution, as long as the transport in the
microstructural domain is restricted. This statement can be verified in
Fig. 6d, h and 1, where zero fluxes can be observed at the microstructural
level. In addition, the concentration of the species at this level is very
different with respect to the macrostructural level. Specifically, there is
an increase in the concentration of the cation C* (several orders of
magnitude higher than the concentration of the other species) to
compensate the negative charge of the MX-80 and to equilibrate the
macrostructural concentration by Donnan equilibrium. This concentra-
tion remains almost constant in time and space (Fig. 6¢, g and k), and
consequently does not have any effect on the macrostructural mass
balance.

4.3.2. Free microstructural transport
Fig. 7 presents the main results obtained by considering “free
microstructural transport” allowing ion transport in the microstructural
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Fig. 6. Simulation exercise 5 conducted with the double-porosity MAEKR model assuming restricted microstructural transport. Simulated results of the cases IS;ow
(1st row), ISgqua (2nd row) and ISp;g, (3rd row) in Macrostructural level (Spatial distribution of: 1st column.- concentration and 2nd column.- electromigration
fluxes) and microstructural level (Spatial distribution of: 3rd column.- concentration and 4th column.- electromigration fluxes) both evaluated at 6 h.

level.

In this case, significant differences are observed with respect to the
single-porosity simulations in the IS ow and ISpign scenarios. This fact
indicates that transport at the microstructural level strongly influences
the behavior of the EK system.

The ISy scenario assumes that initially the species concentration in
the porewater of the single-porosity media or the macrostructural level
of the double-porosity media is always lower than the species concen-
tration in the catholyte. This is not fulfilled at the microstructural level
where the concentration of C* cation is much higher and constant due to
electrostatic effects associated with the surface of the double-porosity
medium. This high concentration in the microstructure is responsible
for the significant increase in the electromigration flux of C*, reaching
values of up to 103 molm ~ %5~ ! (see Fig. 7d, h and 1) notably higher
than those observed both in the single-porosity system (in the order of
10%-10°molm 25~ 1, SE 4, Fig. 5c, g and k) and at the macro-
structural level (also in the order of 10°®- 10> molm ~ 2s ~ 1, SE5
assuming free microstructural transport, Fig. 7b, f and j). Considering
the electroneutrality condition, this high flux of positive charge gener-
ates an important charge imbalance that can only be compensated by the
mobilization of the B~ anion released from the catholyte. The maximum
rate at which the B~ anion can be transported, ji. -, is set by the
maximum concentration of B~ available in this reservoir, see Eq. (10),
which is orders of magnitude smaller than the one of C* in the domain
and will therefore act as a limiting factor in the transport of species in
this case. Analyzing the electromigration fluxes in the macrostructure, it
is possible to observe that the maximum value achieved by ji. ;- at the
catholyte/soil interface is around 3.0 x 10® molm ~ 2 s ~ 1. This value
directly determines the rate of transport of C* in this zone. On the
contrary, at the porous medium/anolyte interface, the ji . is lower

(around 8.0 x 107 molm ~ 25~ 1) because in this area this value is set
by the transport of the D™ anion, which is minimally influenced by the
microstructural effect (same values of ji - in Figs. 6b and 7b). The
domain is, therefore, divided into two zones, the one controlled by the
migration of B~ (on the cathode side) and the one controlled by the
migration of D™ (on the anode side), which are gradually shifted from
left to right.

Similarly, the behavior observed in the ISy;g scenario when trans-
port within the microstructural modeling level is allowed can be
explained analogously. After analyzing the spatial profiles of the B~
anion concentration (Fig. 7f) it can be seen that, again, the concentration
in the area adjacent to the cathode is equal to the concentration in the
catholyte, proving that this variable acts as a limiting factor when
microstructural transport is not restricted. Consistently, it can be
observed that in this case (where the ionic strength of the soil is higher
than that of the catholyte) the opposite distribution of the electro-
migration fluxes is obtained. At the cathode side, jy, ;- induces a lower
flux j% . than the one at the anode side, obtaining the profiles shown in
Fig. 7j.

In the ISgqua scenario, no remarkable changes with respect to the
single porosity simulation (SE4) are observed. The concentration of
species is the same in the electrolyte reservoirs as in the soil and
therefore the fluxes on the anode side and on the cathode side are
consequently equal.

The behavior of the system when considering transport at the
microstructural level is clearly different from that observed in single
porosity media. In the latter cases, it has been found that the concen-
tration of the porewater determines the fluxes mobilized. In the case of
double-porosity media with transport in the microstructure, the limiting
factor is the concentration of species in the electrolyte compartments. In
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and microstructural level (Spatial distribution of: 3rd column.- concentration and 4th column.- electromigration fluxes) both evaluated at 6 h.

this case the fluxes of cations in the microstructure induce the delivery of
the B™ from catholyte to the porous medium up to the maximum
allowable value which is ultimately determined by the catholyte
concentration.

Further variations of simulation exercise SE 5 have been carried out
by varying the initial concentrations of the catholyte. For this purpose,
two additional simulations have been performed employing a concen-
tration of 15 and 30 mol m ~ 2 in the catholyte. Both cases fulfill the
assumptions of the Low and High scenarios: (i) for the IS;,,, scenario
both cases are higher than the 2.5 mol m ~ % concentration of the species
in the porewater and (ii) for the ISy;gp scenario both cases are lower than
the 40 mol m ~ 3 concentration of the species in the porewater. The main
results are presented in Fig. 8.

In all cases, the concentration of C* in the porewater reaches the
same value than the maximum available concentration of B™ in the
catholyte.

5. Conclusions

In this work we illustrated the conceptualization, formulation, and
implementation in the code M4EKR of an approach to model electro-
kinetic transport in double-porosity media. The approach is based on
two modeling levels associated with the macrostructure and micro-
structure of the porous medium, the balance equations, the fluxes of
each mass transfer process, and the electrostatic equilibrium (Donnan
equilibrium) caused by the surface charge of the clay particles, have
been defined. We presented different simulation exercises with single
and double porosities in order to test specific features of the proposed
approach. The most complex scenarios of electrokinetic transport in
double-porosity media analyzed allowed us to illustrate the unique ca-
pabilities of the model and to explore the impact of micro and
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Fig. 8. Simulation exercise 5 — Additional cases with different initial concen-
tration. Spatial distributions in macrostructural level of the concentration of A™,
B, C* and D species. 15 mol m ~ 3 of A* and B in catholyte for () ISyow and
(b) IShigh. 30 mol m ~ 3 of A" and B in catholyte for (a) ISyow and (b) IShigh-
The results presented are evaluated at 6 h.

macrostructural levels on electromigration in clay systems. The most
appreciable effect of the influence of the microstructural level can be
observed when the fluxes in this domain are not restricted. Greater
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cation fluxes occur, resulting in a behavior clearly different from the
single porosity case. This behavior could have important practical im-
plications for the design of electrokinetic soil treatments as the
composition of the electrolytes in the electrode compartments would be
crucial for soil decontamination as their concentration would be the one
finally applied to the porewater of the treated soil.

In real problems of electrokinetic transport in active clays the
complexity is even higher. Relevant geochemical interactions are ex-
pected such as the pH buffering by carbonates [40,63] that may alter the
distribution of species, Donnan equilibrium phenomena at the micro-
structural level [64], dissolution-precipitation of minerals [63] and a
significant contribution of the liquid phase flow, either by hydraulic
flow or by electroosmosis, resulting in a greater role to advective
transport of chemical species [65,66]. Therefore, further modeling ef-
forts are needed to accurately describe such complex systems and to
understand and quantitatively interpret the experimental results re-
ported by authors working in bentonites [67-69].
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