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 A B S T R A C T

Electrokinetic transports in porous media play a crucial role in diverse applications such as geophysical 
exploration, nuclear waste disposal, water desalination, soil and groundwater remediation, low-salinity water-
flooding, and ionic battery operation. This review systematically examines electrokinetic mechanisms in single-
phase and multiphase flows in porous media, with a special focus on multiscale and multiphysico-chemical 
coupling effects. After briefly introducing fundamental theories on microscale electrokinetic transports, we 
highlight the impact of nanoscale confinement and geometric regulation at first on single-phase electrokinetic 
flows and ion transport. Next, we discuss the influences of non-uniform ionic concentration and temperature 
fields on electrokinetic transports, encompassing the impact of surface chemical reactions via charge regulation 
and reactive transports, and thermodiffusion effects. Furthermore, we provide a concise overview of the current 
understanding of electrokinetics in multiphase flows, including interfacial charging, wettability alteration, and 
electrokinetic multiphase dynamics. Finally, we try to outline future research directions, addressing statistics-
based theories, multiscale simulations, and advanced experimental designs for electrokinetic transports in 
porous media.

Contents

1. Introduction ...................................................................................................................................................................................................... 2
2. Electrokinetic transport in saturated porous media: effect of wall confinements ...................................................................................................... 2

2.1. Discrete particle effects in nanoscale confinement ..................................................................................................................................... 3
2.2. Geometric regulation effects in complex structure ..................................................................................................................................... 4
2.3. Spatio-temporal multiscale effects ............................................................................................................................................................ 6

3. Electrokinetic transport in saturated porous media: effect of field inhomogeneity.................................................................................................... 7
3.1. Concentration effects via charge regulation .............................................................................................................................................. 8
3.2. Concentration effects via kinetic transport ................................................................................................................................................ 9
3.3. Temperature effects and multi-physical transport ...................................................................................................................................... 10

4. Electrokinetic transport in unsaturated porous media: effect of soft interface .......................................................................................................... 13
4.1. Liquid–liquid interface charging and electroosmosis .................................................................................................................................. 13
4.2. Electrochemical alteration of wettability................................................................................................................................................... 13
4.3. Multiphase electrokinetic flow through pores............................................................................................................................................ 15

5. Summary and perspectives ................................................................................................................................................................................. 16
5.1. General remarks ..................................................................................................................................................................................... 16
5.2. Further exploration and perspectives........................................................................................................................................................ 17

 CRediT authorship contribution statement ........................................................................................................................................................... 17
 Declaration of competing interest ........................................................................................................................................................................ 17
 Acknowledgments .............................................................................................................................................................................................. 17
 Data availability ................................................................................................................................................................................................ 17

I This article is part of a Special issue entitled: ‘Interfaces and fluids’ published in Advances in Colloid and Interface Science.
∗ Corresponding author.
E-mail address: mrwang@tsinghua.edu.cn (M. Wang).
https://doi.org/10.1016/j.cis.2025.103755

vailable online 12 December 2025 
001-8686/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://www.elsevier.com/locate/cis
https://www.elsevier.com/locate/cis
https://orcid.org/0000-0002-0112-5150
mailto:mrwang@tsinghua.edu.cn
https://doi.org/10.1016/j.cis.2025.103755
https://doi.org/10.1016/j.cis.2025.103755


Y. Huang et al.

1

e
i
d
f
s
a

a
m
d
s
c
e
p
c
t
c
g
g
l
t
k

m
2
T
d
3
s
s
p
s
t
i
c
t
s

Advances in Colloid and Interface Science 349 (2026) 103755 
 References......................................................................................................................................................................................................... 17
Nomenclature

REV Representative elementary volume
EOF Electroosmotic flow
PB Poisson–Boltzmann
EDL Electrical double layer
ETL Electrical triple layer
EQL Electrical quad layer
ESC Extended space charge
C-S-H Calcium-silicate-hydrate
RGG Random generation-growth
QSGS Quartet structure generation set
LBM Lattice Boltzmann method
LPBM Lattice Poisson–Boltzmann method
AMR Adaptive mesh refinement
MD Molecular dynamics
P3M Particle–particle particle-mesh

. Introduction

Electrokinetic transport refers to the coupled ion-fluid motion in 
lectrolyte solutions near charged interfaces [1,2], representing an 
nterface-driven process from a macroscopic point of view. Porous me-
ia, with their high surface-to-volume ratios, create ideal environments 
or electrokinetic transport that is governed by unique effects including 
olid-structure confinements, interfacial/bulk multiphysical coupling, 
nd/or soft-interface multiphase percolation.
Electrokinetic processes in porous media is ubiquitous in nature 

nd industry. There are a few existing excellent review papers or 
onographs on single-phase transport in saturated porous media in 
ifferent disciplines: fundamental theories [3–5], colloid/membrane 
cience [1,6–8], soil and groundwater remediation [9–11], geological 
haracterization [12], transpiration-driven energy harvesting [13–16], 
lectrochemistry [17,18], and microfluidic experiments [19–22]. This 
aper will not repeat those but highlight new progresses that are very 
rucial but have not been addressed yet for single-phase electrokinetic 
ransport, from the perspectives of two categories of effects, i.e., wall 
onfinements and field inhomogeneity. The former focuses on the 
eometrical and structural factors, including discrete particle effects, 
eometric regulation, and spatio-temporal multiscale effects, while the 
atter emphasizes the coupling of different physical fields (especially 
hose between interface and solution), where the charge regulation, 
inetic transport, and temperature gradient are addressed.
On the other hand, there are examples of electrokinetic effects on 
ultiphase flow and charge transport in unsaturated porous media [12,
3–27], spanning the energy, resources, and environmental sectors. 
hese include regulation of gas-water interfaces in fuel cells [28], 
irectional droplet enrichment [29,30], organic spill remediation [31,
2], residual oil mobilization [33–35], and geological and biological 
ensing [36–38]. Basically, applied electric fields can directly drive 
pontaneously charged interfaces while simultaneously regulating dis-
lacement through electrowetting effects that modify interfacial ten-
ion and contact angles. Besides, the equilibrium contact angle near 
he three-phase contact line, when mediated by disjoining pressure 
n nanoscale thin liquid films, is strongly affected by local ion con-
entration — a phenomenon termed ion-tuned wettability. Though 
here have been several reviews mentioning the fundamental issues 

uch as two-liquid interface charging and electrochemical wettability 

2 
Fig. 1. Overview of the applications and mechanisms covered in this review.

alteration [24,39], the mixed interface charging mechanism and the 
impact of interface chemical physics on two-phase porous flow have 
not been systematically reviewed yet.

In this review paper, we will focus on the pore-scale electrokinetic 
transport in porous media composed of perfect dielectric material, 
especially those systems with essentially reactive solid surface, external 
temperature gradient, various confinements triggered by a tiny solid 
channel, diffuse nature of two-liquid interface, or thin fluid film, as 
illustrated in Fig.  1. To ensure quantitative predictability, we introduce 
the appropriate fundamental numerical methods. Despite consider-
ing diverse aspects of electrokinetic transport in porous media, the 
topics and views (as shown in Fig.  1) are still constrained by the 
authors’ limited research expertise and experience, which primarily 
employs multiscale modeling and simulations. The review is structured 
as follows. Sections 2 and 3 detail electrokinetic transport in satu-
rated porous media, while Section 4 provides a concise overview of 
unsaturated porous systems. Conclusions and future perspectives are 
presented in Section 5.

2. Electrokinetic transport in saturated porous media: effect of 
wall confinements

Electrokinetic transport occurs near the interfaces, making porous 
media (with numerous interfaces inside) ideal for electrokinetic regula-
tion. In early days, the thickness of the electric double layer (EDL) was 
assumed to be thin enough compared with the channel width or pore 
size [1]. Thus, in a simple channel geometry or for those potential flows 
in porous media with Re ≪ 1, the EOF can be well characterized by 
the so-called Helmholtz-Smoluchowski model, where the EOF velocity 
is determined by [1] 

𝑢HS =
𝜀𝜁
𝜇
∇𝜑. (1)

where 𝜀, 𝜇 are the permittivity and dynamic viscosity of fluid, respec-

tively, 𝜁 the zeta potential on surfaces, and 𝜑 the electric potential.



Y. Huang et al. Advances in Colloid and Interface Science 349 (2026) 103755 
However, for porous media with pores of varying sizes, the EDL 
thickness may be comparable to the pore size, and then the structure 
of EDL is not negligible and even EDLs may overlap, making the 
Helmholtz-Smoluchowski model invalid. Instead, the ion transport has 
to be described by the Poisson–Nernst–Planck (PNP) equations in a 
macroscopic view. Basically, near charged surfaces, the electric poten-
tial and ionic concentration fields are intrinsically coupled, described 
by the electrostatic Poisson equation [1] 
−∇ ⋅ (𝜀∇𝜑) = 𝜌𝑒 =

∑

𝑖
𝑧𝑖𝑒𝑛𝑖, (2)

and the mass balance equation based on the Nernst–Planck formula [1] 

𝜕𝑛𝑖
𝜕𝑡

+ ∇ ⋅
(

𝑛𝑖𝒖 −𝐷𝑖∇𝑛𝑖 − 𝑧𝑖𝑒𝑏𝑖𝑛𝑖∇𝜑
)

= 𝑟𝑖, (3)

where 𝑛𝑖 is the number density of the 𝑖th ion species, 𝒖 the velocity, 
𝑧𝑖 the valence of the ion (including the sign), 𝑒 the absolute value of 
one proton charge, 𝐷𝑖 the diffusivity, 𝑏𝑖 the ionic mobility, and 𝑟𝑖 the 
source term. Under local electrochemical equilibrium with the source 
term set to zero, they are typically reduced to the Poisson–Boltzmann 
(PB) model [4] 

−∇ ⋅ (𝜀∇𝜑) =
∑

𝑖
𝑧𝑖𝑒𝑛𝑖,∞ exp

[

−
𝑧𝑖𝑒
𝑘B𝑇

(

𝜑 − 𝜑∞
)

]

. (4)

Here, 𝑘B is the Boltzmann constant, 𝑇  the temperature, 𝑛𝑖,∞ ≡ 𝑁A𝑐𝑖,∞
the bulk ionic concentration corresponding to the electric potential 𝜑∞, 
and 𝑁A the Avogadro constant. Then, the electroosmotic flow (EOF) 
is described by incorporating the electric force 𝑭 𝑒 = 𝑧𝑖𝑒𝑛𝑖𝑬 into the 
incompressible momentum equation of Newtonian fluid flow [3] 
𝜕𝒖
𝜕𝑡

+ 𝒖 ⋅ ∇𝒖 = −1
𝜌
∇𝑝 − 𝜈∇2𝒖 + 𝑭 𝑒. (5)

For boundary conditions, the non-slip condition 𝒖 = 0 is typically 
applied at solid surfaces, while a given electric potential is set to the 
zeta potential 𝜁 at nearly the same position as the non-slip velocity 
boundary.

However, fundamental challenges persist regarding wall confine-
ment effects, and quantitative prediction of electrokinetic transport in 
saturated porous media remains challenging because of the compli-
cated nonlinear transport within complex pore structures. First, as a 
continuum-based model, the validity of the PB model becomes ques-
tionable within nanoscale confinement where discrete ions and solvent 
molecular effects emerge, necessitating rigid verification via atomistic 
simulations [40]. Second, in spite of the continuum assumption be-
ing fully satisfied, the complex geometries of porous microstructures 
and consequent numerous interfaces make the analysis and numerical 
modeling unacceptably expensive. New tools and new algorithms are 
urgently needed [41]. Third, hierarchical structures, for example the 
micro-nano junctions prevalent in membrane systems, exhibit sharp 
transitions between ion-selective (nanoscale) and electrically neutral 
(bulk) regions, creating strong non-equilibrium conditions that ex-
ceed applicability of the PB model. This requires an examination of 
traditional Donnan equilibrium theory and current-induced electrocon-
vection mechanisms [42,43]. Last but not least, engineering porous 
media (e.g. cement paste) introduce spatiotemporal multiscale com-
plexities in ion electrodiffusion – nanoscale Stern layer effects spatially 
and anisotropic transport temporally – requiring innovative multiscale 
modeling approaches [44,45].

Therefore, this section discusses very fundamental issues in elec-
trokinetic transport in saturated porous media, focusing on electroos-
motic flows (EOFs) and ion transport. The developments of efficient 
numerical simulations for electrokinetic transport are first introduced, 
using which the validity of the PB model under nanoscale confine-
ment is first examined, and then the EOF through complex micropore 
structures is fully modeled and analyzed. Finally, the spatiotempo-
ral multiscale characteristics of electrokinetic ion transport in porous 
media will be addressed.
3 
2.1. Discrete particle effects in nanoscale confinement

As the system dimension approaches the nanometer scale, the dis-
crete nature of electrical charges and atomic-scale fluid/surface struc-
tures becomes significant, driving growing interest in atomistic simula-
tions. Generally, both solvent molecules and ion particles interact with 
a shifted Lennard-Jones potential [48], 

𝑉 LJ(𝑟𝑖𝑗 ) = 4𝜖𝑖𝑗

[

(𝜎𝑖𝑗
𝑟𝑖𝑗

)12
−
(𝜎𝑖𝑗
𝑟𝑖𝑗

)6
−
(𝜎𝑖𝑗
𝑟𝑐

)12
+
(𝜎𝑖𝑗
𝑟𝑐

)6
]

, (6)

where 𝑟𝑖𝑗 , 𝜖𝑖𝑗 , and 𝜎𝑖𝑗 are the separation, Lennard-Jones well depth and 
diameter, respectively, for the pair of atoms 𝑖 and 𝑗. In particular, the 
interaction is set to zero when molecules are separated farther than a 
cut-off length 𝑟𝑐 = 𝑘𝑐𝜎.

In order to approximately describe the interactions between charged 
particles, electrostatic interactions are calculated using a screened long-
range Coulomb potential: 

𝑉 C(𝑟𝑖𝑗 ) =
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝜀𝑟𝑖𝑗
. (7)

where 𝑞𝑖 and 𝑞𝑗 are the charges of particles 𝑖 and 𝑗, respectively. The 
vacuum permittivity is 𝜀0 and there is a uniform dielectric constant 𝜀
throughout the simulation cell. A dielectric contrast between solvent 
and solid could be included, but would require information on the 
spatial variation of 𝑟𝑖𝑗 or the use of polarizable potentials [49]. Unlike 
the Lennard-Jones potential, the Coulomb potential does not have a 
cutoff because it is known to affect simulations [48]. The long-range 
Coulomb force makes numerical simulations of large systems extremely 
expensive. The Ewald summation technique is hugely popular in con-
temporary molecular dynamics simulation, although it is primarily 
applied to periodic systems. To reduce computational costs, there are 
three most popular mesh-based methods for dealing with the potential 
fluid: Particle-Mesh Ewald (PME) [50], Particle–Particle Particle-Mesh 
(P3M) [51], and Fast-Multipole Method (FMM) [52]. To be more effi-
cient, an accurate multigrid particle–particle particle-mesh algorithm 
has been developed for Coulombic force calculations [53], which has 
been successfully used to figure out the molecular mechanisms of 
electrowetting saturation [54], which will be explained in detail in 
Section 4.

To examine the key discrepancies between MD results and PB 
predictions in nanochannels – Stern layer effects (sub-nanometer scale), 
bin size (sampling discretization), and ionic concentration (point-cha-
rge assumption validity) – non-equilibrium MD simulations have been 
conducted for electrolyte solutions confined between planar walls [40,
46,49], as shown in Fig.  1 (a–c). There is a scale gap since one has to do 
statistical averaging of the atomic attributes to obtain the macroscopic 
variables (density, velocity, pressure, etc.) for transport analysis. In 
the viewpoint of thermodynamics, those macroscopic variables are 
meaningful only when the bin size for sampling is sufficiently large, 
i.e. no smaller than the molecular size [55]. Fig.  2(a–b) presents ion dis-
tributions of NaF solution, revealing that when the Stern layer thickness 
becomes comparable to channel width, the PB theory fails to accurately 
predict ion distributions across the entire channel, though it remains 
valid for electric potential in the diffuse layers. The ionic density pro-
files are demonstrated to match the PB predictions at low-to-moderate 
bulk concentrations. However, the PB equation becomes inadequate 
at high bulk concentrations, which is consistent with macroscopic 
descriptions of its limitations, as shown in Fig.  2(c).

On the other hand, the nanoscale confinement may lead to the 
EDLs interaction and overlap across the pore, which can also make 
the PB model fail. To examine the capability of the PB model, the 
nonlinear solutions of PB model have to be compared with the solutions 
of the dynamic description of ion transport, i.e. the PNP model, for 
different cases of EDL overlap. Fig.  2(d) shows that the PB model 
predicts the net charge density accurately as long as the EDL thickness 
𝜆D is smaller than the channel width 𝑊  and then overrates the net 
charge density profile as the EDL thickness increases, and the predicted 
electric potential profile is still very accurate up to a very strong EDL 
interaction (𝜆 ∕𝑊 ≈ 1) [40].
D
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Fig. 2. (a) Stern layer determination from details of MD results [46], and (b) Comparisons between MD simulations and the Poisson–Boltzmann model [46]. 
Here, the dotted line, circles and triangles refer to the MD results with statistics using different bin sizes, while the dashed line and the solid line are calculated 
from PB equation with different channel widths and zeta potentials (full channel width or by excluding the Stern layer). (c) Cases of high ionic concentration 
larger than 1M. The solid squires are results from MD, while the solid lines are the predictions by the PB model. (d) Net charge density profiles by different 
models for strong EDL overlapping cases at 𝜆D∕𝑊 = 0.92. The solid line is from the PNP model while the dashed line is from the PB model [40,47]. 𝜌∗𝑒 denotes 
the dimensionless net charge density and 𝑧∗ the dimensionless position across the channel.
2.2. Geometric regulation effects in complex structure

EOF in saturated porous media can be modeled by solving the 
coupled electrokinetic and hydrodynamic equations, as shown by Eqs. 
(2)–(5). A non-slip boundary condition for fluid flow and a given zeta 
potential or surface charge at solid–liquid interfaces make the equa-
tions solvable when the dynamic polarization effects at interfaces are 
negligible [56]. Early studies predominantly employed conventional 
numerical methods to solve the coupled equations in simple geome-
tries or in its simplified linearized form of PB equations [4,57]. Even 
though multigrid techniques significantly enhanced the computational 
efficiency for solving nonlinear PB equations [58,59], they still faced 
limitations in handling complex geometries [60]. The lattice Boltzmann 
method (LBM), originating from lattice gas automata, provides a meso-
scopic particle-based approach for simulating fluid flow and transport 
phenomena [61], which was first introduced to electrokinetics around 
2000 [62–65]. As a particle-based approach evolving distribution func-
tions on lattices, LBM efficiently handles complex boundaries with 
simple condition treatments, serving as an effective numerical approach 
for simulating EOF in complex geometries, first applied to structured 
charged porous media [66,67].

However, natural porous media typically exhibit random structures, 
necessitating advanced generation methods. The quartet structure gen-
eration set (QSGS) [68], as a part of random generation-growth (RGG) 
4 
method [41], creates porous structures with statistical properties (in-
cluding porosity, pore size distribution, grain shape, anisotropy etc.) 
matching real materials through discrete lattice-based seeding and 
growth processes, which has been validated by numerous practical 
cases and experimental data [68–70]. These generated structures inte-
grate naturally with LBM simulations for thermal and static-electrical 
transport, yielding remarkably accurate predictions of transport prop-
erties in complex multiphase materials [41]. Together, RGG and LBM 
form a powerful toolkit for simulating transport in natural porous 
materials, sharing lattice structures and locality that enable parallel 
processing — a milestone in material science [41].

For electrochemical processes and electrokinetic transport, the cor-
responding LB scheme was proposed in the early 2000s by solving the 
Poisson equation independently, though the locally electroneutral as-
sumption limited its applicability to charged suspension dynamics [62,
63]. Later, a consistent lattice evolution algorithm is developed that 
couples a lattice scheme for incompressible flows with a lattice solution 
for electrical potential, called LPBM [65,71]. It inherits the advantages 
of LBM for efficiently dealing with complex geometries and boundary 
conditions.

Specifically, the evolution equation of LBM for fluid flow following 
the method of characteristics is written as 
𝑓𝛼(𝒓 + 𝒆𝛼𝛿𝑡, 𝑡 + 𝛿𝑡) − 𝑓𝛼(𝒓, 𝑡) = − 1 [

𝑓𝛼(𝒓, 𝑡) − 𝑓
eq
𝛼 (𝒓, 𝑡)

]

+ 𝛿𝑡𝐹𝛼 , (8)

𝜏𝜈
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Fig. 3. (a) Velocity fields for different morphology of microstructures of porous media. In particular, the porosity of granular (left), fibrous (middle), and network 
(right) microstructures is 0.1 [75]. (b) Electro-osmotic permeability as a function of porosity at different porosity ranges: left for the low porosity range (0, 0.38) 
and right for the high porosity range (0.5, 0.9) [75].
where 𝒓 is the spatial position vector, 𝒆𝛼 =
∑

𝑘 𝑒𝛼,𝑘𝛿𝑘𝒆̂𝑘 with 𝛿𝑘 the 
lattice constant, 𝛿𝑡 the time step, 𝜏𝜈 the dimensionless relaxation time, 
and 𝐹𝛼 the external force density. The macroscopic density and velocity 
can then be calculated using 
𝜌 =

∑

𝛼
𝑓𝛼 , 𝜌𝒖 =

∑

𝛼
𝑓𝛼𝒆𝛼 . (9)

For numerical modeling of the electric potential distribution under 
local electrochemical equilibrium, the so-called lattice Poisson method 
(LPM) extends the original nonlinear Poisson–Boltzmann equation to 
an unsteady formulation [71], 
𝜕𝜑
𝜕𝑡

= ∇2𝜑 + 𝑔rhs(𝒓, 𝜑, 𝑡), (10)

with 

𝑔rhs =
1
𝜀
∑

𝑖
𝑧𝑖𝑒𝑛𝑖,∞ exp

(

−
𝑧𝑖𝑒
𝑘B𝑇

𝜑
)

(11)

treating charge density as a source term, which is further discretized 
through the lattice approach. The LPBM combines LBM and LPM on the 
same lattice system to ensure consistency. The high efficiency of LPBM 
for complex geometries and complicated boundary conditions makes 
it possible for the first time to model electroosmotic flows in natural 
porous media [69]. This strategy of algorithm developments has been 
followed for different scenarios [45,60,72–74].

LPBM predictions demonstrate excellent agreements with multigrid 
solutions across all zeta potentials and with the linearized analytical so-
lution to validate the accuracy [76], and agreements with experimental 
data for soils for the first time [69]. For |𝜁 | < 30mV, the expected 
deviation from linearized solutions was observed [71]. The LPBM 
was subsequently applied to investigate microchannel EOF phenomena 
including surface roughness, cavitation, and heterogeneous charging 
effects [71,76,77]. A non-monotonic relationship is later revealed be-
tween flow rate and roughness spacing, with even sparse roughness 
5 
configurations reducing flow rates below 90% of smooth-channel val-
ues [76]. This underscores the critical importance of accounting for 
roughness effects in microfluidic EOF analysis. In recent years, it has 
been shown that when EDL overlapping is considered with a prescribed 
zeta potential, the linearized P-B equation overestimates the electrical 
potential from the full P-B equation when the zeta potential magnitude 
is above 𝑉𝑇 , especially for Ca2+ ion in solution [78].

As is well known, structural characteristics have crucial effects on 
electroosmosis, but these effects have never been thoroughly explored 
due to the great complexity involved. The powerful tool that combines 
RGG for microstructure reproduction and LPBM for solving governing 
equations of transports provides the opportunity to make this challenge 
solvable. Especially, the RGG method can reproduce microstructures 
with different morphologies within the same framework [41,68,79,80], 
which means that the morphology effects on EOF can be quanti-
tatively studied for the first time in history. Fig.  3(a) presents the 
flow fields for three distinct structures (granular, fibrous, and net-
work) at a low porosity of 0.1, revealing that structural effects on 
electro-osmotic permeability result from two competing mechanisms: 
the surface-volume ratio (enhancing permeability when increased) and 
shape resistance (reducing flow velocity). The electroosmotic perme-
ability exhibits markedly different behaviors in two porosity regimes. In 
the low-porosity regime (0–0.38, Fig.  3(b) left), particularly relevant for 
geophysical applications, permeability varies dramatically (nearly two 
orders of magnitude) across this narrow porosity range. Here, network 
structures demonstrate the highest permeability, while granular struc-
tures (𝜙 < 0.15) or fibrous structures (𝜙 > 0.2) show the lowest values. 
This structural effect becomes particularly pronounced at very low 
porosities (𝜙 < 0.1). Conversely, in the high-porosity regime (0.5–0.9, 
Fig.  3(b) right), important for energy systems, granular structures con-
sistently outperform others in permeability. Fibrous structures exhibit 
the lowest permeability throughout this regime, reaching only about 
half that of granular structures at equivalent porosity [75].
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For industrial applications, two more important factors have to be 
examined: the non-Newtonian behavior of electrolyte solutions [81] 
and the permittivity effect of the solid phase, which can be primarily 
explored by adopting the extended LPBM tools. The non-Newtonian ef-
fect, related to shear-thinning/thickening behavior, can be described by 
a power-law model with flow behavior index 𝑛 [82,83]. Electro-osmotic 
permeability is demonstrated to decrease with increasing 𝑛, with this 
effect being most significant in granular structures. The permittivity 
effect, characterized by the dielectric constant ratio 𝜀𝑟 ≡ 𝜀s∕𝜀l [84], 
shows that the permeability decreases with the permittivity of the solid 
phase. Constant electric field assumptions yield underestimated perme-
ability values, while treating the solid as ideal dielectric (with assumed 
zero permittivity) leads to overestimation. The lattice methods have 
also been applied to study electrokinetic transport near ion-selective 
surfaces and in flow batteries [85–91].

Ion-selective membranes are widely used in various applications, 
such as fuel cells, batteries, and water desalination. To uncover the ef-
fect of detailed nano-structures, additional molecular insights of mem-
brane functions have been provided through the simplified porous 
structure, such as microchannel and nanochannel interfaces [7,92]. 
On the one hand, the Donnan equilibrium 𝑐L = 𝐷𝑐R, though widely 
used in nanofluidic systems to determine ionic concentrations and 
electrical potentials at channel-reservoir interfaces, originates from 
classical thermodynamic theories with equilibrium assumptions [93,
94]. It is demonstrated that the applicability of the Donnan equi-
librium model becomes questionable under strongly non-equilibrium 
transport conditions at nanochannel-reservoir interfaces [42]. By nu-
merically solving the Poisson–Nernst–Planck model for ion transport, 
the exact distributions of ionic concentration and electrical potential 
are obtained, enabling quantitative comparison with Donnan equi-
librium predictions. Systematic variation of channel length, reservoir 
ionic concentration, surface charge density and channel height reveals 
the Donnan equilibrium’s limitations for short nanochannels, large 
concentration differences and wide opennings. To quantify the non-
equilibrium effects, a dimensionless 𝑄 factor is introduced, defined 
as 𝑄 = (𝑓𝑖,in∕𝑓𝑖,L−bulk ) exp

(

(𝜇𝑖,in − 𝜇𝑖,L−bulk )∕𝑘B𝑇
)

, whose relationship 
with operational conditions 𝜃 = (𝛥𝑐∕𝑐∗)(𝐻∕𝐿)1∕2(𝜆D∕𝐿) is thoroughly 
examined. On the other hand, electroconvective flow near ion-selective 
surfaces drives ion and water movement [95–100], yet the origin 
of the small cation population in the extended space charge (ESC) 
region remains unclear. This phenomenon has been investigated us-
ing a blockage-nanoslot-bulk structure, solving the coupled Poisson–
Nernst–Planck and Navier–Stokes equations [43]. The transient analysis 
of local fluid dynamics, voltage, and charge distribution identified ion-
flux-induced strong electric fields as crucial for ESC formation. When 
the limiting current density is exceeded, the resulting negative field 
drives a parallel cation extension at the nanoslot-bulk interface, creat-
ing the ESC’s characteristic localized charge peak. The study quantified 
the self-similar expansion of ESCs through thickness variations and 
revealed normalized charge density structures using scaled coordinates 
validated by simulations. Furthermore, geometric effects on vortex 
patterns demonstrated the role of nanoslots in enhancing the accuracy 
of wave-number prediction.

2.3. Spatio-temporal multiscale effects

Clay/cement materials are widely encountered in the transport of 
heavy ions in soil treatments, groundwater contamination, nuclear 
waste disposal, and anticorrosion of marine structures, where under-
standing of the ion transport mechanisms through cementitious mate-
rials is of great importance for predicting their long-term performance 
and service life. The dominant pore space can be distinguished using 
the concept of capillary pore percolation. When the capillary porosity 
depercolates, the gel pores in the calcium-silicate-hydrate (C-S-H) phase 
form the dominant pathway for transport in cement paste. At this 
6 
stage, the nano-scale effects on ion transport would play an important 
role [101,102].

Understanding cation transport mechanisms through barrier ma-
terials is crucial for energy and environmental applications. Studies 
show that at low concentrations, cations diffuse through compacted 
clay faster than neutral or anionic species, primarily due to electro-
static interactions with negatively charged clay surfaces. This enhanced 
transport, known as surface diffusion, occurs within the electric double 
layer, including the diffuse layer 𝒋∗∗𝑖 = −𝐷𝑖,0∇𝑛𝑖 − 𝑧𝑖𝑒𝑏𝑖,0𝑛𝑖∇𝜑 and 
the solid surface 𝑗∗∗𝑖,𝑠 = −𝐷𝑖,𝑠𝜕𝑛𝑖,𝑠∕𝜕𝑠, where 𝐷𝑖,0 and 𝑏𝑖,0 = 𝐷𝑖,0∕𝑘B𝑇
are the diffusion coefficient and ionic mobility of the 𝑖th ion species 
in the free water, and 𝐷𝑖,𝑠 is the surface diffusivity. Pore-scale sim-
ulations were employed to examine electrokinetic effects on cationic 
tracer diffusion [104], revealing that the normalized volume charge 
density significantly influences cation diffusion. Notably, electrokinetic 
effects on chloride transport become negligible when the dimensionless 
Debye length (defined as the ratio of maximum-probability pore size 
to the Debye length) exceeds 32 in cement-based microstructures. For 
practical applications, a predictive formula is developed by pore-scale 
modeling to correlate effective chloride diffusivity with electrokinetic 
effects in cement paste [105] 

𝐷eff = 𝐷0

[

exp
(

−0.45𝑏𝑒−0.17𝑙
∗∕2

)

⋅ 𝜙cap

]1.7
, (12)

where 𝐷eff  and 𝐷0 represent the effective and the bulk diffusivity, 
respectively; 𝜁∗𝑖 = 𝑧𝑖𝑒𝜁∕𝑘B𝑇  is the dimensionless zeta potential, 𝑙∗ =
𝑑∕𝜆D the dimensionless pore size with 𝑑 denoting the characteristic 
pore size and 𝜆D the Debye length, and 𝜙cap the capillary porosity. 
These simulation methods can be extended to study ion transport in 
unsaturated or cracked cementitious materials, where water films or 
cracks serve as transport pathways [106–113].

Experimental studies reveal that chloride ion diffusivity in con-
crete structures closely matches tritiated water (HTO) while exceeding 
sodium ion mobility, a phenomenon attributed to electrical double 
layer (EDL) effects near charged C-S-H surfaces [114,115]. To elucidate 
transport mechanisms in C-S-H and quantify effective diffusivities, a 
multiscale modeling approach is developed integrating atomic- and 
pore-scale simulations [44,116] (Fig.  4(a)). The pore-scale model em-
ploys the lattice Boltzmann method to solve modified Nernst–Planck 
equations incorporating steric effects and ion-ion correlations through 
excess chemical potential corrections 𝜇ex𝑖  derived from grand canonical 
Monte Carlo atomic-scale calculations, i.e. 

𝒋∗∗𝑖 − 𝑛𝑖𝒖 = −𝐷𝑖,0∇𝑛𝑖 − 𝑧𝑖𝑒𝑏𝑖,0𝑛𝑖∇𝜑 − 𝑛𝑖
𝐷𝑖,0

𝑘B𝑇
∇𝜇ex𝑖 . (13)

Here, the excess chemical potential in the Stern layer along the direc-
tion perpendicular to the solid surface is given by 

𝜇ex𝑖 (𝑥) = −𝑒𝑧𝑖𝜓GCMC(𝑥) − 𝑘B𝑇 ln

(

𝑛GCMC
𝑖 (𝑥)
𝑛𝑖,∞

)

, (14)

where 𝑥 is the perpendicular distance to the solid surface. This mul-
tiscale analysis demonstrates significant Stern-layer contributions to 
ion transport in pores below 10 nm diameter and successfully repro-
duces experimental diffusivity trends for various ions. The methodology 
proves equally applicable to analyzing EDL-influenced transport in 
proton exchange membrane fuel cell gas diffusion layers [117].

Accurately predicting long-term ion diffusion behavior incorporat-
ing pore-scale EDL effects remains a significant challenge, as character-
istic diffusion timescales in representative elementary volumes (REVs) 
typically measure microseconds — ten orders of magnitude shorter than 
required timespans. A numerical upscaling scheme for ion diffusion in 
charged porous media with EDL effects is developed [45] (as shown 
in Fig.  4(b)). Through scaling analysis of dimensionless pore-scale 
transport equations, they identified conditions for decoupling electrical 
and diffusive effects, establishing appropriate temporal and spatial 
scales for surface diffusion through EDL. The lattice Boltzmann-based 
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Fig. 4. (a) Hierarchical representation of the cement paste structures and the multiscale modeling approaches [44]. (b) The sketch of scale reduction based on 
the tortuosity of the diffusion pathway (left), and the comparisons between the upscaling model, the fitting model and the experiment data from literature [103] 
for through-diffusion (middle) and out-diffusion (right) [45].
upscaling scheme demonstrates excellent agreement with full-scale sim-
ulations for both steady- and unsteady-state surface diffusion in straight 
channels, accurately reproducing electrical potential and concentration 
profiles. The method successfully predicts tracer-ion through-diffusion 
and out-diffusion in hardened cement pastes, matching both full-scale 
simulations and experimental data without parameter fitting. This ap-
proach effectively bridges ion diffusion behaviors across time scales, 
advancing the understanding of long-term transport mechanisms in 
charged porous media [45]. This multiscale framework can be extended 
to investigate ion transport in slits or fractures [118,119], and the 
multiscale EK effects due to multiple temporal scales in oscillatory flow 
through porous media are also explored [120,121].

3. Electrokinetic transport in saturated porous media: effect of 
field inhomogeneity

In the last section, the zeta potential, or the surface charge density 
equivalently, is given uniformly at a constant value as the boundary 
condition for the electrical potential (Poisson) equation. In fact, the 
local zeta potential or surface charge may vary with local properties 
of solid surface and liquid [6], such as temperature, ionic concen-
tration, and pH value. However, for simplicity, the zeta potential of 
a system can have an effective value by matching the predictions 
and experimental data, which is how the zeta potential is determined 
in practice [1], even though the local zeta potential on the surfaces 
can vary somehow. This approximation has been working well for 
predictions of electrokinetic transport in a ‘‘mild’’ environment, where 
the environmental factors, such as concentrations, temperature, and 
so on, vary negligibly or slightly. Large amounts of examples can be 
found in the last century [56,58] and in some cases in the past twenty 
years [69].

However, as we know that the solid–liquid interface achieves sur-
face charge by surface reaction of ions, the so-called surface complex-
ation on the solid side or charge regulation on the liquid side, which 
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actually is strongly dependent of the environmental factors [122–124]. 
Therefore, the homogeneity assumption of zeta potential or surface 
charge density on surfaces will be broken by significant variations of 
(i) properties (concentration, pH, ionic type) of liquid solution, (ii) 
properties of solid surfaces, and (iii) temperature of solid and liquid. 
These cases are not rare in nature and engineering applications, but 
have been rarely reported because of complexity and difficulties in 
the study. In fact, the field-induced gradient of the surface charge 
density, which is not directly accessible on the nanometer scale and 
usually assumes a prescribed distribution, is the key to account for the 
steady-state current–voltage curve from experimental measurements 
in a single conical glass nanopore [125]. In addition, time-dependent 
functions such as negative differential resistance and hysteresis are 
unique electrokinetic properties emerging in nanoscale conical pores, 
which also addresses the effects of local geometric variation on elec-
trochemical and mechanical behaviors in porous media [126,127]. 
Rational prediction of charge regulation effects requires knowledge 
from multiple disciplines (physical chemistry, mechanics, transport 
theory, thermodynamics, etc.), technologies and views from multiscale 
and multiphysics. It is also noteworthy to address the difficulty of 
measuring zeta potential in minerals, leaving a gap between the pre-
dictions and experiments. In fact, the reported values in the literature 
are highly variable, often showing inconsistent or even contradictory 
trends. Nevertheless, this is often the case for complex systems with 
multiphysical and multiscale features, which makes accurate modeling 
vital for further experimental validations.

In this section, the electrokinetic transport in inhomogenously
charged porous media will be first introduced considering the charge 
regulation triggered by ionic concentration or pH inhomogeneity. The 
reactive transport in porous media will then be briefly discussed by con-
sidering the ionic homogeneous or heterogeneous chemical reactions 
in solution. Finally, we will address the temperature effects on either 
the surface charge regulation or the ionic thermodiffusion transport in 
saturated porous media.
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3.1. Concentration effects via charge regulation

It is well known that the surface charge density at a solid–liquid 
interface is not constant but varies with the local properties of both 
solid and liquid [1]. Experiments indicated that surface charge density 
is a function of the local concentrations of metal ions and proton, based 
on which an electrical triple layer (ETL) model [12,128,129] has been 
established by considering the surface complexation reactions between 
ions in electrolyte solution and surface siloxane groups and adding this 
reaction layer to the classical electrical double layer (EDL) model [1]. 
Based on the ETL model, the surface charge density or zeta potential 
can be quantitatively determined depending on the local properties of 
solid and electrolyte solution, such as the ionic concentration and pH 
etc.

Fig.  5(a) sketches a typical electrokinetic structure of the silica 
surface based on the ETL model [12,128]. In the pH range 3–9, the 
typical chemical reactions at the silica surface can be written as
SiOH2

+ ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← SiOH + H+, (𝐾1) (15)

SiOH ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← SiO− + H+, (𝐾2) (16)

SiO− +M+ ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← SiOM, (𝐾𝑀 ) (17)

SiOH2
+ + A− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← SiOH2A, (𝐾𝐴) (18)

where 𝐾𝑖’s are the associated equilibrium constants for the reactions, 
respectively. More reaction equations can be easily added for multi-
component electrolyte and for multi-valent cations [12]. Therefore, this 
model is not limited to the binary salt. The silanol group may become 
positively charged by accepting protons under very acidic solutions 
(pH < 3), and the silica significantly dissolves into silicate ions in basic 
solution (pH > 9); therefore, this model has to be modified beyond the 
pH range 3–9 [130]. Note that in Fig.  5(a) the adsorption of anion A−

by the SiOH2
+ sites is sketched by a dashed-line connection because 

this reaction rate is extremely low at the pH range 3–9. Sometimes, 
this full triple-layer model with over ten equations are coupled is 
too complex to use. People proposed a simplified version, that is, the 
basic Stern model [131], to calculate the surface charge or the zeta 
potential just by coupling two equations. The basic Stern model is 
very popular and easy to use [5,132–135], however, with the cost of 
losing accuracy for higher salinities compared to the triple layer model 
and experimental data [136,137], as shown in Fig.  5(a). Indeed, the 
‘‘macroscopic’’ Helmholtz-Smoluchowski approach with the classical 
EDL model and no Stern layer contribution has been used for more 
than a century, but it is clear that this model cannot be used when 
surface conductivity is too important [138] or in partially saturated 
conditions [139]. The effective excess charge approach with the ETL 
model, first proposed by Kormiltsev and then developed by Revil and 
Leroy [140,141], can be found in detail in a recent paper [121].

The mechanism of electrochemical charge regulation in equilibrium 
was initially studied for isolated charged surfaces, and the triple layer 
model has worked pretty well since proposed in the 1970s [12,128,129] 
until the early 2010s when some experimental data was reported for ion 
transport in pores of a few nanometers which could not be explained 
by the existing theories [142]. For the electrokinetic transport in nano-
scale pores, there are three novel important features compared with 
those in large-scale pores: (i) the electrical diffuse layer may often 
interact with each other resulting in the EDL overlapping which could 
further impact the charge regulation, (ii) the salt concentration is 
usually high where the Stern layer is not negligible and the effective 
charge density is changed [143], and (ii) the position of zeta potential 
plane (also called the slipping plane) within the diffuse layer may not 
coincide with the outer Helmholtz plane [144], which will influence 
the fluid flow behavior at nanoscale.

Charge regulation from double-layer overlap in confined spaces 
decreases the surface charge density but increases the zeta potential 
on silica surfaces [145]. The truncation of Gouy–Chapman diffuse 
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part in compacted clay-rocks and bentonite was introduced into the 
electrical triple-layer model, which was able to capture the varia-
tion of the osmotic efficiency and the swelling pressure with the 
given mean pore size. The partition of counterions between the Stern 
layer and the diffuse layer as a function of the pore size calculated 
by the TLM also showed good consistency with the model, implying 
that more than 90% of the counterions were located in the Stern 
layer [146]. Once the specific adsorption of anion is not negligible, the 
four-layer model may be more suitable to describe the ions distribu-
tions because of the size difference between cations and anions [147], 
where a concentration-dependent (flow-)inactive buffer layer is in-
corporated [148] (as shown in Fig.  5(b)). Thermodynamic analysis 
validated the buffer layer’s thickness variations, with predicted ionic 
conductances matching experimental data in nanochannels [148]. The 
model reveals that the buffer layer thickness saturates to a minimum 
in concentrated solutions, providing critical insights for designed ion 
transport in nanosystems.

To this end, the theoretical models shown in Fig.  5 tell us that the 
surface charge at solid–liquid interfaces is really a function of the local 
electrolyte properties instead of assumed a uniform one in the previous 
studies. These models also enable us to capture the local surface charge 
density during the coupled transport process. However, once EDLs 
are overlapped in nanochannels, when considered the electrokinetic 
transport within asymmetric structures or under external fields, even 
if the electrochemical equilibrium (with the PB equation held) may 
be assumed in the transverse direction along the boundary point-by-
point, the full-coupled resolution of inhomogeneous electrochemical 
boundary is still hard to obtain. In fact, the difficulty and challenge 
come from the real coupling of three factors: local property variation 
during flow, local surface charge and local property change by EDL 
overlap. Therefore, some effective models have to be proposed to 
solve the inhomogeneous charge regulation in the presence of EDL 
overlapping [135,151]. The hierarchical pore size feature of natural 
porous media makes this difficulty even tougher. To make this problem 
easier, a classification of electroosmosis has been proposed based on 
a dimensionless number 𝑀 = 𝜆D∕𝑑, representing the ratio of Debye 
length to pore size 𝑑 [135].

For 𝑀 < 0.01 (thin EDL limit), EOF velocity with charge regula-
tion boundaries can be directly determined, as seen in microchannels 
and around inhomogeneously charged spheres [152,153]. The semi-
analytical charge regulation model captures experimental hysteresis 
without fitting parameters and classifies proton transport into pH-
dependent shock/rarefaction/discontinuity regimes [152]. The numer-
ical framework that combines LPBM with RGG-generated 3D porous 
media is employed to study charge regulation effects on EOF un-
der varying conditions [154]. Permeability grows exponentially with 
surface potential above about 50 mV, and increases with ionic con-
centration despite decreasing zeta potential, contradicting thin-layer 
models. In a four-ion systems (Na+, Cl−, H+, OH−), nonlinear velocity 
responses and reverse flows in reconstructed media is revealed using 
LBM (Fig.  6(a)), which is consistent with the experimental data [155] 
in soil processing and reflects the essential role of pH- or concentration-
modified surface charge in EOF within porous media [135]. In the 
non-overlap regime at 0.01 < 𝑀 < 0.1, the modification factor 𝛩 similar 
to the slip modification for gas flow at 0.01 < Kn < 0.1 can be defined 
to the EOF velocity 

𝛩 ≡
𝑢avg
𝑢HS

= 1 − 8𝑀
𝜁∗

tanh
(

𝜁∗

4

)

. (19)

Here, 𝜁∗ = 𝑒𝜁∕𝑘B𝑇  is the dimensionless zeta potential, 𝑢avg is the 
average velocity of EOF, and 𝑢HS is the velocity predicted by the 
Helmholtz-Smoluchowski (HS) equation. The modification shows good 
performance within a large range of 𝜁∗ and 𝑀 [156–158].

For the electroostic flows in nanopores where EDL overlapping is 
significant (commonly in ion-selective membranes), the entire pore 
lacks an electroneutral region, corresponding to partially-overlapped 
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Fig. 5.  (a) Schematics of the electrical triple layer (ETL) model and the salinity effect on the surface charge density [145] compared to the experimental 
data [136] (b) Schematics of the electric quad layer model by introducing a buffer layer based on thermodynamic analysis into ETL (left) [148,149] and the 
best-fitted 𝛿BL (right) for KCl solution [148] by the previous experimental data [1,137,150].
(0.1 < 𝑀 < 1) and fully-overlapped (𝑀 > 1) regimes. In fully-
overlapped cases, the transverse direction becomes essentially equipo-
tential. Reverse electrodialysis exemplifies energy conversion from 
salinity gradients, where streamwise concentration variations induce 
changing surface charge densities. The Basic-Stern model is adapted 
to relate the surface charge density with the local concentration, 
improving predictions of current–voltage curves and electromotive 
forces [159]. Their modification replaces hard-to-measure surface cha-
rge densities with accessible parameters, achieving better agreements 
with experimental data than the previous models. For partially-over-
lapped regimes, especially in porous media with wide pore size dis-
tributions, comprehensive models predicting local surface charge den-
sities from solution properties remain scarce. Fig.  6(b) shows the 
representative-bulk layer model [160] for estimating local effective 
concentrations in overlapping EDLs, later applied to nanoporous rocks
[161–167]. However, several factors need to be further studied in 
the future. On the one hand, the thickness of the representative-bulk 
layer, the effective ionic concentration, and the reference potential 
need to be verified, particularly for consistency with established models 
in uniform nanochannels. On the other hand, the assumed transverse 
electrochemical equilibrium may fail when the surface conduction of 
the Stern layer becomes significant under applied electric fields [168].

3.2. Concentration effects via kinetic transport

When reactive transport or adsorption dynamics at surface is in-
volved, not only the solid structure may change through dissolution or 
precipitation, but also the normal ionic flux will be non-zero, which will 
9 
further interact with electrokinetic transport (such as fluid convection, 
diffusioosmosis, electroosmosis, etc.) in porous media.

Carbon capture and storage (CCS) is a pivotal technology for miti-
gating climate change. To understand the underlying pore-scale mech-
anisms, the CO2-saturated fluid injection in limestone at pore scale is 
investigated using LBM [169]. The pore structure was reconstructed 
from digitized limestone thin sections, with simulations performed 
for varying mineral reaction rates (Fig.  7(a)). In particular, the het-
erogeneous reactions between aqueous species and minerals at the 
pore-mineral interface are given by 

𝐴𝐷
𝜕𝜑
𝜕𝑛

=
∑

𝑠
𝜈𝑗𝑠𝐴𝑠𝐼𝑠, (20)

where 𝐴 is the total surface area, 𝐴𝑠 the individual mineral surface area, 
𝐷 the aqueous diffusivity, and 𝐼𝑠 the reaction flux of the 𝑠th mineral 
across its surface, taken as positive for precipitation and negative for 
dissolution. Results demonstrate that decreasing reaction rate constants 
lead to more uniform dolomite deposition around dissolving calcite 
grains. Eventually, pore blockage occurs when major flow channels 
become obstructed, terminating fluid transport. The negative reaction 
rate for calcite versus positive rates for dolomite and gypsum quanti-
tatively confirms concurrent calcite dissolution with dolomite/gypsum 
precipitation.

The coupled electrokinetic and reactive transport in micropores 
is investigated through mesoscopic modeling [74], as illustrated in 
Fig.  7(b). A numerical framework integrating multiple LB models is 
developed to simultaneously account for ion transport mechanisms and 
their influence on heterogeneous reactions in micropores. To describe 
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Fig. 6.  (a) The simulated electroosmotic flow in inhomogeneously charged porous media by considering the local charge regulations in the pores. The 3D granular 
porous microstructure was generated by QSGS [68] and the governing equations were solved by LPBM [76]. The simulations reproduced the reverse flow in 
electroosmosis for the first time, which has been reported by experimental data for a long time [155]. The mechanism lies in accumulation of hydrogen ions by 
the inhomogeneous surface charge and significant change of pH distribution along the flow direction [135]. (b) When EDLs overlap in pores, a representative-bulk 
layer model (left) was proposed to find out the local effective bulk concentration [160], and the predictions (right) of streaming conductance 𝑆str and the coupling 
factor times bulk solution conductivity 𝑐𝜅𝑏 in nanoporous media [161].
the reaction kinetics, the heterogeneous reaction is described by the 
transition state theory 
𝐼heter = −𝑘𝑟(1 −𝐾eq𝑄0), (21)

where 𝑘𝑟 and 𝐾eq are the reaction rate constant and equilibrium con-
stant, respectively. 𝑄0 is the ion activity product defined by 
𝑄0 =

∏

𝑖

(

𝛾𝑖𝑐
𝑠
𝑖
)𝛼𝑖 , (22)

where 𝛾𝑖 is the activity coefficient, 𝑐𝑠𝑖  the ionic concentration on the 
surface, and 𝛼𝑖 the stoichiometric coefficient of reactions for the 𝑖th ion. 
The study examines the role of surface charge in reactive transport for 
an ion precipitation scenario, revealing a competition between trans-
port and reaction governed by their characteristic rates, characterized 
by the second Damkohler number Da = 𝑘𝑟ℎ∕𝑐∞𝐷. When transport pro-
cesses (diffusion and convection) are significantly slower than reactions 
(transport-dominated regime), surface charge substantially inhibits the 
reaction. In contrast, in reaction-dominated cases, surface charge ef-
fects become negligible. This modeling approach has been further 
applied to investigate reactive transport, capacitive deionization, and 
electrokinetic remediation in multiscale porous media [172–177].

If the pore structure can be represented by an ensemble of capillary 
tubes, under the hypothesis of a uniform dissolution or precipitation 
of the pores, the electrokinetic properties of porous media can be 
predicted by an analytical model [178]. Recently, the dispersion of 
a charged solute in charged micro- and nanochannels with reversible 
sorption is investigated, deriving analytical solutions for the mass frac-
tion in the fluid, transport velocity, and dispersion coefficient [170], as 
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illustrated in Fig.  7(c). The electric double layer (EDL) formed on the 
charged surface modifies the transverse distribution of solute, leading 
to charge-dependent transport. In particular, the law of mass action for 
reversible sorption and mass balance of the solute on the interface give 

𝐾𝑑 = 𝑠
𝑐
, 𝜕𝑠

𝜕𝑡
= −𝐷𝜕𝑐

𝜕𝑛
− 𝑧𝑒𝑏𝑐

𝜕𝜑
𝜕𝑛
, (23)

where 𝐾𝑑 is the apparent equilibrium constant of sorption, 𝑠 and 𝑐
the sorbed surface solute and solved bulk solute concentration, and 
𝑛 the normal vector pointing outwards the surface. The analysis re-
veals that the interplay between sorption and the EDL introduces 
charge-dependent effects even for thin double layers. However, by 
incorporating the intrinsic sorption equilibrium constant, this complex 
behavior can be simplified to a non-charge-dependent scenario.

3.3. Temperature effects and multi-physical transport

Temperature gradient is another important factor that can affect the 
surface charge density and the ionic transport in porous media, which 
can be induced by external heating or cooling, or by the Joule heating 
due to the applied electric field. The temperature variation can not only 
give rise to the diffuse layer thickness modification and inhomogeneous 
surface charging, but also cause thermodiffusion, which is the migra-
tion of ions due to the temperature gradient. The thermodiffusion effect 
can enhance or suppress the ionic transport depending on the sign of 
the temperature gradient and the type of ions [179,180]. In addition, 
under axisymmetric thermal loadings, the temperature gradient can 
also induce the thermo-osmosis effect [181–183].



Y. Huang et al. Advances in Colloid and Interface Science 349 (2026) 103755 
Fig. 7. (a) Photographic image of a limestone rock thin section (left) and the LB simulation results geometries (right) for two different mineral reaction rate 
constants [169]. (b) Distribution of counterion concentration (left) and total reaction flux evolution (right) in 2-D dissolution [74]. 𝐷𝑎 ≡ 𝑘𝑟ℎ∕𝑐∞𝐷 denotes the 
Damkohler number. (c) Schematics and simulation results of dispersion of charged solute in charged microchannel with reversible surface sorption at dimensionless 
times 𝑡 = 0 and 𝑡 = 50 (left) [170]. Analytical solutions of evolution of dispersion coefficients (𝐷𝐿, ) for neutral solute transport (middle) and charged solute 
transport (right) with sorption in Poiseuille flow are compared between the classical theories and numerical results [170,171].
Mixing remains challenging in microchannels due to low Reynolds 
number conditions. A vortex-based mixing enhancement method for 
electro-osmotic flows is proposed using temperature-patterned walls
[72]. For the non-isothermal fluid, the standard Nernst–Planck equa-
tion was modified by adding a temperature-dependent migration term 
involving both thermal and electric potential gradients. Simulation 
results demonstrate that the asymmetric wall arrangement is the most 
efficient configuration, improving mixing performance by 39% at Rey-
nolds numbers of 10−3. When temperature gradients are applied at both 
walls and inlets, the resulting thermal differences generate entrance-
region vortices that further enhance mixing [73]. Here, the thermodif-
fusion effect is also included in the ion transport equation 
𝜕𝑛𝑖
𝜕𝑡

+ 𝒖 ⋅ ∇𝑛𝑖 = 𝐷𝑖∇2𝑛𝑖 +
𝑧𝑖𝑒𝐷𝑖
𝑘B

∇ ⋅
( 𝑛𝑖
𝑇
∇𝜑

)

, (24)

where 𝑇  denotes the temperature field. This approach enables precise 
vortex scale control without additional components, offering unique 
advantages for active mixing regulation in electro-osmotic microflows.
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Recent years have witnessed diverse ionic current rectification 
methods for nanofluidic chips [187–190]. It is theoretically demon-
strated that temperature gradients can effectively manipulate ionic 
rectification in tapered nanochannels when applied either from tip-to-
base or base-to-tip directions [184], as illustrated in Fig.  8(b). Through 
the assumed decomposition of the electric field into the internal and 
applied ones, their results show that base-to-tip temperature gradients 
significantly enhance the rectification ratio, while reverse gradients 
suppress it. This rectification behavior depends primarily on the elec-
trical double layer overlap regime at the nanochannel tip. The authors 
developed a semi-analytical solution capable of reproducing numerical 
results with comparable magnitude. It is noteworthy that the above 
decomposition assumption still requires further verifications, since the 
concentration polarization phenomenon in the tapered nanochannels 
may not be negligible, which may trigger the complex nonlinear 
coupling between ionic transport and electric potential distribution. 
Such nanochannels also serve as platforms for power generation and 
self-powered sensing applications [191–194].
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Fig. 8. (a) The zeta potential versus temperature predicted by the electrical quad layer (EQL) model for different bulk ion concentrations [149] compared with 
the experimental data [150] (b) Ionic flux ratio   of the forward and reverse currents regulated by temperature gradients in a tapered nanofluidic channel [184]. 
(c) The total tracer flux with or without EDL considered (left) and the flux components in clay at pore scale for different temperature gradients [185] (right). (d) 
Potassium concentrations in the reservoirs on both sides after applying a temperature different [186].
A thorough understanding of thermal effects on ion transport in 
compacted clay is crucial for ensuring the long-term safety of high-
level radioactive waste repositories and other environmental appli-
cations [180]. It is observed that the macroscopic Soret coefficient 
in clay is five times greater than in free water, which may be at-
tributed to electrokinetic effects [185]. Pore-scale LBM simulations 
reveal that the Soret effect contributes minimally to ionic flux varia-
tions in clay, as the Soret coefficient remains comparable to that of free 
water across different external temperature gradients (Fig.  8(c)). The 
primary mechanism stems from temperature-gradient-induced inhomo-
geneities at charged liquid–solid interfaces, which significantly alter 
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internal electrical and concentration fields. Recently, cation thermod-
iffusion in saturated nanoporous silica was investigated using experi-
mental through-diffusion methods (Fig.  8(d)) [186]. Both experimental 
and theoretical results demonstrate that temperature-induced surface 
charge polarization critically influences ionic transport by modify-
ing the electric field within nanoconfined electrolytes under varying 
temperature gradients. The ionic flux is expressed using the average 
quantities 

𝑗∗∗𝑖 = −
𝐷̄𝑖,0

[

𝛥𝑛𝑖 + 𝑛̄𝑖ln
(

𝑛𝑖(𝑇out )
)

+ 𝑆̄𝑇 𝑛̄𝑖
(

𝑇out − 𝑇in
)

]

, (25)

𝐺𝐿 𝑛𝑖(𝑇in)
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where 𝑛∗𝑖 ≡ 𝑛𝑖∕𝑛𝑟𝑖,𝑏 = 𝑧𝑖𝜌∕2 +
√

(𝜌∕2)2 + 1 is obtained using the Donnan 
theory together with the local charge balance with the dimension-
less volume charge density 𝜌 = −𝑄∕𝐹𝐶𝑟0. When the EDL thickness 
approaches nanopore dimensions, theoretical predictions indicate that 
this non-isothermal ionic mobility can exceed classical thermophoretic 
mobility by up to an order of magnitude.

4. Electrokinetic transport in unsaturated porous media: effect of 
soft interface

The study of electrokinetic effects on fluid flows and ion transport in 
unsaturated porous media is still in its infancy. The two-liquid interface, 
as a typical soft interface, may allow for ion partition and distribution 
potential when some organic ions exist, and it will deform and flow 
(or even break) under external stress, opening novel opportunities in 
rational regulation of multiphase flow and ionic transport in micro- and 
nanoscales. In this section, we will summarize the primary studies on 
the liquid–liquid interface charging and wettability alteration effects, 
which are two representatives of the most important components of 
electrokinetic effects in micro- and nano-scale multiphase systems. The 
former is closely related to the interfacial charge and surface tension 
regulation of liquid–liquid interfaces, while the latter is primarily asso-
ciated with the disjoining pressure between charged liquid–liquid and 
solid–liquid interfaces. More details on the electrokinetic transport at 
liquid–liquid interface can be found in our previous review paper [26,
27].

In order to present a quantitative and predictable description of the 
electrokinetic transport in unsaturated porous media, the situations are 
quite distinct whether the electric field is present or not. When the 
electric field is absent, the ion-mediated multiphase flow with effective 
modeling ion-tuned wettability alteration is numerically simulated, 
which is commonly met in the low-salinity waterflooding process. 
When an electrical field is present, the simulation of electrokinetic 
transport in a multiphase system is quite challenging because of the 
multiscale nature of the system, and there is still a lack of study, 
for which we introduce the GPU-based LB simulation methods which 
serve as a potential candidate for the future study on the electrokinetic 
multiphase flow in porous media.

4.1. Liquid–liquid interface charging and electroosmosis

Surface charging at immiscible liquid–liquid interfaces plays a cru-
cial role in emulsion stability, surfactant adsorption, and engineering 
applications, including drug delivery and mineral flotation. Although 
droplet electrophoresis serves as a common electrokinetic method for 
measuring surface charge density, it faces limitations in both physical 
modeling and sample preparation. The streaming potential, a clas-
sic electrokinetic phenomenon, arises when a pressure-driven flow 
transports net interfacial charges, generating convective currents that 
accumulate downstream in open-circuit conditions. This not only cre-
ates a difference in electrical potential that converts mechanical energy 
to electricity, but also enables mechanical-to-electrical signal transduc-
tion, finding diverse applications in geological and biological sensing.

Recently, a novel experimental approach of interface charging mea-
surement is developed using a streaming-potential-based setup [195] 
(Fig.  9(a)). This design employs a Y-Y-shaped microchannel to estab-
lish a flat, stable liquid–liquid interface, with polymer-coated inner 
walls to minimize solid–liquid electrokinetic interference (Figs.  9(b–c)). 
The method was first validated by revisiting the aqueous solution-
silicon surface charging, followed by investigation of the surfactant-free 
decane-KCl solution interface charging. The results confirm negative 
surface charging at the decane-KCl interface, with the charge magni-
tude increasing at higher pH values. These findings support the pro-
posed charging mechanism, in which hydroxyl ion adsorption generates 
the observed negative surface charge.
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Spontaneous charging at liquid–liquid interfaces often arises from 
imbalanced ion partitioning, particularly in polar oil systems containing 
large organic ions. The diffuse nature of these interfaces critically 
influences their electrokinetic behavior, where the interplay between 
different charging mechanisms is strongly dependent on interfacial 
physicochemical properties which are frequently overlooked in previ-
ous studies, leading to unreliable electrokinetic predictions. Recently, 
a novel diffuse interface framework incorporating a modified Boltz-
mann formulation is developed to account for solvent mixing effects 
and unify both charging mechanisms [197], where the additional free 
energy term 𝑔(𝜙) denoting the interaction between ions and solvents 
is incorporated into the equation of ion transport as an extra external 
force, 

𝒋∗∗𝑖 − 𝑛𝑖𝒖 = −𝐷𝑖,0∇𝑛𝑖 − 𝑧𝑖𝑒𝑏𝑖,0𝑛𝑖∇𝜑 − 𝑛𝑖
𝐷𝑖,0

𝑘B𝑇
∇𝑔(𝜙). (26)

Here, 𝜙 is the order parameter denoting the relative position to the 
phase interface, whose evolution can be captured using the Cahn–
Hilliard phase field model.

The diffuse interface model above highlights significant permit-
tivity- and viscosity-related solvent mixing effects when imbalanced ion 
partitioning dominates, especially under large viscosity ratios. Through 
a comprehensive analysis of permittivity-dependent ion partitioning 
and organic impurity effects (Fig.  9(e)), they reveal distinct behaviors 
for polar versus non-polar organic liquids. Notably, in moderately 
polar organic liquids, water velocity exhibits non-monotonic depen-
dence on impurity concentration across different pH values, reflecting 
competition between charging mechanisms. The authors propose a 
semi-empirical correction to sharp interface models to address pre-
diction deviations, while demonstrating the crucial role of viscosity 
interpolation in interpreting electroosmotic velocity profiles.

4.2. Electrochemical alteration of wettability

Wettability alteration is a common approach to regulate multiphase 
flow in microchannels or porous media. Basically, there are two major 
categories in terms of electrochemical ways: one is through external 
voltage, which is called electrowetting (EW) [20,198,199], and the 
other is through spontaneous charging, which is called ion-tuned wetta-
bility alteration [24,200]. The former is a well-known phenomenon in 
which the contact angle of a droplet on a solid surface can be reduced 
by applying an electric field, and is frequently used in droplet manip-
ulation in microfluidics, while the latter is recognized as a promising 
method for enhancing oil recovery by low-salinity waterflooding [24,
25].

Molecular simulations are essential for elucidating ion-tuned wetta-
bility and electrowetting mechanisms because of their ability to capture 
discrete particle effects near the three-phase contact line and within po-
tential water films. As we discussed in Section 2, the long-range nature 
of Coulombic interactions poses significant computational challenges 
for molecular simulations. An advanced P3M algorithm is developed 
by combining precise particle–particle (PP) treatment of short-range 
Coulomb and van der Waals interactions and efficient particle-mesh 
(PM) calculation of long-range interactions, achieving both accuracy 
and computational efficiency. Fig.  10(a) shows the strategy of P3M 
algorithm [53].

Using the above high-efficiency MD method, researchers are able 
to clarify the electrowetting physics and the mechanisms of voltage 
saturation of electrowetting (Fig.  10(b)) [54]. The simulations revealed 
that nanoscale droplets exhibit behavior consistent with macroscopic 
observations: the contact angle 𝜃 follows continuum predictions at 
low voltages before saturating. This saturation occurs when strong 
local electric fields extract ions from the droplet, with the saturation 
threshold modifiable through temperature adjustment, screening con-
trol, or modulation of ion-fluid binding energies. Notably, the local 
force balance equation for 𝜃 remains valid even post-saturation, i.e., 
𝛾 − 𝛾 − 𝛾 cos 𝜃 + 𝑓 = 0, (27)
vs ls 𝑅 el,𝑥
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Fig. 9. (a) The experimental setup and (b) microfluidic chip design for measuring the surface charge at the oil-water interface, and (c-d) are the results from the 
streaming potential measurements, in which (c) is the verification of single-phase compared to the experimental data [196] and (d) the investigation of two-liquid 
interface [195]. (e) Dimensionless mean phase velocity in two-liquid electroosmosis for setups with different oil phases (left using non-polar oil with only ion 
adsorption, right using polar oil with ion partition), obtained from solving the diffuse interface model [197].
with the interface attaining its equilibrium contact angle within nano-
meters of the solid surface.

In ion-tuned wettability studies, the disjoining pressure serves as a 
fundamental parameter to quantify wettability alterations, with pre-
dictions commonly based on extended DLVO theory [24,25]. In a 
comprehensive theoretical investigation of ion-tuned wettability across 
diverse oil-brine-rock (OBR) systems, two key electrokinetic mech-
anisms are examined, including double layer expansion (DLE) and 
multicomponent ion exchange (MIE) (Fig.  10(c)) [201]. Their analysis 
reveals that ion-tuned wettability behavior can be categorized into 
two distinct types based on electrical double layer (EDL) interactions. 
When EDL forces are attractive, neither DLE nor MIE significantly 
affects water-wetness. Conversely, under repulsive EDL conditions, DLE 
becomes effective only at relatively high ion concentrations, whereas 
MIE exerts a substantially greater influence at low divalent cation 
percentages. Notably, the study demonstrates a synergistic interaction 
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between DLE and MIE, where their combined effect produces sig-
nificant wettability changes even when individual mechanisms show 
minimal impact.

Recently, a MD study on these phenomena was performed to resolve 
the discrete effect on ion-tuned wettability [200,203]. Their model 
system accurately reproduced the wettability characteristics of real 
oil/brine/rock systems, demonstrating qualitative agreement with EDL 
repulsion theory in the absence of ion-binding effects. Subsequent 
studies examined three fundamental mechanisms in oil-brine-quartz 
systems: EDL repulsion, cation bridging (Ca2+ and K+), and hydration 
repulsion [202]. The molecular system contact angles and COO− dis-
tributions are compared under varying interface charging conditions 
with EDL repulsion theory predictions, revealing that both Ca2+ and 
K+ bridging occur, with medium ionic strength most favorable for K+

bridging formation. Besides, all three mechanisms influence wettability, 
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Fig. 10. (a) A two-dimensional schematic of the P3M algorithm [53]. (b) Drop spreading (top) under a voltage between a cylindrical drop and electrode, and 
contact angle 𝜃 change (bottom) with dimensionless voltage 𝑉  (or integrated electrostatic force per unit length 𝑓el,x) [54]. 𝛾 denotes the liquid-gas interface 
tension coefficient. (c)Prediction of the contact angle at several different ionic compositions in ion-tuned wettability using disjoining pressure theory with surface 
charge regulation model, which indicate the contribution of double layer expansion (DLE) and multi-component ion exchange (MIE) [201]. (d) Schematics of MD 
simulation of ion-tuned wettability [200,202].
ranked by strength as: Ca2+ bridging > EDL repulsion ≈ hydration 
repulsion > K+ bridging.

4.3. Multiphase electrokinetic flow through pores

Laboratory experiments demonstrate that oil recovery from sand-
stone and carbonate reservoirs during waterflooding can be signifi-
cantly enhanced by modifying injected water composition, particularly 
through ionic strength reduction. Studies investigating dynamic wet-
tability changes induced by surface complexation reveal substantial 
impacts on droplet manipulation and two-phase displacement pro-
cesses [33,34,204,205]. The mobilization of trapped ganglia plays a 
pivotal role in two-phase displacement dynamics. Although wettability 
alteration represents a potential approach for ganglia mobilization, 
its practical feasibility and broader wettability effects have not been 
adequately studied.

In recent years, wettability effects on trapped ganglia have been sys-
tematically examined through theoretical analysis and numerical sim-
ulations under both fixed and dynamic wettability conditions (Fig.  11)
[206], who utilized the phenomenological wettability alteration rela-
tion 𝜃(𝑐) = (𝜃1 − 𝜃0)(1 +𝐾)𝑐∕(1 +𝐾𝑐) + 𝜃0 while maintaining the solute 
to only stay in the water phase through the constraint 𝑐(𝑥𝑤)∕𝑐max =
𝑥𝜆𝑤 in the recoloring step after collision in the LBM for advection–
diffusion equation. Their investigation of oil-wet to water-wet transi-
tions mediated by solute transport identified two critical mobilization 
mechanisms. First, initial mobilization requires heterogeneous wetting 
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states during dynamic alteration, as step-wise changes prove ineffec-
tive. Second, sustained displacement depends on ganglia coalescence 
during the alteration time window - isolated ganglia exhibit only tem-
porary mobilization before becoming trapped again upon completion 
of wettability alteration.

On the other hand, the presence of gas or oil (or other non-wetting 
and insulating phase) in the interconnected pore space significantly 
affects the streaming coupling coefficient. The streaming potential in 
multiphase displacement flow also depends on flow properties such as 
permeability and wettability, making it potentially useful for solving 
inverse problems [207,208]. For example, the self-potential generated 
by wet steam (quasi-uniform two-phase flow) through porous media 
can be significant in hydrothermal convection systems, providing a 
monitoring method for subsurface flow, particularly in the early stages 
preceding volcanic eruptions. The streaming potential in a vertical 
cylindrical column of porous material with wet steam flow was stud-
ied [209]. For isothermal and steady-state conditions, they observed 
a positive electric potential gradient along the flow direction. A sud-
den large increase in vapor flow rate and vapor volume fraction was 
found to induce a substantial and long-lasting increase in potential 
differences.

Early studies, including these experiments, treated the two-phase 
streaming potential similar to parallel single-phase flow in theoretical 
models [210]. Later, various modeling approaches were developed, 
including coarse-grained models based on volume averaging [211], 
simplified geometrical configurations [207], and non-equilibrium phe-
nomenological assumptions [212–214], through which the analytical 
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Fig. 11. (a) The evolvement of a single ganglion (left) and a group of ganglia (right) under wettability alteration by simulation. One mobilized ganglion can 
merge with another, extending the limited movement and growing larger. After full alteration, the ganglion can be large enough to not be trapped [206]. (b) The 
displacement efficiency in the irregular sandstone-like structure by displacement with solute induced wettability alteration, with varying initial oil saturation, 
degree of alteration (left) and inlet flow velocity 𝑣 (right) [206].
models based on the capillary bundle model were proven effective and 
efficient despite their over-simplification of the natural complexity of 
geo-materials. Two main effects were considered to account for the 
presence of insulating phases in pores: the insulating effect itself and 
the negative surface charge at the fluid-liquid interfaces [215]. In ad-
dition, the effect of the distribution of the pore size on the EK coupling 
was further explored, and the effects of hysteresis were explained by 
the presence of irregularities in the pore geometry of the medium 
that affected the flow of water and the convection of excess surface 
charge [38,216,217]. However, the precise mechanisms behind these 
factors remained poorly understood, and the pore-scale understanding 
was still lacking [218,219].

Although numerical methods enable detailed tracking of interfacial 
phenomena, current computational frameworks face inherent limita-
tions, particularly when external electric fields are applied or when 
physically realistic diffuse interface dimensions must be resolved, con-
sidering the nanoscale thickness of diffuse charge layers. Key chal-
lenges include: resolving steep concentration/electric potential gradi-
ents at interfaces, capturing large interfacial deformations, and ad-
dressing multiscale coupling effects, all of which demand substantial 
computational resources. These challenges share a common charac-
teristic that significant computational costs are required to resolve 
critical details. Advanced mesh refinement (AMR) techniques combined 
with GPU computing [220,221], especially those employing dynamic 
adaptation, offer a promising solution to these computational bottle-
necks while maintaining solution accuracy. AMR algorithms automat-
ically adjust grid resolution based on predefined criteria, applying 
fine grids to critical regions (e.g., high-gradient zones) while using 
coarse grids elsewhere [222]. However, AMR implementations may 
disrupt memory address continuity, potentially reducing the efficiency 
of memory-block-based acceleration techniques [221,223].
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In LBM implementations, uniform grids remain traditionally pre-
ferred for their algorithmic efficiency, though partial and adaptive 
refinement approaches are gaining adoption [224,225]. The localized 
computation and neighbor-dependent streaming characteristics of LBM 
present distinct challenges for AMR applications. Proper data transfer 
between coarse and fine grids requires careful rescaling of physi-
cal quantities, equilibrium distributions, and non-equilibrium compo-
nents [226]. For multiphase systems, maintaining interface consistency 
across grid levels is particularly crucial — inadequate treatment of 
cross-grid interfaces or inconsistent interface thickness can compro-
mise both accuracy and stability [227,228]. Special attention must 
be devoted to the rescaling process during mesh transitions in LBM 
implementations. Well-designed AMR strategies not only enhance the 
resolution of interfacial phenomena but also deliver substantial com-
putational savings. Emerging integrations of machine learning and 
artificial intelligence offer promising avenues for optimizing refinement 
criteria selection, potentially revolutionizing both simulation efficiency 
and predictive accuracy in future developments.

5. Summary and perspectives

5.1. General remarks

This review paper provides a systematic summary of current prog-
ress beyond textbooks and normal research papers on electrokinetic 
transport within porous media from a pore-scale perspective. We focus 
on, but not limited to, three major fundamental effects: geometric 
confinement effects induced by wall structures, field inhomogeneity ef-
fects arising from coupled physicochemical processes, and soft interface 
effects characteristic of multiphase systems.
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Specifically, we address several critical mechanisms such as dis-
crete particle effects, complex structure effects, micro-nano junction 
transition, inhomogeneous surface charge distribution, surface chemi-
cal kinetics, thermodiffusion coupling, ion partitioning behavior, and 
dynamic wettability regulation. To highlight these complex interac-
tions, we address several key numerical approaches, including the 
random generation-growth method for statistically reproducing equiv-
alent microstructures of porous media, the lattice Poisson–Boltzmann 
method for simulating coupled electrokinetic transport, and particle-
based methods for resolving discrete phenomena when the continuum 
assumption is challenged.

Although many advances and developments have been made in the 
past two decades, there are still many challenges and opportunities in 
the field of electrokinetic transport in porous media, especially for cases 
with multiscale, multiphysiochemical and multiphase effects. Advanc-
ing both fundamental understanding and practical applications in this 
field necessitates close collaboration among computational scientists, 
experimentalists, and theoretical researchers in the study of electroki-
netic transport within complex porous systems. The expected future 
directions following this framework may include: (1) Development of 
statistics-based theoretical frameworks that integrate pore-scale elec-
trokinetic transport physics with continuum-scale descriptions, (2) Im-
plementation of multiscale simulation strategies that couple reactive 
transport processes with heterogeneous solid–fluid interactions in satu-
rated porous media, and (3) Design of application-driven experimental 
platforms that enable quantitative characterization of electrokinetic 
phenomena in unsaturated porous media under realistic conditions.

5.2. Further exploration and perspectives

Besides the urgent demands, there would also be some potential 
long-term directions to be explored in the future. To be specific, the 
multiphase electrokinetic transport in porous media is a burgeoning 
field with important applications in various disciplines and industries, 
as shown in Fig.  1. However, the transport mechanisms are far from 
well understood.

On fundamental mechanism. In porous media, electrokinetic multi-
phase flow involves coupled hydrodynamic interactions through vis-
cous forces and pressure gradients, arising from simultaneous electroki-
netic flows at both the solid–liquid and liquid–liquid interfaces [6]. 
Optimizing interfacial micro-nano structures and metal electrode con-
figurations may provide effective control strategies for such flows. For 
example, electrolyte displacement processes combine electrowetting 
with electroosmosis to influence the two-phase dynamics [25,229], 
which requires further theoretical analysis and numerical simulations. 
On the other hand, in Hele-Shaw systems, current injection could 
potentially suppress viscous fingering instability (occurring when a 
low-viscosity fluid displaces a high-viscosity one), provided that the 
liquid–liquid interface allows for interphase current flow [230]. How-
ever, the related experimental validations of those theories remain 
limited. The ion-tuned wettability governs the migration of oil droplets 
and the control of two-phase displacement [24]. For systems with-
out an external electric field, ion composition/concentration primarily 
modulates displacement by altering contact angles [231,232]. The 
underlying mechanism involves ion-concentration-dependent charge 
regulation that modifies electrical double layer interactions. Conse-
quently, spatio-temporal ion variations can induce dynamic wettability 
changes or spatial heterogeneity. In particular, the time scale for the 
adjustment of local wettability may match the characteristic time scales 
of ion transport and multiphase flows, which means that the dynamics 
of wettability can significantly influence two-phase flows [25]. When 
porous frameworks contain conductive materials, solid–liquid electro-
chemical reactions may further affect electrocapillary imbibition of the 
electrolyte, allowing active control opportunities [233].

On engineering application. Multiphase electrokinetic transport thro-
ugh porous media could be used as a potential solution for energy 
17 
conversion and harvesting. Conventional solid–liquid streaming po-
tentials typically lack sufficient magnitude for practical applications. 
As liquid–liquid interfaces permit ion slippage and enhanced charge 
convection, their incorporation can significantly boost streaming po-
tential and energy conversion efficiency. In particular, the required 
pressure gradient needs not only originate from pumps; it can also 
result from solvent-atmosphere interfacial evaporation, inspired by 
plant transpiration [234] and later conceptualized as the hydrovoltaic 
effect [235,236]. Streaming potentials may thus emerge from charged 
liquid–liquid interfaces around droplets/bubbles [237–239], or solid–
liquid interfacial processes such as chemical reactions or triboelectricity 
that mediate ion-electron energy exchange [240–242]. On the other 
side, energy and information are intrinsically linked. In groundwater 
monitoring, geophysicists deploy surface electrodes to measure natural 
streaming potential differences (self-potential method) for inferring 
subsurface flow patterns and multiphase interface dynamics [207,211,
243]. This technique has been adapted to microfluidics, where bubble-
filled nanochannels enable biofilm biochemical detection [244,245]. 
Recent studies reveal that lubricant composition in slippery surfaces 
significantly affects streaming potential generation [246], suggesting 
microfluidic two-phase systems could offer new approaches for quan-
tifying liquid–liquid interfacial charging [195]. Compared with the 
curved interfaces of droplet electrophoresis, such planar configurations 
can simplify both the physical interpretation and theoretical modeling 
of interfacial phenomena, which requires further efforts to tackle the 
remaining challenges in experimental design and fabrication.
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