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A B S T R A C T

The electrification effects and electrokinetic flow phenomena at immiscible liquid-liquid interfaces have been a 
subject of scientific inquiry for over a century. Unlike solid-liquid interfaces, liquid-liquid interfaces exhibit not 
only multiphysical and cross-scale characteristics but also diffuse soft properties, including finite thickness, 
fluidity, ion adsorbability, and permeability, which introduces diverse interfacial charging mechanisms and 
conductive dielectric properties, imparting unique characteristics to electrokinetic multiphase flow systems. 
Electrokinetic multiphase hydrodynamics (EKmHD), grounded in electrochemistry and colloid and interface 
science, has experienced renewed interest in recent years. This is particularly evident in systems such as the 
interface between two immiscible electrolyte solutions (ITIES) in electrochemistry, self-propelling droplets in 
physicochemical hydrodynamics, and digital microfluidics in electromechanics. The multiphase diffuse soft 
nature of charged liquid-liquid interfaces introduces novel physical scales and theoretical dimensions, posi
tioning EKmHD as a potential foundation for a new interdisciplinary field rather than merely a cross-disciplinary 
area. This review highlights the need for an integrated research approach that combines interfacial charging 
mechanisms with electrokinetic flows, alongside a cross-scale modeling framework for interfacial multiphysical 
transport. It systematically organizes the characteristics of liquid-liquid interfaces from the perspectives of 
charging mechanisms and electrokinetic behaviors, with particular emphasis on spontaneous partition- and 
adsorption-induced charging at the interface, and the strong coupling between multiphase diffuse soft interface 
flow and ion transport. Furthermore, the paper comprehensively summarizes the transport mechanisms of 
electrokinetic multiphase flows concerning interfacial ion transport and fluid flow, while refining the corre
sponding dominant dimensionless parameters. Additionally, it systematically consolidates current understanding 
of typical electrokinetic multiphase flow scenarios, with special focus on potential future research directions. 
These include the electrokinetic double-sided coupling effects in ITIES systems, solidification and nonlinear 
effects in droplet/bubble electrophoresis, the validity of the leaky dielectric model, electrokinetic instabilities of 
jets and ion-selective soft interfaces, and the active and passive control of two-phase electrokinetic wetting 
dynamics and displacement.

1. Introduction

Electrokinetics focuses on the coupled transport of solute ions and 
solvent molecular fluid backgrounds near charged surfaces in electrolyte 
solutions [1–3]. The so-called interface charging or interface electrification 
refers to the formation of two layers of equal amounts of opposite 
charges at around interfaces (i.e., the electric double layer in the broad 
sense) and forming an interphase potential difference, where the sepa
ration of positive and negative charge centers is caused by the redistri
bution of charged components due to spontaneous chemical potential 

differences or induced by external electric fields [1,4,5]. Consequently, 
for charged interfaces in electrolyte solutions, there arises the possibility 
of non-equilibrium potential fields driving the migration of solute ions in 
the net charge layer near the interface, thereby dragging the motion of 
the solvent molecular fluid background; this is the most fundamental 
picture of electrokinetic flow and transport behavior. Therefore, why the 
equilibrium interface in the solution is charged, how ions are distributed 
within the net charge layer at the interface, and how the non- 
equilibrium transport of ions near the net charge layer at the interface 
is coupled with interfacial flow, are the core issues of concern in elec
trokinetics [6–8].
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This review will focus on spontaneously charged immiscible oil- 
water interface system and review the research on its electrokinetic 
transport mechanisms. Here, the aqueous phase refers to a strong elec
trolyte solution, while the oil phase denotes an immiscible organic phase 
that may contain electrolytes. The latter is categorized into nonpolar oils 
and polar oils, primarily distinguished by the relative magnitudes of their 
dielectric constants and electrical conductivities [9,10]. Nonpolar oils 
are commonly found in naturally occurring hydrophobic biomolecules 
or artificially constructed pure small-molecule oil systems in labora
tories. Their molecules typically exhibit weak polarity, surface-inert 
hydrophobicity, and a dielectric constant much smaller than water 
(approximately 1/15 of water's), with negligible conductivity, behaving 
as near-perfect dielectrics. Research on such systems is prevalent in life 
sciences or colloid and interface science. Polar oils, on the other hand, 
often appear in naturally occurring impurity-containing oils or artifi
cially constructed systems in laboratories such as the interface between 
two immiscible electrolyte solutions (ITIES). Their molecular structures 
contain polar groups, and their dielectric constants, while smaller than 
water's, remain non-negligible (up to 1/2 of water's). Their conductivity 
depends on the nature of solute ions (if organic ions are present, con
ductivity is relatively high; hereafter, polar oil systems are assumed to 
contain organic ions unless specified). These systems typically behave as 
conductive dielectrics, and their study is more common in geosciences or 
electrochemistry. For conciseness, this review refers to the study of 
spontaneous charging and electrokinetic multiphase flow phenomena at 
liquid-liquid immiscible interfaces as electrokinetic multiphase hydrody
namics [11–13].

1.1. Brief historical overview

The charging effect at immiscible liquid-liquid interfaces is widely 
present and has a long history of research spanning over a century [1,2]. 
Lippmann began experimental measurements of the electrocapillary 
effect at the mercury interface in electrolyte solutions in 1875 [14], 
which is also the earliest known research on charged liquid-liquid 
interface systems containing electrolyte solutions under the field of 
interface science. Shortly after that, Chapman published his theoretical 
study on the electrocapillary effect at the mercury interface in electro
lyte solutions in 1913 [15], who almost simultaneously and separately 
established the diffuse double layer model with Gouy, the latter of which 
proposed a purely theoretical model for solid-liquid interfaces [16]. The 
mercury interface system and Chapman's theoretical model greatly 
inspired the subsequent development of theories on the structure of the 

double layer near general charged interfaces, such as Grahame's in- 
depth research on the electrocapillary effect in 1947 [17]. Unlike the 
mercury interface, the discovery of spontaneous charging at oil-water 
interfaces mainly came from experimental studies on the stability of 
emulsion systems influenced by electrolytes in the field of colloid science 
around 1911 [18,19], which also promoted the extension of the concept 
of colloids from solid particles to emulsions composed of liquid droplet 
particles [20,21], and related research later also expanded to bubble 
systems [22,23]. However, the theory of the double-sided diffuse layer 
with possible partitioned charging on both sides of oil droplets was not 
proposed until around 1940 by Verwey and Niessen [24,25].

Although the mechanism of partition-induced charging at oil-water 
interfaces was proposed long ago, in traditional emulsion systems, 
which typically involve electrolyte solutions composed of simple inor
ganic ions, and where the non-aqueous phase usually has poor con
ductivity, the effect of partition-induced charging on the charging of oil 
droplets is insignificant. Therefore, the partition-induced charging effect 
in traditional oil-water interface systems has never received enough 
attention in the field of colloid and interface science. On the other hand, 
the selective permeability of biological membranes (such as cell mem
branes) to ions or other components is considered an important feature 
for maintaining normal physiological functions. This has triggered 
research in the colloid science community on the mechanism of trans
membrane transport of ion-selective membranes, dating back to 1890 
[26,27]. The ITIES system, due to its many similarities to ion-selective 
membranes, has gradually attracted the attention in this field since 
1909 [27,28]. However, although research in colloid and interface sci
ence at that time had focused on the effect of electrolytes on the equi
librium interfacial potential difference of the ITIES system, it was not 
until around 1956 that the electrochemistry community began to pay 
attention to the interphase ionic current of this system, and it took 
another 20 years for the electrochemistry field to conduct comprehen
sive research on the non-equilibrium ionic transport across the ITIES 
interface and the structure of interfacial ion distribution [27,29,30]. In 
1976, in an experimental article using a dropping mercury electrode 
setup to study the electrochemical behavior of ITIES, Koryta, Vanysek, 
and Brezina formally proposed the concept of ITIES [31], a term that has 
been in use ever since [12]. Since then, with the development of micro- 
nano fabrication techniques, technologies such as microelectrodes, mi
cropipettes, and micromanipulators have emerged successively, and 
research on the ITIES system in the field of electrochemistry has grad
ually shifted towards related fields such as micro-nano technology, 
precision measurement, and cell detection [32–34].

Since electrokinetic flow originates from the net charge layer near 
the interface, its description largely depends on an accurate under
standing of the interface charging mechanisms and the characteristics of 
charge distribution. Looking back, the phenomenon of electrokinetic 
flow at liquid-liquid interfaces had already been noted by at least 1914 
[35]. For instance, McTaggart experimentally discovered in 1914 that 
bubbles in electrolyte solutions would migrate directionally under the 
influence of an external electric field [22]. This phenomenon was later 
also observed by Mooney in 1924 in oil droplet systems within elec
trolyte solutions [36]. Bull and Gortner successfully measured the 
streaming potential at gas-liquid and oil-water interfaces using a 
specially designed apparatus in 1931 [23]. However, it was not until 
around 1950, when Grahame proposed the theory of the electrocapillary 
effect and the structure of the electric double layer at the mercury 
interface, that Frumkin and Levich established the effective theory of 
electrocapillarity for typical electrokinetic flow phenomena such as the 
directional migration of mercury droplets under an external electric 
field [37]. This also contributed to Levich's seminal work, Physico- 
chemical Hydrodynamics, marking the birth of this new interdisciplinary 
field [11]. Shortly after Verwey et al. proposed the theory of double- 
sided diffuse layers at oil droplet interfaces in 1939, Booth, Jordan, 
Taylor, and Fedosov also successively conducted preliminary theoretical 
studies on the directional migration of emulsion droplets under an 

Nomenclature

ITIES interface between two immiscible electrolyte solutions
EKmHD electrokinetic multiphase hydrodynamics
EDL electrical double layer
EChem electrochemistry
PDS pure dielectric solvent
LQM liquid metal
RTIL room-temperature ionic liquid
SES strong electrolyte solution
WES weak electrolyte solution
PFD perfect dielectric
PFC perfect conductor
HCD highly conductive dielectrics
WCD weakly conductive dielectrics
EHD electrohydrodynamics
iPC interfacial physicochemical charging
iIT interfacial ion transport
iFF interfacial fluid flow
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external electric field in the 1950s [11,38–40]. Although Booth's and 
Jordan's theories still inherited the shortcomings of the particle elec
trophoresis theories at solid-liquid interfaces at that time [41], Fedosov's 
theory, which inherited Frumkin and Levich's electrocapillary analysis, 
also had issues of applicability [37]. Additionally, Millikan's famous oil 
drop experiment in 1911, which measured the trajectory of charged oil 
droplets formed by a spray in an electric field, first provided evidence for 
the existence of the elementary charge [42,43]. Despite the data pro
cessing of this study being considered not rigorous, it brought the 
method of controlling the deformation and motion of dielectric droplets 
with an external electric field into view and, in the 1960s, led to the 
formation of the field of electrohydrodynamics under the impetus of 
Taylor and Melcher [44–47].

Over the past 60 years, progressing alongside electrokinetics at solid- 
liquid interfaces, the study of electrokinetic transport mechanisms at 
liquid-liquid interfaces has achieved significant developments [47–50]. 
However, disciplinary barriers have also gradually emerged. From the 
historical review of the development of electrokinetic multiphase hy
drodynamics, it can be seen that due to the broad range of disciplines 
involved and the very different perspectives of different disciplines on 
similar research objects, the literature on electrokinetic multiphase 
flows is extremely scattered in different subfields, which poses certain 
difficulties for systematic mechanism studies and urgently requires 
sorting out and integrating the existing literature. Originating in elec
trochemistry and colloid science, electrokinetic transport at liquid- 
liquid interfaces has been rediscovered in recent years due to advance
ments in micro/nanofabrication and measurement technologies, as well 
as the emergence of new material systems and practical demands. Ex
amples include self-propelling reactive droplets in active control 
[51–54], digital microfluidics with dielectric liquids [55–59], liquid 
metals in advanced manufacturing [60–63], ionic liquids in new energy 
applications [64–66], and aqueous two-phase electrolyte systems in 
biochemical engineering [67–71]. Among these, the interfacial charging 
and electrokinetic transport behaviors of systems such as inert hydro
phobic interfaces and ITIES exhibit fundamental differences compared 
to traditional solid-liquid interfaces and liquid metal interfaces, which 
has gradually attracted scholarly attention in recent years [12,72–75], 
and will be the main focus of this review.

1.2. Scope and perspective

This review will approach from the perspective of electrokinetics, 
extract model systems from typical application backgrounds of electro
kinetic multiphase flow, and meticulously analyze the physical picture 
and transport mechanisms of interfacial charging and electrokinetic 
flow at liquid-liquid interfaces from the perspective of interdisciplinary 
characteristics. In particular, the physical picture of microscopic inter
facial charging with macroscopic electrokinetic flow are combined, and 
a combination of quantitative descriptions of diffuse and sharp in
terfaces is adopted.

Bascially, the sharp interface model treats the interface as a zero- 
thickness geometrical surface, with the provision of interfacial condi
tions for various physical fields. It is often used for theoretical analysis to 
obtain formalized theories and intuitive physical pictures. However, 
macroscopic equations often only yield theoretical approximate solu
tions under specific limiting conditions, and their applicability typically 
relies on validation through numerical simulations or physical experi
ments. The diffuse interface model, on the other hand, allows the 
interface to diffuse into a thin solvent mixing layer of finite thickness, 
with the implementation of phase separation and interfacial tension. It 
has a solid thermodynamic physical foundation and is easily coupled 
with complex interfacial kinetic behaviors, which is suitable for nu
merical simulations studying the mechanisms of multiphase complex 
interfacial mass transfer. For simplicity, we refer to the former as 
macroscopic models and the latter as mesoscopic models. Considering 
the existence of nanometer-thick diffuse layer which may reduce to an 

effective interface condition in the coarse-grained model, the physical 
modeling of electrokinetic multiphase flow has three perspectives that 
need to be particularly distinguished: the diffuse interface description, 
the sharp interface description, and the matched asymptotic expansion, 
as shown in Fig. 1.

It should be noted that in recent years, there have been reviews 
focusing on the spontaneous charging at oil-water interfaces and elec
trokinetic multiphase flow at both theoretical and application levels 
[5,76–79]. Compared with previous studies, this review has the 
following characteristics.

On the one hand, with regard to research subjects, this review ex
tends the research system of electrokinetic multiphase flow from tradi
tional systems with pure dielectric liquid on the oil side (such as a non- 
polar oil) to ITIES systems with a conductive dielectric on the oil side 
(with a polar oil solvent) [38,49,50]. The latter have properties similar 
to biological membranes and artificial semipermeable membrane sys
tems, with more possibilities of ion permeability and adsorbability 
depending on the characteristics of different solvents and solutes. This 
will result in a strong coupling feature of electrokinetic transport 
behavior on both sides of the interface, making the electrokinetic 
characteristics of ITIES, in a sense, possess properties between perfect 
conductors represented by liquid metals and perfect dielectrics repre
sented by pure dielectric liquids [12,13,80–82]. The ITIES system has 
been an important intersection of various scientific and engineering 
fields including colloid science, electrochemistry, electromechanics, 
neuroscience, membrane science, brain-inspired computing, and 
chemical engineering over the past decade. Therefore, a systematic 
collation of the transport mechanisms of this system will potentially and 
widely impact numerous fields, such as constructing artificial systems to 
simulate the characteristic behaviors of biological membrane systems (e. 
g., chemotaxis of cells) based on physicochemical hydrodynamics 
[83–85].

On the other hand, in terms of research paradigms, this review 
combines the perspectives of electromechanics and physicochemical 
hydrodynamics [1,6,47,86]. Both will respectively provide the funda
mental physical picture and the main research methods for cross-scale 
modeling of electrokinetic multiphase flow, a typical multi-physical 
multiphase soft interface system. In this review, we will fully incorpo
rate the cross-scale modeling research perspective, with typical exam
ples such as the introduction of macroscopic and mesoscopic theoretical 
models of interfacial charging and electrokinetic flow, and the analysis 
of transport mechanisms based on mesoscopic models and matched 
asymptotic expansion theory. Besides, this review will select model 
systems in combination with application backgrounds and make com
parisons and analogies with other interfacial systems to explore the 
uniqueness of the electrokinetic behavior of ITIES systems 
[12,13,47,73,87,88].

In particular, we appreciate the reviewers' valuable suggestions and 
acknowledge that emulsions represent a major class of liquid-liquid in
terfaces, with surfactants commonly acting as stabilizers [89]. Besides, 
the surfactants may also play important role in ions partitioning be
tween aqueous phase and non-polar liquids [9,90–92] and thus serves as 
a quite different mechanism from the organic ions solved in the polar 
liquids [76]. It is noteworthy that there have been several monographs 
or reviews on the interfacial thermodynamics [89] and kinetic transport 
behaviors [93,94] of the non-ionic surfactants as well as their impact on 
interface fluid dynamics [95]. However, as for the complex dynamic 
behaviors of ionic surfactant (including kinetic transport and hydrody
namics) around the surface of electrolyte solutions [96–98], as well as 
the facilitated ion transport through the liquid-liquid interface with 
surfactants, the related quantitative description is still a challenging 
problem, which is far beyond the scope of this review. In this review, we 
will focus on the charged liquid-liquid interfaces without surfactants.
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1.3. Article organization

The review is organized as follows. First, we will review the funda
mental mechanisms and physical models of interfacial charging from the 
perspective of two-liquid interface electrochemistry and interfacial 
electrokinetic transport from the perspectives of two-phase physico- 
chemical hydrodynamics and electro-mechanical hydrodynamics, 
which can be found in Sections 2 and 3, respectively. Then, in Section 4, 
we will systematically construct the core physical picture of electroki
netic multiphase hydrodynamics and attempt to define corresponding 
dimensionless control parameters through the organization of transport 
mechanisms, demonstrating the possibility of new phenomena and 
mechanisms. Last but not at least, in Section 5, the main model systems 
involved in the typical application backgrounds will be covered, such as 
droplet electrophoresis, two-liquid electroosmotic flow, two-liquid 
streaming potential, two-liquid electroconvective instability, electroki
netic flows on slippery surfaces, ion-tuned interfacial property coupling 
with two-phase displacement and electric field-driven electrokinetic 
two-phase displacement, with the key transport mechanisms analyzed 
and future research directions outlined.

2. Physical model I: Interface charging of two-liquid interface

This section will meticulously discuss the ion partition and adsorp
tion behavior of charged liquid-liquid interface systems and provide a 
corresponding effective thermodynamic description. It will also eluci
date the prominent features and typical characteristics of the charging 
mechanisms at liquid-liquid interfaces, thereby providing a theoretical 
foundation for the subsequent cross-scale modeling that connects the 

microscopic interfacial charging mechanisms with the macroscopic 
characteristics of electrokinetic viscous flow.

The ion partition and adsorption behavior at liquid-liquid interfaces 
is an inherent property of charged liquid-liquid interface systems, with 
the possible ion partition effects on both sides of the liquid-liquid 
interface offering more possibilities in the interfacial charging mecha
nisms compared with solid-liquid interfaces. Regarding the partition and 
adsorption of solute ions at charged liquid-liquid interfaces, Section 2.1
will briefly introduce the physical pictures and thermodynamic de
scriptions of both phenomena. It should be noted that, due to the solute 
ions in electrolyte solutions carrying net charges, various complex po
larization effects will be triggered by electrostatic fields near the inter
face. Therefore, the classification into partition and adsorption 
behaviors here is merely a simplification and abstraction of their more 
general behaviors [99]. However, this simplification is sufficient to 
grasp their main characteristics and can be conveniently extended to the 
description of non-equilibrium transport behaviors, which is also very 
important for the mechanism study of upscaling coarse-grained trans
port behaviors at charged liquid-liquid interfaces [82]. For a unified 
quantitative description of partition and adsorption behaviors and the 
limitations of the aforementioned classification method, refer to the 
discussions in Section 2.2.

2.1. Fundamentals of typical charging mechanisms

The equilibrium distribution of solute ions near liquid-liquid in
terfaces is an important subject of study in the fields of interfacial 
electrochemistry as well as colloid and interface science, and it also 
serves as a crucial basis for the analogy of biological membrane ion 

Fig. 1. Three typical perspectives of cross-scale physics and modeling of EKmHD. In particular, the finite-thickness solvent mixing layer (left) is mainly used for the 
continuous distribution of physical quantities across the interface in the diffuse interface models. The interfacial condition (middle) is primarily for the matching of 
physical quantities on both sides of the liquid-liquid geometric interface in the sharp interface models. The asymptotic-matching-based effective interfacial condition 
(right) is mainly for the matching of physical quantities at the outer edges of the double-sided diffuse layers during the matched asymptotic expansion solution. The 
detailed meanings of the symbols in the figure can be found in the subsequent sections. In terms of spatial scales, the characteristic thickness of the solvent mixing 
layer at the oil-water interface is generally 0.1 − 1 nm, the characteristic thickness of the aqueous phase diffuse layer is typically in the range of 1 − 100 nm, and the 
geometric dimensions of the liquid-liquid two-phase flow system are generally on the order of 1 − 100 μm. It should be noted that the solvation effects of ions are not 
shown in the schematics for simplicity.

Y. Huang and M. Wang                                                                                                                                                                                                                       Advances in Colloid and Interface Science 342 (2025) 103518 

4 



channels through the properties of ion selective permeability and specific 
adsorbability of liquid-liquid interfaces. Generally, the characteristics of 
solute distribution near liquid-liquid interfaces can be clearly divided as 
shown in Fig. 2.

To provide a quantitative description of the equilibrium interfacial 
charging characteristics, one can introduce the concepts of the single- 
particle transfer free energy and adsorption free energy of a specific 
ion near a particular liquid-liquid interface. This reflects the free energy 
changes and potential field distribution associated with the interaction 
between solute ions and the solvent molecular background. Specifically, 
the free energy of transfer Δβ

αgt,i represents the system free energy change 
for a single ion i transferring from one bulk liquid phase α to another 
bulk liquid phase β, characterizing the potential barrier height across the 
two bulk phases and reflecting the interface's permeability to ion i. 
Meanwhile, the free energy of adsorption Δs

αga,i represents the system free 
energy change for a single ion i adsorbing from bulk phase α to the 
interfacial phase s (i.e., the finite-thickness solvent mixing layer), 
characterizing the average depth of the potential well near the interface 
and reflecting the interface's adsorbability for ion i. It is noteworthy that 
the physical intuition behind the effective interfacial potential field 
treatment for solute-solvent interactions is strikingly similar to the 
representative approaches in analyzing colloid transport [86] and inter
facial transport mechanisms of osmosis [72].

2.1.1. Ion partition and interface polarizability
The concept of polarizability (also known as the ability to be polar

ized) can naturally be analogized from metal or dielectric systems in 
electrodynamics to charged interface systems in electrolyte solutions. 
This concept is used to describe the ability of charged components 
around an interface to establish a new thermodynamic equilibrium on 
both sides under an external field, thereby weakening the external 

electric field [4,29,76]. Generally, the stronger the ability of charged 
components to form a interphase electrical current through the inter
face, the lower the polarizability of the charged interface system. In a 
broad sense, polarization features describe the response of a specific 
charged component and a specific multiphase interface composition 
under an external electric field. This is often used to characterize the 
polarization features of a single ion at a given interface (here referred to 
as the charged interface subsystem). However, in practical applications, 
the same concept is also widely used to describe the overall ion partition 
behavior of a given liquid-liquid interface system. It makes demands on 
the polarization behavior of different ions, thereby classifying the given 
liquid-liquid interface and the charged interface system composed of all 
solute ions therein, as shown in Table 1 [100].

In Table 1, the behaviors shown in the first and last rows are 
generally considered to exist only in ideal cases. When a certain ion can 
freely pass through the phase interface without causing any other ef
fects, the subsystem is referred to as completely non-polarizable, and 
sometimes it is also called irreversible. On the contrary, when a certain 
ion not only cannot freely pass through the phase interface but also 
cannot cross the Gibbs dividing surface, it may exhibit adsorption 
behavior or inert behavior depending on the strength of the specific 
adsorption of ions on the interface. Such a subsystem is called ideally 
polarizable (as shown in Fig. 3). Due to the inevitable mixing of com
ponents near the interface in practical situations, the ideally polarizable 
interface can (relatively) accurately hold true only in interfacial systems 
composed of liquid metals or air and electrolyte solutions. In fact, this is 
also the simplest feature among many interfacial polarization features, 
and thus it has been used in the early studies of electrocapillarity 
[14,16,17].

In actual systems, the situation that is more commonly encountered 
lies between completely non-polarizable and ideally polarizable, as 

Fig. 2. Classification of interface solute partition and adsorption. (a) Comparisons between completely non-polarizable, partially polarizable / non-polarizable, and 
ideally polarizable. (b) Comparisons between partially non-polarizable and partially polarizable, specifically adsorbable and interface inactive. It should be noted 
that the solvation effects of ions are not shown in the schematics for simplicity.
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shown in the middle three rows of Table 1. At this time, ions can 
partially pass through the phase interface and exhibit partition behavior 
on both sides of the interface. Such a subsystem is referred to as partially 
polarizable (which is also partially non-polarizable). For partially polar
izable interfaces, the concept of partition coefficient Pi for component i 
can be introduced to describe its tendency to partition on both sides of 
the interface. From the perspective of particle statistics, it is related to 
the single-particle transfer free energy of that component Δβ

αg0
t,i ≡ −

kBT lnPβ/α
i [29]. The transfer free energy of solute ion i is defined as 

Δβ
αg0

t,i := μ0
β,i − μ0

α,i, which reflects the potential difference of interaction 
between the particle and the solvents on both sides. Its theoretical 
models include linear local theory and nonlinear nonlocal theory. The 
former uses Born potential theory to establish the correlation with the 

ion size, ion charge, and solvent dielectric constant, while the latter 
further analyzes the solvation effect and its nonlocal polarization char
acteristics [10,82].

It is important to note that the polarizability of a charged interface 
system is not only related to the free energy of ion transfer, but also 
depends on the magnitude of the applied normal voltage. In fact, even if 
the ion transfer free energy is relatively high, as long as the applied 
normal voltage is sufficiently strong, ions will always cross the free 
energy barrier and transfer through the interface due to the strong 
electromigration effect. Consequently, for some polarizable systems, a 
special state can be defined within a specific applied normal voltage 
window, referred to as completely/perfectly polarizable or thermodynam
ically polarizable. This concept implies that under the action of the 
applied normal voltage, the system can still rapidly evolve to a new 
thermodynamic equilibrium state, which is the most common scenario 
in practical research. At this point, the subsystem is also termed as 
reversible, and the corresponding applied normal voltage window is 
called the electrochemical window [101].

For charged liquid-liquid interface systems, the partition coefficient 
of ion activity Pi across the interface (or equivalently, the transfer free 
energy Δg0

t,i) to some extent determines the width of the electrochemical 
window, thereby determining the propensity of the interface towards 
being polarizable or non-polarizable [102,103]. Specifically, when Pi is 
close to 1, the charged liquid-liquid interface subsystem is referred to as 
tending to be non-polarizable; conversely, it is called tending to be polar
izable. In particular, a reactive interface that can rapidly react to reach a 
kinetic equilibrium under the action of an applied normal voltage is also 
considered a special case of a thermodynamically polarizable interface 
system. Thus, it can be summarized that the main scenarios in which the 
interface exhibits partially non-polarizable behavior include: low ion 
transfer free energy resulting in a narrow electrochemical window, 
strong applied normal voltage exceeding the electrochemical window, 
and the existence of double-sided chemical reactions or dynamic 
adsorption at the reactive interface [103,104].

For immiscible electrolyte solution interfaces, they can exhibit 
various polarization features depending on the strength of the solute 

Table 1 
Polarization features of charged interface system.

Concepts Description Example

Completely 
non- 
polarizable

charged components can freely 
cross interface with no 
interphase chemical potential 
difference

R+X− (w) | R+X− (o) with 
Pw/o

R+ ,X− ≈ 1

Partially non- 
polarizable

at least one common charged 
component that is relatively easy 
to cross the interface

R+X− (w) | S+X− (o) with 
Pw/o

X− ≳1 (or slow interfacial 
reaction)

Partially 
polarizable

at least one charged component 
that is relatively hard to cross the 
interface

R+X− (w) | S+X− (o) with 
Pw/o

X− ≫1 (or fast interfacial 
reaction)

Completely 
polarizable

fast evolution into 
thermodynamic equilibrium 
under external normal voltage, 
common charged component 
may exist

R+X− (w) | R+X− (o) with 
Pw/o

R+ ,X− ≳1

Ideally 
polarizable

charged components on both 
phases are precisely separated by 
a zero-thickness geometric plane

liquid metal or air with 
aqueous solution, R+X− (w) | 
S+Y− (o) with Pw/o

R+ ,X− ≫1,

Pw/o
S+ ,Y− ≪1

Fig. 3. Comparison between (a) completely polarizable interface and (b) ideally polarizable interface. Adapted from previous literature [29].
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ions' ability to pass through the interface. The oil phase is usually a polar 
oil with a relatively high dielectric constant. For example, inorganic ions 
(such as inorganic anions or metal cations) typically reside mainly in the 
aqueous phase and tend to be polarizable, while some organic ions (such 
as tetraphenylarsonium Ph4As+ and tetraphenylborate Ph4B− ) usually 
reside mainly in the oil phase and tend to be non-polarizable (as shown 
in Fig. 4) [29]. The latter two ions, due to their excellent interface non- 
polarizable behavior, are often used for the measurement of interfacial 
distribution potential and as standard solute ions for defining the free 
energy of ion transfer, that is, an additional assumption beyond ther
modynamics is adopted: Δβ

αg0
t,Ph4As+ = Δβ

αg0
t,Ph4B− [29].

2.1.2. Ion adsorption and interface activity
The specific adsorption behavior of charged components near the 

two-liquid interface is a rather intuitive mechanism for interface 
charging. For immiscible liquid-liquid interfaces, due to the existence of 
interfacial excess energy, i.e., surface tension, solute molecules or ions 
all have a certain tendency to be adsorbed from the bulk phase to the 
interface phase or to be repelled from the interface phase to the bulk 
phase. This can lead to the formation of interfacial ion adsorption/ 
depletion layers. Considering that ions carry net charges, they are not 
only subject to specific interfacial physicochemical interactions but also 
to Coulombic electrostatic interactions induced by already adsorbed 
ions or an applied electric field. The interfacial ion adsorptions induced 
by these two interactions are respectively referred to as specific 
adsorption and non-specific adsorption. In fact, whether it is simple 
metal ions, halide ions, acid radical ions, or organic aromatic ions, 
surfactant ions, there is a certain degree of specific adsorption caused by 
interfacial physicochemical interactions. By analogy with the transfer 
free energy, a specific adsorption free energy can be defined for specific 
adsorption as Δs

αg0
a,i = μ0

s,i − μ0
α,i ≡ − kBT ln Ks/α

a,i . Here, μ0
α represents the 

chemical potential associated with the specific interactions between 
solute ions and the dielectric solvent background within phase α, while 
μ0

s is the average of the effective interaction potential between solute 
ions and solvent molecules within the finite-thickness solvent mixing 
layer (interface phase s). The term Ks/α

a,i is known as the adsorption 
constant for component i from the bulk phase α to the interface phase s.

The interfacial excess ion concentration caused by ion adsorption at 
the interface will reduce the surface tension, which may originate from 
specific adsorption of ions or from electrostatic adsorption under the 
action of an applied normal voltage. Considering that the mechanism of 
specific ion adsorption is ubiquitous, it can be assumed that they all 
possess a certain degree of interfacial activity similar to surfactants. For 
inorganic salt ions, Onsager-Samaras theory provides a satisfying pre
dictions of electrical double layer affecting surface tension of dilute 
electrolyte solutions based on the theory of correlation functions as well 
as the thermodynamic theory [105], while the effects of external voltage 

upon the surface tension of electrolyte solutions can be phenomeno
logically aptured by the thermodynamic analysis [4]. For ITIES systems, 
due to the possible partial non-polarizability of the interface, the elec
trocapillary effect becomes more complex, as referred to the previous 
reviews [106,107].

With regard to the electrification mechanism, specific adsorption can 
be divided into two major categories: physical adsorption and chemical 
adsorption. Specifically, physical adsorption corresponds to physical 
mechanisms without electron transfer, including hydration- 
dehydration, amphiphilic structures, defect or vacancies, and image 
forces [108]. Chemical adsorption, on the other hand, corresponds to 
chemical reactions involving electron transfer among solute ions and 
solvent molecules, including the ionization of weak electrolytes, ion 
exchange, precipitation-dissolution, redox reactions, and facilitated ion 
reactions [109]. Since these processes generally involve multiple 
charged species, their modes of action and descriptive schemes are more 
complex. In fact, even in the absence of specific chemical reactions at the 
interface, purely physical specific adsorption effects will always arise to 
some extent due to differences in the physical properties of different 
solute ions, such as charge, size, and polarity [82,110].

2.1.3. Thermodynamic description of charging mechanisms
Combining the previous two subsections, it can be known that the 

main electrification mechanisms of liquid-liquid interfaces can be divided 
into two categories: specific adsorption and imbalanced partition, as 
shown in Fig. 5. The former is a natural extension from colloidal solid 
particle systems to liquid-liquid interface systems, reflecting the inter
facial activity characteristics of ions tending to distribute within the 
solvent mixing layer; it is related to whether components can be 
enriched near the Gibbs dividing surface and determines the adsorption- 
induced charging behavior of the interface. The latter is a natural 
extension from ion-selective membrane systems to liquid-liquid inter
face systems, reflecting the interfacial polarizability characteristics of 
ions tending to distribute on one or two sides of the interface; it is related 
to whether components can pass through the interface and determines 
the partition-induced charging behavior of the interface.

The concept of transfer free energy is not only used for classifying the 
polarization feature of charged interface subsystems, but also for 
quantitatively discussing the equilibrium charging behavior of partially 
polarizable liquid-liquid interfaces. The single-particle standard inter
phase potential (standard interphase potential) of ion i is defined as 
Δβ

αφ0
i := − Δβ

αg0
t,i/zie. By combining the electrochemical potential equi

librium of any ion i, the potential difference between the electrically 
neutral bulk regions on both sides of the equilibrium interface can be 
derived 

Δβ
αφ∞ := φβ

i − φα
i = Δβ

αφ0
i −

kBT
zie

ln
aβ

i

aα
i
= Δα

βφ0ʹ
i −

kBT
zie

ln
cβ

i

cα
i
. (1) 

Fig. 4. Molecular structure of tetraphenylarsonium Ph4As+ and tetraphenylborate Ph4B− . It is seen that, due to the presence of benzene rings around the charged 
ions, the two ions can exist in both the oil and water phases with certain concentrations, thus exhibiting the interfacial non-polarizable behavior. Reproduced from 
previous literature [29].
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Here, aα
i and cα

i are the activity and molar concentration of ion i in phase 
α, respectively. They are related by the activity coefficient γα

i as aα
i =

γα
i cα

i , where the interactions between ions and solvent reflected in the 
transfer free energy Δβ

αg0
t,i and the Coulomb electrostatic interactions 

experienced by ions reflected in the electric potential energy zieφ have 
been excluded. In combination with the definition of the partition co
efficient Pβ/α

i , we have 

aβ
i

aα
i
= exp

[

−
zie
kBT

(
Δβ

αφ∞ − Δβ
αφ0

i
)
]

= Pβ/α
i exp

(

−
zie
kBT

Δβ
αφ∞

)

. (2) 

Here, taking the simplest case of an immiscible electrolyte solution 
interface where the same pair of cations and anions are distributed on 
both sides of the α and β phases, B+A− (α)∣B+A− (β), it is easy to derive its 
interphase equilibrium potential as 

Δβ
αφ∞ =

Δβ
αφ0

+ + Δβ
αφ0

−

2
≃

kBT
2e

ln
Pβ/α
+

Pβ/α
−

= −
Δβ

αg+ − Δβ
αg−

2e
. (3) 

This potential is referred to as the distribution potential, from which the 
equilibrium concentration partition ratio can be obtained as 

cβ
i

cα
i
≃

aβ
i

aα
i
= Pβ/α

i exp
(

−
zie
kBT

Δβ
αφ∞

)

= exp
(

−
Δβ

αg+ + Δβ
αg−

2kBT

)

. (4) 

In the above derivation, the approximate assumption γα
+/γβ

+ ≃ γα
− /γβ

− has 
been utilized. It can be seen that the difference in partition coefficients 
of cations and anions (i.e., selective permeability) will cause a non-zero 
distribution potential. This implies that the imbalanced partition of cat
ions and anions (i.e., Δβ

αg+ ∕= Δβ
αg− ) will trigger the charging of the 

liquid-liquid interface, constituting another important electrification 
mechanism in addition to (similar to the solid-liquid interface) sponta
neous specific adsorption.

For specific adsorption, assuming that the specific adsorption free 
energy of ion i from both bulk phases to the interface phase is the same 
under the standard reference state, i.e., Δg0

a,i ≡ Δs
αg0

a,i ≡ Δs
βg0

a,i, the total 
adsorption free energy, which includes both specific and non-specific 
adsorption, can be expressed as 

Δs
αgtotal

a,i = Δg0
a,i + βα,ikBTyi, Δs

βg
total
a,i = Δg0

a,i + ββ,ikBTyi, (5) 

Here, βα,i, ββ,i are constants independent of Δβ
αφ∞, and yi represents the 

driving force difference for non-specific adsorption behavior. A specific 
realization form is provided, namely the Butler-Volmer type adsorption 
of surfactant ions [106]. The standard reference state is set as Δβ

αφ∞ =

Δβ
αφ0

i , ββ,i = βα,i − 1, and yi = (zie/kBT)
(
Δβ

αφ∞ − Δβ
αφ0

i
)
. Under these 

conditions, we have Δs
αgtotal

a,i − Δs
βgtotal

a,i = zie
(
Δβ

αφ∞ − Δβ
αφ0

i
)
, which im

plies that the driving force for the asymmetric non-specific adsorption 
behavior stems from the difference between the equilibrium distribution 
potential and the single-particle standard interfacial potential. Unless 
otherwise specified, the adsorption free energy mentioned in the sub
sequent text refers to the specific adsorption free energy.

Spontaneous partition- and adsorption-induced charging at liquid- 
liquid interfaces typically coexist in a given charged liquid-liquid 
interface system [111], but their relative significance may vary across 
different systems. Based on the presence of the two charging mecha
nisms—imbalanced partition and specific adsorption—charged liquid- 
liquid interface systems can be broadly categorized into four types. 
The ion distribution characteristics and corresponding spontaneous 
charging mechanisms are summarized and compared in Table 2.

2.2. Unified thermodynamic description of interface charging

2.2.1. Sharp and diffuse interface models
To provide a unified description of spontaneous charging mecha

nisms such as imbalanced partition and specific adsorption, there are 
typically two modeling approaches: the sharp interface model and the 
diffuse interface model. Both can be extended to describe multiphase 
flow coupled with mass transfer and electromechanical hydrodynamics 
phenomena, as will be discussed in Section 3.1. It should be noted that 
the general forms of these models are primarily presented here.

The sharp interface model treats the solvent mixing layer at the 
liquid-liquid interface as a geometric surface of zero thickness and 
considers it as a separate phase (denoted as phase s). In this model, 
Henry's law and adsorption isotherm models are used to describe the 
interfacial charge density, while generalized EDL models and the 
Poisson-Boltzmann equation are employed to describe the distribution 

Fig. 5. Comparison between two basic forms of charging mechanisms of two-liquid interface. Specific adsorption (left) and imbalanced partition (right) present 
different distributions of charge centers and corresponding polarization fields. It should be noted that the solvation effects of ions are not shown in the schematics 
for simplicity.
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of ion concentrations. Specifically, Henry's law is primarily used to 
describe the partition behavior of components across the interface, 
typically taking the form cs

i,α = Hics
i,β. Here, Xs

α represents the value of 
the quantity X on the α side of the interface, and Hi is the Henry coef
ficient or partition coefficient for ion i [73,81,112]. The adsorption 
isotherm model, on the other hand, is used to describe the specific 
adsorption behavior of a particular component is at the interface, usually 
expressed as Γs = Γα

(
cis ,α
)
. The concentration cis ,α can be chosen based 

on the characteristics of the model, either as the local interfacial quan
tity cs

is ,α on the α side of the interface or as the bulk quantity c∞
is ,α in the 

electrically neutral region. The form of the adsorption isotherm function 
Γα(cis ) depends on the properties of the solute and its interaction with 
the interface [49,50,80,112,113]. To calculate the concentration of 
components in the electrically neutral regions of the liquid phases α on 
both sides of the interface, one can combine the internal electro
neutrality conditions (neglecting the case of overlapping double layers 
at the micro and nano scales) with the possible weak electrolyte disso
ciation equilibrium constants Kα

ii 
of components i and i, resulting in the 

following: 
∑

i
n∞

i,α = 0, Kα
ii = n∞

i,αn∞
i,α, ∀α. (6) 

Here, ni,α and n∞
i,α represent the number density of component i in phase α 

and its electrically neutral region, respectively, with units of ion number 
per unit volume (i.e., m− 3). Consequently, the ion concentration distri
bution within the diffuse layer can be determined by solving the 
following Poisson-Boltzmann equation in conjunction with the afore
mentioned boundary conditions [29,82]. 

ni,α = n∞
i,αexp

(

−
zieφα
kBT

)

, (7) 

− ∇⋅(εα∇φα) = ρeα ≡
∑

i
zieni,α. (8) 

The diffuse interface model characterizes the solvent mixing layer at 
the liquid-liquid interface as a region of finite thickness (which can 
roughly correspond to the interface phase in the sharp interface model), 
and employs a phase parameter ϕ to depict the difference in solvent 
fraction at different distances ds from the interface. The commonly used 
Cahn-Hilliard phase field model can provide an equilibrium distribution 
of the phase parameter as ϕ = tanh(ds/d0), which takes values of ±1 
within the bulk liquid phases and ranges between ( − 1, 1) within the 
solvent mixing layer. Note that this equilibrium solution neglects the 
influence of solute ions on the distribution of the solvent phase param
eter. Specifically, we may refer to the region where ds ∈ ( − d0, d0) as the 
interface phase, with d0 being the characteristic thickness of the solvent 
interface layer, typically on the order of nanometers or less. The specific 
interactions of each solute ion i with solvent molecules near the interface 
and their concentration distribution can be quantitatively described by 

correlating the additional free energy corrections Δgt,i and Δga,i with the 
solvent phase parameter ϕ, which is known as the generalized force 
correction model. At this point, the Poisson-Boltzmann equation 
including the additional free energy correction Δgi(ϕ) = Δgt,i(ϕ) +
Δga,i(ϕ) can be written as [82]. 

ni = ni,wexp
[

−
zieφ
kBT

−
Δgi(ϕ)

kBT

]

, (9) 

− ∇⋅(ε(ϕ)∇φ ) = ρe ≡
∑

i
zieni. (10) 

This allows for an approximate description of the equilibrium transverse 
distribution of solute ions across the interface. It is important to note 
that the additional free energy considered here not only includes the 
effects of solvation of solute ions but also takes into account the effective 
additional potential influences arising from various interactions such as 
chemical interactions and ion exchange or correlation effects among 
solute ions.

For charged liquid-liquid interface systems containing only two so
lute ions, we can provide a schematic of the corresponding transverse 
free energy, ion concentration, and electric potential distribution based 
on the diffuse interface model, as shown in Fig. 6. For charged liquid- 
liquid interface systems containing three or more solute ions, the 
interfacial charging characteristics become more complex. Here, typical 
possible systems are classified according to ion partition behavior, and 
the specific ion concentration and electric potential distributions can be 
given according to similar theoretical models as mentioned above [29]. 
For the sake of clarity, in the following text, when mentioning polariz
able or non-polarizable interfaces without a prefix, it is assumed to refer 
to interfaces that tend to be polarizable and non-polarizable, rather than 
ideally polarizable or completely non-polarizable. If there are also spe
cifically adsorbed ions in the system, the corresponding adsorption free 
energy can be added on the basis of the aforementioned partition 
behavior according to the specific situation.

If we denote the number of anion/cation species in the polarizable 
interface subsystem that tend to enrich in phase α as N±

α , and the number 
of anion/cation species in the α − β non-polarizable interface subsystem 
as N±

α− β, then we can write the commonly used combinations in practical 
modeling as follows: polarizable interface with two ions 
(

N±
α ,N±

β ,N±
α− β

)
= (2,0, 0) or (1, 1, 0), polarizable interface with four 

ions 
(

N±
α ,N±

β ,N±
α− β

)
= (2,2, 0), non-polarizable interface with two ions 

(
N±

α ,N±
β ,N±

α− β

)
= (0,0, 2), partially non-polarizable interface with 

three ions 
(

N+
α ,N

+
β ,N−

α− β

)
= (1, 1,1), and partially non-polarizable 

interface with five ions 
(

N±
α ,N−

β ,N
+
α− β

)
= (2,1, 2), etc. [82]. From this 

discussion, it is also evident that a prominent difference between 
charged liquid-liquid interfaces and solid-liquid interfaces is that, for the 

Table 2 
Classification of charged interface systems including aqueous electrolyte solutions.

Type Free energy attributes Ion distribution Electrification 
mechanism

Typical exemplar systems

Inert depletion Δgt,i→∞, Δga,i ≃ 0 one or both bulk phases, no 
significant excess within 
interface phase

only induced by 
external field

inert dielectrics, insoluble gas, some liquid metal

Simple partition Δgt,+ ∕= Δgt,− and 0 < Δgt,i < ∞,

Δga,i ≃ 0
both bulk phases, no 
significant excess within 
interface phase

imbalanced partition organic electrolyte solution with relatively high 
permittivity and strong organic electrolyte, soluble gas, 
charged gel layer

Simple 
adsorption

Δgt,+ = Δgt,− or Δgt,i→∞,

0 < ∣Δga,i0 ∣ < ∞
one or both bulk phases, no 
significant excess within 
interface phase

specific adsorption organic electrolyte solution or pure dielectrics with 
relatively low permittivity, some liquid metal 
(including amphiphilic ions as solutes)

Partition- 
Adsorption 
coupling

Δgt,+ ∕= Δgt,− < ∞, 0 < ∣Δga,i0 ∣ < ∞ both bulk phases, significant 
excess within interface phase

imbalanced partition & 
specific adsorption

organic electrolyte solution with relatively high 
permittivity and general organic electrolyte (including 
weak organic electrolyte)
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latter, ions can be classified based on whether they participate in the 
adsorption kinetics controlling interface charging and whether they 
have additional specific interactions with the solid-liquid interface into 
potential determining ions, specifically adsorbed ions, and indifferent ions. In 
contrast, for the former, except scenarios of inert adsorption, almost all 
ions should be considered as potential determining ions.

2.2.2. Discussions on the model applicability and limitations
Here we will first discuss the prominent features of spontaneous 

charging at liquid-liquid interfaces from the perspective of ion partition 
and adsorption behaviors, and provide several comments on the appli
cability and limitations of the thermodynamic models.

For the ion partitioning behaviors, the dependence of the interface 
equilibrium potential on different charged interface systems is complex 
and diverse, leading to various types of interfacial potentials between 
liquid phases under thermodynamic equilibrium conditions [29]. For 
instance, the distribution potential at the interface of immiscible elec
trolyte solutions is related to the degree of electrolyte dissociation and 
the formation of ion complexes; the Donnan/Nernst potential in semi
permeable/selective ion exchange membranes is associated with the 
selective permeability of the interface; and the redox potential in 
interfacial electrochemical reactions is connected to oxidation-reduction 
reactions. At this point, there will be a significant effective interaction 
potential gradient between solute ions and solvent molecules near the 
solvent mixing layer, which is closely related to the ion interfacial 
adsorption and interphase transport behaviors to be discussed later.

For non-polar oil systems containing simple inorganic ions, although 
the size difference between cations and anions may also be significant, 
leading to a transfer free energy difference of up to 2kBT, thereby 
contributing a distribution potential of the order of the thermal potential 
VT ≡ kBT/e, the effect of the imbalanced partition-induced charging is 

almost negligible. In fact, the small dielectric constant and extremely 
low ion concentration of the oil phase result in a much larger Debye 
length (and thus a larger capacitance of the oil-side diffuse layer) 
compared with the aqueous phase. Since the potential drop across the 
interface is proportional to the capacitance of the diffuse layer on each 
side, this leads to the effective interfacial potential on the oil side being 
tens to hundreds of times that of the aqueous phase. However, the 
relatively thick diffuse layer on the oil side significantly reduces the 
interface charge density induced by charging through the electrical 
double layer (EDL), meaning that the imbalanced partition-induced 
charging effect is very weak, which is consistent with our usual phys
ical intuition. Nevertheless, for systems with more polar oil phases and 
the presence of organic ions (i.e., ITIES systems), the imbalanced 
partition-induced charging effect may not be negligible [82].

Unlike ion partition, which is determined by the difference in solute- 
solvent interaction potentials within the bulk regions of the two corre
sponding liquid phases, ion adsorption behavior involves the difference 
in effective solute-solvent interaction potentials between the interface 
phase and the bulk phase. Therefore, it is also profoundly influenced by 
the finite thickness characteristic of the liquid-liquid interface. This 
implies that specifically adsorbed ions may either be distributed within 
the solvent mixing layer, partially immersed in it, or closely arranged on 
both sides to form ion pairs. Considering that the thickness of the solvent 
mixing layer at the liquid-liquid interface is typically on the same order 
of magnitude as the size of solute ions and the Bjerrum length, the 
specifically adsorbed ions within it will exhibit finite excluded-volume 
and electrostatic correlation effects. The former may lead to volume- 
associated saturation characteristics in non-dilute solutions, while the 
latter results in image correlation effects due to changes in the dielectric 
constant within the Bjerrum length, both of which require certain 
effective modifications to the adsorption electrification mechanism 

Fig. 6. Interfacial ion-potential distribution around two-liquid interface for different charging mechanisms. (a) Simple partition (cooperative). (b) Simple partition 
(reversed). (c) Simple adsorption (depleted). (d) Simple adsorption (penetrated). (e) Partition-adsorption coupling (synergistic). (f) Partition-adsorption coupling 
(antagonistic).
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modeling based on single-particle free energy. In addition, historically, 
specific adsorption has been used not only to describe the physico
chemical spontaneous adsorption of single ions into the solvent mixing 
layer but also to refer to the paired adsorption of cations and anions on 
both sides of the solvent mixing layer due to pairing actions or elec
trostatic interactions. The latter case can also be referred to as a kind of 
correlation-induced imbalanced partition, which goes beyond the concep
tual scope necessary for the discussion in this article. Unless otherwise 
specified, all references to specific adsorption in the following text refer 
to the former case that can be described by single-particle free energy.

It should be noted that while the transfer free energy can provide the 
interfacial equilibrium potential difference and ion partition, the 
adsorption free energy can yield a formal linear specific adsorption, and 
the thermodynamic differential relationships can give the general rela
tionship between the interfacial excess ions and the change in surface 
tension, all of the above phenomenological thermodynamic descriptions 
fail to reflect the specific mechanisms of charging induced by the in
teractions between solute ions and solvent in the vicinity of the solvent 
mixing layer at the liquid-liquid interface. In fact, although the intuitive 
meanings of transfer or adsorption free energy were given earlier, and a 
unified description of the two typical charging mechanisms (i.e., 
imbalanced partition and specific adsorption) was provided through the 
modification of free energy, such phenomenological classification only 
offers an effective description of the equilibrium distribution of ions and 
potential near the charged liquid-liquid interface [82].

In terms of model formulation, the aforementioned thermodynamic 
descriptions feature mean-field correction approximations and simplifica
tions of interfacial interaction potentials. The transfer or adsorption free 
energy merely represents a rough categorization of the various in
teractions between solute ions and solvent molecules in different 
charged interfacial systems. Specifically, it simplifies these interactions 
into the ion selectivity corresponding to the difference in interactions 
between the solute ions and the uniform liquid phases on both sides of 
the interface, as well as the specific adsorptivity of ions corresponding to 
the difference in interactions between the solute ions and the uniform 
liquid phase versus the solvent mixing layer at the interface. To align the 
free energy descriptions suitable for upscaling coarse-grained modeling 
with real physics, a bottom-up analysis of the complex interaction 
mechanisms and specific potential distributions within the nanoscale 
range near the interface is required. From this perspective, there are two 
significant limitations to the current practice of using single-particle free 
energy corrections for the equilibrium distribution of solute ions at the 
interface.

On one hand, the description of single-particle free energy is essen
tially a mean-field approximation of the complex many-body behavior 
of interfacial ions. Therefore, it can only employ effective corrections 
dependent on the characteristic parameters of the system for correlated 
behaviors. These correlated behaviors include electrostatic attraction or 
repulsion between double diffuse layers, volume exclusion due to ion 
penetration or near-saturation adsorption in the solvent mixing layer, 
image forces, and non-local electrostatic interactions within the solvent 
mixing layer with inhomogeneous dielectric constants [114,115]. To 
analyze the specific interfacial charging mechanisms of particular sys
tems and to consider the actual distribution characteristics of ions with 
various correlation effects, an interfacial equilibrium charging model 
determined jointly by interfacial physicochemical kinetics and electro
statics is introduced. This model serves as an equilibrium constitutive 
relationship to effectively describe the details of particle interactions 
within the nanoscale range near the interface [4].

On the other hand, the interaction between solute ions and the sol
vent molecular fluid background not only affects the distribution of 
solute ions but also influences the equilibrium distribution of interfacial 
phase parameters within the solvent mixing layer. This can be regarded 
as the effects of concentration diffusio-osmosis and electromechanical 
hydrodynamics, thus necessitating an effective correction of the solvent 
chemical potential from the perspective of system free energy [116]. 

Therefore, for charged liquid-liquid interfaces that are near equilibrium, 
in order to provide an effective free energy distribution within the sol
vent mixing layer for upscaling coarse-grained modeling, it is necessary 
to simultaneously provide a quantitative description of the equilibrium 
distribution structure of phase parameters and ions near the interface. 
For such multiphysical and multicomponent systems including charged 
liquid-liquid interfaces, we will briefly introduce their general phase 
field models in Section 3.2.

In terms of applicable processes, the aforementioned thermodynamic 
descriptions require that the charged interfacial system be in a thermo
dynamic near-equilibrium state. For ion non-equilibrium transport ki
netics, the interfacial normal component of the applied electric field will 
induce ions to redistribute across the interface and can even induce 
interphase currents in cases where the interface is non-polarizable. At 
this point, it is required to determine the controlling steps of interfacial 
ion transport. If the process is controlled by interfacial mass transfer, it is 
necessary to analyze the process of ion relaxation to a new quasi- 
equilibrium state, during which the thermodynamic description near 
the interface can still be approximately applied; if it is controlled by 
interfacial physical or chemical kinetics, the interfacial transport of ions 
is relatively slow, and thus the thermodynamic language is difficult to 
apply and needs to be replaced by non-equilibrium kinetics descriptions 
of interfacial physicochemistry. For a quantitative description of 
multiphase flow-coupled mass transfer behavior, see Section 3.1.

3. Physical model II: Electrokinetic flow of two-liquid interface

Following the general approach in the interfacial electrokinetics, 
after determining the distribution of ions and potentials at the charged 
interface under equilibrium conditions, it is necessary to consider the 
coupled non-equilibrium transport behavior of interfacial ions and 
fluids. On one hand, based on the ion partition and adsorption charac
teristics of the charged interfacial system and in conjunction with 
appropriate interfacial physicochemical non-equilibrium kinetic mech
anisms, an appropriate description of the transport kinetic behavior of 
solute ions near the interface should be provided. On the other hand, 
based on the conductive and dielectric characteristics of the charged 
interface and the surrounding liquids, and in combination with the 
fundamental knowledge of non-uniform continuum electrodynamics 
under the electrostatic limit, the interfacial conditions near the interface 
should be given, and further upscaled to the asymptotic matching 
coarse-grained relationships of various physical fields outside the 
double-sided diffuse layers, represented by interfacial stress. This pro
vides the core physical picture for understanding interfacial electroki
netic flow and transport. This implies that the interfacial 
physicochemical transport of solute ions and the electromechanical 
interfacial fluid flow coupled with the electric field are the two foun
dations for the quantitative description of electrokinetic multiphase flow 
behavior.

Reviewing the historical development of electrokinetic multiphase 
hydrodynamics, the aforementioned studies correspond to the two 
disciplinary fields of physicochemical two-phase hydrodynamics and 
electromechanical two-phase hydrodynamics. This section will first 
highlight the basic physical modeling picture of electrokinetic multi
phase flow systems through discussions in Sections 3.1 on these two 
disciplinary fields. The former focuses on the interfacial mass transfer 
transport processes coupled with multiphase flow, while the latter fo
cuses on the interfacial electromechanical fluid dynamic behavior 
coupled with ion transport. Subsequently, in Section 3.2, the theoretical 
development of electrokinetic multiphase hydrodynamics will be 
reviewed and quantitative descriptions of macroscopic and mesoscopic 
theoretical models will be provided. This will lay the foundation for the 
discussions in Section 4, where we will further summarize the charac
teristic dimensionless numbers and semi-quantitatively discuss the 
transport mechanisms of electrokinetic multiphase flow.
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3.1. Interdisciplinary foundation of electrokinetic multiphase flow

3.1.1. Physico-chemical hydrodynamics and flow-coupled mass transfer
Electrokinetic multiphase flow is a typical multiphase interfacial 

flow and mass transfer system. Since electrokinetics focuses not only on 
the interfacial adsorption and transport behavior of ions but also on the 
interfacial flow phenomena coupled with ion transport, it is generally 
considered a branch of physico-chemical hydrodynamics [11,86,117,118]. 
The renowned scholar Levich is commonly regarded as one of the 
founders and promoters of this field, which primarily concerns the 
characteristics of flow behavior mediated by interfacial transport of 
multi-component systems, taking into account phenomena such as 
interfacial adsorption, solute transport, and fluid flow. The core of 
physico-chemical hydrodynamics lies in the characterization of inter
facial mass transfer, with the challenge in liquid-liquid multiphase 
conditions being the coupling of interfacial mass transfer with the 
description of multiphase interfaces [119]. This section will discuss the 
characteristics and applicability of multiphase flow-coupled interfacial 
mass transfer models, which typically involves the kinetic characteris
tics of interfacial physicochemical processes.

Considering the discussion on the concept of interfacial polariz
ability from the previous section, the specific interaction characteristics 
of solutes with the solvents on both sides near the interface, together 
with the strength of the non-equilibrium potential difference across the 
interface, jointly determine whether the solute can achieve transport 
across the interface. Consequently, the description of multiphase inter
facial mass transfer can be divided into two categories: quasi- 
equilibrium partition and/or adsorption of interfacial components and 
non-equilibrium interfacial transport models. The former usually cor
responds to thermodynamically polarizable or ideally polarizable in
terfaces, where the distribution of components at the interface is entirely 
determined by the quasi-equilibrium interfacial physicochemical in
teractions, typically controlled by mass transfer diffusion near the 
interface. The latter usually corresponds to partially non-polarizable 
interfaces, involving non-equilibrium interfacial physicochemical ki
netic descriptions of interfacial component transport, typically 
controlled by strong non-equilibrium transport or chemical reactions at 
the interface. The interfacial mass transfer models introduced here can 
provide the interfacial component conditions for the macroscopic theory 
of electrokinetic multiphase flow in the following section.

For an ideally or thermodynamically polarizable interface withthe 
interphase mass transfer dominated by mass migration, such as when 
the interface is in adsorption/partition quasi-equilibrium and involves 
simple interphase physical ion transfer, different effective mass transfer 
kinetic models can be employed to describe the interfacial transport 
based on the degree of non-equilibrium. The quasi-equilibrium adsorp
tion/partition model for interfacial components typically takes the form 
of sharp interface models, including Henry's law and adsorption iso
therms, which have been discussed in Section 2.2. The diffusion dy
namics model is a typical weak non-equilibrium model, usually taking 
the form of a diffuse interface model. Specifically, its typical form is the 
flux term of the Maxwell-Stefan equations or phase field equations jα =

− Mα∇μα. Here, μα is the chemical potential of component (of phase) α, 
which is usually related to the detailed distribution of interaction po
tentials of components within the nanoscale range near the interface, 
and Mα is its Maxwell-Stefan diffusion coefficient or phase diffusion 
coefficient [120,121]. In the limiting case of an ideally polarizable 
interface, the aforementioned diffusion dynamics model reduces to a 
sharp interface model form with jn = 0 in the steady state.

For a partially non-polarizable interface with the interphase mass 
transfer controlled by interfacial kinetic source, such as in cases with 
strong phase change boundaries, complex adsorption kinetics, electron 
transfer in redox reactions, or facilitated ion transfer, it is necessary to 
add the interfacial component flux determined by the kinetics of inter
facial adsorption or chemical reactions. This is more common in the 
fields of phase change heat transfer or electrochemistry and typically has 

the characteristics of sharp interface models. Among them, the molec
ular kinetic theory model is mainly used for strong non-equilibrium 
interfacial mass transfer transport where phase change occurs at the 
boundary [122,123], and its typical form is w =

ws+σscatter

[

1 −

(
γ0
γ*

s

)(
T0
Ts

)1/2
Γ

]

≃ σscatter

̅̅̅̅̅̅̅̅
M

2πRT

√ (
P*

s − P0
)
, where w is the 

mass transfer rate, and the physical quantities T, γ, P are distinguished as 
bulk phase state quantities denoted by the subscript 0 and other local 
interfacial quantities denoted by the subscript s. The typical form of the 
adsorption kinetics model is Langmuir kinetics [94], that is, dΓ

dt =

kacs(Γ∞ − Γ) − kdΓ, where Γ∞ represents the saturated adsorption den
sity at the interface, and ka and kd are kinetic constants related to the 
adsorption and desorption free energies. The interfacial chemical reac
tion kinetics are usually described based on transition state theory, here 
referred to as chemical dynamics [124,125].

When solute components carry a net charge, for specific charged 
liquid-liquid interface systems, the characteristic specific physico
chemical interactions between solute ions and the solvents on both 
sides, together with the strength of the applied electric field, jointly 
determine whether ions can achieve transport across the interface under 
specific applied voltage conditions. In other words, these interfacial 
physicochemical kinetic effects define the electrochemical window of 
the interface. When both sides of the interface are well conductive and 
the charged components at the interface tend to be non-polarizable, such 
as when both sides of the interface are immiscible strong electrolyte 
solutions or one side is a strong electrolyte aqueous solution and the 
other side is a liquid metal, this corresponds to the fields of electro
chemistry (EChem) and membrane science. Electrochemistry focuses on the 
interfacial charge transport behavior across electrode interfaces, which 
includes mechanisms such as electromigration, diffusion, and chemical 
kinetics, and the interfacial flux typically takes the form of a Butler- 
Volmer type equation [27,28,109,126]. Membrane science focuses on 
the interfacial mass transfer characteristics of porous medium films with 
component-selective permeability. It commonly employs lumped effec
tive models, which can be divided into steady-state models in the 
double-film theory or unsteady-state models such as solute osmosis 
theory and surface renewal theory [127].

This paper will primarily focus on oil-water interface systems that 
tend to be polarizable. In this case, the liquid-liquid interface is partially 
polarizable and the applied voltage is within the electrochemical win
dow, hence the ion transport across the interface typically does not 
involve interfacial chemical reactions. In fact, in the theoretical research 
of electrokinetic multiphase flow, certain assumptions are often made 
about the polarizability of charged liquid-liquid interface systems. The 
most common assumptions are ideally polarizable interfaces and ther
modynamically polarizable interfaces. The former assumes that solute 
ions on both sides of the interface cannot cross the Gibbs interface to the 
other side, that is, the interphase ion transport flux is zero, while its 
interfacial charging characteristics are given by the spontaneously 
adsorbed charge density or possible external field-induced charging 
[12,87,88]. The latter assumes that solute ions on both sides of the 
interface can cross the Gibbs interface to the other side, that is, the 
interphase ion transport flux can be non-zero, but under given external 
electric field conditions, ions around the solvent mixing layer still 
maintain an electrochemical quasi-equilibrium distribution state. Its 
interfacial charging characteristics are determined by the given specific 
adsorption isotherms or the interphase partition coefficients of various 
ions [49,50,80,81]. In the fields of electrochemistry and membrane 
science, the net charge layer at the interface is often abstracted into a 
geometric surface in a lumped form description, and the flow within the 
net charge layer near the interface is usually neglected. For electroki
netic multiphase flow, it is necessary to further couple the convection 
and diffusion behaviors of ions within the net charge layer near the 
interface in order to apply it to the description of thermodynamically 
polarizable interfaces [80–82].
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3.1.2. Electromechanical hydrodynamics and electrokinetic flow
Since it focuses on the mechanical deformation and motion behav

iors of electrolyte solutions containing charged ions coupled with elec
tric fields, electrokinetics also belongs to the branch of electromechanics, 
which was jointly pioneered by electrical engineer Melcher and the 
renowned fluid dynamicist Taylor, primarily concerning the motion and 
deformation behaviors of continua under the action of electric fields 
[128–131]. For immiscible liquid-liquid interface systems with an 
electrolyte aqueous solution on one side, based on the bulk dielectric 
and conductive characteristics and the interfacial charging mechanisms, 
the other liquid phase in contact with the electrolyte aqueous solution 
can be classified into five categories: pure dielectric solvent (PDS), liquid 
metal (LQM), room-temperature ionic liquid (RTIL), strong electrolyte so
lution (SES), and weak electrolyte solution (WES), as shown in Table 3
[13,47,132], where K and ε represent conductivity and permittivity, 
respectively. Depending on the liquid phase property and the interfacial 
transport mechanisms, studies related to electromechanical two-phase 
hydrodynamics can roughly correspond to three different fields, i.e., 
SES-SES or SES-LQM in EChem, SES-X in EKmHD, and others in classical 
EHD (in a narrow sense). Since the electrochemistry of liquid-liquid 
interfaces has been discussed earlier, the focus here is on the general 
physical mechanism comparison of the other two fields, while the 
analysis of key mechanisms in typical specific scenarios of electrokinetic 
multiphase flow systems is left to Section 4 for elaboration.

As shown in Fig. 7, the deformation and motion behavior of liquid- 
liquid two-phase interface systems with different conductive and 
dielectric characteristics under the action of an electric field exhibit 
significant differences. Traditional continuum electrodynamics typically 
focuses on interfaces of perfect conductors or perfect dielectrics, where 
the electric field force is perpendicular to the interface, and thus can 
only achieve force balance in the normal direction through the gener
ation of interface tension via interface normal deformation [47]. Pure 
dielectric solvents usually have a finite dielectric constant and almost do 
not dissociate ions, resulting in a nearly zero conductivity, and therefore 
can be characterized using the perfect dielectric (PFD) model. In contrast, 
liquid metals have extremely high electron mobility and high conduc
tivity, and their dielectric properties can typically be neglected under 
quasi-electrostatic field approximations, thus they can be characterized 
using the perfect conductor (PFC) model. Compared with these, the 
electromechanical fluid dynamics of ionic systems typically focuses on 
conductive dielectrics, which possess both the dielectric properties of the 
background solvent and the conductive properties of solute ions, such as 
electrolyte solutions and room-temperature ionic liquids.

For electrolyte solutions, the background solvent possesses a finite 
zero-frequency dielectric constant, capable of accommodating electro
static fields; meanwhile, the solute ions can move freely under an 
external electric field, thus exhibiting a certain degree of conductivity. 
Consequently, they can typically form net free charges (conductive) at 
the interface through induced or spontaneous charging and accommo
date a finite tangential electric field (dielectrics), thereby generating 
shear stress under the tangential electric field and driving tangential 
fluid flow, which is the fundamental mechanism of electrokinetic flow. 

Among them, strong electrolyte solutions have relatively high conduc
tivity if not too dilute, thus exhibiting a strong screening effect, and can 
therefore be referred to as highly conductive dielectrics (HCD); in contrast, 
weak electrolyte solutions and extremely dilute strong electrolyte so
lutions have low ionic strength, hence their conductivity is poor and the 
screening effect is weak, and they can be collectively referred to as 
poorly/weakly conductive dielectrics (WCD). For the sake of simplicity, 
this paper will subsequently not distinguish between highly conductive 
dielectrics and (by default, not too dilute) strong electrolyte solutions. 
For weakly conductive dielectrics, unless it causes ambiguity, it is 
assumed to refer to extremely dilute strong electrolyte solutions, 
although the latter is different from weak electrolyte solutions where the 
ionization equilibrium exists and the ionization equilibrium constant is 
dependent on the electric field strength [47,81].

When at least one side of the interface has a high bulk conductivity 
and the spontaneous charging of the interface cannot be ignored, this 
typically corresponds to a scenario where one side is a highly conductive 
dielectric. In this case, the diffusion of bulk ions cannot be ignored, and 
the spontaneously charged interfacial net charge layer can be driven by 
an external electric field, corresponding to electrokinetic multiphase hy
drodynamics (EKmHD). The historical development of this field has been 
detailed in Section 1, and will not be reiterated here. It should be noted 
that when the electric field strength caused by external polarization 
exceeds the double layer electric field of the spontaneously charged 
interface, the interface of a strong electrolyte aqueous solution may also 
induce a non-negligible additional charge due to the difference in 
electrical properties on both sides, and may even trigger flow instability, 
which is referred to as induced-charge electrokinetic flow [133]. This 
paper will focus primarily on the two-phase electrokinetic flow phe
nomena at oil-water interfaces dominated by spontaneous charging 
under weak or moderately strong external fields, where the applied 
electric field is typically on the order of V/mm.

When at least one side of the interface has a low bulk conductivity 
and the interface charging is mainly induced by external electric field, 
this typically corresponds to a scenario where both sides of the interface 
are weakly conductive dielectrics. In this case, the diffusion of bulk ions 
is much smaller than their electromigration effects, and the free charges 
accumulated by the action of a strong external field are considered to 
exist only at the interface, thus allowing the interfacial fluid to be driven 
by an external electric field, corresponding to electrohydrodynamics 
(EHD) in the narrow sense. This field was jointly pioneered by Melcher 
and Taylor in the 1960s to 1970s [46], and Saville established a solid 
theoretical foundation for its leaky dielectrics model based on order-of- 
magnitude analysis at the end of the 20th century [47]. In recent 
years, Zhakin and Vlahovska have successively made reviews on this 
topic [58,134]. Here, the applied electric field is usually strong (on the 
order of V/μm), the net interfacial charge is usually dominated by 
external field-induced polarization, and due to the poor conductivity of 
the leaky dielectric liquid, the effect of ion diffusion is negligible. We 
refer to the leaky dielectrics model based on this as the classical theory of 
electrohydrodynamics.

It should be noted that, despite the conceptual terminology 

Table 3 
Classification of liquid phases according to interfacial electromechanical properties.

Type Abbr. Bulk property Charging mechanism Example Related areas

Pure dielectric solvent PDS K ≃ 0, ε < ∞, (generally non- 
polarizable)

still unclear, could be ion specific 
adsorption

non-polar oil, air EK, EHD

Liquid metal LQM high K , ε ≡ ε0 (electronic 
conductivity)

induced by external field Hg, Ga, Bi EChem, EK, EHD

Room-temperature ionic 
liquids

RTIL high K , ε < ∞ (ionic 
conductivity)

still unclear, could be induced by 
external field

AlCl3-[N-EtPy]Cl Synthetic chemistry, power and 
chemical engineering

Strong electrolyte 
solution

SES generally high K , ε < ∞ (ionic 
conductivity)

ion imbalanced partition or specific 
adsorption

TPATPB (C2H4Cl2) EChem, membrane science

Weak electrolyte solution WES low K , ε < ∞ (ionic conductivity) still unclear, could be ion 
imbalanced partition

ionogenic polar oil, 
water

EK, EHD
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suggesting that electrohydrodynamics should already encompass the 
research subjects of electrokinetic multiphase hydrodynamics 
[13,80,81], there are still significant differences between the narrow 
sense of electrohydrodynamics and electrokinetic multiphase hydrody
namics in terms of research subjects and approaches, as shown in 
Table 4. The main differences are twofold: first, whether the interfacial 
charging is dominated by spontaneous interfacial physicochemical fac
tors, and second, whether the interface motion is mediated by the net 
charge in the diffuse layer [13,47]. Electrokinetic multiphase hydro
dynamics needs to consider the spontaneous charging mechanisms at 
the oil-water interface as well as the convective diffusion and electro
migration of ions within the nearby diffuse layer, while classical elec
trohydrodynamics mainly considers external field-induced polarization 
charging and only accounts for the electromigration behavior of bulk 
ions. Therefore, the latter often employs a more direct leaky dielectric 
model for simplified approximate descriptions, whereas the former must 
adopt a complete description that takes into account both spontaneous 

interfacial charging and double-layer ion transport. However, it is 
gratifying to note that in recent years, there have been successive studies 
on weakly conductive dielectrics that consider ion diffusion and con
vection, attempting to re-examine the electrohydrodynamics model 
from the perspective of electrokinetic multiphase hydrodynamics. This 
indicates a trend of integrated development between the two, as 
described in the following subsection.

3.2. Macroscopic and mesoscopic transport models of EKmHD

This section will introduce the general forms of macroscopic models 
of electrokinetic multiphase flow from the aspects of bulk governing 
equations and interfacial conditions. Then, we will compare different 
interfacial transport models, providing a basic reference for the subse
quent discussion on transport mechanisms and the extraction of 
dimensionless numbers, and then discuss the differences between 
macroscopic and mesoscopic models of electrokinetic multiphase flow.

Fig. 7. Interfacial electromechanics around two-liquid interface under steady electric field. (a) PFD - PFD. (b) PFD [α] - PFC [β]. (c) HCD [α] - PFD [β]. (d) HCD [α] - 
PFC [β]. (e) HCD - HCD, adsorption-based. (f) WCD - WCD, adsorption-based. (g) HCD - HCD, partition-based. (h) WCD - WCD, partition-based. Here, PFD: perfect 
dielectrics, PFC: perfect conductor, HCD: highly conductive dielectrics, WCD: poorly/weakly conductive dielectrics.
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3.2.1. General formulation of macroscopic models

3.2.1.1. Governing equations. Regarding the bulk governing equations, 
they mainly consist of three parts: electrodynamics, fluid flow, and ion 
transport [49,50,136,137]. Since the transport properties of each 
equation are related to the specific bulk phase α, they are all initially 
denoted with the subscript α for emphasis, while all physical field 
quantities and transport properties without subscripts can be understood 
according to the material properties indicating the phase α. For various 
conservative physical fields such as mass, charge, and component and 
their fluxes involved in the transport processes, they are basically 
denoted according to the notations in Bird's monograph [127] and 
electrokinetic multiphase flow literature [80,87,88]. Specifically, the 
mass density (or simply density) and charge density of the solution are 
denoted as ρ and ρe, respectively. The mole fraction, molar concentration, 
and number density of component i are denoted as xi, ci, and ni, respec
tively. The mass density flux, molar concentration flux, number density flux, 
and electric current (i.e., charge density flux) of component i are denoted 
as ji, j

*
i , j

**
i , and i, respectively.

For electrodynamics, in typical electrokinetic systems in EKmHD, the 
following scaling relationships generally hold which is similar to elec
trohydrodynamics [47,136]. 

τp≫τE≫τB. (11) 

Here, τp represents the time scale of the physical problem (such as vis
cosity, diffusion, vibration, boundary motion, etc.), τE = ε/K is the time 
scale for the variation of the electric field, and τB = M K a2 is the time 
scale for the variation of the magnetic field; where K and M are the 
electrical conductivity and magneto-permeability, respectively, and a is 
the characteristic length scale of the system. The aforementioned scaling 
relationships imply that the quasi-electrostatic field approximation is 
valid, thus the evolution of the electromagnetic fields in this system can 
be decoupled from each other according to Maxwell's equations. Thus, 
the electrodynamics can be simplified to the electrostatic Poisson 
equation that describes the distribution of the electric potential (for each 
phase α) 

− ∇⋅(εα∇φ) = ρe =
∑

i
zieni. (12) 

Here, φ denotes the electric potential, and εα represents the dielectric 
constant of phase α. The influence of electrodynamics on fluid flow and 
ion transport is reflected through the electrostatic Maxwell stress in the 
momentum equation and the electro-migration (electrophoresis in 
essence) term in the conservation equation of charged components, as 
well as the modification of the ion diffusion coefficient by electrostatic 
interactions.

For fluid flow, under the condition of incompressible flow, the con
tinuity equation and momentum equation (for each phase α) are 
[49,50,127]. 

∇⋅u = 0, (13) 

ρ
(

∂u
∂t

+u⋅∇u
)

= ∇⋅( − pI+Tη +Te). (14) 

Here, u is the velocity field, p the pressure, I the identity tensor, and Tη is 
the Newtonian viscous stress tensor 

Tη = ηα
[
∇u+(∇u)T ]

, (15) 

which contributes to the volume force FN ≡ − ∇p +∇⋅Tη = − ∇p +

ηα∇
2u along with the pressure gradient. Here, ηα is the dynamic viscosity 

of phase α. Te is the electric Maxwell stress tensor [136,137]. 

Te = εα

[

EE −
1
2
E2I
]

. (16) 

The corresponding electric field force is given by Fe ≡ ∇⋅Te = ρeE −

1
2E

2∇εα + ∇pes, whose physical meanings include the Coulomb force ρeE 
due to net charge, the dielectric gradient force − 1

2E
2∇εα due to inho

mogeneous dielectric constant, and the electrostriction gradient force ∇
pes in a conservative form related to the local strain within fluid element 
induced by the electric field. The induced electrostrictive pressure pes is 
expressed as 

pes =
1
2

εαaE2, βε =

(
ρ
εα

)
∂εα

∂ρ . (17) 

Here, β− 1
ε is the electrostriction coefficient, which is typically negligible. 

Then, the momentum equation can be explicitly written as 

ρ
(

∂u
∂t

+u⋅∇u
)

= − ∇p+ ηα∇
2u+ ρeE −

1
2
E2∇εα. (18) 

In this formulation, pes has already been incorporated into the dy
namic pressure p. Specifically, in the macroscopic models used for 
describing bulk transport with zero-thickness sharp interfaces, if there is 
no significant heterogeneity in bulk density and dielectric constant (such 
as due to significant temperature gradients), then these will reduce to 
uniform material property parameters ρα and εα, and the electric field 
force need only retain the Coulomb force term ρeE. For mesoscopic 
numerical models with diffuse interfaces, there will always be variations 
in the phase parameter ϕ within the solvent mixing layer, and the 
density ρ(ϕ) and dielectric constant ε(ϕ) will also vary in the direction of 
∇ϕ. At this point, it is necessary to retain the dielectric gradient force 
term − 1

2E
2∇ε(ϕ) in the electric field force, and generally, it is also 

necessary to add the stress tensor T∇ contributed by the gradient of the 
interfacial phase parameter ∇ϕ (see the following subsection).

For ion transport, different models are employed based on the dif
ferences in the dielectric and conductive behavior of the liquid phase, 
where the differences in various studies usually lie. They can be classi
fied into pure dielectric solvents, liquid metals, strong electrolyte solu
tions, and weak electrolyte solutions.

Among them, the perfect dielectric model that describes pure 

Table 4 
Comparison between classical electrohydrodynamics (EHD) and electrokinetic 
multiphase hydrodynamics (EKmHD).

EHD EKmHD

Typical systems Taylor pump [46], Taylor 
cone [135]

droplet electrophoresis 
[48,50] or diffusiophoresis 
[48,49]

Representatives Taylor-Melcher [45,46]; 
Saville [6,47]

Frumkin-Levich [11,37]; 
Baygents-Saville [49,50]

Components WES on both sides SES on at least one side
Electric 
properties

WCD HCD

Charge transport Ohmic conduction diffusion, electro-migration 
and convection

Formulation leaky current 
approximation, few 
charges and strong electric 
field

charge relaxation, surface 
conduction may be important

Charging 
mechanism

induced charging by strong 
external electric field

physico-chemically 
spontaneous charging with 
weak external electric field

Formulation interface electrical 
matching condition

interface physico-chemical 
kinetic condition

Driving forces shear stress originated 
from induced charge under 
tangential electric field

shear stress orginated from 
spontaneouly formed net 
charge layer under tangential 
electric field

Electro-magnetic 
field

quasi-electrostatic field approximation

Two-phase flow Navier-Stokes equations in bulk, stress balance at interface
Ion transport conductive flux 

conservation
Nernst-Planck equation
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dielectric solvents is the simplest case, as there are no free charges 
within it, hence ρe = 0 [138,139]. For liquid metals as perfect conduc
tors, their dielectric constants can be neglected under quasi-electrostatic 
field conditions, and the electron mobility within them is high and much 
greater than the ion mobility. Therefore, the relaxation time for the 
system that is required to evolve to a steady state under the action of a 
quasi-electrostatic field is usually negligible, and only the following 
electron number conservation equation is required 

∇⋅i = 0. (19) 

Considering that the mobility of electrons is much greater than that of 
ions, and the convective velocity of the fluid is much smaller than the 
directional motion velocity of metal electrons under the influence of 
electromigration, the constitutive model of electric current can be given 
by Ohm's law i = σeE, which in turn yields ρe = 0 and φ = const 
[48,140].

For strong electrolyte solutions as highly conductive dielectrics, not 
only do solute ions exist as free charges which make the solution 
conductive, but there is also a dielectric solvent background that can 
accommodate a finite electric field within it. Moreover, the viscous in
teractions between solute ions and the solvent molecular fluid back
ground during their motion are typically not negligible to determine the 
finite mobility of ions. Generally, the transport of solute ions can be 
described using the Nernst-Planck equation or the Maxwell-Stefan 
equations [38,50]. Among them, the Maxwell-Stefan equations 
[82,120] have the broadest applicability and can be used to describe 
non-equilibrium transport in non-dilute solutions 

∂ni

∂t
+∇⋅

(
niu+ j**

i
)
= 0, (20) 

where the specfic form of ion i’s flux j**
i 

j**
i ≡ − D̂i,αni

∇μi

kBT
= − D̂i,α

(
∇ni + ni∇lnγφ

i
)
. (21) 

Here, μi = μ0
i,α + kBTln(ai/n⊖) represents the chemical potential of 

ion i, where μ0
i,α denotes the chemical potential of the solute ion inter

acting with the solvent in phase α, and ai ≡ γφ
i γx

i ni is the activity of ion i, 
with n⊖ being the molar concentration of the solution under standard 
conditions. The transport coefficients in j**

i are dependent on the phase α 
in which ion i resides; D̂i,α is the Maxwell-Stefan diffusion coefficient of 
ion i in phase α. γφ

i is the effective activity coefficient of ion i that de
pends on the local electric potential φ, defined as γφ

i := exp(zieφ/kBT), 
and γx

i is the activity coefficient of ion i that depends on the interactions 
between solution components other than Coulombic electrostatic 
effects.

In particular, under the condition of dilute solutions and weak 
electric field (induced polarization) where steric and electrostatic cor
relations between solute components can be neglected, we have γx

i ≡ 1. 
At this point, the chemical potential can be simplified to μi,α = μ0

i,α +

kBTln
(
γφ

i ni/n⊖
)
. The aforementioned Maxwell-Stefan equation can then 

be reduced to the following Nernst-Planck equation 

∂ni

∂t
+∇⋅

(
niu − Di,α∇ni − zieωi,αni∇φ

)
= 0. (22) 

Here, Di,α ≡ D̂i,α is the Fickian diffusion coefficient of ion i in phase α 
neglecting non-ideal solution effects, and ωi,α ≡ Di,α/kBT is the electro- 
migration (electrophoresis in essence) mobility of ion i within phase α. 
Under conditions close to thermodynamic equilibrium, where ∂t = 0 and 
u = 0, the above equation further reduces to the Poisson-Boltzmann 
equation. In some literature, it is also extended to weak non- 
equilibrium conditions under the influence of an external field and is 
referred to as the Poisson-Smoluchowski formula [141].

For weak electrolyte solutions as weakly conductive dielectrics, the 

modeling approaches are the most diverse, but they are typically based 
on the aforementioned ion transport models with appropriate approxi
mations. Due to the ionization process of weak electrolytes in the solvent 
and possible spontaneous charging mechanisms at the interface, it is 
necessary to consider the production or consumption terms brought 
about by chemical reactions in the ion transport equations, as well as 
spontaneous partition- or adsorption-induced charging behavior at the 
interface, which is referred to as the modified Saville model [81]. In 
addition to the direct application of the aforementioned ion transport 
models, under different approximation conditions, various schemes such 
as charge transport models and charge injection models can be derived, 
leading to different treatments of solid boundaries and fluid-fluid in
terfaces [47,81]. When the dissociation coefficient of solute molecules is 
small or the differences in diffusion coefficients of different ions are 
negligible, the ion transport models can be reduced to corresponding 
charge diffusion models or charge injection models. The latter is mainly 
applicable to special cases where a certain type of ion dominates during 
unipolar injection.

3.2.1.2. Interfacial conditions. The complex behavior of electrokinetic 
multiphase flow originates from the ion-fluid coupled transport within 
the interfacial net charge layer; therefore, the formulation and treatment 
of interfacial conditions are crucial. For the sake of simplicity and 
clarity, the perspective of sharp interface macroscopic models is adopted 
here, which neglects the effects induced by the finite thickness of the 
solvent mixing layer at the liquid-liquid interface, such as capacitive 
charging, shear strain rate, and concentration diffusio-osmosis. The 
resolution of these effects depends on the quantitative solution of diffuse 
interface models (see the following subsection), which are then incor
porated into the sharp interface macroscopic theory through the reduced 
forms of interfacial conditions such as jumps in electric potential, ve
locity, and shear stress [82]. Specifically, the interfacial conditions 
consist of three parts: mechanical matching, electrical matching, and 
component conservation at the interface, where the interfacial compo
nent condition is the core. The key to its description lies in the correlated 
depiction of local quasi-equilibrium of interfacial ion concentrations and 
local balance of interfacial ion transport fluxes. Compared with neutral 
components, the charging mechanisms and ion transport kinetics of 
charged components require extra coupling with the electric field.

Interfacial mechanical matching condition includes continuity con
dition and stress balance condition [142]. 

‖ u ‖= 0, ‖ (Tη +Te) ‖ ⋅n =‖ p ‖ n+ γκcn − ∇sγ. (23) 

Here, ‖ (⋅) ‖≡‖ (⋅)‖α
β := (⋅)α − (⋅)β denotes the jump of the physical 

quantity (⋅) across the interface from phase α to phase β, and n ≡ nβ↗α is 
the unit normal vector pointing from phase β outward towards phase α. 
∇s = (I − nn)⋅∇ represents the tangential gradient operator at the 
interface, and thus κc ≡ ∇s⋅n is the sum of the local principal curvatures 
of the interface. The viscous stress tensor Tη and the Maxwell stress 
tensor Te have been previously described, while the interfacial tension 
coefficient is defined as γ =

∫∞
− ∞ t⋅Tγ⋅tdn. Here, t is the unit tangential 

vector along any direction of the interface, and Tγ is the stress tensor 
related to the pressure and the gradient of the interfacial phase 
parameter ∇ϕ, the specific meaning of which will be explained in the 
following paragraph. It should be noted that the additional momentum 
flux contribution caused by interfacial mass transfer has been neglected 
here, which is usually induced by strong non-equilibrium factors such as 
phase change and interfacial chemical reactions. To be explicit, the 
interfacial stress conditions are further elaborated here according to the 
components in the local interface coordinate system, as follows: 

n⋅ ‖ (Tη +Te) ‖ ⋅n =‖ p ‖ + γκc, (24) 

t⋅ ‖ (Tη +Te) ‖ ⋅n = − ∇sγ. (25) 
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Here, the interfacial tension gradient term ∇sγ on the right-hand side of 
the tangential stress balance equation is related to the excess adsorption 
of interfacial ions, and its specific theoretical form can be referred to in 
the article by Baygents et al. [49]. However, for the majority of non- 
surfactant ions involved in electrokinetic multiphase flow, this term is 
usually negligible.

In fact, the pressure tensor P ≡ pI − T∇ ≡ − Tγ originates from the 
momentum flux conservation quantity implied in the general form of the 
interfacial gradient free energy functional, satisfying 

∫

∂VTγ⋅dA = 0 (for 
any ∂V). Here, T∇ represents the contribution from the gradient of the 
interfacial phase parameter ∇ϕ, and in the case of a binary mixture, this 
stress can be written as [121]. 

T∇ ≡ Λρ∇ρα∇ρα −
1
2

Λρ|∇ρα|
2I. (26) 

Here, ρα denotes the local mass fraction of solvent α within the solvent 
mixing layer, and Λρ represents the interfacial excess energy density. In 
the sharp interface limit, the divergence of the aforementioned pressure 
tensor contributes to an equivalent volumetric force Fγd2S⊥ =
∫

d2S⊥Tγ⋅dA, where d2S⊥ = dn ⊗ ∂dS is the thin cylindrical surface with 
axis dn, dS is the interfacial element, and dn is the element along the 
direction of n. The specific form of this volumetric force corresponds to 
the pressure jump across the interface ‖ p ‖ n, as well as the interfacial 
tension δsγκcn and the interfacial tension gradient force δs∇sγ, where δs 

is the Dirac function with the distance to the interface as the indepen
dent variable. It should be noted that when the thickness of the diffuse 
layer is comparable to that of the solvent mixing layer, the additional 
velocity gradients and shear stress gradients (manifested as effective 
interfacial tension gradients) caused by the shear strain rate and solute 
ion concentration may not be negligible. In this case, additional 
tangential velocity jumps ‖ us ‖= Δus and shear stress jump contribu
tions need to be supplemented.

The interfacial electrical matching condition reflects the interaction 
between the field and charge near the interface, and its general form is 

‖εE‖⋅n = qs, ‖ E ‖ ⋅t = 0. (27) 

Here, qs =
∑

izieni,s represents the interfacial charge density, and ni,s is 
the surface density of adsorbed ionic species i at the interface. Using the 
aforementioned interfacial electrical matching conditions, the specific 
expression for the Maxwell stress jump can be written as [47]. 

n⋅ ‖ Te ‖ ⋅n =
⃦
⃦ε(E⋅n)2 ⃦⃦ −

⃦
⃦
⃦
⃦
1
2

εE2
⃦
⃦
⃦
⃦, (28) 

t⋅ ‖ Te ‖ ⋅n = qsE⋅t. (29) 

Thus, the electric field contributes not only to an effective pressure jump 
but also provides an additional source of interfacial shear stress in the 
stress matching at the interface. It should be noted that when the 
thickness of the diffuse layer is comparable to that of the solvent mixing 
layer, the additional potential jump caused by capacitive charging of the 
interface phase may not be negligible, and the corresponding potential 
jump contribution ‖ φ ‖= Δφs needs to be supplemented.

The interfacial concentration and flux condition reflects the interfacial 
charging mechanism and the component conservation at the interface 
[142]. Here, the most general interfacial component conservation con
dition that includes interfacial ion adsorption is presented, while the 
interfacial charging mechanism model is deferred to the following 
subsection. The interfacial component conservation condition typically 
treats the interfacial phase s as a separate phase, from which the general 
form of interfacial component conservation can be written as 
[11,49,50,80,134]. 

Dnni,s

Dt
+ ni,sκcu⋅n+∇s⋅

(
ni,sus + j**

i,s

)
+ ‖ j**

i ‖ ⋅n = ri,s. (30) 

Here, Dn/Dt = ∂t + un⋅∇ is the normal material derivative operator, 
j**
i,s = − ωi,skBT∇sni,s − eziωi,sni,s∇sφ is the tangential flux of interfacial 

ions, j**
i = − ωikBT∇ni − eziωini∇φ is the bulk phase ion flux due to the 

electrochemical potential gradient (i.e., it does not include the convec
tive effect of the solvent background fluid), and ri,s is the interfacial 
reaction source term. Here, ωi,s is the mobility of ionic component i at 
the interface, un ≡ nn⋅u and us ≡ (I − nn)⋅u are the normal and 
tangential velocities at the interface, respectively. It can be seen that the 
balance between the tangential transport j**

i,s at the interface and the 

normal transport j**
i,n ≡ j**

i ⋅n near the interface jointly ensures the con
servation of the interfacial component concentration; note that the 
contributions of additional normal momentum flux have been neglected 
here [46,121,136]. Noting that 

∇s⋅us + κcu⋅n+n⋅(n⋅∇)u = 0, n⋅∇s = 0, (31) 

the aforementioned equation can be rewritten into [47]. 

Dnni,s

Dt
+u⋅∇ni,s +∇s⋅j**

i,s + ‖ j**
i ‖ ⋅n = ni,s[n⋅(∇u)⋅n ] + ri,s. (32) 

If the differences in ion diffusion coefficients can be neglected, and 
the interfacial diffusion is ignored, then the aforementioned ion trans
port model can be reduced to a charge transport model 
[47,136,137,143–145]. 

Dnqs

Dt
+u⋅∇sqs +∇s⋅is;M + ‖ í ⋅n ‖= qs[n⋅(∇u)⋅n ] + qreact

s , (33) 

Here, is;M = − K s∇φ represents the charge density flux contributed by 
interfacial electromigration, í :=

∑
iziej**

i = − D∇q − K ∇φ represents 
the charge density flux in the bulk phase due to ion diffusion and elec
tromigration, and qreact

s is the charge source term due to interfacial 
chemical reactions, where D = ωkBT and K (s) =

∑
ω(s)e2z2

i ni(,s) are the 
ion diffusion coefficient and (interfacial) conductivity, respectively.

In addition, the modulation of interfacial tension and wettability by 
ions is also an important aspect of electrokinetic multiphase flow 
[77,79]. For a comprehensive theoretical analysis on ion-tuned inter
facial tension, one can refer to the analysis of droplet diffusiophoresis by 
Baygents and Saville [49]. This study particularly points out that the 
effect of simple inorganic ions on the oil-water interfacial tension can be 
neglected, while the specific treatment for surfactants can be found in 
the reviews or monographs [95,108,142]. Regarding ion-tuned wetta
bility, the models currently used in electrokinetic flow modeling are 
simple linear or nonlinear monotonic models [146–148]. Here, the 
mathematical forms of existing models for ion-tuned wettability are 
presented. Among them, the linear model [146] is obtained by linearly 
interpolating experimental measurements of contact angles at two 
different ion concentrations 

θ = θH +
α3 − αH

αL − αHS
(θL − θH). (34) 

The nonlinear model assumes that the change in wettability by ions 
follows a pattern similar to the Langmuir adsorption isotherm 
[147,148]. 

θ(i,t) = θ0 − (θ0 − θmin)

(
cH − c(i,t)

)(
1 + KeqcL

)

(cH − cL)
(
1 + Keqc(i,t)

). (35) 

The definitions of the physical quantities can be found in the reference 
[147]. It should be noted that the aforementioned models typically fail 
to effectively capture the common non-monotonic effects observed in 
practice [149], and the quantitative patterns and characteristics of ion- 
tuned wettability remain unclear.

3.2.2. Macroscopic interfacial constitutive relations and mesoscopic models
Due to the possible spontaneous partition-adsorption and other 
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charging mechanisms at the liquid-liquid interface, as well as the 
resulting macroscopic discontinuities in physical quantities, the inter
face exhibits multiphysical and multiphase characteristics with the 
coupling of electrostatic interactions and physicochemical effects. It is 
thus necessary to further add appropriate constitutive model constraints 
into the general form of the aforementioned interfacial component 
conditions, including interfacial charging mechanisms and interfacial 
ion transport behaviors, which can be summarized into different 
macroscopic models (as shown in the first three columns of Table 5). The 
main features of these models are briefly analyzed below.

On one hand, the interfacial charging mechanism mainly corre
sponds to the constitutive model of the interfacial charge density qs. For 
ideally polarizable interfaces with induced charging, taking liquid 
metals as an example, the electrical matching condition φin = const and 
the charge conservation within the metal Qin =

∫

SqsdS = Q0 are typi
cally used as substitutes, where Q0 is the prescribed charge of the metal 
[87]. For thermodynamically polarizable interfaces with spontaneous 
charging, they usually rely on the local quasi-equilibrium assumption of 
the adsorption-partition equilibrium model, where the surface density of 
components can be correlated with the adjacent bulk phases on both 
sides through kinetic equilibrium relationships. For example, the spon
taneous adsorption condition based on the local adsorption isotherm 

ci,s = Γα
i

(
cα

i,s

)
and the spontaneous partition condition based on the local 

Henry's law cα
i,s = Hicβ

i,s, where Hi is the Henry coefficient or partition 
coefficient for component i. For partially non-polarizable weakly 
conductive dielectric liquid interfaces, in addition to directly charac
terizing them using the aforementioned spontaneous charging mecha
nisms, one can also use the effective interfacial conditions based on the 
upscaled coarse-grained ion transport models from electro
hydrodynamics to capture the leading-order electrokinetic effects, 
which are typically expressed in the form of the leaky dielectric model 
[81]. Studies have shown that this model can also be applicable to the 
electrokinetic multiphase flow of highly conductive dielectric interfaces 
[80,151].

On the other hand, the interfacial ion transport models mainly 
correspond to the specific constraints on the tangential and normal ion 
fluxes js and jn, as well as the interfacial reaction source term rs, such as 
whether the interface is non-polarizable, whether convection is 
neglected, whether diffusion is ignored, and whether chemical reactions 
occur, reflecting the characteristic behaviors of ion transport at the 
interface [80,81]. It should be particularly noted that a combination of 
perspectives is used here: one is the perspective of physical kinetics, 
which is more physical and commonly used in liquid-liquid extraction or 
phase change mass transfer, focusing on ion transport across the 

interface represented by solvation and adsorption kinetics, using effec
tive descriptions based on quasi-equilibrium models [49,50,80,81,151], 
simple adsorption kinetics, or interaction free energy within the nano
scale range around the interface [82,116]; the other is the perspective of 
reaction kinetics, which is more chemical and commonly used in liquid- 
liquid electrochemistry, focusing on ion transport across the interface 
represented by interfacial chemical reactions, using effective de
scriptions such as simple reaction kinetics [11] or the Butler-Volmer 
type equations [152,153].

It is particularly worth noting that for cases involving spontaneous 
partition-induced charging, Mori et al. provided the model connection 
from electrokinetic multiphase hydrodynamics to classical electro
hydrodynamics [81,145], with the main results of the connection shown 
in Table 6. Specifically, when the system satisfies 
∇⋅
(
zieωi,αniE

)
≫∇⋅

(
Di,α∇ni

)
, the diffusion term in the charge diffusion 

model can be neglected. Consequently, it can be reduced to the Taylor- 
Melcher model (i.e., the leaky dielectric model) or the upscaled coarse- 
grained description of the electrophoretic model in the sense of matched 
asymptotic expansion. The former typically corresponds to the induced 
charging scenario of partially non-polarizable interfaces, while the latter 
usually corresponds to the spontaneous charging scenario with a 
phenomenologically prescribed total charge. The interfacial condition 
can be written in a form similar to the local charge conservation at the 
liquid metal interface as mentioned above.

Whether it is the analytical solutions based on matched asymptotic 
expansions with effective interface condition or numerical simulations 
using finite volume methods combined with multigrid techniques, the 
accuracy of macroscopic theoretical results based on sharp interface 
models strongly depends on the effectiveness of the interfacial condi
tions. From the perspective of diffuse interfaces, if the thickness of the 
diffuse layer is comparable to that of the solvent mixing layer, then the 
additional potential jumps, velocity jumps, and shear stress jumps at the 
interface due to capacitive charging, shear strain rates, and concentra
tion gradients of the interfacial phase may not be negligible. Therefore, 
the results of the sharp interface limit cannot be directly applied. In 
recent years, the significant impact of the finite-thickness solvent mixing 
effects on ITIES systems has gradually gained attention. By extending 
the Landau-Ginzburg equilibrium phase field theory [96,98], Rotenberg 
and colleagues established a general theory for the non-equilibrium 
transport in ITIES systems [116], and Huang and Wang further 
expanded it into an effective theory considering complex charging 
mechanisms [82].

The above research incorporates the complex interactions between 
solute ions and molecules within the solvent mixing layer into meso
scopic numerical models, which can fully capture the possible effects 
such as interfacial phase capacitive charging, shear strain rate, and 
concentration diffusio-osmosis, and is expected to provide a key theo
retical bridge for the future quantitative prediction of electrokinetic 
multiphase flow (as shown in Fig. 1). In fact, it is often necessary to start 
from the interactions within the nanoscale range of the interface and 
conduct numerical simulations based on appropriate diffuse interface 
models to provide reasonable and effective corrections to interfacial 
conditions for the sharp interface model (as shown in the fourth column 
of Table 5). Compared with macroscopic models based on sharp inter
face approaches, mesoscopic numerical models based on diffuse inter
face theories offer a means to finely depict the interactions between 
solute ions and the solvent mixing layer at the interface. When the 
thicknesses of the diffuse layer and the solvent mixing layer are com
parable and spontaneous partition-induced charging dominates, the 
interfacial potential jump in the macroscopic model can be corrected 
based on the results of the diffuse interface model [82].

Here, taking the phase field model as an example [82,116], which is 
widely applicable with various solvers, we introduce a typical meso
scopic transport model for electrokinetic multiphase flow. The phase 
field model employs an order parameter (also known as a phase 

Table 5 
Comparisons of theoretical models for interfacial condition of EKmHD.

Ideally 
polarizable

Adsorption & 
polarizable

Partition & 
polarizable

Diffuse 
interface

Representatives Pascall [12]; 
Schnitzer 
[88]; Yang 
[113]

Saville [47]; 
Baygents 
[49,50]; 
Schnitzer 
[80]

Schnitzer 
[80]; Mori 
[81]; Ma 
[73]

Rotenberg 
[116]; Rivas 
[150]; 
Huang [82]

Ion transport Nernst- 
Planck 
equation

Nernst- 
Planck 
equation

Nernst- 
Planck 
equation

modified 
Maxwell- 
Stefan 
equation

Ion distribution simple 
adsorption / 
partition

simple 
adsorption

simple 
partition

partion- 
adsorption 
coupling

Electrification 
mechanism

spontaneous 
/ field 
induced

spontaneous 
adsorption

spontaneous 
partition

spontaneous 
charging

Mechanism 
description

– adsorption 
isotherm

Donnan 
equilibrium

particle 
interaction 
potential
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parameter) to characterize the position relative to a finite-thickness 
phase interface, denoted here by ϕ ≡

(
nβ − nα

)
/
(
nα + nβ

)
, where nα 

represents the local particle number density of solvent molecules in 
phase α. Consequently, ϕ = − 1 and ϕ = 1 correspond to the interior 
regions of phases α and β, respectively. The evolution of the phase 
parameter is described by a phase field equation, and here the form of 
the Cahn-Hilliard phase field equation is presented, which is charac
terized by the conservation of the phase parameter [121]. 

∂ϕ
∂t

+∇⋅(ϕu) = ∇⋅
(
M(ϕ)∇μϕ

)
. (36) 

Here, u is local velocity, μϕ is the solvent chemical potenital, and M(ϕ) is 
the phase mobility parameter which may depend on the local phase 
parameter. The solvent chemical potential can be expressed as 

μϕ ≡ μmix
ϕ + μspec

ϕ + μel
ϕ . (37) 

Here, μϕ is contributed by three parts, i.e., the solvent mixing effect μmix
ϕ , 

the effective specific interaction potential μspec
ϕ (including the solvation 

effect of solute ions), and the electrostatic interaction μel
ϕ .

Specifically, the contribution of the solvent mixing effect μmix
ϕ can be 

obtained from the Landau-Ginzburg free energy that describes the 
chemical potential of solvent mixtures [96,98]. 

F solv[n] =
∫

dr

[

nsolvkBT(ln nsolv − 1)+
Λϕ

2

((
ϕ2 − 1

)2
+ (∇ϕ)2

2ε2
pf

)]

:

= F ideal
solv +F mix,

(38) 

therefore 

μmix
ϕ ≡

δF mix

δϕ

/

V = Λϕ

[

− ∇2ϕ+

(
ϕ2 − 1

)
ϕ

ε2
pf

]

. (39) 

Here, nsolv = nα + nβ represents the total local particle number density of 
solvent molecules in both phases, Λϕ is the density parameter of inter
facial excess energy, εpf is the characteristic thickness parameter of the 
solvent mixing layer (related to the characteristic thickness parameter in 
Section 2.2 by d0 =

̅̅̅
2

√
εpf), and the relationship between the latter two 

parameters and the interfacial tension coefficient is given by γ =
(
2
̅̅̅
2

√
/3
)(

Λϕ/εpf
)

[82]. It has been noted that the aforementioned 
Landau free energy form is only applicable when the equation of state 
for both solvent phases is the same [158]. The free energy forms cor
responding to the specific interaction potential and electrostatic in
teractions can be written as [116,159,160]. 

F ions[{ni}i
]
=

∫

dr
∑

i
ni

[
kBT(ln ni − 1)+ μ0

i (ϕ)+
zieφ

2

]

≡ F ideal
i +F spec +F el, (40) 

therefore 

μspec
ϕ ≡

δF spec

δϕ

/

V =
∑

i
ni

(
∂μ0

i (ϕ)
∂ϕ

)

, μel
ϕ ≡

δF el

δϕ
=

E2

2

(
∂ε(ϕ)

∂ϕ

)

. (41) 

The aforementioned forms are obtained through equilibrium with the 
chemical potential of the bulk aqueous solution [160], where the 
reference chemical potential μ0

i can be given by the modification of the 
free energy reflecting the effective potential of specific interactions at 
the interface [82]. It can be seen from the above that the distribution of 
solute ions (equivalent to effective osmotic pressure) and the electric 
field formed by spontaneous charging at the interface (equivalent to the 
image potential) will both affect the equivalent thickness and internal 
pressure distribution of the solvent mixing layer at the charged liquid- 
liquid interface [116]. In practical calculations, if the precision re
quirements for the calculation of the internal solute ion distribution and 
the pressure distribution across the solvent mixing layer are not high and 
only the lumped result within the solvent mixing layer is needed, the 
solvent chemical potential may be approximated as μmix

ϕ with an effec
tive correction to the solvent mixing layer thickness εpf [82].

For the sake of completeness, we also write down other equations 
involved in electrokinetic multiphase flow, including the electrostatic 
Poisson equation 

− ∇⋅(ε(ϕ)∇ϕ ) = ρe ≡
∑

i
zieni, (42) 

and the conservation equations for (dilute solute) component, mass and 
momentum 

∂ni

∂t
+∇⋅(niu) = ∇⋅(ωi(ϕ)∇μi )+ ri, (43) 

∇⋅u = 0, (44) 

ρ(ϕ)
(

∂u
∂t

+u⋅∇u
)

= ∇⋅(Tη +Te)+ Fγ . (45) 

Here, the component conservation equation is also known as the 
Maxwell-Stefan equation (or the modified Nernst-Planck equation), 
where ni, μi, and ri represent the number density, chemical potential, 
and reaction source term of solute ion i, respectively, and 

μi ≡
δF ions

δni
= μ0

i (ϕ)+ kBT ln ni + zieφ. (46) 

In the momentum conservation equation, the Newtonian viscous stress, 
Maxwell stress, and the continuous form of interfacial tension are 
written as 

Tη = η(ϕ)
[
∇u+(∇u)T ]

, (47) 

Te = ε(ϕ)
[

EE −
1
2
(E⋅E)I

]

, (48) 

Fγ ≡ − ∇p − ϕ∇μmix
ϕ . (49) 

Table 6 
Connections between EKmHD and classical EHD models.

Modified Saville Charge diffusion Taylor-Melcher Electro-migration

Representatives Baygents [50,151]; Zholkovskij [154]; 
Schnitzer [80]

Kupersh [155]; Luo [145]; Mori 
[81]

Sherwood [156]; Feng 
[157]

Hua [138]; Li [139]

Electrical 
characteristics

General conductive dielectrics Poorly conductive dielectrics Poorly conductive 
dielectrics

Poorly conductive dielectrics under 
weak field

Charge transport ion conservation charge conservation charge conservation charge conservation
Electrification 

mechanism
field induced or spontaneous partition field induced or spontaneous 

partition
field induced spontaneous partition (prescribed)

Ion distribution partition partition balanced partition imbalanced partition
EDL resolution ✓ ✓ × ×
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Here, p = pideal + pmix + pspec, where pideal =
(
nsolv +

∑
ini
)
kBT, and pmix 

and pspec represent the contributions from the solvent mixing effect and 
the specific interaction potential, respectively. Their specific forms do 
not directly affect the evolution of the velocity field in the momentum 
equation. It should be noted that the aforementioned equations involve 
numerous material property parameters, such as the solvent dielectric 
constant ε, the mobility ωi of solute ion i, the density ρ and the dynamic 
viscosity η of the fluid. Under the assumption of local thermodynamic 
near-equilibrium, the corresponding distributions across the interface 
can be given in the form of interpolation functions associated with the 
phase parameter ϕ [82,161].

3.2.3. Discussions on the model applicability and limitations
For oil-water interface systems composed of nonpolar oils or con

taining only common simple inorganic ions, the dielectric constant of 
the oil phase is approximately 1/10 that of the aqueous phase. Conse
quently, the free energy barrier for ion transfer from the aqueous phase 
to the oil phase is typically on the order of 100kBT [10]. In such cases, 
ion diffusion into the oil phase is weak, resulting in extremely low ion 
concentrations in the oil phase. The contribution of ion partitioning to 
interfacial charging is negligible, forming an oil-water interface with a 
unilateral diffuse layer. Thus, a sharp-interface model can be employed 
to describe its charging mechanism and electrokinetic transport 
behavior, where the electrokinetic transport modeling requires the 
addition of a thermodynamic polarizability condition (intuitively un
derstood as an ion-impenetrability condition) as a constitutive model. 
Notably, the conclusions drawn in this work for nonpolar oil systems 
also apply to polar oil systems containing only inorganic solute ions. For 
such systems, the spatial and temporal scale separation between diffuse 
layer transport and viscous-scale transport poses significant computa
tional challenges, even when employing numerical methods like finite 
volume schemes combined with multigrid techniques. When the sys
tem's characteristic size is much larger than the diffuse layer's Debye 
length and interfacial charge is small, the system exhibits linear trans
port characteristics, making it relatively straightforward to handle. 
However, for systems on the scale of hundreds of micrometers, addi
tional approximations are still necessary. For cases where nonlinear 
transport effects cannot be neglected, singular perturbation methods 
based on matched asymptotic expansions provide an effective upscaling 
approach, which can also supply efficient boundary conditions for nu
merical simulations, thereby reducing computational costs.

For oil-water interface systems composed of polar oils containing 
organic ions, the contribution of ion distribution in the oil phase may 
become non-negligible, corresponding to typical ITIES systems. From a 
diffuse-interface perspective, if the electric double layer thickness is 
comparable to the interfacial solvent mixing layer thickness, additional 
effects such as capacitive charging of the interfacial phase, potential 
jumps due to shear strain rate and concentration gradients, velocity 
jumps, and shear stress jumps may no longer be negligible. Conse
quently, the sharp-interface limit results cannot be directly applied 
[121]. In practice, for polar oil systems containing organic ions, the 
accuracy of both effective boundary conditions derived from matched 
asymptotic expansions and macroscopic sharp-interface theories 
strongly depends on the validity of interfacial matching conditions. 
Therefore, it is often necessary to start from nanoscale interfacial in
teractions, perform numerical simulations based on an appropriate 
diffuse-interface model, and derive reasonable effective corrections for 
the sharp-interface matching conditions. For instance, when the electric 
double layer and interfacial solvent mixing layer are of comparable 
thickness and spontaneous partitioning dominates the charging mech
anism, the interfacial potential jump in the macroscopic model can be 
corrected based on diffuse-interface simulation results. Similarly, for 
concentration polarization behaviors at interfaces with spontaneous 
adsorption or partitioning-induced charging in complex geometries, 
quantitative solutions from macroscopic models (whether analytical or 

numerical) are generally less universal and direct compared to meso
scopic models.

In the context of non-equilibrium electrokinetic transport, the 
approach of embedding interaction potentials between particles and the 
solvent background or solid interfaces into particle transport equations 
is not uncommon. In recent years, it has been employed in some studies 
on microscale and nanoscale single-phase flows of neutral components, 
while its widespread application in transport modeling (such as in 
colloidal particle systems and electrolyte solutions) has long been 
established, though typically limited to single-solvent background sys
tems. For liquid-liquid multiphase interfaces, modified interaction po
tentials have been introduced to describe the interfacial transport 
behavior of neutral components [162]. Similarly, in the equilibrium- 
state charge modeling of ITIES systems, complex interaction potentials 
have been incorporated into the Poisson-Boltzmann equation, but this 
has been restricted to modeling equilibrium ion distribution structures 
near the interface [96–98]. Electrokinetic transport systems involving 
ions at liquid-liquid interfaces still lack a diffuse interface modeling 
framework from a mesoscopic perspective [116].

In fact, physicochemical two-phase hydrodynamic modeling 
(including multiphase electrokinetic transport) has practical demands in 
simulating processes such as surfactant adsorption kinetics coupled with 
interfacial flows, solid melting/condensation, and reactive dissolution/ 
precipitation [162–164]. From the perspective of capturing realistic 
interfacial transport processes, a key direction for future development 
lies in coupling cross-interface chemical kinetics within diffuse interface 
models. In this regard, the diffuse interface model summarized above 
not only provides robust diffuse interface modeling support for numer
ical studies of electrokinetic transport at liquid-liquid interfaces but may 
also inspire further refinements to lattice Boltzmann models. For 
instance, the color-gradient model can be readily combined with mean- 
force corrections to describe various charging mechanisms, such as non- 
equilibrium partitioning and specific adsorption, making it suitable for 
characterizing electrokinetic behaviors at both polarizable and non- 
polarizable liquid-liquid interfaces. In contrast, existing pseudo- 
potential models are primarily suited for bottom-up descriptions of 
non-equilibrium partitioning-induced charging and are limited to non- 
polarizable interfacial systems. Extending them to specific adsorption- 
induced charging may require redesigning pseudo-potentials by anal
ogy with phase-field models.

More generally, when the characteristic spatiotemporal scales of a 
system's flow, electric potential, and other properties are comparable to 
those of ion distribution or transport at multiphase electrokinetic in
terfaces, quantitative interpretation or prediction must rely on numeri
cal simulations based on diffuse-interface models. In terms of spatial 
scales, if the system operates at the nanoscale—such as in nanodroplets, 
nanojets, ultrathin liquid films, electrowetting, or contact line dynam
ics—its dimensions become comparable to the diffuse layer thickness 
and solvent mixing layer thickness. In such cases, charge redistribution 
at liquid-liquid interfaces due to overlapping diffuse layers, as well as 
the finite-thickness effects of the solvent mixing layer, can no longer be 
neglected. In terms of temporal scales, if the characteristic timescale of 
electric field variations matches the ion relaxation timescale during 
interfacial charging—such as in direct friction- or impact-induced 
charging between liquid-liquid interfaces, or during the coalescence 
and breakup of charged droplets—a diffuse-interface description 
capturing transient ion transport near the solvent mixing layer may be 
necessary [165–167]. Similarly, if the hydrodynamic timescale of wet
ting dynamics near solid boundaries aligns with the characteristic 
timescale of non-equilibrium ion transport, a diffuse-interface approach 
becomes essential to resolve non-uniform charging states within nano
scale aqueous films [146,148,168,169]. A notable example is the dy
namic wettability alteration of oil-water interfaces induced by ions. 
Experiments have revealed transient relaxation effects caused by non- 
equilibrium ion transport, yet most current studies either assume 
instantaneous local wettability responses to concentration changes or 
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artificially control wettability evolution rates in adsorption kinetics 
models. These approaches remain qualitative and lack a physically 
realistic diffuse-interface framework [146–148,169,170]. Thus, devel
oping diffuse-interface descriptions that faithfully represent these 
complex electrokinetic phenomena remains an important direction for 
future research.

4. Transport mechanisms and dimensionless parameters in 
EKmHD

From the theoretical framework presented above, the uniqueness of 
electrokinetic flow at liquid-liquid interfaces is manifested in two as
pects, as illustrated in Fig. 8. First, compared with gas-liquid interfaces, 
the partial non-polarizability of liquid-liquid interfaces introduces 
complex charging mechanisms and interphase ion transport, which in
volves the physicochemical kinetics of the two-liquid interface 

(corresponding to Section 3.1) and affects the electric potential distri
bution and non-equilibrium ion transport behavior within the diffuse 
layer. Second, compared with solid-liquid interfaces, the high mobility 
and ion adsorbability of liquid-liquid interfaces lead to interface flow 
and tangential ion transport along the interface, which involves the 
physicochemical hydrodynamics and electromechanical hydrodynamics 
of the two-liquid interface (corresponding to Sections 3.1) and affects 
the velocity and shear stress matching behavior within the diffuse layer, 
thereby determining the asymptotic matching effective interfacial con
ditions for the outer flow regions beyond the double diffuse layers.

To more intuitively present the physical picture and unique mecha
nisms of electrokinetic multiphase flow at the oil-water interface, this 
section will first compare the electrokinetic flow at the oil-water inter
face with other typical charged interfaces, providing fundamental 
approach for analyzing the transport mechanisms of specific systems. 
Ultimately, the typical mechanisms of electrokinetic multiphase flow 

Fig. 8. Electrical double layer polarization in liquid-liquid interface electrokinetics. (a1) Formation of electric double layer. Complex charging mechanisms including 
specific adsorption (a2) and imbalanced partition (a3). (b1) Pressure gradient upon an enclosure. Slip-induced inhomogeneous charging for specific adsorption (b2) 
and imbalanced partition (b3) induced interface charging.
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will be integrated and summarized in three aspects: interfacial charging 
mechanisms, interfacial ion transport, and interfacial fluid flow, along 
with the relevant dimensionless parameters. This lays the groundwork 
for the subsequent analysis of key mechanisms in typical scenarios of 
electrokinetic multiphase hydrodynamics.

4.1. Comparison between two-liquid interface electrokinetics and other 
systems

As an illustrative discussion, this section will take the electrophoresis 
of colloidal particles in electrolyte solutions as a typical example to 
compare the differences in electrokinetic mechanisms between dielec
tric liquids (including conductive dielectric liquids) and solid particles, 
metal droplets, and bubbles. Considering that the matched asymptotic 
expansion analysis based on the thin double layer assumption typically 
provides a key physical picture, some of the analytical approaches in this 
section refer to relevant theoretical works, including those on solid 
particles [11,87,171–174], droplets [11,48,73,81,87,140,175], and 
bubbles [38,88].

4.1.1. Compared with interface electrokinetics at solid surface
Consider the motion of a surface-charged solid particle immersed in a 

liquid under the influence of an external electric field. If the liquid is a 
dielectric liquid, the electric force experienced by the particle will ul
timately be completely balanced by the viscous drag force provided by 
the dielectric solvent, a phenomenon known as viscous retardation. 
However, if the liquid is an electrolyte solution, due to the presence of 
the double layer near the interface, the net charge layer around the 
particle will, under the drive of the electric field, introduce an additional 
resistive force in the form of viscous shear, known as electrophoretic 
retardation, which is also referred to as asymmetric double layer retarda
tion under non-spherical symmetric double layer conditions [117,176]. 
It can be seen that the dominant mechanism of electrokinetic phenom
ena largely depends on how the ion transport within the interfacial 
double layer leads to the electric force and how this stress is balanced by 
other stresses near the interface. The former is related to the interfacial 
charging mechanism and the interfacial polarizability, while the latter is 
associated with the mechanical constitution and conductive dielectric 
properties of the colloidal particle. It should be noted that the interfacial 
charging mechanism and polarizability are usually closely related to the 
conductive mechanism of the colloidal particle itself, hence the afore
mentioned two types of factors often exhibit a certain correlation 
[1,12,87].

For hard solid particles with a high elastic modulus, a slight elastic 
deformation can provide the balance with the viscous shear stress within 
the double layer, thereby yielding a no-slip condition at the wall. This 
allows, at the modeling level, the decoupling of the two-way coupling of 
the interfacial viscous flow and the interfacial ion transport into a one- 
way dependency. Consequently, after solving for the electric potential 
distribution and ion transport within the double layer, the slip velocity 
boundary at the outer edge of the double layer can be obtained by 
integrating the interfacial shear stress balance equation and directly 
used for the flow field solution in the outer region. To obtain the electric 
potential distribution and ion transport within the double layer, it is 
necessary to quantitatively solve the perturbed form of the electrostatic 
field equation and the ion transport equation based on appropriate 
boundary conditions. This typically depends on factors such as the 
dominant charging mechanism at the interface, the induced charge/ 
current intensity of the external field, the ion polarizability of the 
interface, and the symmetry characteristics of the solute ions. Therefore, 
solid particles with different bulk and interfacial properties, as well as 
electrolyte solutions with different conductive properties and under 
different electric field strengths, will exhibit essential differences in 
electrokinetic flow behavior.

Compared with solid particles, the complexity of conductive 
dielectric droplets mainly lies in the fact that the liquid-liquid interface 

will undergo deformation and shear flow under the action of external 
stress, that is, inducing a tangential stress jump in effective interfacial 
conditions. This causes the internal circulation of the droplet to be 
coupled with the external flow around the droplet, and the driving 
mechanism of droplet electrophoresis will no longer be the electroos
motic slip velocity but the effective shear stress within the double layer 
[87,88]. Thus, the effective interfacial conditions of the internal and 
external flow fields usually depend on the asymptotic matching of the 
stress at the outer edge of double-sided diffuse layers, rather than the 
simple difference of the electroosmotic slip velocities on both sides, 
which brings considerable challenges for approximate theoretical solu
tions and the acquisition of intuitive physical pictures. Moreover, to 
obtain the asymptotic matching conditions of the shear stress used for 
the connection of the internal and external flow fields, it is necessary to 
similarly solve for the electric potential distribution and ion transport in 
the double diffuse layer regions (referred to as the inner layer in the sense 
of perturbation expansion) that include the liquid-liquid interface, to 
obtain the inner layer shear stress balance equation. On one hand, the 
charging mechanism of conductive dielectric droplets is more complex, 
as it may include complex charging mechanisms such as spontaneous 
adsorption and partition effects at the interface, which may exhibit 
different ion distribution and transport behaviors under the induction of 
an external field [80,81], which brings challenges to the formulation of 
interfacial potential and component conditions under different charging 
mechanisms [50,82]. On the other hand, the coupling form between the 
interfacial ion transport and fluid flow of conductive dielectric droplets 
is more diverse, as there is not only the concentration polarization of 
adsorbed ions along the interface and the corresponding Marangoni 
stress and even interfacial rheological behavior, but also the concen
tration polarization across the interface mediated by adsorption kinetics 
or ion partition effects and the corresponding double-sided osmosis 
coupling effect, which brings prominent challenges to the interfacial ion 
and stress conditions and solutions under non-equilibrium conditions 
[49,80,81]. Table 7 compares the electrokinetic characteristics of rela
tively simple dielectric liquids and dielectric solids, which clearly shows 
the uniqueness of electrokinetic multiphase flow compared with solid- 
liquid interface electrokinetics. It should be noted that this paper will 
not cover the mechanism of action of ionic surfactants or other macro
scopic impurities on interfacial rheology (such as the soluble Gibbs 
monolayer or insoluble Langmuir monolayer exhibiting low- 
dimensional viscoelasticity), and related content can be referred to in 
previous monographs and reviews [89,95,177].

Although there are essential differences in double-sided flow 
coupling and shear stress matching, considering the rich types of solid 
particle interfaces (such as dielectric solids, ionic gels, and solid metals), 

Table 7 
Comparison of electrokinetics at interfaces of liquid dielectrics and solid 
dielectrics.

Characteristics Solid dielectrics Liquid dielectrics

Surface structure fixed distribution of 
adsorption sites

no fixed adsorption sites, 
ions merged within the 
solvent mixing layer

Electrification 
mechanism

adsorption, relatively well- 
established

adsorption / partition, still 
unclear

Normal charge 
distribution

usually single-side diffuse 
layer, image force and 
charge correlation are 
usually unimportant

double diffuse layer may 
exist, image force may be 
important

Interface 
configuration

elastic shear strain and 
interface deformation

interface tension and shear 
rate leading to interface 
deformation and motion

Inhomogeneous 
charging

require surface modification 
and external field

naturally induced by ion 
transport along finite-length 
mobile two-liquid interface

Ion concentration 
polarization

curved surface with large 
surface density

naturally induced by ion 
transport along finite-length 
mobile two-liquid interface
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they may provide certain analogical references for understanding the 
physical pictures of conductive dielectric droplets in terms of interfacial 
polarizability and external field-induced effects, as shown in Table 8. For 
weakly conductive dielectric solutions, the charge transport behavior is 
somewhat similar to that of semiconductors, and related studies on 
electrokinetic flow near semiconductor interfaces may be referenced 
[4]. For highly conductive dielectric solutions, both sides of the interface 
are strong electrolyte solutions. On one hand, the spontaneous partition- 
induced charging mechanism is usually crucial, and related studies on 
electrokinetic flow of ionic gel layers represented by soft particles may 
be referred to [178–180]. On the other hand, the existence of partial 
non-polarizability of the interface and the coupling behavior of elec
trokinetic flow on both sides may refer to recent studies on low- 
dimensional conductive interfaces and electron-ion coupled electroki
netic flow [181,182]. In addition, hydrophobic dielectric solid walls are 
widely believed to have non-negligible hydrodynamic slip, and a slip 
boundary condition is generally used to capture the corresponding 
behavior [183], which can be analogized to a certain extent with the 
electrophoresis of dielectric droplets [184].

4.1.2. Compared with interface electrokinetics at metal and gas surfaces
For metallic droplets, two prominent characteristics are identified. 

On one hand, they typically have polarizable interfaces that are 
impermeable to ions. They can spontaneously get charged through 
specific adsorption or chemical reactions and can also be charged by an 
external electric field. However, under special circumstances outside the 
electrochemical window, they can also allow for normal current flow 
[11]. On the other hand, they cannot accommodate a static electric field 
since their internal conductivity is high. When subjected to an external 
electric field, the internal region forms a reverse induced electric field 
through the accumulation of free charges to cancel out the external 
electric field, thereby maintaining an equipotential droplet region. This 
simultaneously introduces a tangential concentration gradient of solute 
ions on the side of the electrolyte solution and triggers a diffusio-osmotic 
effect similar to Marangoni flow [11,12]. Unlike solid metals and 
conductive dielectrics, the internal Maxwell stress of metallic droplets is 
zero, which leads to significant differences in their electrokinetic 
behavior. To balance the viscous stress of the thin double layer outside 
the droplet, solid particles can achieve this through elastic deformation, 
conductive dielectrics can do so through non-zero internal Maxwell 
stress, possible Marangoni forces at the interface, and viscous shear 
stress, while metallic droplets can only balance external stresses through 
internal viscous shear stress. This results in the characteristic electro
phoretic velocity of charged metallic droplets typically being higher in 
magnitude than that of solid particles and dielectric droplets. Moreover, 
their externally induced inhomogeneous charging effects give them an 
inherent strong nonlinearity, making them difficult to solve analytically 
[87]. It is worth noting that with the widespread application of liquid 
metals such as Ga, Ge, and Bi in recent years, their unique interfacial 
chemical reaction charging mechanisms and non-polarizable charac
teristics have also garnered significant attention [185]. However, 
research on their electrokinetic phenomena is still in the experimental 
exploration stage oriented towards applications [63]. Apart from Lev
ich's early discussions on ion concentration polarization and limiting 
current effects [11], quantitative theoretical research is still lacking 
[186].

From the above discussions, it can be seen that compared with 

metallic droplets, conductive dielectric droplets have a finite and non- 
zero electrostatic dielectric constant. Therefore, their interiors can 
accommodate electric fields and generate non-zero Maxwell stresses, 
leading to different behaviors in electrophoretic characteristic mobility. 
Moreover, due to the finite mobility of ions within the conductive 
dielectric medium, which is subject to viscous drag from the solvent 
molecular fluid background, both the droplet interface and interior 
allow for ion convection and diffusion. This implies that ion convection 
transport effects triggered by interfacial electroosmosis and diffusio- 
osmosis may be crucial. Consequently, more complex ion concentra
tion polarization effects may occur at the liquid-liquid interface and 
within the droplet, leading to a richer electrokinetic flow behaviors 
under non-equilibrium transport conditions [12].

For gas bubbles, considering the polarizability of the interface and 
the negligible internal stress, their charging mechanisms and electroki
netic behaviors are simpler to model and solve compared with 
conductive dielectric droplets. For bubble electrophoresis, a stress-free 
condition is typically imposed at the gas-liquid interface, which intui
tively indicates that bubble electrophoresis is not driven by electroos
motic slip velocity but by the effective shear stress contributed by the 
tangential osmotic pressure gradient within the double layer. This 
driving mechanism is very similar to that of droplet electrophoresis 
[88]. Specifically, since the tangential osmotic pressure gradient is 
closely related to ion concentration polarization and typically exhibits 
pronounced non-linear characteristics, the electrophoretic mobility of 
bubbles shows a non-linear relationship with the surface charge density 
even under the limit of a weak external electric field [38,88].

From a theoretical modeling perspective, the complexity of bubble 
electrophoresis compared with conductive dielectric droplets is mainly 
manifested in two aspects. On one hand, due to the significant density 
difference between gas and aqueous solution and the certain 
compressibility of gas, the effects of gravity and bubble volume changes 
are usually not negligible in experiments. On the other hand, the volume 
of bubbles used in experiments is typically large, which makes bubble 
deformation and ion relaxation and induced charging effects under 
strong external fields often non-negligible. These complexities usually 
result in a complex nonlinear relationship between the electrophoretic 
migration velocity of bubbles and the external electric field, which is 
difficult to explain with many existing linear theories [38,50]. Besides, 
many explanations still ignore the additional shear stress effect brought 
by electroosmosis [187,188]. Although existing theories have used 
matched asymptotic expansion methods to consider the ion relaxation 
effect under strong external fields and obtained approximate scaling 
laws ignoring gravity and bubble deformation [88], they still fail to 
match the existing experimental results of bubble electrophoresis under 
different conditions [189]. Moreover, theoretical research has shown 
that the ion concentration polarization effect under strong external 
fields cannot be ignored, yet there is currently no theory that fully 
considers the interfacial adsorption-induced charging kinetics behavior 
of potential-determining ions, thus making it difficult to capture the 
dynamic adsorption of ions under concentration polarization conditions 
and the resulting inhomogeneous charging and normal ion transport 
behaviors [88]. This further casts doubt on the accuracy of the existing 
measurement results of bubble surface charging [190,191].

Table 8 
Analogy between liquid and solid phases adjacent to electrolyte solutions.

PFD PFC HCD WCD

Bulk conductivity nearly insulated very good good poor
Interface polarizability thermodynamically polarizable thermodynamically polarizable partially polarizable partially non-polarizable
Liquid phase pure solvent liquid metal / ionic liquid SES that is not too dilute WES / extremly dilute SES
Solid phase pure solvent solid metal ionic gel / low-dimensional conductor semi-conductors
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4.2. Summary of transport mechanisms and dimensionless numbers

Electrokinetic multiphase flow problems generally exhibit the 
nonlinear characteristics of multiphysical field coupling, and the system 
geometry typically lacks high symmetry. This implies that selecting 
appropriate dimensionless governing parameters to grasp the main 
transport mechanisms is crucial. This section will follow the general 
analysis approach of electrokinetics, starting from three aspects: physi
cochemical charging mechanisms, physicochemical kinetic ion trans
port, and the coupling of physicochemical and electromechanical 
hydrodynamics. It will successively examine the interfacial physico
chemical charging (iPC), interfacial ion transport (iIT), and interfacial 
fluid flow (iFF) at the liquid-liquid interface. Specifically, from the 
perspectives of qualitative mechanism description and semi- 
quantitative analysis with dimensionless numbers, this section will 
summarize and outline the typical transport mechanisms of spontaneous 
charging at the oil-water interface and electrokinetic multiphase flow. 
This approach will elucidate the potential novel phenomena in elec
trokinetic multiphase flow.

For the significant mechanisms in electrokinetic multiphase flow 
problems, we have summarized the dimensionless numbers as shown in 
Table 9. Some of these are referenced from previous theoretical 
modeling studies on electrokinetic multiphase flow systems, particularly 
distinguishing between descriptive parameters whose specific forms 
depend on the specific problem (marked with ⋄) and governing param
eters whose specific forms can be explicitly determined (marked with ⋆), 
and combining this with the order-of-magnitude analysis of the corre
sponding governing equations and key parameters. Unless specifically 
stated otherwise, the term interface refers to the immiscible liquid-liquid 
interface. X> := maxαXα and X< := minαXα represent the larger and 
smaller values between the quantity X’s on both sides of the interface in 
the macroscopic theoretical model, respectively, where the subscript 
α = 1, 2 refers to either of the liquid phases, and Ln,α and Ls represent the 
characteristic lengths along the normal (pointing into phase α) and 
tangential directions across which the prescribed field X experiences a 
significant change.

It should be noted that some of the dimensionless numbers listed in 
the table are proposed for the first time (marked with **) or are sys
tematically summarized for the first time (marked with *) in this paper. 
The following subsections will provide further detailed discussions on 
the specific phenomena and mechanism analyses involved. It should be 
clarified that the table only lists the dimensionless numbers that are 
closely related to the charging of liquid-liquid interfaces and electroki
netic multiphase flow phenomena involving charged solute ions and 
have been relatively widely studied. For the dimensionless numbers 
involved in general liquid-liquid two-phase physicochemical flows (such 
as Ca, We, Bo, Da, Ra, etc.), one can refer to previous review articles 
[95,118,198]. In addition, considering that typical electrokinetic 
multiphase flows are Stokes flows where the inertial term can be 
neglected, i.e., the Reynolds number generally satisfies Re = UL/ν≪1, 
these are also not listed separately in the table here. Meanwhile, 
following the conventions in the field of electrohydrodynamics, some 
dimensionless parameters in the table have well-defined physical 
meanings, but their specific forms cannot be directly given and instead 
depend on the particular process [95,198], such as Duα, Du0,α, ℐns, ℐnD, 
X η, X e, and Haα.

The oil-water interface, characterized by fluidity, ion adsorbability, 
and non-polarizability, significantly influences the tangential and 
normal transport behaviors of adsorbed ions at the interface and ions 
within the diffuse layers. As shown in Table 9, ib,α represents the current 
in the electrically neutral region of phase α, isd ,α represents the current 
near the interface within the diffuse layer on the side of phase α, is0 

denotes the tangential current of interfacially adsorbed ions, and in0 

denotes the normal current caused by interfacial chemical reactions or 
interphase ion transport.

Table 9 
Characteristic mechanism and essential dimensionless parameters in EKmHD.

Type Characteristic 
mechanism

Dimensionless 
parameter

Physical meaning Literatures

iPC Interfacial 
solvent mixing Δs =

dpf

λD,<

thickness of 
solvent mixing 
layer ⋆,**

Samec [30], 
Huang [82]

Disjoining 
pressure 
regulation

Πγ =
Π

γ/Ln

local inclination of 
aqueous film ⋄

de Gennes 
[192], Tian 
[77]

iIT Effective 
surface 
conduction

Duα =
isd ,α
ib,α

relative intensity 
of surface 
conduction ⋄

Dukhin [176], 
Pascall [12]

Du0,α =
is0

isd ,α

relative intensity 
of interfacial 
conduction⋄,*

Baygents 
[49,50,151], 
Schnitzer [80]

Zα =
ζα
VT

two-liquid 
interfacial 
charging on α side 
⋆

Schnitzer 
[80,81]

δα =
λD,α
Ln,α

thickness of 
equilibrium 
diffuse layer ⋆

Pascall [12], 
Schnitzer [80]

B X =
∇sX

X0/Ls

intensity of 
external non- 
equilibrium 
potential gradient 
⋆

Baygents 
[151], Yang 
[113]

Peα =
usLn,α

Dα

intensity ratio of 
ion convection 
flux to diffusive 
flux ⋆

Dukhin [193], 
Schnitzer 
[87,88]

Partial non- 
polarizability

ℐns =
in0

is,>
relative normal 
current compared 
with surface 
conduction ⋄

Levich [11]

ℐnD =

in0

D0c0e/Ly

relative normal 
conduction 
compared with 
diffusive current ⋄

Rubinstein 
[194]

iFF double-sided 
stress 
matching

X η =
η2/Ln,2

η1/Ln,1

double-sided ratio 
of viscous shear 
stresses ⋄

Schnitzer 
[88], Huang 
[82]

X e =
Te

nt,2

Te
nt,1

double-sided ratio 
of Maxwell shear 
stresses ⋄

Pascall [12], 
Schnizter 
[80,87]

Haα =
Te

nt,α

Tη
nt,α

ratio of electric 
force to viscous 
force in streaming 
potential ⋄

Cox [195], 
Yariv [196]

Ξp = Zp,>/Za intensity ratio of 
partition-induced 
charging to 
adsorption- 
induced charging 
⋆,**

Verwey [25], 
Huang [82]

ℰ = e
1−

⃒
⃒
⃒
⃒
⃒

q0,α
q0,α

⃒
⃒
⃒
⃒
⃒
>

double-sided 
variation of 
interfacial 
charging intensity 
⋆,**

Pascall [12], 
Huang [82]

Instability 
enhancement

T M =

L2
n
⃒
⃒∂cγ∂nc

⃒
⃒

ηDeff

intensity of 
electro-Marangoni 
effect ⋆,*

Krylov [177]

Multi-interface 
coupling

Ξsd ,α =

Z(α)
l − Z(α)

s

LZ/LX

relative 
electroosmosis 
between two- 
liquid and solid- 
liquid interfaces 
⋆,*

Sherwood 
[197]

Π∇ =
∇sΠ
Π/Ls

inhomogeneity of 
film disjoining 
pressure ⋄

de Gennes 
[192], 
Anderson [86]
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4.2.1. Interface charging and ion transport
The oil-water interface (especially those between immiscible elec

trolyte solutions, i.e., ITIES) usually acts as a partially non-polarizable 
interface, with a certain concentration of ions typically distributed on 
both sides, an effect first pointed out by Verwey and Niessen [24]. If the 
interphase imbalanced partition dominates the charging mechanism, 
the relative importance of the double diffuse layers will also be highly 
sensitive to solvent properties (such as dielectric constants), solute 
properties (such as partition coefficients), and solution chemical envi
ronmental parameters (such as concentration, pH) [24,82]. The solvent 
diffusion aross the oil-water interface will make the characteristic 
thickness of dielectric constant variation dpf possibly comparable to the 
Debye length λD,< of one liquid phase, thereby making the potential drop 
Δφs caused by capacitive charging of the solvent mixing layer non- 
negligible. The significance of this potential drop Δφs/Δφ∞ as a gov
erning parameter of the interfacial solvent mixing effect is closely 
related to the characteristic thickness of the interfacial mixing layer 
Δs = dpf/λD,< and influences the subsequent degree of partition-induced 
charging Ξp,α, which can be seen as the result of non-dimensionalizing 
the modified Poisson-Boltzmann equation using the phase-field inter
face thickness parameter (see Section 2.2). This effect was first pointed 
out by Gavach [199], systematically reviewed by Samec [30], and 
quantitatively characterized in electrokinetic multiphase flow by Huang 
et al. recently [82].

For nanoscale-thickness liquid films, the imbalanced partition- 
induced charging effect may influence the interaction between liquid- 
liquid and solid-liquid interfaces, thereby altering the disjoining pres
sure experienced by the liquid-liquid interface Π =

∑
mΠm, which is 

composed of van der Waals interactions ΠvdW, electrostatic interactions 
of the electric double layer ΠEDL, and structural interactions such as 
steric effects Πstr [77,79]. This implies that local changes in ion con
centration will affect the electrostatic interactions of the double layer 
and thus change the disjoining pressure by altering the charge at the 
liquid-liquid interface (and solid-liquid interface). The presence of a 
normal electric field at the interface will also change the surface tension 
through the electrocapillarity effect, thereby significantly affecting the 
equilibrium contact angle and the spreading behavior of the liquid film. 
Consequently, a dimensionless number Πγ can be constructed from the 
disjoining pressure Π and the pressure difference caused by local 
interfacial tension γ/Ln as a descriptive parameter to quantitatively 
capture the behavior of interfacial charging altering wettability. This 
can be seen as the non-dimensionalization result of the Young-Dupre 
equation or the thin liquid film approximation equation, reflecting the 
cosine value of the angle between the liquid film and the solid wall. For a 
general correlation between disjoining pressure and equilibrium wetting 
and wetting dynamics, one can refer to the systematic reviews by de 
Gennes and scholars in recent years [192,200].

The fluidity and ion adsorbability of the oil-water interface will 
further enhance the tangential transport of ions in the double diffuse 
layers isd ,α [12] and the interfacial ion transport is0 [49]. The transport of 
ions within the diffuse layer isd ,α, which is commonly considered as the 
surface conduction effect, can be quantitatively described using the 
celebrated Dukhin number Duα in the field of solid-liquid electrokinetics 
as a governing parameter. This can be seen as the result of non- 
dimensionalizing the interfacial current conservation equation using 
the current in the bulk electrically neutral region. Specifically, if there 
are specifically adsorbed ions at the oil-water interface, they can also 
transfer along the interface through convection and electromigration. 
We refer to this as interfacial conduction is0 , which was first pointed out 
by Baygents and Saville and has been systematically numerically studied 
[49,50,151] and studied recently by Hill [201]. This constitutes an 
inhomogeneous charging mechanism widely present at liquid-liquid 
interfaces but not typically found at traditional solid-liquid interfaces. 
While enhancing the effective surface conduction of ions, it will also 
further induce ion concentration polarization along the interface, which 

is particularly important in cases of finite-length or finite-curvature 
liquid-liquid interfaces. A similar parameter Du0,α can be defined as a 
governing parameter to describe the related effects. The following sec
tion further analyzes the main dominant factors of interfacial and sur
face conduction effects.

By analyzing the influencing factors of ion transport in the interfacial 
diffuse layer, it can be known that the specific magnitude of Duα is 
usually closely related to the characteristic ζ potential (zeta potential) 
Zα = ζα/VT , the equilibrium characteristic thickness of the diffuse layer 
δα, and the characteristic Maxwell shear stress at the liquid-liquid 
interface Z(α)

l = max
{
Zp,α,Za

}
that determines the electroosmotic slip 

velocity. Here, ζα = φ0,α − φ∞,α is the ζ potential on the side of phase α, 
and VT = kBT/e is the thermal potential. Therefore, the governing 
parameter Zα can be seen as the result of non-dimensionalizing the 
interfacial potential matching condition using VT. In particular, when 
the externally applied non-equilibrium potential B X or the ion con
vection transport intensity Peα is strong, it will induce a diffusive 
boundary layer under non-equilibrium conditions, further expanding 
the ion diffusion dominant region within the equilibrium diffuse layer to 
a larger spatial range [80,81,87,88,151]. Here, the external potential 
field X may be the electric potential φ, concentration c, temperature T, 
etc., and the corresponding characteristic potential difference X0 is 
usually chosen as c∞, T∞ for c, T, and as VT for φ.

For partially non-polarizable oil-water interfaces, they also allow for 
the passage of normal ionic current across the interface through inter
facial physicochemical kinetic behavior, where Duα is also closely 
related to the interfacial normal current in0 , which may significantly 
impact the interfacial stability and electrowetting behavior of strong 
electrolyte solution interfaces. Here, a dimensionless number ℐns is 
introduced to describe the relative influence of normal current to 
tangential current at the interface, used to characterize the impact of the 
non-polarizability of liquid-liquid interfaces on their electrokinetic flow 
behavior, which was first noted by Levich. This can be seen as the result 
of non-dimensionalizing the interfacial charge conservation condition 
using the tangential current within the diffuse layer [11]. Moreover, for 
ion-selective permeable surfaces, the ion transport across the interface 
under the action of a normal electric field may trigger electroconvection 
near the interface and lead to instability phenomena or the formation of 
regular dissipative structures. Rubinstein has made outstanding contri
butions in the context of ion-selective surfaces. ITIES, as a typical ion- 
selective surface, its interfacial electroconvection effects have been 
widely observed in the traditional field of electrochemistry, but still lack 
a solid theoretical foundation based on fluid dynamics. To quantitatively 
describe the impact of induced ion concentration polarization on elec
troconvection instability, a dimensionless number ℐnD is introduced 
here as a descriptive parameter [194], where D0 is the characteristic 
diffusion coefficient of the solute ions.

4.2.2. Interfacial fluid flow
For spontaneously charged oil-water interfaces, ions within the 

diffuse layers and possibly adsorbed ions at the interface can both drive 
the motion of the fluid near the interface under the influence of an 
external electric field or concentration gradient. The presence of 
adsorbed ions provides a new mechanism for the electrostatic force- 
driven motion at the liquid-liquid interface. For liquids with different 
viscosities and conductive dielectric properties, the matching of viscous 
stress and Maxwell stress on both sides of the interface significantly 
affects the characteristic magnitude of electrokinetic flow [12,87,88]. 
Consequently, the ratios of the viscous shear stress and Maxwell shear 
stress on both sides of the interface, X η and X e, can be defined 
respectively to capture the corresponding mechanisms. For pressure- 
driven streaming potential, the Hartmann number Haα should also be 
used to reflect the importance of the electro-viscous effect, defined as the 
ratio of the induced electrostatic force by the streaming potential to the 
viscous force on one side of the interface [195,196]. The following 
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section further analyzes the main influencing factors of the interfacial 
stress matching effect.

On one hand, the charging state of the liquid-liquid interface in
cludes the net charge within the double diffuse layers and the adsorbed 
charge in the solvent mixing layer, where there is competition between 
the imbalanced partition and specific adsorption of solute ions. By 
analyzing the characteristic Maxwell shear stress in the momentum 
equation induced by partition- and adsorption-induced charging at the 
interface, corresponding dimensionless numbers can be defined [82] as 
Zp,α = (Δφ∞/VT)

(
Cα/
∑

αCα,s
)

and Za = (Ξll/VT)/
∑

αCα,s. As shown in 
Table 9, the dominance of partition- over adsorption-induced charging is 
defined as the governing parameter Ξp. Here, Δφ∞ is the interfacial 
distribution potential caused by imbalanced partition, Ξll is the inter
facial adsorption charge caused by specific adsorption, and Cα,s =

εα/λD,α is the double layer capacitance of phase α. To describe the ratio of 
Maxwell shear stress on both sides of the interface under the same 
tangential electric field, a dimensionless parameter ℰ related to the ratio 
of the charge in the diffuse layers on both sides q0,α/q0,α can be used as a 
governing parameter for quantitative characterization [12]. When the 
difference in charges on both sides of the interface is significant, ℰ→0, 
indicating a weak coupling effect of double-sided concentration polari
zation; conversely, when the difference is minor, ℰ→1, indicating a 
strong coupling effect.

On the other hand, the partially polarizable characteristics of the oil- 
water interface are mainly manifested as the interfacial polarization 
effect induced by external fields or rebalanced through adsorption- 
partition of ions on both sides. This implies that the ion transport 
within the double diffuse layers will be mutually coupled through the 
effects of field-induced charging at ideally polarizable interfaces [12] or 
the rebalancing of charging at thermodynamically polarizable interfaces 
[82]. Here, the charged liquid-liquid interface under the action of an 
external tangential non-equilibrium potential field may lead to ion 
concentration polarization on both sides. The ion concentration polari
zation within the double diffuse layers not only may lead to diffusio- 
osmotic effects but also alter the interfacial potential difference across 
the phases, thereby providing negative feedback by inhibiting the 
further increase of the tangential concentration gradient. For example, 
the streaming potential effect near the two-phase interface will be 
simultaneously influenced by the coupling effects of double-sided con
centration polarization ℰ and the matching of interfacial shear stresses 
X η and X e. Moreover, if there is field-induced polarization, a more 
complex space charge diffusion layer may form under non-equilibrium 
conditions, which will be more significantly affected by the external 
field-induced charging when the double-sided concentration polariza
tion coupling coefficient ℰ is large [80,81].

The oil-water interface, as a multiphase soft interface, will also have 
a richer source of forces driving interfacial flow and factors triggering 
dynamic instability. In addition to the electroconvection induced by 
normal ion current through ion-selective surfaces mentioned above, 
specifically adsorbed ions at the oil-water interface can also lead to a 
reduction in liquid-liquid interfacial tension. Under inhomogeneous 
adsorption conditions, this can more easily trigger interfacial dynamic 
instability and emulsification, which is particularly significant in the 
case of ionic surfactants. Such inhomogeneous adsorption can be caused 
by external disturbances or formed by reasons such as convective 
transport accumulation at finite-length interfaces [12]. Krylov made 
foundational contributions in the study of electro-Marangoni instability 
systems, considering the Marangoni instability effect caused by the 
inhomogeneous adsorption of surfactant ions at the interface. Using 
linear stability analysis methods, he obtained the linear instability 
conditions for this charged interface system [177]. Consequently, T M 
can be introduced as a governing parameter to describe the character
istic intensity of the electro-Marangoni effect, where Deff = (z+ −

z− )D+D− /(z+D+ − z− D− ) is the effective diffusion coefficient of the so
lute cations and anions.

Furthermore, when there are solid wall constraints in the system, 
there may be hydrodynamic interface coupling behaviors between the 
electrokinetic flows at the charged liquid-liquid interface and the solid- 
liquid interface through the viscous transport between different inter
facial electroosmotic slip velocities. Here, the characteristic electroos
motic slip velocity at the solid-liquid interface can be defined as Z(α)

s =

ζ(α)s /VT , and further, the characteristic scales of interfacial charge in
homogeneity LZ and the inhomogeneity of the externally applied non- 
equilibrium potential LX can be introduced for semi-quantitative 
description. Consequently, a governing parameter Ξsd ,α can be intro
duced to describe the relative electrokinetic flow between the liquid- 
liquid interface and the solid-liquid interface [197,202]. For the case 
of liquid films within the range of surface and interfacial interactions, 
their behavior will be affected by the aforementioned disjoining pres
sure, including the interaction of the electric double layer, thereby 
leading to significant impacts on the flow within the liquid film due to 
the interfacial charging regulation triggered by the external electric field 
or mediated by ion transport [57,77]. Thus, Ls can be defined as the 
characteristic length of the inhomogeneous distribution of charge 
regulation along the interface, and thus the degree of disjoining pressure 
inhomogeneity Π∇ can be defined as a descriptive parameter, the value 
of which is closely related to B c and B E.

5. Analysis of key mechanisms in typical scenarios of EKmHD

Based on the classification of model systems in electrokinetic 
multiphase flow and the aforementiond transport mechanisms involved, 
the corresponding systems are categorized into three classes: droplet 
electrophoresis in free space, hydrodynamic interaction coupling multi- 
interface electrokinetic flow, nanoscale interaction coupling wetting 
dynamics. This section will organize the existing understanding based 
on the typical transport mechanisms and related dimensionless param
eters of electrokinetic multiphase flow, using typical model systems as a 
guide. This will aid in a deeper understanding of the uniqueness of 
electrokinetic multiphase flow and outline its future development di
rections. It is worth noting that some of the typical scenarios discussed in 
this section (such as droplet electrophoresis, two-liquid parallel elec
troosmotic flow, and two-liquid streaming potential) are commonly 
used for measuring the charging property of liquid-liquid interfaces. 
Therefore, the analysis here will be helpful in understanding the ad
vantages and limitations of electrokinetic measurement methods, where 
accurate measurement of interfacial charge is fundamental to the 
quantitative modeling and prediction of electrokinetic multiphase flows.

5.1. Droplet electrophoresis

Similar to how particle electrophoresis is commonly used to measure 
the spontaneous charge density at solid-liquid interfaces, droplet elec
trophoresis is an important method for obtaining the charging properties 
of liquid-liquid interfaces. From a historical perspective, the character
istic of liquid-liquid interfaces noted by early studies was their fluidity 
and ion mobility, which is also the most obvious difference compared 
with solid-liquid interfaces. Therefore, the interfacial viscous shear 
stress matching effect (X η) was one of the key focuses of early theories 
on droplet electrophoresis. In contrast, studies from different fields have 
shown significant differences in their understanding of ion distribution 
and transport behavior at liquid-liquid interfaces, which is a prominent 
case of the interdisciplinary characteristics of electrokinetic multiphase 
flow. These differences have also directly led to variations in the un
derstanding of the interfacial Maxwell stress matching effect (X e), 
which is crucial for electrokinetic flow. It is worth noting that this key 
characteristic of droplet electrophoresis seems not to have received 
sufficient attention in research on measuring the charging of liquid- 
liquid interfaces based on droplet electrophoresis [5,203].

This section will review the development of the physical mechanisms 
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of droplet electrophoresis to illustrate the process by which various 
fields have progressively deepened their understanding of the transport 
mechanisms of electrokinetic multiphase flow through research on 
droplet electrophoresis, and will briefly describe the new developments 
and directions of droplet electrophoresis study in recent years. Specif
ically, we will focus on the historical debates of the mobility scaling 
paradox and the droplet solidification effect, which have had a profound 
impact on current research measuring the charging of liquid-liquid in
terfaces based on droplet electrophoresis.

5.1.1. Theories in early days and mobility scaling paradox
In fact, as mentioned in the historical review of interfacial charging 

and electrokinetic multiphase flow in Section 1, the interfacial physi
cochemical properties of mercury and oil-water interfaces, as well as the 
corresponding research fields and approaches, are very different. This 
has largely led to fundamental differences in the treatment of interfacial 
viscous and Maxwell shear stress matching (X η, X e) in droplet elec
trophoresis theories that originated from different fields focusing on 
different interfacial systems.

The Frumkin-Levich theory (hereinafter referred to as Levich's the
ory), which originated from the field of electrochemistry, primarily fo
cuses on metallic droplets. The theoretical modeling highlights the 
influence of convective transport of ions within the interfacial layer 
(Duα) and takes into account the polarizable characteristics of the liquid- 
liquid interface (ℰ) as well as the importance of the normal current at 
the interface (ℐns) [11,37]. Specifically, it focuses on mercury droplets 
with a conductivity much higher than that of the electrolyte solution and 
an ideally polarizable interface (although it also examined the effect of 
the normal current at the interface later), assuming that the inhomo
geneous distribution of induced polarization charges will lead to a 
gradient in interfacial tension, resulting in a jump in interfacial viscous 
shear stress. It also assumes that there is non-uniform convection along 
the interface leading to a normal current contribution from the ion flux 
to obtain the distribution of the induced electric field. Consequently, an 
expression for the electrophoretic mobility of metallic droplets was 
obtained, with a focus on the effects of the electrocapillary effect and 
surface conduction. In fact, Frumkin and Levich were among the first 
scholars to recognize the importance of interfacial polarization proper
ties and surface convective conduction effects in electrokinetic flow 
behavior. This approach was later used by them to analyze various 
droplet electrokinetic phenomena and was included in Levich's mono
graph, such as the sedimentation current and potential caused by the 
gravitational sedimentation of metallic droplets, electrophoresis of 
metallic droplets with non-polarizable interfaces, and electrophoresis of 
conductive dielectric droplets with double-sided diffuse layers [11]. 
This perspective has been extended in recent years by Pascall and 
Squires to simple electrokinetic multiphase flow scenarios at the inter
face of highly conductive dielectrics [12].

The Booth-Jordan-Taylor theory (hereinafter referred to as Booth's 
theory), which originated from the field of colloid and interface science, 
focuses on oil droplets in emulsions. The theoretical modeling highlights 
the capture of the finite thickness property of the interfacial diffuse layer 
(δα) and assumes that both sides of the interface are conductive di
electrics [38,39]. Specifically, Booth and colleagues focused on liquid- 
liquid interfaces with double-sided conductive dielectrics and partially 
non-polarizable characteristics. They assumed that during electropho
resis, the diffuse layer maintains an equilibrium ion distribution. The 
induced polarization effect from the external electric field was linearly 
superimposed with the equilibrium double layer effect, and the induced 
polarization field was correlated with the conductivity ratio of the in
ternal and external fluids. The theory specifically considered the ion 
partition effect and its influence on the distribution of ions within the 
droplet, as well as the velocity slip correction at the liquid-liquid 
interface due to the viscosity ratio of the internal and external fluids 
[38]. Around the same time, Jordan and Taylor used a similar approach 
to Booth's but primarily considered the case where the droplet was a 

perfect dielectric with a relatively large dielectric constant and assumed 
the interface was polarizable. Thus, the induced polarization effect from 
the external electric field was related to the dielectric constant ratio of 
the internal and external fluids. By introducing a correction coefficient 
for electrophoretic mobility, they further estimated that the viscosity 
ratio correction for dielectric droplets could reach up to 12 %, and for 
cases where the background solution has poor conductivity, the influ
ence of surface conduction effects needed to be further considered [11]. 
This would lead to a reduction in the correction ratio with increasing 
background solution conductivity and decreasing interfacial charge 
[39]. However, all those studies adopted the assumptions of Henry's 
theory used for solid particle electrophoresis [41], without considering 
the convective relaxation of double layer charges and the deformation of 
the EDL induced by the external field. The assumption of interface 
polarizability was also quite strong, and the applicability of the theory 
for droplets with different conductive dielectric properties remains open 
to discussion. This perspective was later extended by Baygents and 
Saville to cases allowing for tangential transport of specifically adsorbed 
ions at the interface (Du0,α) [49,50].

The significant differences in theoretical modeling and physical un
derstanding led to what is referred to as the scaling paradox in droplet 
electrophoresis research, that is, why the predictions of Booth's theory 
and Levich's theory for metallic droplets show a scaling difference of 
O (δw). Subsequently, Levine et al., Ohshima et al., and Pascall et al. 
conducted research from the perspective of the former theory 
[12,48,175]. Among them, Levine et al. and Ohshima et al. both focused 
on metallic droplets, and by introducing the induced polarization field 
corresponding to the relaxation effect into Booth's theory under the 
condition of a thin double layer, they obtained mobility results similar to 
Levich's theory. This suggests that the induced polarization effect of 
metallic droplets under an external field may be the key to those theo
retical differences [175]. Pascall and Squires, under the assumptions of 
extremely weak external electric fields and thin double layers, examined 
the electroosmotic behavior of conductive liquid strips with different 
dielectric properties, pointing out the intrinsic reasons for the similar 
behaviors between highly conductive dielectrics and liquid metals. This 
is because the diffusio-osmotic effect triggered by the concentration 
gradient of highly conductive dielectrics cancels out the effect of 
Maxwell stress, thereby still leaving the mismatch of interfacial shear 
stress. Through discussions on the electrophoretic motion of metallic 
droplets and conductive dielectric droplets, the study further pointed 
out that the (electrocapillary effect similar to diffusio-osmosis and 
Marangoni flow) in Levich's theory and the electroosmotic effect in 
Booth's theory coexist, but the former is of a larger magnitude and thus 
the dominant mechanism [12]. However, the discussion on conductive 
dielectrics in this study strongly depends on the assumption that the 
internal induced electric field remains zero, and its conclusions are 
difficult to apply to cases where significant surface conduction occurs 
due to large induced charge density, which may lead to streaming po
tential and non-zero internal induced electric fields [12]. Besides, in the 
electrophoresis of conductive dielectric droplets, only the induced 
charging effect under the condition of a thin double layer was consid
ered, making it difficult to apply to cases of spontaneous charging and 
double layer overlapping at the interface of liquid metals or conductive 
dielectric liquids, thus preventing the latter from being reduced to the 
results of perfect dielectrics under low ionic strength conditions. Cor
rections are also required when the metallic substrate is replaced by a 
dielectric one [88]. In fact, that work still finds it difficult to provide a 
sufficiently complete, self-consistent, and intuitive physical picture from 
the perspective of asymptotic matching of effective interfacial condi
tions of ion transport and stress [87], until the appearance of two 
important papers in recent years [80,81].

5.1.2. Mobile interface and droplet solidification effect
Since the 1980s, with the development of electrophoresis techniques, 

scholars have carried out extensive validations of the applicability of 
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early theories on dielectric droplet electrophoresis. Surprisingly, many 
scholars found that the electrophoretic mobility behavior of droplets is 
very similar to that of solid particles under many experimental condi
tions, leading to the gradual proposal of the so-called droplet solidifica
tion effect. Under this guidance, whether it is based on direct current 
electrophoresis or alternating current electroacoustics, research on the 
measurement of oil-water interface charging has almost directly applied 
the corresponding theories from solid particle electrophoresis in the 
conversion from oil droplet electrophoretic mobility to interfacial 
effective potential, usually without any detailed explanations 
[1,203,204]. Regarding the mechanism behind that simplified treat
ment, predecessors usually started from two aspects: hydrodynamic 
interface fluidity and charge redistribution at the liquid-liquid interface, 
proposing explanations based on purely theoretical hypotheses and a 
small amount of experimental evidence. In particular, apart from a few 
early measurement works that had preliminary discussions on the dif
ferences between droplet electrophoresis theory and solid particle 
electrophoresis, most scholars directly used those two hypotheses as the 
rationale for adopting the simplified treatment in experiments without 
verification.

In recent years, although there have been reviews critically discus
sing the differences between oil droplet electrophoresis and solid par
ticle electrophoresis and the simplified treatment methods, there are still 
several shortcomings such as inaccurate fundamental concepts and un
clear logic [78]. In response to this, we critically draw on the ideas of 
predecessors and combine the progress of modeling and simulation 
studies in recent years. We analyze the physical hypotheses and exper
imental evidence regarding the impact of surface-active impurities on 
interfacial rheology and the immobile interface suppressing surface charge 
redistribution to illustrate that changes in interfacial rheology are not the 
only key factor and that surface charge redistribution cannot be ignored.

Surface-active impurities impacting interface rheology. It is believed in 
some studies that only a trace amount of surface-active impurities 
adsorbed at the interface can suppress the internal circulation of drop
lets by increasing interfacial viscosity. Specifically, in terms of direct 
current electrophoresis, there is currently only direct observational ev
idence from early conference reports [205], and a few scholars have 
conducted electrophoretic measurements on particles/droplets with 
similar components but different phase states or the same components 
around the melting point. For example, Carruthers found that differ
ences in end groups have more significant influence than phase states on 
electrophoretic mobility [206], and Anderson's measurements in sur
factant solutions found that phase states have little impact on electro
phoretic mobility [207]. For alternating current electrophoresis, the 
internal circulation of droplets should significantly affect the evolution 
of interfacial fluctuations, but some scholars claim that there is no 
relevant experimental evidence [203]. We point out that the importance 
of the influence of interfacial rheology on the electrophoretic mobility of 
droplets in direct current electrophoresis is still questionable [12]. On 
one hand, those limited experimental evidence still fails to illustrate the 
significance of the mechanism of internal circulation in pure two-liquid 
systems without surface-active substances and differences in end groups, 
and its effectiveness is largely limited by the large viscosity coefficients 
of the droplet materials used near the melting point and the inherent 
surfactant interference in the experimental system. On the other hand, 
even if surface-active impurities do change interfacial rheology, inter
facial thermodynamic analysis shows that the change in interfacial 
rheological properties should be on the same order of magnitude as the 
change in interfacial tension [208], making it difficult to ignore the 
interfacial flow induced by the inhomogeneous distribution of surface- 
active impurities. In fact, the latter has been successfully used to 
explain the phenomenon that tiny bubbles rising in a liquid medium 
exhibit behavior similar to that of solid particles, without the need to 
introduce the hypothetical concept of interfacial viscosity [209]. 
Moreover, surface-active impurities often inevitably carry a net charge 
or alter the interfacial charging properties, and the differences should be 

significant enough to observe in electrophoresis experiments. However, 
numerous electrophoresis experiments on various inert hydrophobic 
interfaces have shown similar curves of the dependence of interfacial 
effective ζ potential on chemical environments [210–212]. Therefore, 
although some researchers have proposed that oil-water interfaces are 
highly susceptible to adsorbing surface-active impurity ions, making 
their interfacial rheological behavior exhibit certain viscoelastic char
acteristics or even approach solidity [1,203], for non-polar oils 
commonly used in laboratories, after appropriate treatment, it can be 
considered that this effect is not dominant [78,110,208].

Immobile interface suppressing surface charge redistribution. Based on 
the physical assumption that charge redistribution at the interface in
duces a gradient in interfacial tension, some phenomena has been suc
cessfully explained through theoretical analysis similar to boundary 
layer theory, such as the direct current electrophoresis and sedimenta
tion potential of liquid metals like mercury [11,37]. For dielectric 
droplets such as oil droplets, considering the impact of surface-active 
substances on interfacial rheological behavior that inhibits interfacial 
flow, their direct current electrophoretic behavior is believed to be 
similar to that of particles, while their alternating current electropho
retic behavior is related to the sensitivity of interfacial tension to ion 
adsorption. However, some scholars claim that there is no significant 
evidence for such effects [203]. We point out that due to the existence of 
multiple mechanisms of interfacial ion transport, including convection 
induced by interfacial hydrodynamic slip and diffusion-electromigration 
allowed by the mobility of the liquid, the significant impact of charge 
redistribution at the interface is actually hard to ignore. On one hand, 
even without internal circulation caused by interfacial hydrodynamic 
slip, the diffusion and electromigration of charges on the soft interface of 
the liquid-liquid interface can still lead to charge redistribution. A 
typical example is the polarizable metal droplet, which induces a large 
amount of inhomogeneously distributed interfacial charges near the 
liquid-liquid interface through electromigration under the action of an 
external electric field. Similarly, for the finite-length oil-water interface, 
there is also a spontaneous inhomogeneous charging effect where 
charges continuously accumulate downstream along the liquid-liquid 
interface, presenting an asymmetric charge transport behavior that is 
completely different from that of solid particles [81,141]. When the 
droplet viscosity is low and the interfacial tension is not high, it can also 
induce significant deformation of the droplet during its electrophoretic 
motion [150]. On the other hand, even if the mechanism that suppresses 
interfacial flow is absent, such as increased interfacial viscosity, the 
droplet solidification effect may still exist. That is, it may be caused by the 
reverse diffusio-osmosis under the conditions of a thin double layer and 
high interfacial charge density, which partially offsets the original 
electroosmosis. This interfacial reverse diffusio-osmosis phenomenon 
can actually be regarded as a kind of interfacial tension gradient in a 
certain sense [12,50,80,87].

In fact, around 1990, based on the regular perturbation theory under 
weak external field approximation and further numerical solutions, 
Ohshima et al. and Baygents & Saville had pointed out the limitations of 
the oversimplified assertions on droplet solidification [48,50,140]. 
Ohshima et al. indicated that for the electrophoresis of metallic droplets 
under weak external electric fields (the corresponding theory is also 
applicable to dielectric droplets with a relatively large dielectric con
stant), by considering the effects of interfacial hydrodynamic slip and 
induced polarization fields, both the electrophoretic mobility and sedi
mentation potential under the condition of a thin double layer are 
significantly greater than those of the corresponding metal particles. 
Besides, when the spontaneous surface charge density is not high, due to 
the enhanced surface conduction effect, the interfacial charging Za 
corresponding to the peak of electrophoretic mobility will shift to the 
lower values. When Za→∞, since the surface convective current is 
significantly compressed to the same order of magnitude as that of solid 
particles, the electrophoretic mobility of metallic droplets will be similar 
to that of solid particles, which is quite similar to Levich's findings in the 
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study of electrophoresis and sedimentation potential of metallic droplets 
[11,12,48]. Baygents & Saville indicated that for the electrophoresis of 
dielectric droplets under weak external electric fields, due to the inho
mogeneous adsorption of ions caused by interfacial induced polariza
tion, leading to the existence of an interfacial tension gradient, droplet 
electrophoresis may still be insensitive to the droplet's own viscosity, 
thus presenting behavior similar to particle electrophoresis. However, in 
more cases, they will still show significant differences, especially the 
occurrence of abnormal behaviors such as droplet reverse movement or 
weakened mobility. Moreover, the charge distribution within the 
droplet also has an important impact on the electrophoretic behavior of 
the droplet, which can be seen to some extent as an extension of Booth's 
early focus on the influence of the internal and surface charge distri
bution characteristics on the electrophoretic behavior of droplets [38]. 
This also indirectly illustrates that charge redistribution is important in 
more cases, and a complete, accurate, and quantitative understanding of 
it is crucial for characterizing the electrophoretic behavior of droplets.

The research methods of Ohshima et al. and Baygents et al. on 
droplet electrophoresis [48,50], as well as O'Brien et al. on solid particle 
electrophoresis [213], have profoundly influenced subsequent theoret
ical and numerical studies, such as the electrophoresis and deformation 
of metallic droplets and the electrophoresis of conductive dielectric 
droplets. Particularly, it has been pointed out that inert solid walls may 
exhibit effective slip boundaries due to hydrophobic effects, surface 
roughness, or gas cushion layers [183,214–216]. The influence of the 
effective slip length on the electroosmosis in microchannels and the 
electrophoretic behavior of colloidal particles has thus attracted wide
spread attention, which largely represents an extension of the research 
on the droplet solidification effect [184,217,218]. Khair et al. studied 
the effect of interfacial hydrodynamic slip on hydrophobic surfaces on 
particle electrophoretic behavior and found that it enhances both the 
convective effect within the double layer and surface conduction, 
leading to non-monotonic behavior of electrophoretic mobility with 
interfacial charge density when the effective slip length is large [217]. 
Ohshima et al. focused on the connection between droplet electropho
resis and the intrinsic hydrodynamic slip of hydrophobic solid-liquid 
interfaces from the perspective of interfacial slip effects, and paid 
attention to the electrophoretic behavior of droplets under different 
types of charge distribution and external alternating current electric 
field conditions, finding that droplet electrophoresis can be analogous to 
hydrophobic interfaces under conditions of weak external electric fields 
and low surface charge density [184]. In addition, Uematsu et al. 
allowed water droplets in the oil phase to be overall non-electrically 
neutral and examined their electrophoretic behavior under conditions 
of low surface charge density and weak external electric fields, partic
ularly examining the influence of the charge distribution characteristics 
inside and on the surface of the droplets on the electrophoretic behavior. 
The study found that when the net charge is negligible, the electro
phoretic mobility of the water droplet is in the opposite direction to the 
electric force felt by the surface charge density; however, this conclusion 
may stem from the inappropriate use of Henry's theory and requires 
further verification [219].

5.1.3. Novel development in recent years
In recent years, on the basis of the work by Frumkin-Levich [11,37], 

Baygents-Saville [50], and Pascall-Squires [12], studies on droplet 
electrophoresis (from the perspective of electrokinetic multiphase flow) 
has been successively extended to scenarios such as external field- 
induced polarization effects [73,80,81,87,88,151,154,220], droplet 
sedimentation potential or diffusiophoresis effects [11,48,49,113,221], 
and inertial constraint effects [204].

With the vigorous development of the field of two-liquid electro
hydrodynamics, the interface deformation of weakly conductive 
dielectric droplets under strong external fields B E and their anomalous 
electro-mechanical behaviors have attracted attention. Regarding the 
mechanism of droplet deformation, Baygents and Saville were the first 

to study the applicability of the Taylor-Melcher leaky dielectric model 
from the perspective of ion interfacial transport inducing electrokinetic 
multiphase flow. They provided the matched asymptotic expansion form 
of the governing equations for spontaneously double-sided adsorbed 
charged droplets which shows the same form as leaky dielectric model, 
indicating that not explicitly including the extended space charge layer 
is not the fundamental reason why the leaky dielectric model fails to 
give consistent results with experiments. This work also for the first time 
pointed out the existence of the diffusive boundary layer under non- 
equilibrium conditions and provided the solution for the droplet's 
interface deformation field through the connection between the inner 
and outer regions [151]. Shortly thereafter, Zholkovskij, Masliyah, and 
Czarnecki, based on the assumption of equilibrium partition-induced 
charging and using the magnitude of the external field as a regular 
perturbation condition, provided the normal stress matching conditions 
for externally induced charged dielectric droplets. Their deformation 
field solutions can reduce to the results of previous studies under the 
conditions of perfect dielectrics and leaky dielectrics [154]. For 
conductive dielectric droplets, Wang et al. expanded the research object 
to the deformation behavior of electrolyte solution droplets within a 
dielectric liquid under an external electric field and provided a numer
ical solution based on the Green function method [220]. Ma et al. further 
provided the upscaled coarse-grained effective boundary conditions for 
interfacial flow and ion transport using the matched asymptotic 
expansion method and provided a numerical solution for droplet 
deformation based on similar methods [73]. In addition, Schnitzer et al. 
extended the induced charge electrokinetic effect from solid metal 
particles with negligible spontaneous charging to the case of metal 
droplets, finding that due to the mismatch of Maxwell stress on both 
sides of the interface, the induced charge electroosmotic velocity is an 
order of magnitude larger than the solid case in the sense of O (δw) [87]. 
In those studies, the modeling of weakly conductive dielectric droplets 
mainly corresponds to the case of extremely dilute strong electrolyte 
solutions. In contrast, Mori et al. examined the migration behavior of 
conductive dielectric droplets formed by weak electrolyte solutions 
under the action of an external electric field. This study focused on its 
correlation with the equilibrium of interfacial ion partition, which is 
similar to the treatment method summarized by Saville [47,81].

Through the examination of the applicability of the leaky dielectric 
model, Schnitzer et al. and Mori et al. focused on weakly conductive 
dielectric droplets and re-examined the scaling paradox between Booth's 
theory and Levich's theory from the perspective of electrokinetic 
multiphase hydrodynamics based on interfacial charging mechanisms 
and ion transport within the diffuse layer [80,81]. By considering the 
spontaneous interfacial charging mechanism and based on the 
assumption of a thin double layer, they used singular perturbation 
expansion to provide effective interfacial conditions for stress asymp
totic matching (X η, X e) that include the effects of interfacial ion 
transport (Duα, Peα), thereby successfully integrating the theoretical 
clues scattered across various fields by previous researchers [13]. 
Schnitzer et al. also extended the electrophoresis of colloidal particles 
under strong external fields from dielectric particles to metallic droplets 
and bubbles [173], studying the electrophoretic behavior of droplets 
and bubbles under moderate external field conditions that do not exceed 
the internal field within the spontaneously charged double layer 
[87,88]. These studies particularly focused on the impact of induced 
charge polarization effects on the ion distribution structure and colloidal 
particle electrophoretic mobility under non-equilibrium conditions. The 
moderate external field induces a new characteristic thickness and 
diffusive boundary layer beyond the equilibrium double layer thickness, 
causing significant ion exchange between the non-equilibrium diffuse 
layer and the electrically neutral region, which in turn has a notable 
impact on the interfacial Maxwell stress. This even induces a non-linear 
dependence of electrophoretic mobility on the external field and inter
facial charge density, providing insights for the study of perfect dielec
tric and highly conductive dielectric droplets.
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The theoretical study of the sedimentation potential of metallic 
droplets first appeared in Levich's monograph [11], which, based on the 
assumption of spontaneous adsorption-induced charging and the 
boundary condition of surface conduction, provided quantitative ex
pressions for the dependence of sedimentation velocity and potential on 
droplet viscosity and surface conduction under low-speed conditions. 
This approximate solution was later verified by the semi-analytical and 
semi-numerical solutions given by Ohshima et al. under the assumption 
of a weak external field [48]. The theoretical study of the diffusiopho
retic effect of droplets first appeared in the work of Baygents and Saville, 
focusing on a non-polarizable interface for conductive dielectric drop
lets with spontaneous double-sided adsorption-induced charging. They 
found that under the same conditions of interfacial charge density and 
colloid particle radius, the diffusiophoretic mobility of droplets can be 
several orders of magnitude higher than that of the corresponding solid 
particles [49]. Notably, as the earliest work to incorporate interfacial ion 
kinetics into the study of droplet electrokinetic multiphase flow, it also 
examined the contribution of the inhomogeneity of interfacial ion 
adsorption to the gradient of interfacial tension T M, finding that this 
contribution is almost negligible for simple inorganic ions. In recent 
years, there have been a series of semi-analytical and semi-numerical 
works on droplet diffusiophoresis, the theoretical models of which 
essentially inherit the analytical methods of Ohshima et al. and Baygents 
et al. It is particularly worth mentioning the work of Yang et al. 
Assuming a thin double layer, they used the matched asymptotic 
expansion method to provide a quantitative relationship between the 
diffusiophoretic mobility of droplets and the viscosity ratio of the inner 
and outer fluids as well as the interfacial charge density and achieved 
the quantitative experimental verification. Their results also indicate 
that the relative magnitude of the diffusiophoretic mobility of droplets 
compared with that of solid particles depends on the local direction of 
shear stress [113], which is consistent with our previous general analysis 
of the characteristics of electrokinetic multiphase flow [87,88].

Due to the significant density difference between gas bubbles and 
aqueous solutions, the rising of bubbles during electrophoresis poses 
considerable challenges to experimental operations and theoretical 
modeling. To address this, Kelsall et al. once balanced the buoyancy by 
applying a reverse electric field to suppress the upward motion of 
bubbles [222]. However, in actual experimental modeling, this study 
directly neglected the retarding effect brought about by interfacial 
electroosmosis, which makes the calculated interfacial charge density 
less convincing. Nevertheless, the electrophoretic mobility results ob
tained by controlling different variables such as external electric field 
strength, bubble radius, solution pH, and ionic strength provided valu
able original data for subsequent research. In fact, the inhomogeneous 
normal pressure induced by buoyancy and the tangential Maxwell stress 
induced by the electric field force are difficult to linearly superimpose, 
thus making theoretical modeling extremely complex [88]. Sherwood 
proposed earlier that bubbles could be placed in a horizontally oriented 
rotating cylindrical cell, where inertia could be used as a constraint to 
balance the buoyancy of the bubbles [204]. The article provided cor
relation expressions between the interfacial charge density and elec
trophoretic mobility under different cylinder length limits. However, 
this study assumed that the bubble surface, due to the adsorption of 
surface-active impurities, was approximately in a no-slip condition, i.e., 
the bubble solidification assumption.

It should be noted that for the complex mechanisms revealed by 
theoretical studies, although there are currently several parametric 
simulation and experimental works, there is still a lack of sufficient 
numerical simulation studies to effectively verify them [150], and there 
are few electrokinetic experimental studies combined with charging 
mechanisms to provide sufficient evidence [39,40,110,113]. In partic
ular, there are numerous theories on the electrophoresis of conductive 
dielectric droplets, many of which have unclear applicable ranges in 
assumptions regarding interfacial charging mechanisms and trans- 
interfacial ion transport, and there is still a lack of sufficient 

mechanism comparisons between different theories 
[11,12,38,39,50,81]. The uncertainties at the mechanism level make it 
difficult to establish a universal closed-form correlation between elec
trophoretic mobility and interfacial charging properties, thus making it 
difficult to use for electrokinetic measurement of interfacial properties, 
and many results based on droplet electrophoresis for measuring the 
charging of liquid-liquid interfaces still face difficulties in quantitative 
interpretation [12,82]. In addition, regarding the complex spontaneous 
charging mechanisms of droplet electrophoresis (Zα, Ξp, Δs), large 
interface deformation and instability (Ca, ℐns, ℐnD), partial non- 
polarizability of the interface (T M), and the nonlinear electrokinetic 
flow behavior that may be caused by the coupling of ion concentration 
polarization on both sides (ℰ), the mechanisms behind are still not well- 
understood [80,81,88].

Here, we attempt to analyze the major difficulties that quantitative 
research on droplet electrophoresis may face. On one hand, there is still 
insufficient emphasis on understanding the strong coupling mechanism 
between the charging mechanisms at liquid-liquid interfaces and elec
trokinetic flow behavior [12,13,49], especially the integration with the 
understanding of charging mechanisms at interfaces in typical systems 
such as liquid metals, dielectric liquids with high or low permittivities in 
the fields of electrochemistry and interfacial physical chemistry. On the 
other hand, electrokinetics at liquid-liquid interfaces involve multi- 
phase and multi-physical transport, leading to cross-scale coupling, 
thus posing technical challenges in experimental measurement and 
numerical simulation [81,203]. For example, the comparable thickness 
between the solvent mixing layer and the diffuse layer affects the ac
curacy of traditional sharp interface mechanical models, the dynamic 
evolution of multi-phase interfaces requires advanced meshing tech
niques such as adaptive refinement around the liquid-liquid solvent 
mixing layer, and there is a lack of reliable theoretical correlation for
mulas adapted to complex charging mechanisms.

5.2. Hydrodynamic interaction coupling

For electrokinetic multiphase flow systems involving charged solid- 
liquid interfaces, studies on their mechanisms has been significantly 
delayed compared with droplet electrophoresis, which may be arised 
from the recent breakthrough developments in microfluidic technology 
around the turn of the 21st century. Due to the generally non-negligible 
influence of geometric constraints by solid walls, this not only leads to 
relative electroosmotic slip velocities between liquid-liquid and solid- 
liquid interfaces, thereby forming bulk shear stresses (Zα, Ξp, Ξs,α), 
but also causes the ion concentration polarization effects and electro
viscosity induced by effective interfacial-surface conduction to be 
related to the charging properties of both types of interfaces (Duα, ℰ,

Haα). Additionally, it modulates the triggering of interfacial electro
convection instabilities (ℐnD, T M). To a certain extent, those three 
typical characteristics can roughly correspond to scenarios such as two- 
liquid electroosmosis, two-liquid streaming potential, and two-liquid 
electroconvection, as shown in Fig. 9. Specifically, with different 
forms of geometric constraints, the characteristic scales and mechanisms 
of electrokinetic multiphase flows can also vary greatly. The geometries 
involved in this section include, but are not limited to, parallel liquid- 
liquid or gas-liquid interfaces in quasi-two-dimensional micro
channels, bubbles or droplets in three-dimensional microchannels, 
liquid-infused surfaces or superhydrophobic surfaces with periodic mi
crostructures, liquid films and liquid bridges between two-dimensional 
parallel plates, and droplets or capillary jets formed at the outlet of a 
needle.

5.2.1. Two-liquid parallel electrokinetics in quasi-two-dimensional 
microchannels

Two-liquid parallel electroosmosis was first used in the 1980s to 
measure the spontaneous charge of gas-liquid interfaces, a technique 
known as the plane interface technique [227]. Since the 21st century, 
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the phenomenon of two-liquid parallel electroosmosis has been intro
duced into microfluidic systems for applications such as driving poorly 
conductive dielectric liquids [228], regulating the flow rate ratio of two 
phases [229], and quantitative modeling studies of the EDL at gas-liquid 
interfaces [230]. Following the publication of experimental articles on 
the driving of two-liquid parallel electroosmotic flows, scholars have 
successively conducted theoretical modeling and analytical solutions for 
related systems, including steady-state or transient solutions for layered 
configurations [225,231], steady-state solutions for concentric config
urations [232,233], and two-liquid systems coupled with other extra 
effects [234,235].

Among numerous theoretical modeling efforts, several milestone 
works merit attention. Choi et al. were the first to fully consider the 
possible spontaneous adsorption-induced and imbalanced partition- 
induced charging at the liquid-liquid interface, with their interfacial 

conditions becoming the standard treatment in the majority of subse
quent works [236]. Huang et al. noted the scale relationship between the 
thickness of the solvent mixing layer at the oil-water interface and the 
diffuse layer, and for the first time introduced the diffuse characteristics 
and finite-thickness effects of the liquid-liquid interface, as shown in 
Fig. 9(a) [82]. This study innovatively proposed a modified free energy 
scheme for the unified description of spontaneous partition- and 
adsorption-induced charging effects within the diffuse interface model, 
correlating the specific physicochemical properties of ions and solvents 
with their free energy behavior. It was found that when ion partition 
effects dominate, the interpolation functions of permittivity and dy
namic viscosity need to be carefully selected, the sharp interface model 
needs to incorporate corrections for the potential jump within the sol
vent mixing layer, and the flow rate distribution relationship between 
the oil and water phases also exhibits a non-monotonic effect with 

Fig. 9. Electrokinetic multiphase flow phenomena: hydrodynamic interaction coupling. (a) Non-monotonic behavior of twoliquid parallel electroosmosis dependent 
on the chemical environments including pH and impurity concentrations [82]. (b) Electroosmosis on superhydrophobic or liquid-infused surfaces, including possible 
surface conduction and induced charge effects [12,223,224]. (c) Interface flow instability at two-liquid interface of two-liquid parallel AC electroosmosis [225]. (d) 
Taylor cone and electrospray at oil-saline interface [226].
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increasing pH value. Pascall and Squires, in order to study the electro
phoretic behavior of conductive dielectric and metallic droplets with 
ideally polarizable interfaces under external electric field conditions, 
introduced a finite-length liquid strip immersed within a solid wall as a 
model system for analysis for the first time [12]. Based on the assump
tions of an extremely weak external electric field and linear super
position, this study systematically discussed the electrokinetic slip 
effects of liquid strips with different conductive dielectric properties, 
focusing particularly on the impact of surface conduction effects on two- 
liquid electroosmotic flows. The study pointed out that the slip char
acteristics at the liquid-liquid interface can enhance the electroosmotic 
velocity and delay the inhibitory effects of high Duw numbers on elec
troosmotic flow. However, the ion concentration polarization effects 
within the liquid strip under conditions of high surface conduction still 
require further investigation, which corresponds to the significance of 
Duo on the streaming potential on the oil side.

The study of two-liquid parallel streaming potential can be traced 
back to the experimental research by Bull and Gortner on the jetting of 
electrolyte solutions into free spaces of air or oil phases, which 
demonstrated an excellent linear relationship between streaming po
tential and the pressure drop across the flow [23]. However, due to the 
immaturity of two-liquid electrokinetic theory at the time, the study 
adopted the streaming potential theory of solid-liquid interfaces with 
no-slip boundary characteristics, thus its quantitative results regarding 
the charging of gas-liquid or oil-water interfaces are questionable, with 
initial theoretical modeling studies mainly concentrated in the field of 
geology. In recent years, with the vigorous development of micro- and 
nanofluidic technologies, the two-liquid streaming potential has come 
back into focus. Ding et al. focused on the streaming potential of parallel 
two-liquid flows in a layered configuration within nanoscale channels. 
Based on Onsager's theory of irreversible thermodynamics, they sys
tematically investigated the energy conversion efficiency from me
chanical to electrical energy in this system, finding that the presence of a 
thin oil layer in the system could simultaneously increase the output 
power and the energy conversion efficiency [112]. Considering that the 
interfaces in two-liquid streaming potential systems are typically planar, 
theoretical modeling is greatly simplified compared with electropho
resis of droplets, also providing the possibility for its application in the 
measurement of charging properties at liquid-liquid interfaces. Alizadeh 
and Huang et al. constructed a relatively stable liquid-liquid interface by 
designing Y–Y shaped channels in microfluidic chips and successfully 
measured the streaming potential under different solution concentra
tions and pH conditions using a two-liquid streaming potential approach 
[237]. To further obtain the interfacial charge quantity, this study 
effectively reduced the charging at the solid-liquid interface through 
polymer coating treatment, thereby increasing the accuracy of the 
approximate correlation formula.

5.2.2. Three-dimensional micro-channel and liquid-infused surface
In the aforementioned two-liquid electroosmotic and streaming po

tential systems, the geometric configurations are low-dimensional par
allel shear flows within quasi-two-dimensional microchannels. As will 
be mentioned later, with the increase in the length of the liquid-liquid 
interface, interfacial perturbations may gradually be amplified, 
thereby potentially facing various interfacial flow instability issues. 
Therefore, in practical applications, systems with special geometric 
constraints are typically employed to stabilize the liquid-liquid inter
face, among which the most representative are gas bubbles or droplets in 
three-dimensional microchannels and liquid-infused or super
hydrophobic surfaces with periodic microstructures.

In three-dimensional microchannels, the simplest and most widely 
applied form is the capillary with a circular cross-section, while micro
channels with rectangular cross-sections are commonly used in micro
fluidic systems. Takhistov et al. systematically investigated the 
electrophoretic motion of bubbles in capillaries, conducting microfluidic 
experiments and theoretical modeling based on Bretherton-type lubri

cation analysis [238]. This study noted two inhibitory mechanisms of 
bubble propulsion within capillaries, including the high mobility of the 
bubble surface, and the fact that the electric field strength and liquid 
flow rate within the liquid film are both proportional to the film thick
ness; both factors make it difficult to establish sufficient pressure dif
ferences across the liquid film region and the front and rear edges of the 
bubble to drive bubble motion. Therefore, the study employed ionic 
surfactant-laden gas-liquid interfaces that carry charges opposite to 
those of the capillary solid walls and used appropriate supporting 
electrolyte concentrations to simultaneously regulate Ξs,w and Duw. In 
this way, the Marangoni effect was used to suppress the mobility of the 
bubble surface, and the increase in surface conductivity and the relative 
slip at the liquid-liquid and solid-liquid interfaces were used to suppress 
the electric field strength and net liquid flow rate within the liquid film, 
thereby achieving a significant increase in bubble mobility. Sherwood 
further studied the streaming potential effects formed by the motion of 
bubbles or droplets immersed in electrolyte solutions within capillaries 
under pressure-driven conditions [202]. He particularly focused on two 
limiting cases where the droplet radius is significantly smaller than the 
tube diameter and the droplet length is significantly longer than the tube 
diameter, finding that convection at the charged liquid-liquid interface 
can significantly increase the convective current, thereby enhancing the 
streaming potential effect. The non-linear relationship between the 
convective current and the pressure drop in the case of long droplets also 
leads to a non-linear dependence of the streaming potential on the latter. 
This study was later extended to droplets of arbitrary size and to 
microchannel bubble flows with corner flows [197,239], and has been 
used in recent years for qualitative detection of biochemical signals 
[240].

Liquid-infused surfaces represent a typical class of heterogeneous 
surfaces, constituted by periodically arranged lubricant-infused strips, 
which to a certain extent are equivalent to a liquid version of super
hydrophobic surfaces. Since the discovery of the effective slip effect on 
hydrophobic surfaces, and given the comparable magnitude between the 
slip length and the Debye length, the electroosmotic slip velocity on such 
surfaces may be amplified. Squires was the first to focus on the elec
trokinetic flow phenomena that might arise from inhomogeneous slip 
interfaces, using the thin double layer assumption to provide a corre
lation between the effective electroosmotic slip velocity at the surface 
and the interfacial charge density, roughness, and Debye length, and 
discussed possible applications in electroosmotic pumps based on flow 
relations [224]. Particularly, this system also exhibits a significant sur
face conduction effect Duw when the interfacial charge density is high, 
especially the convective transport of charges on finite-length charged 
liquid-liquid interfaces leading to their accumulation downstream and 
thus presenting an inhomogeneous distribution. This further causes 
inhomogeneous transport of ions in the diffuse layer and induces normal 
currents. Although this effect is relatively clear and intuitive at the level 
of the physical picture, and presents a richer double-sided coupling of 
ion concentration polarization in ITIES scenarios, it has so far received 
little attention [12]. In fact, most subsequent studies have shifted their 
focus to the impact of anisotropic strip orientation and inhomogeneous 
slip length on electrokinetic flow behavior, such as on superhydrophobic 
surfaces [223,241,242] or liquid-infused surfaces [243], as shown in 
Fig. 9(b). It is worth pointing out that some studies have experimentally 
verified those theoretical predictions, which also provides a potential 
approach for measuring the charging properties at liquid-liquid or gas- 
liquid interfaces, although the estimation methods for the slip length 
of the experimental system still require improvement [242,243].

5.2.3. Interface electroconvection and flow instability
The deformable and mobile characteristics of liquid-liquid interfaces 

make them susceptible to various interfacial flow instabilities when 
subjected to tangential or normal stresses [142]. For instance, in parallel 
shear flows, velocity perturbations near the interface may induce dis
continuities in interfacial velocities, leading to the formation of 
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tangential vortices that make the stabilizing mechanism of viscous 
dissipation difficult to counteract, thereby giving rise to Kelvin-Helmholtz 
instability. If there is a viscosity discontinuity across the interface, ve
locity perturbations may induce a discontinuity in tangential vorticity at 
the interface, again overwhelming the stabilizing effect of viscous 
dissipation and leading to Yih instability. In the case of liquid film flows, 
an adsorbed surfactant concentration gradient at the interface may lead 
to strong convective shear at the interface, which can overcome the 
stabilizing effect of the surface tension gradient, resulting in Marangoni 
instability. For jets, radial interface shape perturbations that challenge 
the axial surface tension's stabilizing effect against the circumferential 
surface tension can lead to capillary-driven Rayleigh-Plateau instability. 
In density-stratified liquids under a gravitational field, if a denser fluid is 
positioned above a less dense fluid, shape perturbations at the interface 
can induce normal pressure jumps that overcome the stabilizing effect of 
surface tension, leading to Rayleigh-Taylor instability. In the case of two- 
phase displacement within a Hele-Shaw cell, if a low-viscosity fluid 
displaces a high-viscosity fluid, interface shape perturbations can simi
larly induce normal pressure jumps that defeat the stabilizing effect of 
surface tension, resulting in Saffman-Taylor instability.

For charged liquid-liquid interfaces, the presence of a net interfacial 
charge layer means that the action of an external non-equilibrium po
tential, represented by an applied electric field, will directly introduce 
additional Maxwell stress near the interface and bring about perturba
tions in tangential viscous stress or normal pressure differences. These 
act as sources of perturbation and can significantly affect the flow sta
bility of the interface. In fact, in electrokinetic multiphase flows, there 
indeed exist electroconvection-induced interfacial flow instabilities 
corresponding to the three scenarios mentioned above, including two- 
liquid parallel flow instability corresponding to parallel shear flows, jet and 
film instabilities corresponding to film flows and jets, and Faraday wave 
instability and electrokinetic displacement instability corresponding to 
interfacial normal pressure differences. Additionally, in the field of 
electromechanical hydrodynamics, there are two classic types of elec
troconvection instability phenomena. One is the Taylor cone in electro
hydrodynamics, where the interface of a dielectric liquid induces 
charges under the action of a strong normal external field, thereby 
producing a conical jet, also known as Frenkiel instability [45,135]. The 
other is second-kind electroosmosis in electrokinetics, where an electro
lyte solution near ion-selective membranes, reactive electrodes, or 
polarizable metal surfaces induces a strong transient normal current 
under the action of a strong normal electric field, producing vortex 
convection similar to Rayleigh-Benard and further inducing a normal 
current exceeding the limiting current [194,244]. Experimental studies 
on electrokinetic multiphase flows have shown that bubbles or ITIES 
systems can also produce corresponding electrospray and electrochemical 
instabilities under the action of a strong normal electric field, which bear 
certain similarities to those two behaviors. However, due to the coupling 
of interfacial ion kinetic transport behavior, the above phenomena 
involve coupled component transport related to interfacial physico
chemical kinetics and interfacial flow stability [245,246], and the 
related instability mechanisms are much richer. The current under
standing of the mechanisms and theories of these phenomena is still in 
its infancy. Here, a brief introduction will be given to the interfacial 
instabilities involved in electrokinetic multiphase flow systems, 
providing clues for possible future follow-up research.

Electrokinetic multiphase flow systems such as two-liquid parallel 
electroosmosis and streaming potential, electrolyte solution jets, and 
film flows all involve quasi-planar interfaces of conductive dielectric 
liquids. The exploration of their mechanisms is a further in-depth study 
based on the existing research on interfacial flow stability in the classical 
field of electrohydrodynamics to some extent. The streaming potential in 
two-liquid parallel flows may primarily be due to the adsorption of so
lute ions, which brings about an interfacial tension gradient. This can 
lead to perturbations continuously accumulating at the downstream 
interface under finite-length conditions, resulting in periodic oscillatory 

behavior or even instability of the interface. To a large extent, this is 
caused by the surface activity of solute ions rather than spontaneous 
adsorptive charging of the interface [247]. In contrast, the instability of 
two-liquid parallel electroosmotic flows is usually closely related to 
interfacial charging and does not depend on the surface activity of solute 
ions, thus it can widely exist in various ITIES systems [228,248]. In 
recent years, several experimental quantitative comparison studies have 
also emerged [225], as shown in Fig. 9(c). Study on jet instability 
typically focuses on cases without charging or assumes fluids to be 
perfect conductors. Lopez-Herrera et al. were among the first to apply 
the weakly conductive dielectric model to the study of jet instability. 
They successfully used a quasi-one-dimensional theoretical model to 
predict the size of droplets formed by the end instability and breakup of 
jets observed in experiments, and found that boundary charge conser
vation and bulk equipotential constraints can give almost consistent 
prediction results [144,249]. As one of the simplified cases of jets, the 
stability mechanism of the Armstrong liquid bridge between droplets 
loaded with electrodes has also attracted widespread attention from 
scholars. In recent years, it has been noted that its dynamic instability is 
closely related to the effective length between droplets, and its linear 
stability analysis based on charged jet flow matches well with experi
ments [250,251]. In addition, for the electrolyte solution film with 
surfactant-laden interfaces, the electroosmotic flow effect caused by 
interfacial charging also has an important impact on the interfacial 
stability under the action of electromagnetic fields [252,253].

Similar to the stratified fluid interfaces with density differences in a 
gravitational field, fluid interfaces with conductivity stratification may 
also induce interfacial instabilities under the action of an external 
electric field, and the interphase current across non-polarizable in
terfaces may significantly affect the stability of two-phase displacement 
within low-dimensional structures. Taylor and McEwan were the first to 
study the stability behavior of conductivity-stratified fluid interfaces 
under a normal direct current (DC) electric field [254], and Yih subse
quently extended this to alternating current (AC) conditions [255]. It 
was not until recent years that systematic studies on the spatial struc
tural characteristics and modulation methods of interfacial waves and 
electroconvective behavior in this system emerged [256–258]. This 
phenomenon was first observed by Faraday in a horizontal liquid 
interface system on a vibrated plate and is referred to as Faraday waves, 
hence its counterpart in electrokinetic flow scenarios is also known as 
electro-Faraday waves [256]. For scenarios commonly found in 
advanced manufacturing and life sciences, such as polymer electro
forming and cell membrane electroporation, Gambhire and Thaokar 
were among the first to consider the effects of the conductivity and 
diffuse layer of electrolyte solutions on interfacial stability [259]. A 
series of studies represented by Kumaran focused on the electric field- 
induced interfacial instability effects when an elastic film is present at 
the liquid-liquid interface [260–262]. It is worth noting that in Hele- 
Shaw structures, normal electric fields and interphase currents can 
also become an effective means of enhancing the stability of two-phase 
displacement. Mirzadeh and Bazant, based on the assumption of a non- 
polarizable liquid-liquid interface, used linear stability analysis to study 
the effect of interfacial normal electric fields on the stability of elec
trokinetic displacement, as shown in Fig. 10(a). The study found that the 
normal electric field across a non-polarizable interface can shift the 
critical wavelength for instability when the viscosity ratio of the fluid at 
the front and rear of the interface is less than 1 (an unfavorable viscosity 
ratio), and the intensity of the interphase current and the electroosmotic 
mobility on either side of the interface jointly affect the stability con
ditions of the interface [263]. This line of research was later extended to 
studies on the viscous fingering of leaky dielectric liquid interfaces 
under an externally applied electric field [264].

In scenarios such as the preparation of microdroplets via electro
spraying, voltammetric characteristic testing of ITIES, and hydrogen 
production through the electrolysis of alkaline solutions, there is often a 
strong externally applied electric field applied normally across the 
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interface of electrolyte solutions. Experimental studies have observed 
that in these scenarios, various interfacial flow instabilities similar to 
phenomena that have been widely studied in different fields as 
mentioned earlier, such as the Taylor cone, electroconvection, and 
interfacial turbulence, are produced. Dehe et al. arranged electrodes on 
both sides of the oil-water interface, focusing on the interfacial insta
bility behavior induced by the normal electric field applied by the 
needle-like electrode on the electrolyte solution interface, including the 

formation of Taylor cones, electrospraying, and reverse deflection, 
among other complex interfacial evolution behaviors, as shown in Fig. 9
(d) [226]. The study pointed out that the disruption of the oil-water 
interface and the ejection of microdroplets into the oil phase have a 
significant impact on the interfacial evolution. Through numerical 
simulations, the study systematically investigated the interaction be
tween interfacial hydrodynamic stress and Maxwell stress on the inter
facial evolution process. It was found that the charge density of the 

Fig. 10. Electrokinetic multiphase flow phenomena: nanoscale interaction coupling. (a) Injecting currents to suppress viscous fingering instability [263]. (b) Ion- 
tuned wettability model and droplet wetting dynamics [147]. (c) Ganglia mobility regulated by dynamic wettability [148]. (d) Two phase streaming potential 
for different two-phase configuration at cross section of throats [276,277]. (e) Hydrophobic nanoporous carbon scaffolds reveal the origin of polarity-dependent 
electrocapillary imbibition [75].
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microdroplets formed by electrospraying shows a certain dependence on 
the viscosity of the oil phase. Furthermore, the behavior of micro
droplets impacting the needle-like electrode and weakening the electric 
field was taken into account, providing a quantitative explanation for 
the reverse deflection behavior.

Considering that the liquid-liquid interface in ITIES systems is a soft 
interface with ion-selective permeability, theoretically, there may exist 
similar effects to electroconvection and interfacial turbulence. The 
former mainly refers to strong-field-induced electroconvection, thereby 
presenting transport exceeding the limiting current, while the latter 
refers to Marangoni flow and interfacial vortex turbulence induced by 
interphase mass transfer, promoting interfacial mixing and emulsifica
tion. In fact, those behaviors have been widely observed in voltammetric 
characteristic tests of ITIES conducted in the field of electrochemistry, 
but they exhibit many novel behaviors. For example, under the limit of a 
strong normal electric field, different ITIES systems show different be
haviors such as enhanced or weakened interphase mass transfer [265]. 
Furthermore, for ITIES interface systems with adsorbed surfactants, the 
aqueous phase potential and pH value will accompany periodic oscil
lation characteristics on the baseline during the voltammetric scan 
process [266–268]. It should be noted that although those phenomena of 
interfacial electrochemical instability have been widely observed, there 
is still a lack of solid theoretical support from the perspective of elec
trokinetic multiphase hydrodynamics to date. The preliminary work 
already carried out includes Aogaki et al.'s research on abnormal 
limiting current induced by interphase mass transfer [60], as well as 
research groups such as Kakiuchi and Krylov studying interfacial elec
trochemical instability [269,270] and interfacial turbulence [177,271] 
induced by inhomogeneous electrowetting effects.

Eckert et al. and Lohse et al. have been deeply involved in the field of 
physicochemical two-phase hydrodynamic mechanisms of hydrogen 
production through microelectrode electrolysis for many years, succes
sively conducting in-depth research on the solute and temperature 
Marangoni interfacial convection of electrogenerated hydrogen bubbles 
[272], the evolution and coalescence dynamics phase diagram of 
hydrogen bubbles under different electrolysis voltages [273,313], and 
the impact mechanism of interfacial force balance relationships on the 
novel dynamics behaviors of hydrogen bubbles [187]. In recent years, 
Bashkatov et al. unexpectedly discovered in experiments that the rise 
and growth of hydrogen bubbles are accompanied by the migration of 
microdroplets within the bubble [274]. Through experimental obser
vation, data processing, and numerical simulation, this study indicates 
that the Worthington jet, formed during the coalescence process of 
satellite and main bubbles, is the main mechanism leading to the elec
trospray of electrolyte solution and the formation of microdroplets 
within the bubble. The significance of this study lies in the fact that 
microdroplets can significantly affect the desorption dynamics process 
from the electrode surface through subsequent merging effects with 
rising bubbles, and they may also serve as an important means for 
studying the spontaneous adsorption-induced charging and in-situ 
characterization of Marangoni flow at the interface of electro
generated hydrogen bubbles. It is worth noting that existing studies have 
all adopted the assumption of uniform charge for the spontaneous 
adsorption-induced charging of hydrogen bubbles in electrolyte solu
tions, indicating that the effects of externally induced interfacial 
charging, as well as the coupling mechanisms of Marangoni convection 
and surface conduction on the evolution dynamics of hydrogen bubbles, 
still require further evaluation.

5.3. Nanoscale interaction coupling

The presence of a three-phase contact line and a liquid film of 
nanoscale thickness is a significant characteristic that distinguishes 
electrokinetic multiphase flows from traditional single-phase electroki
netic flows near solid-liquid boundaries. In this case, the charged solid- 
liquid interface and the charged liquid-liquid interface within the elec

trolyte solution will be coupled through complex surface and interfacial 
interactions, thereby affecting the equilibrium contact angle and the 
dynamic behavior of the contact line (including the nanoscale liquid 
film). For such scenarios, the equilibrium contact angle and the dynamic 
behavior of the contact line are closely related to the distribution of 
disjoining pressure of the liquid film and the interfacial tension 
[111,192]. The former describes the additional local effective pressure 
on the liquid-liquid interface due to nanoscale interactions with the 
solid-liquid interface, while the latter correlates the pressure difference 
across the liquid-liquid interface with the local shape of the interface. 
Based on the capillary number commonly used in multiphase interfacial 
deformation flows, Cag = ηuAg/γ (where Ag is the shape factor related to 
the geometric shape of the interface), the effects of interfacial interac
tion regulation and the inhomogeneity of liquid film disjoining pressure 
associated with the charged liquid-liquid interface can be described 
using Πγ and Π∇ as shown in Table 9.

This section will focus on the mechanism of electrokinetic multi
phase flow involving the nanoscale interaction coupling between 
charged liquid-liquid interfaces and solid walls, as shown in Fig. 10. The 
sources of electrokinetic transport include not only ion transport and the 
dynamic changes or inhomogeneous distribution of interfacial tension 
and wettability induced by the heterogeneity of solid walls, thereby 
coupling two-phase flow, that is, ions altering interfacial properties and 
inhomogeneous wettability coupling two-phase electrokinetic 
displacement [275]; but also the changes in interfacial tension and 
contact angle induced by the external electric field, thereby coupling 
two-phase electrokinetic displacement, that is, the coupling of electro
wetting and electroosmotic flow with two-phase electrokinetic 
displacement. The following will classify the relevant electrokinetic 
multiphase flow systems into three categories from the perspectives of 
system geometric configuration and interfacial evolution behavior: 
droplet mobilization or liquid film spreading dynamics, electrokinetic 
two-phase displacement in microchannels or porous media, and elec
trokinetic transport in unsaturated porous media with quasi-static in
terfaces. A brief introduction will be given to the existing research on 
their transport mechanisms in sequence.

As the foundation for ion-tuned wettability coupling with droplet 
wetting dynamics, studies on how solution ion composition variation 
affects film disjoining pressure and equilibrium contact angles have 
been of interest since the latter half of the last century. This interest 
primarily stems from the petroleum industry's practical need to under
stand the mechanisms of ion-tuned wettability for the recovery of re
sidual oil films, such as oil film stability [278,279] and wettability 
regulation [149,280]. It is noteworthy that during the mobilization of 
residual oil droplets, ion transport induces dynamic changes and inho
mogeneous distribution of wettability on solid surfaces. Although there 
have been numerous studies on contact line dynamics under conditions 
of inhomogeneous wettability [281,282], research coupling ion trans
port with droplet wetting dynamics has only gradually gained attention 
in recent years, such as in the detachment of residual oil droplets [147] 
and film stability [283], as shown in Fig. 10(b). However, the current 
understanding of the relaxation times and effects of inhomogeneous 
distribution induced by ion transport on wettability changes is still 
limited, and further studies are required.

Compared with ion-tuned wettability, the electrocapillary effect 
induced by an external normal electric field has a more significant 
impact on the equilibrium contact angle. This phenomenon, known as 
electrowetting, involves complex multiscale physical processes near the 
three-phase contact line [57]. There are important differences between 
the electrowetting of strong electrolyte solutions and that under tradi
tional dielectric or leaky dielectric liquid environments, such as charge- 
induced polarization effects [141], interfacial charge regulation effects 
[284], and electroconvection and diffusive boundary layer phenomena 
under strong non-equilibrium conditions [267]. It is worth noting that 
the current understanding of electrowetting for conductive dielectric 
droplets composed of electrolyte solutions is still limited, and some 
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numerical simulation studies still use the classical treatment methods of 
electrohydrodynamics [285,286], thus failing to fully consider the 
important impact of the interfacial double layer [185,287,288]. For 
ITIES systems, the non-polarizable characteristics of the interface also 
mean that it allows interphase current to pass through, which may 
further affect the non-equilibrium transport behavior of the interface. 
The ion selectivity of the interface will lead to possible symmetry 
breaking in the direction of the applied electric field. Therefore, the rich 
interfacial physicochemical kinetic behavior of ITIES provides new ap
proaches for the active regulation of electrowetting behavior and 
transpiration-driven power generation.

In addition to droplet wetting and liquid film spreading dynamics 
near solid walls, two-phase flow within microchannels or porous media 
often involves displacement behavior. This two-phase electrokinetic 
displacement can be similarly divided into two cases: ion transport- 
mediated and external field-driven, where the geometric constraints of 
microchannels or porous media often couple with interfacial effects to 
influence multiphase flow behavior. In fact, the regulation of two-phase 
displacement behavior within microchannels traditionally often em
ploys amphiphilic molecules or nanoparticle systems with surface ac
tivity, based on dynamic changes in interfacial tension, regulation in 
interfacial rheological behavior, dynamic changes in wettability, or 
combinations of those factors [275]. The presence of solute ions pro
vides the extra possibility for active control by external electric fields, 
such as the stability control of two-phase displacement in straight 
channels coupled with electrowetting and electroosmotic effects 
[263,289], and electrochemical reactions coupled with electroosmotic 
imbibition in conductive nanoporous media [75], as shown in Fig. 10(e). 
Research on the mechanism of coupling between ion transport and 
wetting dynamics largely stems from new developments in the geolog
ical field in recent years, namely the mechanisms possibly related to the 
effectiveness of low-salinity waterflooding, such as capillary filling regu
lation, recovery of residual mobile oil films, and mobilization of trapped 
oil ganglia [148,290], as shown in Fig. 10(c).

In fact, low-salinity waterflooding, as a low-cost and environmen
tally friendly enhanced oil recovery method, has received increasing 
attention and importance in the geological field in contemporary society 
advocating low-carbon and green development [79,291]. Among these, 
the mechanism of ion-tuned wettability is believed to play an important 
role [292,293], and the ion partition effect brought by highly polar oils 
may provide a new mechanism for wettability change [294,295], 
although there is still a lack of sufficient research on the latter. 
Considering that the role of wettability in displacement behavior usually 
strongly depends on the system's geometric size (see the definitions of 
Cag and Πγ), the pore size and its heterogeneity of porous media may 
have an important impact on pore events such as cooperative filling, 
Haines jump, and film flow in two-phase displacement, which may lead 
to a non-monotonic dependence of the long-term behavior of two-phase 
displacement in porous structures with preferential flow paths on 
wettability [296–298]. Moreover, since ion-tuned wettability depends 
on both nanoscale interfacial interactions and ion transport processes, 
the heterogeneity of porous media will lead to dynamic changes and 
inhomogeneous distribution of wettability in different pores, thereby 
making the behavior of two-phase displacement exhibit more complex 
non-monotonic characteristics.

The self-potential method commonly used in the geological field for 
measurement also falls under the category of electrokinetic multiphase 
flow phenomena in porous media, primarily utilizing the streaming 
potential effect of quasi-steady two-phase flow at the liquid-liquid 
interface within unsaturated porous media [299]. As previously 
mentioned, the streaming potential in systems such as two-phase par
allel flow, droplets in three-dimensional channels, and liquid-infused 
surfaces is significantly higher than that of single-phase flow. In fact, 
theoretical modeling of similar phenomena appeared successively 
around the 1990s [300–302], and has influenced research to this day 
[303,304]. In addition, Jackson and Vinogradov focused on the impact 

of wettability on the streaming potential of two-phase flow in porous 
media [277], as shown in Fig. 10(d). It is worth noting that Wurmstich 
and Morgan [305], and Revil et al. [276,302] were among the first to 
introduce Onsager's reciprocal principle into multiphysical transport 
modeling in porous media [72], which to some extent inspired the 
subsequent development of two-phase conductivity methods used in 
geological exploration [306].

6. Summary and perspectives

6.1. Concluding remarks

This review synthesizes emerging integrative perspectives that 
bridge microscopic interfacial charging mechanisms with macroscopic 
electrokinetic transport, unifying diffuse and sharp interface paradigms. 
The polarization of electric double layers (EDLs) emerges as a corner
stone phenomenon governing interfacial electrohydrodynamics. A 
coherent framework must interconnect three cross-scale critical ele
ments: (1) unified descriptions of ion partitioning/adsorption mecha
nisms, (2) thermodynamic and kinetic constraints on interface 
polarizability, and (3) upscaled models coupling equilibrium interfacial 
charging with non-equilibrium electrokinetic transport. Our analysis 
reveals that ion partitioning and adsorption represent complementary 
limiting behaviors at charged liquid-liquid interfaces, while the sum
marized polarizability-based classification system establishes a unified 
foundation for predicting electrokinetic responses across diverse sys
tems [82].

By integrating multiphase electromechanical hydrodynamics with 
interfacial mass transfer principles, we systematically deconstruct as
sumptions inherent to classical macroscopic theories. The dimensionless 
parameters proposed in this work–serving as symmetry-breaking in
dicators for EDL polarization–enable mechanistic discrimination of 
transport regimes in two-liquid systems. Through case studies spanning 
free droplet electrophoresis to multi-interface coupled flows, we 
demonstrate the universal applicability of these parameters in resolving 
long-standing paradoxes, particularly those involving scale disparity 
between nanoscopic screening layers and macroscopic flow features. 
This approach provides a transferable methodology for analyzing 
broader classes of charged soft matter systems.

6.2. Some perspectives

6.2.1. Interfacial charge-mass coupling in soft membranes
While conventional ion-selective membranes rely on static solid 

frameworks [72], their liquid-liquid analogs represented by ITIES sys
tems exhibit dynamic ion-selective interfaces where polarization cou
ples with interfacial evolution (deformation, rupture, coalescence). The 
bilateral coupling of diffuse layers across these mobile interfaces re
mains underexplored [12], particularly regarding how interfacial 
restructuring modulates trans-membrane ion transfer. This system 
serves as an ideal platform for mimicking biological membrane func
tionality, offering new avenues to decode neural ion transport mecha
nisms [307] while addressing unresolved challenges in quantifying 
interface permselectivity under flow conditions.

6.2.2. Nanoconfined electrohydrodynamic correlations
Building upon classical electrolyte theories by Arrhenius, Debye, and 

Onsager [308,309], we identify three critical knowledge gaps, i.e., 
many-body electrostatic correlations (overscreening) versus steric 
exclusion in subnanometer interfacial zones, ion-modulated solvent 
phase distribution within Bjerrum-length-scale mixing layers [82], and 
electrorheological feedback on interfacial mechanics through 
Marangoni-diffusioosmotic coupling [50,203]. These mechanisms un
derpin emerging phenomena such as droplet solidification effects and 
nonlinear bubble electrophoresis [88,222], challenging the validity of 
conventional leaky dielectric models [13,81] at extreme ion 
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concentrations.

6.2.3. Electrokinetic control of multiphase flows
Extending Levich's physicochemical hydrodynamics framework 

[310,311], we emphasize electrokinetic regulation as a paradigm- 
shifting strategy surpassing traditional surface tension-based control. 
The inherent field responsiveness of charged interfaces enables precision 
manipulation through three key mechanisms, i.e., electroconvective 
instabilities for enhanced mixing [257], Faradaic electropatterning or 
electrospinning for interfacial architecture design [312], and 
electrospray-assisted phase manipulation in energy applications 
[187,313]. Emerging applications span digital microfluidics to hydrogen 
geo-storage, requiring fundamental advances in understanding wetta
bility dynamics under coupled electro-chemo-mechanical stimuli 
[118,263].

6.2.4. Integration of experiments, theories, and simulations
Resolving the coupled charge transport and hydrodynamic physics 

across nanoscale solvent mixing/diffuse layers and micron-scale viscous 
transport demands coordinated advances across two domains. One is in 
situ experimental characterization. While molecular dynamics simulations 
combined with X-ray spectrometry elucidate quasi-static interfacial 
structures [5], dynamic measurements of evolving interfaces (e.g., 
during droplet electrophoresis) remain technically challenging. Current 
macroscale observables like droplet electrophoretic mobility lack direct 
connections to interfacial kinetic processes, while simplified geometric 
configuration in microfluidic platforms that isolate liquid-liquid in
terfaces from solid boundaries may help [237]. The other is multiscale 
modeling and cross-validation protocols. Effective frameworks must hier
archically integrate particle-level statistics (equilibrium charging), 
diffuse interface descriptions (non-equilibrium transport), and matched 
asymptotic expansions (coarse-grained description), bridging nano
scopic interfacial layers to macroscopic flows. Recent phase-field models 
incorporating solvent mixing and adsorption-partition coupling 
demonstrate promising progress [82], achieving quantitative reconcili
ation between sharp/diffuse interface paradigms. Besides, establishing 
causality between interfacial molecular rearrangements and macro
scopic transport requires correlative approaches combining operando 
spectroscopy, high-fidelity simulations, and machine learning-assisted 
inverse analysis.
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