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1. Introduction

Crude oil, a complex mixture of hydrocarbons and

Abstract

The separation of water from crude oil emulsions is a critical and
complex challenge in petroleum production and processing. Water-in-oil
(W/O) emulsions increase viscosity, pose cotrosion risks, reduce refining
efficiency, and raise significant environmental concerns. Traditional
separation methods often struggle with stable emulsions containing small
droplets due to limitations in cost, environmental impact, and effectiveness.
Electro-coalescence demulsification has emerged as a promising technique
that applies electric fields to enhance droplet coalescence, facilitating
efficient water removal. This comprehensive review examines the influence
of electrode geometry on electro-coalescence systems in depth, synthesizes
key findings from numerous studies, and provides a detailed analysis of
electrode spacing calculations, critical conditions for effective
demulsification, and optimal operational parameters. By exploring these
aspects comprehensively, the review offers insights into how electrode
design affects demulsification efficiency, guiding future advancements in
crude oil processing and contributing to more sustainable practices in the

petroleum industry.
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The stability of these emulsions presents substantial
challenges in the petroleum industry, affecting
transportation,  refining  processes,  equipment

other organic compounds, is seldom extracted in a
pure form. It often contains significant amounts of
water and other impurities, which become emulsified
during extraction, transportation, and processing.
These watet-in-oil (W/O) emulsions are stabilized by
natural surfactants such as asphaltenes, resins, waxes,
and fine solid particles inherent in crude oil[1], [2], [3].

integrity, and environmental safety.

The presence of emulsified water increases the
crude oil's viscosity, hindering its flow through
pipelines and requiring higher pumping pressures [4].
This increased viscosity leads to higher energy
consumption and operational costs. Additionally, the
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risk of pipeline blockages escalates, potentially leading
to shutdowns and safety hazards[5]. The higher
frictional resistance due to increased viscosity
necessitates mote robust infrastructure and can
accelerate wear and tear on equipment|6]

Water, especially when containing dissolved salts
and gases like carbon dioxide (CO2) and hydrogen
sulfide (Hz2S), becomes highly corrosive[7], [8]. It can
cause uniform corrosion and localized attacks such as
pitting and stress corrosion cracking in pipelines and
storage tanks [9], [10]. Corrosion not only demands
costly maintenance and replacement but also poses
significant safety risks due to potential leaks and
failures [11]. In offshore environments, the
combination of saline water and crude oil exacerbates
corrosion processes, requiring expensive corrosion
inhibitors and protective coatings [12].

Water in crude oil can interfere with refining
processes, such as distillation and catalytic reactions
[13]. It can lead to reduced yields, increased energy
consumption, and equipment fouling [14]. Water can
cause emulsions in desalting units, complicate phase
separation, and lead to the formation of hydrates that
can block equipment[15]. Additionally, water can
cause catalyst deactivation due to hydrothermal
degradation and poisoning, affecting the efficiency of
hydrocracking and hydrotreating processes[16].

Improper disposal of produced water, which often
contains hydrocarbons, heavy metals, radioactive
materials, and other contaminants, can lead to severe
environmental pollution [17], [18]. Discharge of
untreated produced water can harm aquatic life,
contaminate soil and groundwater, and pose health
risks to nearby communities [19], [20]. Regulatory
agencies have stringent guidelines for produced water
disposal, necessitating effective separation and
treatment technologies [21].

Traditional methods for separating water from
crude oil include chemical demulsifiers, thermal
methods, mechanical separation techniques, and
membrane separation[22], [23], [24]. However, these
methods have limitations related to cost,
environmental impact, and effectiveness, particularly
with stable emulsions containing small droplets[25],
[26].

Electro-coalescence  demulsification — leverages
electric fields to induce droplet polarization and
movement, enhancing coalescence into larger droplets
that can be separated more easily [27], [28]. The
technique applies direct current (DC), alternating
current (AC), or pulsed electric fields to the emulsion
[29], [30]. This method offers advantages such as
effectiveness in handling stable emulsions with fine
droplets, environmental friendliness due to reduced
chemical usage, energy efficiency compared to thermal
methods, and the ability to integrate with existing
processing facilities.

Despite these advantages, challenges such as
equipment complexity, energy demand, and electrode
fouling remain. The design of the electro-coalescence
system, particularly the geometry and material of the
electrodes, plays a crucial role in addressing these
challenges[10], [31]. By optimizing electrode geometry,
it is possible to enhance the electric field distribution
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within the emulsion, improving droplet coalescence
while minimizing energy consumption and equipment
wear[32], [33].

This review aims to provide a comprehensive
understanding of the role of electrode geometry in
electro-coalescence systems. It synthesizes findings
from a wide range of studies, analyzing electrode
design, material selection, operational parameters, and
the interplay between these factors. By examining
these aspects, the review secks to guide future
advancements in electro-coalescence technology,
contributing to more efficient and sustainable crude oil
processing practices.

2. Electrode Geometry in Electro-

Coalescence Systems

Electrode geometry is pivotal in determining the
electric field distribution within the emulsion, which
influences droplet behavior. The design affects field
intensity, uniformity, and gradient, all of which are
critical for efficient demulsification[34].

Various electrode configurations have been
explored to optimize electric field characteristics.
Parallel plate electrodes consist of two flat, conductive
plates with the emulsion flowing between them[35],
[36]. This configuration produces a uniform electric
field, promoting consistent droplet polarization. Its
simple design makes it easy to manufacture and
maintain, and it is suitable for large-scale applications.
However, uniform fields may be less effective for
small droplets, as they may not generate sufficient
dielectrophoretic  forces to induce coalescence.
Additionally, flat surfaces may accumulate deposits,
reducing efficiency over time[37].

Needle-plate electrodes feature sharp needle
electrodes facing a flat plate, creating non-uniform
electric fields with high-intensity gradients near the
needle tips[38], [39]. This configuration enhances field
gradients, making it effective for polarizing small
droplets. However, high field intensities can cause
electrical discharge and electrode degradation due to
erosion[40].

Wire-mesh or grid electrodes use conductive
meshes or grids to create a combination of uniform
and non-uniform fields. This versatility allows them to
be effective for emulsions with varied droplet sizes,
and the mesh structure can induce turbulence,
increasing droplet collision frequency[41]. However,
mesh openings may become obstructed by solids, and
precision manufacturing is required[42].

Cylindrical and coaxial electrodes employ
cylindrical geometries, with one electrode inside
another [43]. They create radial electric fields, which
can be effective for continuous flow systems and offer
space efficiency due to their compact design[44].
Careful design is required to manage the non-uniform
field distribution, and maintenance can be challenging
due to access difficulties.

Hybrid configurations combine features from
different electrode designs to optimize performance.
They offer customized field profiles tailored to specific
emulsion  characteristics, potentially enhancing
efficiency through synergistic effects[45]. However,
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these designs may be more complex and costly due to
increased design and manufacturing challenges.

Electrode materials must balance electrical
conductivity, corrosion  resistance, mechanical
strength, and cost. Common materials include stainless
steel, which offers good corrosion resistance and is
cost-effective [31], [40]; copper, which has high
conductivity butis prone to corrosion [[47]; aluminum,
which is lightweight with moderate conductivity but
less corrosion-resistant [48]; and graphite or carbon-
based materials, which offer good conductivity and
chemical inertness [49].

Surface treatments and coatings can enhance
electrode performance. Hydrophilic coatings increase
wettability to water, promoting droplet adhesion and
coalescence [50]Materials such as oxides, silanes, and
polymer brushes are used for this purpose. Anti-
fouling coatings prevent the deposition of asphaltenes
and solids, maintaining consistent performance and
reducing maintenance needs [51]. Techniques such as
anodization, laser ablation, and nanomaterial
deposition are employed to create these surfaces|52],
[53].

The characteristics of the electric field depend on
electrode geometry and configuration. Uniform fields
promote consistent droplet polarization but may be
less effective for small droplets due to insufficient
dielectrophoretic forces[54], [55]. Non-uniform fields
generate dielectrophoretic forces that attract droplets
to regions of higher field intensity, enhancing
coalescence of smaller droplets. Field gradients are
important for inducing droplet deformation and
movement, which can increase the likelihood of
coalescence[50].

Optimizing the field distribution involves
balancing field strength, gradient, and uniformity to
maximize coalescence while minimizing energy
consumption and equipment stress. Careful electrode
design can enhance demulsification efficiency by
creating electric fields that effectively interact with the
specific properties of the emulsion being treated[57],
[58], [59].

3. Mechanism of Electro-Coalescence in

Crude Oil Emulsions

These emulsions can be destabilised using electro-
coalescence, wherein an external electric field is
applied that enhance the coalescence of the water
droplets with the oil phase and separate the two easily.
3.1 Mechanism Overview

Electro-coalescence operates
interrelated steps:

1. Droplet Polarization
Droplets movements and alignment.
Droplet Deformation and Droplet Approach
Film Drainage and Rupture
Coalescence and Separation

through several

A ol

Droplet Polarization When an electric field is
applied to the emulsion, polarisation of water droplets
occurs, due to the difference of dielectric constants for
water and oil. Figure 1 shows the induced dipoles build
up in the droplets with positive and negative charges
located at opposite ends with the droplet sending
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induced dipoles in the direction of the electric
field.[60]
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Figure (1): Schematic Diagram of Spherical water

droplets inside oil where generated and had induced

dipoles with charges on the poles along the electric
field lines were depicted.[60]

Droplet Motion and Alighment. Electrostatic
forces act on the polarized droplets that cause them to
move and align on the field lines. Droplets are guided
toward areas of higher field intensity as shown in
Figure 2, therefore stimulating droplet collisions, using
dielectrophoretic forces in non-uniform electric fields.
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Figure (2): Schematic Diagram of dielectrophoretic
forces, and that move towards each other in response
to an electric field, aligning in the direction of the
field.[61]

Droplet Deformation and Approach Upon
coming together with droplets this electric field causes
deformation, stretching droplets along the field
direction. The result is an increase in the contact area
between approaching droplets and a decrease in the

width of the oil film that separates them [62].

4. Film Drainage and Rupture:

The pressure difference between electric field and
the attractive forces between opposite charges cause
the oil film between the droplets to drain. When the
film becomes so thin that van der Waals forces
become significant the film ruptures, see Figure 3 [63]
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Figure (3): Schematic Diagram of Thinning oil film

between two deformed droplets, represented to a
point at which the film breaks. [63]

When the interfacial film breaks, droplets join to
become larger droplets. The larger droplets are able to
separate from the oil phase on account of their
increased mass, so that they have a greater settling
velocity and thus can be separated from the oil by the
action of gravity[64].

While chemical reactions are minimal, the key
interactions facilitated by the electric field include:[65]
1. Polarization of Water Droplets:

Water Droplet + Electric Field — Polarized Water
Droplet
2. Coalescence of Polarized Droplets:
Polarized Droplet ; + Polarized

Electric Forces

> Coalesced Droplet

Droplet »

5. Main Findings from Previous Studies

Research has extensively explored factors
influencing electro-coalescence efficiency, providing
valuable insights into electrode design, operational
parameters, and emulsion characteristics.

Electrode spacing affects the electric field strength
and must be optimized to enhance demulsification
without causing dielectric breakdown. The electric
field strength is calculated using the equation:

E=% .. )

Where V is the applied voltage and d is the
electrode spacing. Reducing the electrode spacing
increases the electric field strength, enhancing droplet
polarization [66]. However, excessively small spacing
may cause dielectric breakdown of the emulsion,
leading to electrical discharge and equipment damage
[67]. Spacing must also allow sufficient emulsion flow
without causing excessive pressure drops, ensuring
that droplets have adequate residence time in the
electric field to coalesce[68], [69].

Sjéblom et al. (2021) [60] found that an optimal
spacing of 5 mm at 10 kV was effective for a specific
emulsion, emphasizing the importance of tailoring
spacing to the properties of the emulsion. Eow
Moijtaba;  Sharif Adel O. (2003) [70] used
computational modeling to demonstrate that smaller
droplets require tighter spacing to achieve sufficient
electric field strength for coalescence. Wang et al.
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(2024) [64] investigated the influence of electrode
geometry and spacing on demulsification efficiency,
concluding that optimal spacing depends on electrode
shape and emulsion conductivity.

Identifying and surpassing the critical electric field
strength Ecrit is essential for effective electro-
coalescence. Ecrit is the threshold electric field
strength required to initiate droplet coalescence[71].
Factors influencing Ecrit include droplet size, with
smaller droplets having higher Ecrit due to their lower
polarizability [72]; viscosity, as higher viscosity
impedes droplet movement [73]; interfacial tension,
which affects droplet deformation[74]; and emulsion
conductivity, which determines how electric fields
interact with droplets [75].

The application of alternating current (AC) fields
induces droplet oscillation, enhancing collisions and
coalescence [76], [77]. The optimal frequency of the
applied field is related to the droplet relaxation time
(T), calculated as:

_ MaR?
== e 2

where g is the viscosity of the dispersed phase, R
is the droplet radius,
tension.[7§]

The optimal frequency is then:

f opt = an

Pulsed electric fields (PEF) apply high-intensity
pulses that disrupt interfacial films, enhancing
coalescence while potentially reducing energy
consumption [79]. Different waveform shapes, such as
square, sinusoidal, and triangular, can affect droplet
dynamics and influence demulsification efficiency [74].

Latham 1. W. [80] determined that Ecrit of 1.5
kV/cm was necessary for heavy crude oil emulsions,
highlighting the influence of viscosity and stabilizing
agents. Shen et al. (2021) [81] showed that PEF
Ecrit  compared to continuous fields,
enhancing  efficiency and  reducing  energy
consumption. Niu et al. (2020) [82] reviewed the
influence  of electric field parameters on
demulsification efficiency, finding that optimal electric
field strength and frequency depend on emulsion
properties.

Optimizing operational parameters enhances
demulsification efficiency. The electric field strength
must exceed Ecrit but remain below breakdown
limits. The frequency of the applied field should match
the droplet relaxation time to maximize droplet
response.

Higher temperatures reduce oil viscosity and
interfacial tension, enhancing droplet mobility and
coalescence [83], [84]. However, energy costs and
equipment limitations must be considered when
increasing temperature [85].

Lu Yongguang (2014) [86]demonstrated that
nanostructured electrodes improved coalescence rates
by 25%.

Combining  electro-coalescence  with  other
methods can address challenges posed by different
emulsion types. The use of chemical demulsifiers in
conjunction with electro-coalescence can reduce

and Yy is the interfacial

reduces

chemical usage while maintaining efficiency [87].
Mechanical agitation enhances droplet collisions,
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complementing the effects of the electric field [88].
Preheating the emulsion reduces viscosity before
electric field application, improving effectiveness [89].
Ahmed and Hassan (2016) [90] combined preheating
with electric fields for optimal results, while Fallah
Manouchehr et al. (2016) found synergy between
mechanical and electro-coalescence methods.

Computational models aid in understanding and
optimizing electro-coalescence. Computational fluid
dynamics (CFD) simulations can model fluid flow and
electric field interactions, providing insights into
system behavior [91]. Molecular dynamics (MD)
simulations study interactions at the molecular level,
offering detailed understanding of emulsion stability
and droplet behavior [92]. Machine learning
algorithms can predict optimal parameters based on
historical data and patterns, enhancing process
control.

Teo Say Hwa et al. (2019) [93] developed models
for electric field-induced coalescence, while Duan
Xianyu et al. (2017) [94] conducted multi-scale
modeling of electro-coalescence processes, integrating
macroscopic and microscopic phenomena.

Ma Mengqgin et al. 2022 [95] provided a
comprehensive  review of enhanced oil-water
separation methods, emphasizing the importance of
sustainability and efficiency.

4. Conclusions and Future Directions

Electro-coalescence  demulsification offers a
promising solution for separating water from crude oil
emulsions, with the potential for significant efficiency
improvements and environmental benefits. Electrode
geometry plays a critical role in enhancing electric field
distribution and droplet coalescence. Understanding
and surpassing the critical electric field strength,
optimizing operational parameters, and integrating
multiple methods can address a wide range of
emulsion challenges.

Future research should focus on developing
advanced electrode materials and coatings, such as
smart materials responsive to emulsion conditions
[96], [97] and durable anti-fouling and hydrophilic
coatings [97]. Innovative electrode geometries,
including fractal or biomimetic designs [31], [98], and
the use of 3D printing to create complex, customized
shapes [99], offer opportunities for
performance.

Process monitoring and control can be improved
through real-time sensors that monitor emulsion
properties and adjust parameters dynamically, and
machine learning algorithms that optimize operations
based on data patterns. Comprehensive environmental
and economic assessments, including life cycle analysis

enhanced

and economic analysis, are essential to evaluate the
sustainability and viability of electro-coalescence
technology.

Regulatory compliance and safety considerations
must also be addressed. Developing standards for
electro-coalescence equipment and operations and
establishing safety protocols to manage risks
associated with high-voltage equipment are crucial for
widespread adoption.
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By pursuing these future directions, the petroleum
industry can enhance demulsification processes,
leading to increased efficiency, cost savings, and
reduced environmental impact.
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6. Appendix

A. Calculation of Electric Field Strength

To calculate the electric field strength (E) between
two electrodes:
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where:

E = Electtic field strength (V/m)

V = Applied voltage (V)

d = Distance between electrodes (m)

Example:

If the applied voltage is 15,000V and the
electrode spacing is 7.5 mm(0.0075 m) :

_ 15099 _ 5 000,000 v/m = 2Mv

= 0.0075 ~ 000000 V/m =2MV/m
B. Droplet Relaxation Time and Optimal

Frequency
Droplet Relaxation Time (7) :
HaR?
T =
14

where:

Ug = Viscosity of the dispersed phase (Pa.s)
R = Droplet radius (m)

204

/‘//)
05
y = Interfacial tension ( N/m )

Optimal Frequency ( fopt) for AC fields:

fopt = E
Example Calculation:
Given:
Ugqg = 0.1 Pas
R=5%x10"°%m
y = 0.025 N/m

Calculate T :
_ 0.1 x (5% 107%)?

= =1x10"10
‘ 0.025 s
Calculate f.
fopt = ~ 1.59 x 108 Hz

2w X 1x 10710

Note: In practice, lower frequencies are used due
to equipment limitations and energy considerations.



