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ABSTRACT

Ton transport within saturated porous media is an intricate process in which efficient ion delivery is desired in many engineering problems.
However, controlling the behavior of ion transport proves challenging, as ion transport is influenced by a variety of driving mechanisms,
which requires a systematic understanding. Herein, we study a coupled advection-diffusion-electromigration system for controlled ion
transport within porous media using the scaling analysis. Using the Lattice-Boltzmann-Poisson method, we establish a transport regime
classification based on an Advection Diffusion Index (ADI) and a novel Electrodiffusivity Index (EDI) for a two-dimensional (2D) micro-
channel model under various electric potentials, pressure gradients, and concentration conditions. The resulting transport regimes can be
well controlled by changing the applied electric potential, the pressure field, and the injected ions concentration. Furthermore, we conduct
numerical simulations in a synthetic 2D porous media and an x-ray microcomputed tomography sandstone image to validate the prevailing
transport regime. The simulation results highlight that the defined transport regime observed in our simple micromodel domain is also
observed in the synthetic two- and three-dimensional domains, but the boundary between each transport regime differs depending on the
variation of the pore size within a given domain. Consequently, the proposed ADI and EDI emerge as dimensionless indicators for controlled
ion transport. Overall, our proof-of-concept for ion transport control in porous media is demonstrated under advection-diffusion-electromi-
gration transport, demonstrating the richness of transport regimes that can develop and provide future research directions for subsurface
engineering applications.
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I. INTRODUCTION

The transport of ions in an electrolyte solution through porous
media plays a crucial role in a variety of engineering applications, such
as heavy metal removal from soils,” hydrodynamic containment
removal,” in situ oxidation” for groundwater remediation, and the
recovery of subsurface resources.’ The ability to control the transport
of ions within the fluid is often desirable for various engineering sce-
narios, depending on the specific characteristics of the application and
the economic importance of the ion being recovered or injected. Ton
transport within the fluid can be subjected to multiple driving

mechanisms, including advection, diffusion, and electromigration.
These mechanisms are visually described in Fig. 1. Advection refers to
the transport of ions by the bulk movement of a fluid due to a driving
pressure gradient.”® For diffusion, ions are transported from regions of
high concentration to regions of low concentration due to Brownian
motion.” Finally, with electrokinetic transport (EK), an ion is trans-
ported by electromigration and electroosmotic flow (EOF). While elec-
tromigration involves the displacement of ions toward an electrode of
opposite charge, EOF is a form of advective transport resulting from
fluid flow induced by the applied electric field.
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FIG. 1. Schematic description of each ion driving mechanism: (a) A porous domain; (b) ion transport due to diffusion; (c) ion transport due to advection which is induced by
external hydraulic pressure; and (d) ion transport by electromigration due to an external electric field (marked by green arrows) and advection due to EOF with a charged solid

surface (marked by red arrows).

In many practical scenarios, a combination of driving mecha-
nisms occurs concurrently, impacting ion transport. For example, for
EK soil remediation, the movement of ions is governed by the inter-
play of electromigration, electroosmotic flow (EOF), and diffusion.”
Many previous studies have investigated ion transport within the fluid
under coupled transport mechanisms.””* For example, under advec-
tive—diffusive transport, the ion concentration front is sharp when the
dominant transport mechanism is advection by fluid flow. In contrast,
tailing effects on the concentration profile are observed when diffusion
dominates the transport process,k) leading to undesirable outcomes,
e.g., the back diffusion problem reported by Brooks et al.'' With EK
transport, electromigration has been demonstrated to resolve these
issues by promoting ion transport toward an electrode in combination
with advective—diffusive transport.” Examples include the removal of
copper ion contaminants from sandstone'* and the delivery of per-
manganate oxidant to low-permeability zones.'” Upon harnessing
electromigration in these applications, other physics may contribute
positively (e.g., electroosmosis that promotes oxidant delivery”) or neg-
atively (e.g., advection that “overwhelms” ion electromigration'”). For
the successful implementation of ion transport in the subsurface,
many factors need to be considered, such as ion concentration, pres-
sure gradient, and applied voltage field, which must be carefully
designed.'® As a result, ion transport control in multi-physics systems
is challenging and often costly."”

Many of the numerical models have been proposed to solve the
fluid flow and ion transport under various driving mechanisms at
pore-scale, such as these using finite element method,'®"” volume of
fluid,””" and lattice-Boltzmann method (LBM).”** In terms of direct
simulation of 3D porous media, LBM has been commonly applied due
to its inherent scalability of parallel computation and efficient handling
of complex boundary conditions.”® Studies of solving advection—
diffusion—electromigration using LBM are based on simultaneously
solving the Poisson, Nernst-Planck, and Navier-Stokes equations in a

self-consistent scheme.”””” Wang et al.”* studied the effect of electri-

cally driven and pressure-driven flows on flow velocity, electro-viscous
effect, and electroosmosis in homogeneous microchannels. The LBM
has also been used to study EOF in a heterogeneous pore structure
under different pH and zeta potential.”* Such studies are examples of
the successful application of LBM schemes to analyze fluid flow under
advection—diffusion—electromigration.

To characterize ion transport in porous media under various sce-
narios dominated by physics, scaling theory is considered an ideal tool.
Non-dimensional scaling theory, which refers to translating results
from one scale (smaller) to another (larger) under the same dimen-
sionless groups, has been proposed and widely used to classify flow
regimes in fluid mechanics.”**’ Dimensionless numbers, such as
Péclet number (describing the ratio between advective and diffusive
flow), Damkohler number (describing the ratio between the mass
transport rate to the intrinsic reaction), ’ Reynolds number (describing
the ratio of inertial forces to viscous forces within a fluid), and hetero-
geneity index (describing a characteristic length to the spatial distribu-
tion of conductivity),”" are well defined and serve to classify fluid flow
in porous media under various controlling factors.”” ** Some well-
known flow regimes that are defined using dimensionless numbers
include the following:

1. Laminar flow and turbulent flow regime.”” Laminar flow occurs
at low Reynolds numbers, indicating a smooth, orderly flow pat-
tern, while turbulent flow emerges at high Reynolds numbers,
characterized by chaotic and irregular movements.

2. Reaction and diffusion regime in reactive transport. The Péclet
number and the Damkohler number are used to categorize disso-
lution patterns, such as the formation of conical wormholes ver-
sus uniform dissolution across the porous media.”

3. Forced convection, natural convection, and mixed convection
patterns.”” Determined by the Grashof number and the Reynolds
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number. Forced convection is driven by external forces under a
higher Re. Natural convection occurs because of the buoyancy
effects caused by density differences in the fluid, typically repre-
sented by a higher Grashof number.

Using these dimensionless numbers, scaling analysis helps to upscale
experimental results,” " compare research results,”” "' and under-
stand the expected flow regime.” Although scaling theory has been
widely applied to characterizing fluid flow, there are only a few scaling
analyses that investigate ion transport behavior within fluid in porous
media.” '*** Under scaling theory, the ion transport regimes are com-
monly dominated by advection and diffusion, where several regimes,
such as channeling, piston, and dispersive flow, are observed through
experimental and numerical studies.” The ion transport behaviors
under EK have also been investigated using scaling analysis in a limited
number of studies. For example, the effects of varying the electric
potential on ion transport in porous media are found to be distinct
from other transport mechanisms.”'’

From the literature, we can conclude that many important factors
can affect fon transport in porous media.”'”** To the best of our
knowledge, the coupled influences of diffusive, advective, electromigra-
tion, and electroosmotic flow have not been systematically investigated.
Full-physics simulations are, therefore, a starting point to understand
the coupled impact of these transport mechanics and the richness of
complexity that they provide. In this paper, we aim to conduct a
numerical analysis of the scaling of ion transport regimes in porous
media under various electric potentials, pressure gradients, and ion
concentrations. We define an Advection Diffusion Index (ADI) to
characterize the ion fluxes resulting from diffusive and advective trans-
port, which is defined as the ratio of the average ion flux due to advec-
tion and the average ion flux due to diffusion (ADI:%).
Similarly, we define a new dimensionless number called the
Electrodiffusivity Index (EDI) to describe the ratio between ion fluxes
due to electromigration and diffusion (EDI = %). First, we
benchmark the resulting transport regimes according to visual obser-
vations of transport simulations in a simple 2D microchannel model
under various electric potentials, pressure fields, and concentration
conditions. Furthermore, numerical simulations are conducted in a
synthetic 2D porous medium and a 3D domain built from an x-ray
microcomputed tomography (micro-CT) sandstone image to validate
the benchmarked ion transport regimes observed from the microchan-
nel model. Finally, we investigate the effects of pore size variation on
the ion transport regime. All simulations are carried out with an open-
source solver OPM/LBPM using the lattice Boltzmann-Poisson
method (LBPM). The validation of this model can be found in Ref. 27.
Furthermore, to facilitate future applications in the field, we quantified
the transport patterns by studying the ion transport efficiency and ion
breakthrough time. Overall, our aim is to provide a systematic under-
standing of ion transport within a fluid for an advection-diffusion-
electromigration system.

The presented work is structured as follows. Section IT explains
the coupling equation for solving the advection-diffusion-electromi-
gration system using LBPM. This section also introduces the models
and images used for simulations. Section IIT shows the characterization
of 4 ion transport regimes from a microchannel model. Then, two
dimensionless numbers are proposed to characterize the transport
regimes. Furthermore, this transport regime is further demonstrated in
2D/3D porous media. The last part of Sec. III shows the implications
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of the transport regimes for engineering applications. Finally, Sec. IV
concludes several findings and suggests potential directions for future
research.

Il. METHODS AND MATERIALS
A. Theoretical background and numerical methods

The governing equations for an advection-diffusion-electromi-
gration system include three coupled equations: (1) the Nernst-Planck
equation for ion transport driven by chemical and electric potentials,
(2) the Navier-Stokes equation for the flow of an electrolyte solution
carrying ions driven by hydrodynamic potential, and (3) the Poisson
equation that couples the ionic distribution to compute the electric
potential, which in turn is fed into the Nernst-Planck and Navier—
Stokes equations.

More specifically, the transport of an ion species is modeled by
the Nernst-Planck equation,

aG;

En +V-J,=0, (1)
where C; is the concentration of the ith ion, and J; is the associated
mass flux, given by

Ji=T 10+ T, 2

where the net diffusive flux, J¢, advection flux, J¢, and electromigration
flux, J are defined as

]? = —-D;V(,,
I? = uCi7
z;D;
Ji=— Vi VG, (3)

where D; is the diffusivity of the ith ion, z; is the ion algebraic valency,
and Vy = kgT/e is the thermal voltage, where kg is the Boltzmann
constant and e is the electron charge.

The Nernst-Planck equation is solved in the pore spaces, and a
non-flux boundary condition was applied to model the bounce-back of
ions of the ion-solid interface,

n,-J; =0, for x € 0Q, (4)

where n; is the unit normal vector of the solid surface.

The flow of the electrolyte solution that carries ion species is gov-
erned by the incompressible Navier-Stokes equations and the conser-
vation of mass,

V-u=0,
M V= —Lvpsvus B )
= : - v =,
ot Po Po
where u is the fluid velocity vector, p, is the fluid density, p is the fluid
pressure, v is the kinematic viscosity, and F is the body force, which in
this study is essentially due to an external electric field.

The standard no-slip boundary condition is applied to the fluid-
solid interface. In addition, when the thickness of the EDL is much
smaller than the characteristic length of the simulation domain (i.e.,
the resolution of an input image), an electroosmotic velocity boundary
condition is introduced in the EDL, which ignores the detailed flow
between the solid surface and slipping plane and analytically calculates
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the velocity at the solid according to the local zeta potential of the solid
surface. In this work, we adopted the widely used Helmholtz-
Smoluchowski (HS) equation,

u=—SVop for x€dQ, )
u

where 1/ is the electric potential within the fluid, Q denotes the fluid
domain, { is the local zeta potential at the solid surface, € is the permit-
tivity of the electrolyte solution, and Vr is the tangential part of the
gradient operator, perpendicular to the orientation of the solid surface.
In short, when the EDL is not resolvable due to the input image resolu-
tion, the electroosmotic velocity boundary is applied to replace the
electrical body force in Eq. (5).

The electric potential resulting from the ion transport is solved by
the Poisson equation,

P
‘72lp = _'__5_7 (7)
&réo
where & is the permittivity of vacuum, and &, is the dielectric constant
of the electrolyte solution. The net charge density p, (C/m®) is calcu-
lated based on the ion concentration,

Pe = ZFZ,‘C{, (8)

where the sum runs over all ionic species and F is Faraday’s constant
given by F = eN4, where N, is Avogadro’s number. The Poisson
equation couples the Nernts-Planck and Navier-Stokes equations
together, as it takes charge concentration as an input, solves for the
electric potential that in turn affects ion transport, and leads to a
Coulomb force in the fluid transport. For regions where the net charge
is non-zero, an induced electrical body force that can drive the fluid
flow in the Navier-Stokes equation is given by

F.=pE = —PeVlﬁ- )

Normally, a nonzero charge distribution occurs in the EDL; when
the EDL is not resolvable, i.., the body force F, reduces to the HS
boundary condition in Eq. (6). On the solid surface, the boundary
condition for the electric potential is typically specified in two forms:
(a) the surface charge density g, and (b) the surface potential .
When the EDL is unresolvable, the surface potential reduces to the
zeta potential. The former is a Neumann-type boundary condition
given by

n V= -2 for x € 0Q, (10)

&réo

and the latter is a Dirichlet-type boundary given by
U(x) =1y, for x € 0Q, (11)

where 1/ is a user-specified electric potential of the solid surface. To
solve the aforementioned coupled equations in a porous media
domain, we adopted the commonly used LBM, due to its inherent scal-
ability of parallel computation and efficient handling of complex
boundary conditions. The numerical details of the LBM model imple-
mented can be found in Sec. I in the supplementary material, and the
validation of the governing equations can be found in.”**” Simulations
were performed on a local workstation with a 64-core CPU, 24 GB of
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GPU memory, and 256 GB of RAM. All simulations were computed
on the GPU due to a faster computational speed than the CPU.

B. Simulation of domain-synthetic porous media

Electrokinetic applications range from unconsolidated soil to
consolidated sedimentary rocks where pore sizes could impact the
transport behavior. We start with a simple 2D microchannel model to
study the transport regimes under different pressures, concentrations,
and electrical gradients. This helps in (1) establishing the type of trans-
port regime that can develop and (2) testing our proposed dimension-
less groups to categorize the transport behavior. Next, synthetic 2D
porous media and 3D sandstone images obtained from micro-CT are
used to validate the existence of the transport regimes in porous media
with varying pore sizes. Sections 1B 1-I1B 3 will introduce how our
modeling domains are built and their basic characteristics.

1. Microchannel model domain

We start with a homogeneous 2D microchannel model (the size
of a single path is constant) to benchmark the ion transport regime.
Herein, a microchannel model with the size of 90 x 150 pixels is cre-
ated consisting of four microchannels with apertures of 3, 4, 7, and
11 pm, as shown in Fig. 2(a). The four microchannels are the same
length. Thus, the channel size is the only factor that influences the ion
transport.

I

30 um

()

0.2 mm

Solid phase  Pore phase

FIG. 2. Synthetic porous media (a) 2D microchannel model, resolution =1 um; (b)
2D synthetic porous media with different pore size, resolution =1 um; (c) binary
segmentation of 3D concatenated micro-CT image of the bentheimer sandstone,
resolution = 2.5 um; and (d) pore space of the bentheimer sandstone.
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2. Synthetic 2D porous model

The microchannel model provides constant pore size over the
domain length and does not permit ion flux from one pore to another.
To build a porous media that mimics essential features of real rocks
and sediments, such as the radius of the pores, porosity, tortuosity, and
the contrast between large and small pores, we use a sequential indica-
tor simulation algorithm.”” During sequential indicator simulation,
categorical indicators of “pore” and “solid” are populated to each grid
(pixel) of the domain based on predefined statistics of that pore space,
which includes the length of pore space in major and minor directions
and the azimuth angle of pore spaces to the vertical spaces. As such,
the size of the populated pore space is within a specified range and
provides contrast when two generated porous domains are combined.

Two porous media with average pore sizes, small (3 um) and
large (5 fim), are generated. We then concatenate the small-pore media
with the large-pore media to obtain a synthetic porous model with a
contrast in the pore-size distributions. As shown in Fig. 2(b), the 2D
model has two sections with an overall size of 256 x 127 pixel with a
pixel resolution of 1 um. The porous media on the left has narrower
pore spaces connected from top to bottom, ensuring connectivity
between the boundaries and each pore. The other porous section on
the right shows pore spaces wider than those of the left section and
presents a similar connection pattern between the boundaries and
each pore. Such a model will facilitate the observation of ion transport
behavior in both small and large pore spaces.

3. 3D Sandstone micro-CT image

A 3D micro-CT image of Bentheimer sandstone with a voxel reso-
lution of 2.5 um is used to explore ion transport regimes in a common
type of porous geological rock.””** To generate a sandstone image with
various pore size distributions, we first crop a subdomain with a voxel
size of 128 x 256 x256. Then, the corresponding length of the subdo-
main is increased two times, resulting in an increase in the size of the
voxel from 2.5 to 5um (the number of voxel increases from 128 x
256 x 256 to 256 x 512 x 512). A 128 x 256 x 256 voxel domain is
trimmed from the 256 x 512 x 512 domain and concatenated to the
raw 128 x 256 x 256 domain to generate a final domain with 256
voxel. Finally, assuming a constant voxel resolution of 2.5 um for the
entire domain, we generate a 3D sandstone image with variation in the
pore size distributions. The 3D binary segmented sandstone image is
shown in Fig. 2(c). The pore sizes can be observed in Fig. 2(d), where
one side of the domain has substantially larger average pore sizes than
the other, which are 14 and 10.5 um on average, respectively. We con-
sider sandstone as it provides a clear basis to verify transport mecha-
nisms and demonstrate proof-of-concept while ensuring that the spatial
resolution of the porous media is sufficient to resolve the physics.

C. Calculation of dimensionless numbers and
simulation configuration

The definition of ADI and EDI is expressed in the following
equations:

Iz

ADI =2 (12)
zi
I

EDI =2, (13)
]zi
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where z refers to the main transport direction; herein, the main driving
forces are applied in the z-direction. J¢ refers to the advective flux of
ion i. J& refers to the diffusive flux of ion i, and J¢ refers to the electro-
migration flux of ion i.

Various initial and boundary ion concentrations, electric poten-
tials, and pressure gradients are applied to these simulations. Herein,
boundary refers to the model’s top (inlet) and bottom (outlet) open
boundaries, and the surrounding boundaries of the 2D and 3D models
have no transport. As a result, the ion transport (flux) from the inlet to
the outlet boundary is defined as positive, while the opposite is defined
as negative. It should be noted that in this study, ADI and EDI refer to
the dimensionless directional number where both positive and nega-
tive directions of ion transport are considered.”” Therefore, EDI and
ADI can be positive or negative based on the direction of the flux. This
is important since for the given system, transport mechanisms can
operate in opposite directions.

For ionic conditions, we adopt the same ion types as those used
in back diffusion remediation technology,”'” where a fixed concentra-
tion of potassium permanganate solution (KMnO,) mixed with hydro-
chloric acid (HCl) is injected from the inlet boundary, and the
domains are initially saturated with sodium chloride solution (NaCl)
and HCI. At the outlet boundary, the same concentration as the initial
concentration of NaCl mixed with the HCI solution is used. The
boundary and initial concentration used for all simulations are sum-
marized in Table S1. Other simulation parameters, such as ion diffu-
sivity, are summarized in Table S2 in supplementary material. It is
noted that all of the following results and analyses are based on the
permanganate jon that is negatively charged.

The permanganate ion is transported into the models under three
transport mechanisms, which correspond to diffusion, electromigra-
tion, and advection. With the initial and boundary conditions of ion
transport applied herein, the net diffusive flux is always from inlet to
outlet. Electromigration flux depends only on the setting of the electric
potential. The permanganate ion moves to the outlet if the anode is set
at the outlet, and vice versa. The advection flux of ions is caused by
fluid flow, which mainly contains two driving mechanisms—one is the
fluid flow caused by a pressure gradient, and another term is the fluid
flow caused by the EOF, which occurs due to the existence of an EDL
when the electric potential is applied to a charged material’s surface.
The thickness of the EDL is characterized by the Debye length. In our
simulation, when the ionic concentration is set as shown in Table S2,
the Debye length is around 4 nm, which is small compared to the aver-
age pore size of our domains.”* Therefore, the EDL is assumed to be a
thin layer, and the HS equation [Eq. (6)] and the zeta potential are
used to describe electroosmosis. The local zeta potential on the solid
surface is strongly dependent on pH and weakly dependent on ionic
concentration.”*”" Considering that all our simulations are performed
at constant pH (pH =6), the zeta potential of the solid (quartz) is
assumed to be constant at —20 mV.”” This assumption is reasonable in
situations where the electrical double layer (EDL) is not resolvable and
external transport mechanisms are applied. The driving force on the
ions due to the zeta potential is governed by electro-osmosis, which is
significantly smaller than the driving forces of electromigration, diffu-
sion, and advection.”” At each time step, ion fluxes due to the three
transport mechanisms and net ion flux are calculated, from which the
ADI and EDI are calculated. Finally, the ion transport regime is char-
acterized by visualizing the ion flux vs time.
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TABLE I. Description of the identified ion transport regimes.
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Ion transport regimes

Description

Large channeling

Uniform transport
Small channeling

No transport

Ion transport primarily occurs through the larger channels/pres, with less or halted transport in smaller

channels/pores.

Ton transport occurs uniformly through each channel/pore regardless of channel/pore size
Ion transport primarily occurs through the smaller channels/pores, with less transport in the larger

channels/pores.

Ion flux in all channels/pores disappears (zero net ion flux and/or negative net ion flux), or ion stops transporting

into all channels.

11l. RESULTS AND DISCUSSION
A. lon transport regime benchmark

First, the ion transport regimes are characterized according to
visual observations of net ion flux in the synthetic model. In this sub-
section, we simulate the advection-diffusion—electromigration trans-
port of ions in the 2D microchannel model. We identified four ion
transport patterns from the simulation results and benchmarked the
ion transport regimes accordingly, which are large channeling, uni-
form transport, small channeling, and no transport. A brief description
of each regime can be found in Table .

Large channeling occurs when ion transport is advection domi-
nant. This occurs when ADI is positive and relatively large compared
to EDI, which means that the hydraulic pressure is applied from top to
bottom of the model and is the main transport mechanism compared
to diffusion and electromigration. With large channeling, ion transport
mostly occurs through the larger channels, with less transport in the
smaller channels. The typical transport pattern is shown in Fig. 3(a).

Additionally, when an electric potential is applied with the anode
at the top of the model and the cathode at the bottom of the model,
meaning the EDI is negative, the permanganate ion has a uniform flux
of electromigration toward the anode (from bottom to top). Under the
condition where advection dominates over electromigration, this uni-
form electromigration transport will have less influence on the ion
transport in large channels, but the advection flux in small channels is
canceled out by the uniform electromigration transport. Moreover,
such a transport pattern will start to change again when the electric
potential is increased, resulting in more electromigration and less
advection. Under this condition, there is no net ion transport through
the small channels, and net ion transport in the large channel is
reduced, as shown in Fig. 3(d). We define the transport patterns in
Figs. 3(a) and 3(d) as large channeling, since the ion transport occurs
primarily through the larger channels, with minimal or stopped trans-
port in the smaller channels.

A uniform transport pattern occurs where EDI dominates over
ADI or both are small compared to the net diffusive flux. A typical uni-
form transport pattern is presented in Fig. 3(b), uniform transport
delivers high transport efficiency compared to large channeling (both
small and large channels are swept by ion fluxes). For an advection-
diffusion system, uniform transport occurs only when diffusion
dominates the transport. With an external electric potential, uniform
transport can occur with both electromigration and diffusion. One can
alter the ion concentration and the electric potential to change the flux
of the uniform transport. The channel length between large channels
and small channels is also a factor that affects the ion transport regime;

however, it is ignored in the 2D microchannel model, where all chan-
nels have the same length. The impact of pore size variation is dis-
cussed in the synthetic 2D porous media and 3D sandstone domain.

Small channeling prevails as the negative ADI increases and
becomes the main transport mechanism over the EDI. Applying a
large pressure gradient on the 2D microchannel in the opposite direc-
tion (from bottom to top) to the uniform ion transport will counterbal-
ance the ion fluxes in the large channels first. Consequently, since the
negative flux by pressure is larger in the middle of the channel and
smaller along the solid surface as a result of viscous flow, negative net
ion flux starts to occur at the middle part of the large channel. The typ-
ical small channeling pattern is shown in Fig. 3(c). When EDI becomes
negative, advection and electromigration flux counterbalance the net
diffusive flux. Small channeling can still exist when the net diffusive
flux is comparable to negative advection flux and electromigration
flux. However, no transport appears to occur when the advection and
electromigration driven fluxes are increased. In some cases of large
and small channeling transport regimes, ion fluxes in the minor trans-
port paths (small channels during large channeling or large channels
during small channeling) would first disappear due to the counterbal-
ance of transport mechanisms in the opposite direction. A transition
transport pattern is defined between the small channeling and the no
transport regimes.

Ton fluxes in all channels will disappear once the counterbalance
dominates. Herein, we define both zero net ion flux and negative net
ion flux as the no transport regime. Figure 3(e) shows an extension
case to Fig. 3(d) with an increase in the electric potential. For this case,
the advection and diffusion flux at smaller channels are fully counter-
balanced by the electromigration flux. In contrast, at the largest chan-
nel, ions can be transported into the channel at an early step because
the advection flux is higher compared to the small channel, the diffu-
sion flux is high at a high concentration gradient, and the electromi-
gration flux is low since less ion is transported into the channel.
However, with the transport of ions into this channel, the concentra-
tion gradient reduces, and electromigration increases. As a result, the
ion transport becomes negative and no ions can further transport into
this channel, where only an early cluster remains positive net flux. We
define this as no transport. Additionally, Fig. 3(f) shows the no trans-
port regime originating from large channeling and uniform transport.
We define this observation of transport behavior as no transport.

After characterizing the ion transport patterns in the advection-
diffusion-electromigration system, we conducted 40 simulations using
various combinations of the ADI and EDI on the 2D microchannel
model and defined the transport pattern based on visual observation.
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FIG. 3. Typical net ion flux transport regimes identified in 2D microchannel model: (a) Large channeling, EDI = 0, ADI = 29.61; (b) uniform transport, EDI = 1.93,
ADI = —9e — 4; (c) small channeling, EDI = 9.5¢ — 6, ADI = —0.95; (d) large channeling, EDI = —2.5, ADI = 1; (e) no transport, EDI = —20.78, ADI = 10.84; and

() no transport, EDI = —2, ADI = 1e — 3.

The simulation results are represented graphically in Fig. 4. On the
basis of the simulation results, the ion transport regime is defined. A
positive value of the dimensionless number means that the driving
force moves ions from the inlet to the outlet.

In the following, we will explain the transport regimes that
occurred in each quadrant of the phase diagram presented in Fig. 4.

* In the first quadrant, the EDI and ADI are both positive. When
ADI is large enough, the transport is always large channeling,
while when the EDI is dominant and ADI is small, uniform
transport can be achieved.

* In the second quadrant, EDI is positive and ADI is negative. A
symmetrical uniform transport region exists where the EDI is dom-
inant and ADI is small. Small channeling is located where a nega-
tive ADI refers to the counterbalance of flux in the large channels.

* In the third quadrant, the EDI and ADI are both negative; when
the net diffusive flux can still counterbalance the negative flux
caused by the negative EDI and ADI, small channeling exists.
With a further increase in ADI, the flux region in the large chan-
nel is further reduced, increasing diffusion to the region that still

has flux (transport along the solid surface), such as the small
channel in Fig. 3(c), where the flux of ions along the solid surface
of the larger channel is greater than that of a small channel. At a
certain ADI value, the transport in the small channel stopped,
while there is still flux along the solid surface in the large channel.
We name this region the transition zone. With further increases
in the EDI and ADI, no transport occurs.

In the fourth quadrant, the EDI is negative and ADI is positive.
The no transport pattern occurs when the electromigration is
more dominant than the advection and diffusion. When advec-
tion begins to dominate, large channeling occurs. A uniform
transport region in the third and fourth quadrants is defined
when the net diffusive flux and the electromigration flux are
counterbalanced; however, the net diffusive flux is still larger
than the electromigration flux.

B. Observation in 2D and 3D Domains

Next, porous media with different pore sizes and tortuosity are used

to investigate ion transport under advection-diffusion—electromigration
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in more complex domains than the previously presented 2D
microchannel.

1. lon transport regime on synthetic 2D porous media

To generate the ion transport regimes for the 2D porous media,
we perform 20 simulations that contain EDI and ADI combinations
that span the four quadrants of the phase diagram presented previ-
ously. Figure 5 shows the transport regimes of 20 simulations at the
same time step. We observe four transport regimes: (1) large channel-
ing, (2) uniform transport, (3) small channeling, and (4) no transport.
Large channeling can be observed in the right column where positive
ADI was used. With decreasing EDI from positive to negative (from
1.1 to —457), the transport in the low porosity zone is

gﬁ

EDI = 0, ADI =-0.4

Y Ly
W i

EDI

EDI = -0.8, ADI =-1.1 EDI = -0.8, ADI =-0.3

EDI = -1.2, ADI =-1.1

FIG. 4. lllustration of advection-diffusion—
electromigration transport regime map.
The figure shows the simulation points
with different ADI and EDI in the 2D micro-
channel model. Transport regimes can be
defined based on these points.

= -1.5, ADI= 3e-4

5.5 6.5

counterbalanced by the electric potential, making the large channeling
more apparent. These observations of the large channeling regime fit
with the benchmark transport regime defined in Fig. 4(b). With a
decrease in ADI to around 0.4, large channeling becomes less apparent.
Meanwhile, with decreasing EDI, more uniform transport can be
observed, such as the one with EDI = —0.8 and Pe=0.4. When ADI
is further reduced, ion transport is dominated by diffusion or electro-
migration and is counterbalanced by pressure in the negative ADI
quadrant. Therefore, uniform transport and small channeling occurred
(EDI=0, Pe = 6e — 12 and EDI = —1.5, Pe = 3¢ — 4). For the neg-
ative ADI and EDI regions, the transport regimes are mainly small
channeling and no transport (EDI = —0.8, Pe = —1.1 and EDI
= —1.2, Pe = —1.1), which matches the fourth quadrant of our
benchmark transport regime. Furthermore, with negative ADI and

¢
ol
EDI = -45.7, ADf =347.3

EDI = -1.9, ADI =0.5

_oa

ADI

FIG. 5. lon transport regime for the 2D synthetic porous media. All ion transports presented here are at time = 0.51s. The ion flux in each subplot is normalized to 0—1 within

itself.
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large positive EDI, small channeling is also observed (Pe = —1.7 and
EDI=0.8), which matches the third quadrant transport regime in
Fig. 4(b). It is noted that the boundary of the transport regime in the
synthetic 2D porous media is different from that obtained in the 2D
microchannel due to the influence of the pore size variation in the syn-
thetic 2D porous media. A good example is when EDI=0 and
Pe = 6¢ — 12, uniform transport is observed with a 2D microchannel
where the pore size remains the same for each channel; meanwhile,
weak large channeling is achieved with the synthetic 2D porous media,
as shown in Fig. 5.

To further compare and quantify these transport regimes, we
analyze the occupied pore size distribution and the concentration map
for a typical large channeling, uniform transport, and small channeling

ARTICLE pubs.aip.org/aip/pof

at the same time step, as shown in Fig. 6. Here, we study the size of
pores that are occupied by ions with a concentration greater than 1%
of the inlet concentration.” Based on the ion flux pattern, we use the
watershed transform algorithm to separate each pore that is occupied
by ions.” We then calculate the pore size based on the pore’s equiva-
lent diameter. From the size distribution map, we find that greater
than 64% of the ion-occupied pores for small channeling have an
equivalent diameter of less than 3 pixels, which is twice that for the
uniform transport and large channeling regimes. The maximum diam-
eter of the ion-occupied pores for small channeling is around 6 pixels.
However, 16% of the ion-occupied pores for uniform transport and
28% of the ion-occupied pores for large channeling had diameters
greater than 6 pixels. For uniform transport, the maximum diameter
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FIG. 6. Occupied pore size distribution and the visualization of concentration map of three typical transport regimes in the advection—diffusion—electromigration system: (a)
EDI = 1.1, Pe = 3.1; (b) EDI = 0, Pe = 6e — 12; and (c) EDI = 0.8, Pe = 1.7. The pore size is generated using the watershed transform algorithm. The occupied pore size

is calculated using the equivalent diameter method and plotted in the unit of pixel.
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of the ion-occupied pore is around 7.8 pixels. At 3.8 pixels in size,
which is approximately half the maximum size, 50% of the pores are
greater than 3.8 pixels. Therefore, the pore size distribution map of
each transport regime can be used to quantify the transport regime we
visually defined.

In addition, we studied the transport regimes at breakthrough.
Breakthrough is defined when 1% of the inlet ion concentration is
observed at the outlet. Six different cases, including small channeling,
uniform transport, and large channeling, are simulated until the break-
through. The results are reported in Fig. 7. When both EDI and ADI
are zero, the ion transport is diffusion-only, and uniform transport
should occur. However, due to the variation in pore size, the ion trans-
port path in the larger pore region is shorter than in the smaller pore
regions; thus, the breakthrough occurs first at the outlet of the large
pore region.” The efficiency of ion transport (as a quantification
parameter) is the ratio of the pore volume with an ion concentration
larger than 1% of the inlet ion concentration to the overall pore vol-
ume. The ion transport efficiency is 75.5% at breakthrough

(a) EDI=0,ADI =0
lon transport eff|0|ency 75.5%, Time = 1.36 sec

(c) EDI = 1.1, ADI = -2e-4
lon transport eff|C|ency 70.9%, Time = 0. 69 sec

(e) EDI=1.2,ADI =-0.9
lon transpon eff|0|ency 78.7%, Tlme =1 42 sec

0.00 0.02 0.04

pubs.aip.org/aip/pof

time = 1.36 s for ion transport under diffusion only. By giving a large
positive EDI with a negative ADI, such as the case in Fig. 7(c), the
movement of ion increases and the breakthrough time decreases to
0.69 s. Because of the early breakthrough, the ion transport efficiency
also decreased. By increasing the negative ADI to be comparable to the
EDI, as shown in case Fig. 7(e), the fast movement of ion in the large
pore region is counterbalanced by negative advective flux. Therefore, a
more uniform transport is formed with the highest ion transport effi-
ciency (83.2%); a longer breakthrough time (1.83 s) is also observed. In
another case where advection is dominant and the EDI is negative
[Fig. 7(b)], large channeling occurs, and breakthrough at t=10.16s
occurs at the large pore region with the lowest ion transport efficiency
(52.3%). Furthermore, small channeling can be observed when the
EDI is slightly less than the ADI, such as in Fig. 7(d), negative advec-
tive flux counterbalanced the ion flux in the larger pore region, and
thus breakthrough occurs in the smaller pore region. The ion transport
efficiency is 65.0%, but more time is required for the ion to break-
through (t=2.44s) compared to the large channeling cases. With a

(b) EDI=-14,ADI=8.3
lon transport effi_ciency: 52.3%, Time = 0.16 sec

P/

(d) EDI=0.8,ADI =-1.2
lon transport efficiency = 65.0%, Time = 2.44 sec
- , o

(f) EDI = 0.2, ADI = -1.1
lon transport efficiency = 55.6%, Time = 3. 66 sec

I
42 ym

0.06 0.08 0.10

Concentration (mol/m?3)

FIG. 7. lon transport regimes and the ion transport efficiency at breakthrough times. Large channeling, uniform transport, and small channeling are observed with different EDI

and ADI combinations.
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further decrease in the EDI, the negative advection flux becomes domi-
nant compared to positive diffusion and electromigration transport
[Fig. 7(f)], apparent small channeling is formed, and ion transport effi-
ciency decreases. Ion transport is slower with less EDI, so the time for
breakthrough is longer.

Combined with the observations from the microchannel model,
ion transport under the diffusion or electromigration-dominant condi-
tion would tend to be uniform transport when the geometry of the
pores would not vary the transport path (tortuosity) to the outlet of
the simulation domain (such as those in the microchannel model).
This is because the driven force as the ion concentration gradient and
electric potential distributions, for diffusion and electromigration,
respectively, are not affected by the geometry of the pore spaces. In
contrast, when the transport path is lengthened more by the small
pores compared to the pores with greater sizes, uniform transport
(under the same EDI) could become large channeling as the ion con-
centration would breakthrough first through the larger pores (chan-
nels, with shorter transport path). This is similar to a condition that
advection is dominant where the fluids in large pores suffer from
smaller frictions. Therefore, when ADI is dominant over EDI and they
are in the same direction, large channeling occurs. Otherwise, when
ADI and EDI are in opposite directions, small channeling occurs as
the transport in the large pores would be suppressed by the negative
advection heavier than the pores with smaller sizes. On the basis of
these analyses, we find that, by using the electric potential as a compo-
nent of the driving force in the advection-diffusion system, any of the
desired ion transport behavior can be achieved, which provides flexi-
bility when dealing with different applications.

2. lon transport regimes on a 3D sandstone

Finally, the ion transport regime is tested on a 3D sandstone
domain. For the 3D micro-CT domain, the porosity and mean equiva-
lent diameter for the subdomain with larger pores is 0.36 and 14 um,
while that for the subdomain with smaller pores is 0.27 and 10.5 um.
Three cases including large channeling, uniform transport, and small
channeling are simulated until 1% of inlet ion concentration reaches
the outlet (breakthrough). The results are shown in Fig. 8. Large
channeling occurs in Fig. 8 (a), where the EDI is negative and the ADI
is positive and dominant. The majority of ions move through the high
porosity region and breakthrough occurs at 2.9 s with a final ion trans-
port efficiency of 54.4%. The paired EDI and ADI of the three time
steps fall into the large channeling transport regime in the fourth quad-
rant, as benchmarked in Fig. 4. For Fig. 8(b), the direction of the pres-
sure gradient and electric potential are reversed compared to Fig. 8(a),
resulting in a positive EDI and negative ADI. A uniform transport pat-
tern is observed where ions are uniformly distributed. The break-
through time is delayed compared to large channeling because the ions
move slower with negative ADI The efficiency of ion transport at
breakthrough for uniform transport is 84.8%. In the last case
[Fig. 8(c)], the pressure gradient is increased, and the electric potential
is decreased compared to Fig. 8(b); resulting in small channeling. By
comparing the small channeling case to the large channeling case, we
discover that ions do not move through the main transport channel in
Fig. 8(a) and instead move through the subdomain with low porosity.
For ion breakthrough, small channeling takes more than twice as
much time as the other two transport regimes. Combined with the
breakthrough time of uniform transport, there is a trade-off between

ARTICLE pubs.aip.org/aip/pof

the enhanced volumetric displacement efficiency via the utilization of
different ion transport regimes and the time efficiency of the resulting
ion transport through the porous media. For the case of small channel-
ing, the simulation results fall within the third quadrant of the ion
transport regime presented in Fig. 4. Overall, from the 3D simulations,
we confirm that the observed ion transport regimes match the bench-
marked transport regimes in Fig. 4.

C. Implications for engineering applications

Regarding engineering applications, accurately estimating and
optimizing ADI and EDI to target the preferred transport regime prior
to any simulation or experiment would be vital. However, the present
definitions of the ADI and EDI in Eqs. (12) and (13), which rely on
flux parameters, are not ideal. This is because it is challenging to
directly estimate these fluxes before the experiment and/or simulation.
To address this, we further define the ADI and EDI in a way that
includes a characteristic length scale term and can be estimated before/
during the experiment and/or simulation. This is done by using the
diffusive, advection, and electromigration flux defined in Eq. (3). The
new definitions are shown in the following equations:

uC‘i
ol 14
ADI DY (14)
and
ZiDi —
ppp = Ve Ve, (15)
D:VC; ViV

where u is the average fluid flow velocity, C; is the average ith ion con-
centration through the system, D; is the diffusivity of the ith ion, z; is
the ion algebraic valency, Vr is the thermal voltage is defined as
Vi = kgT/e, where kg is the Boltzmann constant and e is the electron
charge, VC; can be defined as VC; = (9C;)/x, and it can also be
defined as VC; = (Cijy — Ciou)/L, where L is the characteristic
length, Vi can also be defined as Viy = /L, where i is the applied
external electric potential. Egs. (14) and (15) can be further written as
Egs. (16) and (17) by replacing the VC; and Vi with the characteristic
length term as follows:

ADI= MG (16)

—D;(Cijn — Ciout)

and

Zilﬁ(_:i

ED] = ————Mmm—.
VT(Ci,in - Ci,aut)

17)
Each term in Egs. (16) and (17) can be estimated before/during a sim-
ulation and/or experiment. Specifically, D; is known for each ion, L
can be estimated for a given domain, u, C;;,, and C; ., can be mea-
sured before/during simulation and experiment, C; can also be esti-
mated depending on the system, for example, it can be the initial
concentration of the system or the average value of C; ;, and C; s, and
V7 can be estimated based on temperature. These equations thus allow
the screening of transport regimes on any representative (scalable) ele-
mentary volume of a porous electro-kinetic domain. Further extending
these dimensionless parameters to a continuum-scale formulation, for
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(a) Large channeling
EDI = -0.80, ADI = 5.81 EDI =-1.46, ADI = 10.25 EDI =-3.17, ADI = 21.38

lon transport efficiency = 26.2% Time = 1.0 sec lon transport efficiency = 40.7% Time = 1.9 sec  lon transport efficiency = 54.4% Time = 2.9 sec

(b) Uniform transport
EDI =0.69, ADI =-0.57 EDI = 0.89, ADI = -0.72 EDI = 1.03, ADI =-0.83
lon transport efficiency = 42.1% Time = 3.8 sec lon transport efficiency = 65.9% Time = 9.4 sec  lon transport efficiency = 84.8% Time = 16.1 sec

(c) Small channeling
EDI = 0.23, ADI = -0.67 EDI = 0.35, ADI = -0.84 EDI = 0.44, ADI = -0.99
lon transport efficiency = 27.4% Time = 3.0 sec lon transport efficiency = 51.6% Time = 14.2 sec lon transport efficiency = 71.8% Time = 34.0 sec

ﬂ

0 0.1 0.2 0.3 0.4 0.5 0.6

Normalized lon concentration

FIG. 8. lon transport regime for the 3D sandstone micro-CT image (a) large channeling; (b) uniform transport; (c) small channeling. For each transport regime, three time steps
are displayed, and the simulation stops when 1% of the ion concentration reaches the outlet (last column), referring to a breakthrough (BT). The ion concentration in each sub-
plot is normalized to 0-1.
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example, by replacing flux terms with their Darcy-scale counterparts,
forms part of a larger scope of upscaling considerations and model
development that is outside the scope of this study. Here, we aim to
validate only the fundamental pore-scale model and transport mecha-
nisms in 3D. Upscaling of such work is a significant undertaking that
should be considered in the future.

Electrokinetic transport can be applied to a subsurface system to
improve the efficiency of ion transport. We find that ion sweep effi-
ciency is high when electrokinetic transport is dominant, e.g., uniform
transport, see Figs. 7(c)-7(e) and 8(b) and 8(c); or small channeling,
see Figs. 7(f) and 8(c). Such sweep improvement is achieved through a
controllable preferential ion transport path by harnessing the interac-
tion between the Electrodiffusivity index and Péclet number. In field
implementations, the magnitude of the applied electric potential will
be of great importance.”” According to our transport regime, the
appropriate range of the EDI can be found based on the pressure gradi-
ent, the variation in pore size, and the desired transport regime, no
matter whether the target zone is located in a low-permeable zone
(small channel), high-permeable zone (large channel), or both (uni-
form transport). Thus, our study theoretically demonstrates the feasi-
bility of controlling the path and direction of ion transport in the
subsurface. Achieving such control requires the application of both a
specific pressure field and an electric potential. In certain cases, these
fields may be applied in opposite directions to each other to control
transport patterns. This implies that the active use of work to impede
the overall solute transport in a porous system in exchange for a more
stable transport front is a viable strategy. The engineering applications
of such control are wide-reaching.

In our transport regime map, the small channeling and uniform
transport, in most cases, involve advection in the opposite direction of
electromigration to counterbalance the ion fluxes in large channels of
the porous media. This is intuitively a less efficient system than its
counterpart since energy is intentionally wasted. However, in practice,
stringent ion flux control is in demand, e.g., for water management
and soil remediation. In underground water remediation, the location
and dimension of the pollution source are usually unknown.' >
Therefore, a complete cutoff connection between pollution sources
and water production wells is desired when the contaminated aquifer
is returned to drinking water quality. Under this condition, stringent
control of ion transport in the subsurface is more important than the
technical efficacy of the implementation scenario.”® Therefore, the
electrokinetic-advection—diffusion transport approach proposed in
this study and the interplay between electromigration and advection
transport during small channeling and uniform transport regimes may
pose advantages over conventional approaches.

In addition to small channeling and uniform transport, large
channeling also needs careful design. For mineral resource recovery
technologies, e.g., in situ mineral recovery, perfect ion transport con-
trol is no longer in demand. Instead, the sweep and time efficiency
are of greater importance.”””* At the initial stage of recovery, large
channeling with pressure-induced advection is desired to efficiently
produce the resources that are distributed along and beneath the
large channels’ surfaces. Afterward, maintaining high pressure will
no longer bring a better sweep of ion transport. Adjusting the electric
potential on the basis of the transport regime to improve the sweep
and transport of ions could bring further economic benefits to the
project.

ARTICLE pubs.aip.org/aip/pof

Another important aspect to consider is the effect of late-stage
mechanical mixing and dispersion after breakthrough.” Dentz
et al.”” focused on the control and improvement of ion transport at
the pre-breakthrough and sweeping stages of transport, which are
governed by the flow within preferential pathways. This is the domi-
nant factor in overall performance, but it is supplemented and is
often a required consideration to account for late-stage mixing and
dispersion. To fully account for these influences, further studies on
chemical heterogeneity, as well as the already physically heteroge-
neous domains in our study, may be examined to discern the influ-
ence of late-stage mixing.

In general, the observed transport phase diagram results from the
complicated interplay between electromigration, advection, and diffu-
sion, which is readily applicable to various engineering problems.
Unlike in scaling analysis for fluid flow, where the flow regime would
change across a wide range of Peclet numbers (spanning several orders
of magnitude),”” ” for the observed ion transport regimes in Fig. 4,
rich behaviors can occur in a narrower range of the ADI and EDL
This demonstrates the importance of controlling pressure and electric
potential. Therefore, the relation between these transport mechanisms
may also vary over time and space in the process of implementation.
One needs to combine our proposed transport regime diagram with
specific conditions to design the expected ion transport scenarios. This
could be one or a set of targeted transport regimes at each stage of an
engineering project. Here, we only consider three transport mecha-
nisms and porous media with contrasting pore sizes; future work on
the impact of chemical reactions on the corresponding transport
regimes at various scales (e.g., meter scale) would complement our
scaling analysis on ion transport under advection-diffusion—electromi-
gration mechanisms.

IV. CONCLUSIONS

We performed a fundamental pore-scale model-based scaling
analysis on ion transport within fluid for an advection-diffusion—elec-
tromigration system using three different domains with increased
complexities, including a 2D microchannel with constant aperture
along its paths, 2D synthetic porous media, and a 3D sandstone image
with contrasting pore sizes over the simulation domains. The simula-
tions are performed using our open-source solver OPM/LBPM under
various advection-diffusion—electromigration conditions. Ion trans-
port regimes are benchmarked using two dimensionless numbers, ADI
and EDI, to quantitatively characterize advection flux, diffusion flux,
and electromigration flux. Four ion transport regimes are observed
and defined based on visual and numerical metrics, which are (1) large
channeling, (2) uniform transport, (3) small channeling, and (4) no
transport. To facilitate future applications, an advection-diffusion—
electromigration transport regime map is established through 40 simu-
lations performed on the 2D microchannel domain. The transport
regime map explicitly demonstrates the potential flow regime under
various ADI and EDI pairs (both ranging from positive to negative
quadrants). A synthetic 2D domain and a 3D sandstone micro-CT
image are then used to validate the observed ion transport regimes on
the transport regime map and to investigate the pore size variation
effects on the ion transport regime. The simulation results highlight
that the defined transport regimes observed in our microchannel are
also observed in the synthetic 2D domain and the 3D sandstone
domain. Furthermore, the breakthrough time of 1% ion concentration
is found to be much longer for uniform transport and small
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channeling compared to large channeling. This implies there is a
trade-off between the enhanced volumetric displacement efficiency via
the utilization of different ion transport regimes and the time efficiency
of the resulting ion transport through the porous media. Based on
these findings, the advection-diffusion-electromigration transport sys-
tem has the potential for many engineering problems, including, for
example, underground water remediation””** and underground
resource recovery,” *” where the pollutants or target zone can be uni-
formly distributed in a geological formation or mainly located in low
permeable regions. This study herein provides important insights into
the implementation strategies of these applications.

A logical next step after investigating the transport regimes is to
couple the transport with a geochemical model, such as PhreeqcRM to
capture reactive transport.”” With coupled geochemical reactions, the
ion transport behavior could be different because the reaction could
change the effective conductivity of the fluid phase, which results in
potential implications such as changing fluid chemical properties, local
pH, and solubility. Therefore, a third dimensionless number such as
the Damkohler number that defines the dissolution needs to be consid-
ered. Subsequently, the modeling of heterogeneous systems including
clays and other physicochemically diverse porous domains in addition
to addressing upscaling considerations to the continuum scale provides
a generalized and large-scale framework for electrokinetic ion trans-
port control.

SUPPLEMENTARY MATERIAL

See the supplementary material for details tables summarizing
the parameters used through the simulations.
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