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Abstract  FElectrokinetic transport near charged interfaces is a typical multi-physical, cross-scale phenomenon. The
charging effects and electrokinetic transport phenomena at immiscible liquid-liquid interfaces have been studied for a
century and have garnered increasing attention in recent years. These phenomena provide novel electrokinetic-based
strategies for the active control of multiphase flow and mass transfer systems at micro/nano scales, such as
physicochemical interface-induced self-propelled droplets and electric signal-modulated digital microfluidics. Compared
to solid-liquid interfaces, liquid-liquid interfaces, as multiphase soft diffuse interfaces, possess characteristics such as
finite thickness, easy mobility, ion adsorption capability, and ion permeability. Their electrokinetic transport behavior is
linked to fields such as membrane science, electrochemistry, physical chemical hydrodynamics, and electro-coupled
hydrodynamics, gradually forming an interdisciplinary field—electrokinetic multiphase hydrodynamics. From the
perspective of interdisciplinary integration and historical development, this review will briefly outline the fundamental
electrokinetic theory of the electrical double layer and the unique behaviors of soft diffuse interfaces at charged liquid-
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liquid interfaces. It will systematically summarize the fundamental mechanisms of electrokinetic transport in typical

scenarios, covering aspects such as droplet electrophoresis in free space, multi-interface electrokinetic flows coupled with

hydrodynamic interaction, and solid-wall wetting dynamics coupled with surface and interfacial interactions. The aim is

to showcase the vast potential and broad prospects of this field in applied fundamental research, particularly in the

combined regulation of multiphase flows and ion transport.

Key words clectrokinetics, liquid-liquid interface, physico-chemical hydrodynamics, interface science, diffuse interface
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Fig. 1 Examples of electrical double layer polarization phenomena involved in electrokinetic hydrodynamics at solid-liquid interfaces. In electrokinetic
hydrodynamics, the concept of polarization is extended to describe the phenomenon where the separation of positive and negative charge centers near
charged interfaces in electrolyte solutions induces a built-in electric field, ultimately reaching a new non-equilibrium thermodynamic steady state under
the influence of molecular thermal motion or background fluid convection. In particular, the concept of electrical double layer polarization proposed by
Dukhin is a major source of complexity in electrokinetic flows[®>%3], often closely related to symmetry breaking in charged interfacial systems!®4!
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Fig.2 Unique features of electrokinetic multiphase flows
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Fig.3 Three perspectives on electrokinetic multiphase flows at charged liquid-liquid interfaces. From left to right are diffuse interface description,

sharp interface description, and matched asymptotic expansion description. The first belongs to the mesoscopic model defined in this paper, while the

latter two belong to the macroscopic model and its extension defined in this paper. The purpose of summarizing the three theoretical models of the

liquid-liquid interface in this paper is twofold: on one hand, to provide effective descriptions from different perspectives for the same physical process

and a unified approach for scale connection; on the other hand, to attempt to offer coordinated theoretical support for experimental studies at different

scales. For instance, the diffuse interface model can serve as a parameter-fitting model for measurements in spectroscopic experiments, the sharp

interface model can be applied to flow experiments under microfluidic conditions, and the matched asymptotic expansion form can be used for modeling

measurements under macroscopic conditions such as droplet electrophoresis
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ignoring charge convective relaxation
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