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ABSTRACT

Water is co-produced with crude oils, generally in the form of water-in-crude oil emulsions. The oil and water
phases need to be separated before export. Separation is performed in gravity separators with the addition of
chemical demulsifiers and, sometimes, with the application of an electric field by using an electrocoalescer. The
present article reviews several aspects of electrocoalescence by considering the effect of the electric field from the
molecular to a macroscopic scale: the oil-water interface, single drop effects, two drop interactions, and finally
emulsions at laboratory scales. Experimental results together with Dissipative Particle Dynamics (DPD) simu-
lation results are presented.

The review begins with water-oil interface under an electric field and followed by single drop electro-
hydrodynamics. The electric field is shown to influence the adsorption of crude oil indigenous surface-active
components (asphaltenes) due to the electrohydrodynamic (EHD) flows. The interactions between two drop-
lets in the presence of electric field and the factors governing the drop-drop coalescence are discussed in detail.

DPD simulations help to elucidate thin film breakup during (electro)-coalescence of two water droplets, where
the oil film has drained out to nanometer thickness. The film is comprised of surfactant and demulsifier mole-
cules, and the simulations capture the pores formation in the film when a DC field is applied. The results
demonstrate influence of the molecular structure of the surfactant and demulsifier, and their interactions.

The subsequent section describes experimental techniques to assess the resolution of crude oil emulsions at the
laboratory scale. The focus is on low-field Nuclear Magnetic Resonance (LF-NMR) which allows a determination
of various emulsion features such as the droplet size distribution (DSD) and the brine profile (variation of the
concentration of water with the height of the emulsion sample) and their evolution with time. Application of the
technique in emulsion treatment involving chemical demulsifiers and electric field is presented. The review
concludes with description of commercial industrial electrocoalecers such as the Vessel Internal Electrostatic
Coalescer (VIEC) and the Compact Electrostatic Coalescer (CEC).

1. Introduction

defined by their propensity to precipitate in solutions of higher alkanes,
like pentane and heptane [4,5]. Their solubility is very limited and de-

It is well known that water-in-oil emulsions with stabilized water
droplets constitute a process problem for crude oil exploration offshore
[1,2]. The emulsions need to be resolved in order to separate oil and
water and the maximum allowed water content in the export crude oil
phase is 0.5 wt%. In crude oil, there are indigenous stabilizers that give
natural emulsion stability without addition of chemicals. These com-
ponents are naphthenic acid [3] and asphaltene fractions, the latter
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pends on external parameters like temperature, pressure and molecular
composition of the hydrocarbon phase [4].

There has been an extreme interest in the structure and chemistry of
these hydrophobic but polar components [6], and the background for
this is in the vast technological importance and economical impact.
Another background is the complex structure of asphaltenes. A definite
structure has not been possible to identify despite of intense research
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[6-8], and the main challenge lie in the polydispersity and self-
association properties [9]. A more practical approach has been to map
the asphaltenic properties at oil/water interfaces [10-13] and to char-
acterize the asphaltene fraction according to total functionality with
contributions from all individual species. This has been the traditional
characterization approach. For electrocoalescence, an understanding of
the changes in the properties of an oil-water interface when an electric
field is applied is very central for improving the efficiency of this
important technology under practical operational conditions.

The water/crude oil interface is highly complex due to the polar
molecules in oil which have an affinity for the interface. The most nat-
ural approach to understand the chemistry of the components would be
to isolate them in the bulk according to some chromatographic methods
or directly characterizing them by powerful mass spectrometry tech-
niques such as the Fourier transform ion cyclotron resonance mass
spectrometry, FT- ICR MS. The latter has given birth to the concept of
“petroleomics” [14-16] to reflect the efficiency of the experimental
techniques to map all the crude oils molecules. However, the outcome of
this is that the broad majority of molecules will be bulk molecules and as
such with a limited interest for the film properties [17]. Such a tech-
nique is omitting the propensity of the molecules to form aggregates /
nanoaggregates, where the size and the aggregate properties are crucial
for the incorporation in the interfacial film [10,18]. Normally the
interfacially active amount can be very low, i.e. in the ppm range [17].
For emulsion stabilization it is central how these molecules orient and
pack at the interface when building up the films. The first crucial
question is whether there is enough interfacially active material to cover
the interface of all droplets. It is well-known from film studies based on
Langmuir or Langmuir-Blodgett techniques, sometimes coupled with
Brewster Angle Microscopy, that the first tendency of the surface-active
material such as asphaltenes is to form patches with high local con-
centrations [19-21]. This has recently been confirmed by microrheology
using a new ferromagnetic microbutton techniques [22]. The final film
properties are not established before the film pressure is raised. In an
emulsion it is of course not possible to mechanically adjust the interfa-
cial pressure, but the same effect is achieved for increased concentration
of the surfactant material. Insufficient packing of the crude oil surfac-
tants will leave non-coated parts of the interfaces and increase sub-
stantially the probability of coalescence between droplets [23]. Hence
factors influencing the coverage is the surfactant concentration, the
number of droplets (water cut) and the size of the droplets. In addition to
this the temperature will influence the film properties by altering the
effective HLB value of the hydrophobic surface-active constituents. In
this way their solubility in the oil phase will increase and their interfa-
cial activity will decrease. A natural consequence will be that the
composition of the interfacial film will change with temperature. Vari-
ations of interfacial film properties (interfacial tension and interfacial
rheology) have indeed been observed [24-26].

Another aspect of these films in crude oils systems is that when
nanoparticles of asphaltenes are involved there will always be weak
parts of the film where the aggregates are integrated into the crude oil
film. These sections of the film will have different mechanical properties
than the film as an average. When droplets are approaching each other
the overlap between droplets will be easier at these sections.

1.1. Outline of the review

This comprehensive review presents the latest findings on the
destabilization of crude oil emulsions by electrocoalescence. Both
experimental and modelling techniques are discussed and several scales,
from the individual droplet to industrial phase separation, are consid-
ered. The manuscript is organized according to the scale of the described
phenomena starting with the smallest scale, i.e. the oil-water interface,
and finishing with the presentation of industrial electrocoalescers.

The effect of electric field on the water-oil interface is discussed in
sections 2, which also elaborates the enhancement in adsorption of
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surface-active components by electric field. The electric field-induced
hydrodynamic and kinetic effects at the scale of one droplet are pre-
sented in section 3. The coalescence of a drop pair under an electric field
is then presented in sections 4 (experimental) and 5 (modelling). The
modelling section discusses results obtained by Dissipative Particle
Dynamics (DPD) simulations on the formation of pores in the thin film at
the onset of coalescence. Finally, the resolution of crude oil emulsions
from the bench to the industrial scale is presented in sections 6 and 7.
NMR and other selected techniques allowing to follow-up oil-water
separation at the bench scale are described.

2. Interfaces under electric fields
2.1. Introduction

The kinetic stability of a multiphase system is determined by the
stability of an interface separating two phases locally. For example, in a
kinetically stable emulsion the drop interface is stable, which in turn
resists the drop-drop approach and coalescence. Multiple factors govern
the stability of an interface including surface/interfacial tension, visco-
elastic properties, external force fields, etc. The interfacial stability has
critical implications in the industrial applications. For example, the shelf
life of pharmaceutical, cosmetic and food emulsions/suspensions is
dependent on the interfacial stability. In the electrostatic phase sepa-
ration, drop-drop coalescence is hampered by the phenomena such as
partial coalescence [27,28], chain formation [29] and drop breakup
[30,31]. In the partial coalescence, when a drop and interface or two
distinct size drops coalesce under an electric field, the coalescence might
be accompanied by the generation of tiny droplets, much smaller in size
than the original drops [27,28] (Section 4.2 presents detailed discussion
on the phenomenon). Whereas, the chain formation in an electro-
coalescing emulsion refers to the formation of droplet trains oriented in
the direction of the external field, where each adjacent droplet is sepa-
rated by a stable film. Moreover, when the electric stresses dominate the
surface tension force, a freestanding drop can distort and disintegrate
into several minute progeny droplets [30,31]. All of these phenomena
are partly attributed to the interfacial properties and adversely affect the
electrostatic phase separation [32].

2.2. Adsorption at liquid-liquid interface in the absence of external forces

The mass transfer and the resultant evolution in the interfacial
properties are conventionally modelled using dynamic interfacial ten-
sion (IFT), undermining the convections and Marangoni effects. If either
phase of a multiphase system contains surfactant, the molecules self-
diffuse through the phase to adsorb at the interface separating the
phases. The adsorption mechanism can either be diffusion or mixed
kinetic-diffusion controlled [33]. In a diffusion-controlled adsorption,
after formation of an interface (or after addition of surface active mol-
ecules into either phases), the molecules arriving at the empty interface
adsorb without diffusing back in to the bulk phase. The rate of adsorp-
tion is governed by self-diffusivity of the molecules and the bulk con-
centration. However, as the interface populates with time, the
adsorption can become mixed kinetic-diffusion controlled, where a
barrier hinders the arriving molecules from adsorbing [34]. The
adsorption barrier can be due to the augmented surface pressure, nearly
fully occupied interface or stearic repulsion from the adsorbed mole-
cules [33]. The intermolecular interaction between the adsorbed mole-
cules also contributes to the barrier [35]. The molecules arriving at the
interface may diffuse back into the bulk phase if they fail to overcome
the barrier. Here the interfacial concentration controls adsorption and
desorption dynamics.

The time-dependent interfacial concentration during the diffusion-
controlled adsorption can be modelled using the famous Ward and
Tordai equation [36]. The model assumes that when the interface is
fresh the molecules reaching the interface enter into an imaginary
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subsurface and adsorb without resistance. The original model can only
be solved numerically; however, its analytical solution was proposed by
several workers [37-39] and tested for different surfactants [40-42].
Miller’s [43] asymptotic solution gives the short time approximation of
Ward and Tordai equation as,

Dt
y(t) =7y — 2nRTCy /7 [€))

where vq, v (t), R, T, Co, D and t denote IFT at t = 0, dynamic IFT, gas
constant, absolute temperature, bulk concentration, diffusion coefficient
and time, respectively. The constant n is 1 for non-ionic surfactants and
2 for ionic surfactants. Eq. (1) can be fitted to time dependent IFT decay
to estimate diffusion coefficient at a fresh interface. When the interface
becomes more crowded, the probability of the arriving molecules
diffusing back into the bulk phase increases. The long-time approxi-
mation of the Ward and Tordai equation describes adsorption dynamics
as the concentration in the subsurface approaches the bulk concentra-
tion. The equation is written as,

nRTT?, [
}/(t) =Yg — CO 4 m (2)

Here yeq and I'eq are equilibrium IFT and equilibrium surface con-
centration, respectively.

The decay in dynamic interfacial tension as a result of adsorption of
surface active molecules can be used to estimate the rate of adsorption
and interfacial concentration by fitting a suitable isotherm [33].

2.3. Water-crude oil interface

As mentioned in the introduction section, the crude oil components
such as asphaltenes, resins and naphthenic acids are natural surface-
active agents [4]. They are water-insoluble and adsorb at water-oil
interface, stabilizing the tiny water droplets in crude oil emulsions
[44]. Given very small drop size and stable interfaces the crude oil
emulsions are challenging to separate. When two water droplets
approach each other, the water-oil interface inhibits the film thinning
and breakup. Chemical demulsifiers are used in the crude oil industry to
destabilize the interface and help the minute droplets coalesce easily to
break the emulsified system into water and oil phases. The demulsifier
molecules are made of water loving polar parts (hydrophilic) and oil-
loving nonpolar parts (hydrophobic). They adsorb at a water-oil inter-
face, with the polar and nonpolar parts oriented towards water and oil
respectively, resulting into the reduction in the free energy of the system
[45] and making the interface unstable. The chemical demulsifiers (also
called chemical dehydrants) are usually the high molecular weight
species and if used as emulsifying agents produce oil-in-water emulsions
[46]. Thanks to the high diffusivity in crude oils they readily move to
adsorb or displace asphaltenes at the interface [47]. The functionality of
such chemicals has been a long-lasting debate. A very early suggestion
was that they replace the interface consisting of natural components
with new interfacial demulsifier components which will give a lower
level of stability of the system. However, such an approach can be dis-
qualified based on simple concentration arguments. A demulsifier is
normally added in concentrations amounting to 10-50 ppm. If the water
cut equals to 30-50 wt% the added interfacial material cannot be
enough to cover the existing interfaces with new material. Another
versatile approach is that the added demulsifier, which has a docu-
mented interfacial activity, is building up a mixed interface together
with the indigenous components. Ese et al. [48] proposed that the
demulsifier-induced revised viscoelastic properties of the interface
replace or displace the adsorbed asphaltenes. To test the mechanism, the
rheological properties of demulsifier-modified interfaces were investi-
gated by various groups [49,50]. They found clear indications that an
addition of demulsifier modified the elastic / viscous properties of the
interfaces in the direction of lost elasticity behavior. With the new
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mechanical properties, the emulsions lost their stability due to increased
coalescence efficiency. Kim and Wasan [51] argued that the reduction in
IFT due to the formation of asphaltene-demulsifier complexes de-
stabilizes the interface.

The most commonly used method to develop and test a chemical
demulsier for a specific water-in-crude oil emulsion is the bottle test
[52]. However, the introduction of electric field-based technique helped
to determine the stability of an emulsion quantitatively [52-54]. The
method involves application of a linearly increasing steady uniform
electric field to a thin emulsion film sandwiched between two parallel
metal plates. The electric current flowing through the emulsion is small
and constant initially; but shows a sharp increase as the field exceeds a
certain magnitude called Critical Electric Field (E.;). For a given emul-
sion, stable or unstable, the E.; can be constant. Addition of a ‘good’
demulsifier in an emulsion lowers E.; and the reduction is a function of
the demulsifier concentration [54,55]. However, the concentration-E.,
relationship is not monotonous; there exists a threshold concentration
for each demulsifier above which E; ceases to drop. The Critical Electric
Field method offers a reliable way to compare emulsions for their sta-
bility and demulsifiers for effectiveness.

2.4. Interfacial phenomena under electric field

The effect of applied electric fields on the transport phenomena at
fluid interfaces has been studied since long. However, due to the absence
of appropriate method to monitor dynamic interfacial properties under
an electric field, the majority of the studies were limited to theoretical
analyses. Axisymmetric drop shape analysis (ADSA) is commonly used
to measure the time-dependent characteristics of an interface being
adsorbed with surface-active molecules. Such an adsorption may last
from a few minutes to hours until the interface is equilibrated. The
conventional ADSA algorithms have capabilities to capture and analyze
profiles of the interface for a longtime. However, until recently, such an
analysis under the electric field was not possible.

The increment in mass and heat transfer at or across a drop interface
in an electric field is attributed to the field-induced microflows. Ac-
cording to the leaky dielectric theory, proposed by Sir G. I. Taylor [56],
difference in conductivities of the fluids across the interface induces free
charge when the electric field is applied. Although the net interfacial
charge is zero, given its antisymmetry (the charge on one hemisphere is
positive while the other is negatively charged), the charge-field in-
teractions generate fluid flows and toroidal flow patterns appear on the
both sides of the interface [57] (demonstrated in Fig. 1). The direction of
the circulations- either from poles to equator or equator to poles - is
determined by the electrical properties i.e. conductivities (c) and per-
mittivities (e) of the both liquids [56-59]. In a static electric field when
%’; &£ =1 no circulations are observed. In the systems with % 2>1, the
flows are directed from the poles to equator, and in the reverse direction
when 22 £ < 1. The circulations are called electrohydrodynamic (EHD)
flows and are proved to dampen the heat and mass transfer resistance on
the either side of the drop interface.

In a freely suspended stationary drop in an electric field the elec-
trohydrodynamic flows are symmetric about its equator. The symmetry
can be shifted away from the equator by tuning the field; which results
into stronger mixing inside the drop [59,61,62]. The EHD flow-
associated Peclet number (ratio of advective transport and diffusive
transport rates) is reported to increase the Nusselt number (ratio of
convective and conductive heat transfers) and Sherwood number (ratio
of convective mass transfer rate and diffusion rate). However, there is an
unanimity among the most theoretical studies that in a fluid system a
maximum steady state Nusselt or Sherwood number is reached and the
further increase in Peclet number is ineffective [63-67]. Our recent
experimental observations substantiated the theoretical results, where
we found that increasing the electric field strength (thus the EHD flow
intensity and Peclet number) to a certain limit increases the adsorption
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Bulk Phase

o Surfactant Molecules

Fig. 1. Schematics of the electric field-induced axisymmetric flow circulations
and adsorption at a water-oil interface. Reproduced from Mhatre et al. [60]
with permission from the American Chemical Society.

and interfacial concentration [60].

The theoretical studies followed different approaches; some assumed
the heat/mass transfer resistance on bulk side of the interface (‘the
external problem’), while the other considered it lies inside the drop
(‘the internal problem’). Morrison [63] and Griffiths et al. [64] in their
‘external problem’ studies observed that the heat and mass transfer are
independent of the EHD flow directions. Another important finding in-
cludes the magnified transfer rates increase further if the drop is trans-
lating [65,66]. Jog and group [68-71] addressed the stationary as well
as translating drops in the static and periodic electric fields. In each
individual case the transport rates are governed by the applied field-
attributes such as strength, homogeneity, frequency, etc. Their numer-
ical analysis showed similar effects of electric field on mass and heat
transport as reported by the previous studies. Contrarily Chang et al.
[72] ruled out any effect of the applied field on mass and heat transfer in
their study on the relative contribution of gravity and the electric field-
induced flows.

Several experimental studies reported observations indicative of the
effects of applied electric fields on interfacial phenomena [73-76].
However, majority of the studies lacked systematic measurements and
interpretation of the observations. Schmid et al. [77] and Hurd et al.
[78] used surface energy balance to measure surface tension of aqueous
salt solutions under strong electric fields. They ascribed a significant
reduction in the surface tension under electric field to the rise in inter-
facial charge density. However, the results could not be validated with a
thermodynamic analysis by Hayes [79]. Given unreliability of the sur-
face energy balance method, the reported reduction in the surface ten-
sion in strong DC electric field is far-fetched.

A liquid drop, surrounded by another miscible liquid and exposed to
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an electric field, undergoes stretching in the direction of the field. If the
interfacial tension is time dependent (due to the presence of surface-
active molecules), the stretching magnifies with time. Kotaka and
group [80-83] reported the similar shape deformation of a pendent drop
due to the applied field in several surfactant-rich solutions. Degen et al.
[84] used the deformation behavior of pendent water drops and capsules
to investigate mechanical properties of the interfaces. Similar to the
pendent drops, the electrowetting behavior of sessile drops in the
presence of surfactants has been extensively studied. In a series of re-
ports Counce and group [85,86] demonstrated the influence of the
electric field on the contact angle of a drop on metal surfaces. Majority of
their studies were performed in a highly asymmetric electric field
generated by a pin-plate electrode system, where the voltage was sup-
plied to the metal surface and the pin was grounded. In an attempt to
demonstrate relationship between the applied field and adsorption,
Santiago et al. [86] measured contact angle of a sessile phenylmethyl
polysiloxane droplet on a stainless steel plate. The drop was surrounded
by aqueous SDS solution and the applied voltages and its range was
small, —3 to 3 V. They reported a significant change in the contact angle;
however, failed to explain mechanism of the contact angle reduction and
its non-linear dependence on the applied field.

A pendent drop surrounded by a surfactant-rich medium exhibits a
time-dependent shape deformation in the direction of gravity. When the
system is put into an electric field, directed parallel to gravity, the
deformation amplifies [80,84]; which is obvious as a drop in an electric
field distorts in the direction the field. When the field is horizontal,
interestingly, the drop continues stretching in the vertical direction
[87]. In our investigation of the shape of a pendent water drop held in an
organic phase containing asphaltenes we observed that the drop
microscopically deformed with time. The adsorption of asphaltenes and
resultant decay in the interfacial tension were responsible for the tem-
poral deformation of the drop. When a DC electric field was applied to
the drop in the horizontal direction, the drop showed a momentary
deformation in the field direction; however, the deformation quickly
subsided and the drop started stretching vertically attaining a steady
shape. The temporal as well as equilibrium vertical deformations were
found to be governed by the bulk concentration and the applied field
strength. The counter-intuitive shape change and its magnification with
the applied field suggested the intensified adsorption dynamics at the
water-oil interface.

A systematic experimental attempt to show the influence of electric
forces on mass transfer at liquid interfaces had been limited until
recently. The absence of accurate method to measure the interfacial
properties under an electric field was the primary reason. Axisymmetric
drop shape analysis (ADSA), a drop profile-based technique, is a
commonly used method to monitor dynamic interfacial tension over a
long time. The method involves holding a sessile or pendent drop in a
bulk phase and continuously capturing the drop images. An experi-
mentally obtained drop profile is iteratively fitted to a theoretical drop
profile, generated using the Young-Laplace equation, by updating the

2
gravitational Bond number, By = w. Here R, is the radius of curva-

ture at drop’s apex, Ap is density difference between drop and sur-
rounding fluids and g is gravity constant. The interfacial tension (y) is
calculated from By at the optimum fit between the two profiles. The
method is fairly accurate in the absence of external force fields. How-
ever, when a clean drop is exposed to an electric field, the conventional
ADSA algorithms result into y linearly decreasing with the field strength
[88]. Similar reduction in water-xylene interfacial tension under DC
uniform electric fields, estimated using the ADSA method, is presented
in Fig. 2. Such a reduction in interfacial tension in the absence of
surface-active molecules is unwarranted.

When the conventional Young-Laplace equation is used to estimate
interfacial tension under an electric field the Maxwell stresses at the
drop interface are disregarded, which leads to the inaccurate y values. In
order to apply ADSA to a drop under an electric field and to
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Fig. 2. Interfacial tension of water-xylene interface under electric field,
calculated using conventional and augmented ADSA algorithms. Reproduced
from Mhatre et al. [88] with permission.

systematically investigate the field-effect on mass transfer at the drop
interface, we revised the Young-Laplace equation to include Maxwell
stresses [88]. The electric field at the interface was calculated with finite
difference method. The ADSA algorithm could process a large number of
experimental drop images to return corresponding interfacial tension.
The method was validated with a pendent water drop in xylene under a
DC electric field. The water-xylene interfacial tension calculated by
using the updated ADSA algorithm was found constant irrespective of
magnitude of the applied electric field (demonstrated in Fig. 2).

The electric field-based ADSA algorithm made possible a careful
investigation and analysis of adsorption dynamics under electric field.
Our work on a pendent water drop held in an asphaltene rich organic
phase subjected to a uniform DC electric field [60] validated the pre-
vious theoretical results. The two subfractions of asphaltenes used in the
study- irreversibly adsorbed (IA) and bulk asphaltenes- exhibited elec-
tric field dependent adsorption behavior. The dynamic and equilibrium
interfacial tension were observed to significantly decrease with
increasing the field strength (Fig. 3). The diffusion-controlled adsorption
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mechanism quickly turns to the mixed diffusion-kinetic after application
of the electric field, suggesting an early crowding of the interface. The
adsorption was observed to be irreversible as the equilibrium IFT (yeq)
attained under the electric field remained unchanged after the field was
switched off. Furthermore, the diffusion coefficient and equilibrium
surface concentrations were turned out to be higher under the stronger
fields. The bulk asphaltenes had weaker affinity to water-oil interface;
however, the degree of yeq reduction and increase in diffusion coefficient
were found to be higher in comparison with IA asphaltenes.

The scaling of the yeq data for the both asphaltene subfractions
suggested that the abovementioned effects were independent of the bulk
concentrations and can only be attributed to the electrohydrodynamic
flows [60]. However, the mass transfer enhancement reached a steady
state when the electric field exceeded a limit; which was in agreement
with the previous theoretical findings that the Nusselt and Sherwood
numbers stop increasing if the Peclet number is increased beyond a
threshold. We found that the threshold was surfactant-specific, it was
distinct for IA and bulk asphaltenes.

The majority of above-mentioned studies in the literature, with and
without electric fields, involved single surface-active species. The phe-
nomena of interplay between different surface-active crude oil compo-
nents and their adsorption at water-oil interface, when exposed to an
electric field, still remain unexplained. Therefore, to further boost the
phase separation capabilities of the electrocoalescence method, under-
standing the phenomena, its influence on the properties of the interfaces
and consequently its role in film thinning and film rupture stages of
drop-drop coalescence are crucial.

3. Drop electrohydrodynamics
3.1. Drop shape and stability

A liquid drop’s response to an externally applied electric field has
been studied for a century now. The first detailed scientific investigation
is credited to Zeleny [89] who observed the electric field-induced
disintegration of a water drop suspended from a capillary. In 1924
Melvin Mooney [90] did the systematic experiments on the mobility of
oil drops in aqueous media under low strength DC electric fields. Simi-
larly, Nolan’s [91] experiments showed drop instability and breakup as
a result of the applied electric fields. The initial studies on the drop
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Fig. 3. Dynamic IFT of pendent water drop in xylene interface under various DC electric field strengths when the bulk phase contained 0.05 mM of irreversibly
adsorbed asphaltenes. Reproduced from Mhatre et al. [60] with permission from the American Chemical Society.
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electrohydrodynamics, interplay between electrostatics and hydrody-
namics, were primarily aimed to understand natural phenomena of rain-
drop breakup in the thunderstorms [92]. However, the recent de-
velopments in the drop electrohydrodynamics are inspired from a range
of modern scientific applications including ion mass spectroscopy, ink-
jet printing, droplet-based microfluidics, etc.

When a neutrally buoyant liquid drop surrounded by another
immiscible liquid and exposed to an electric field (E), the difference in
electrical properties of the two fluids induces electric stresses at the drop
interface. The initially spherical drop assumes a new shape which is
defined by the equilibrium between capillary, hydrodynamic and elec-
tric stresses. When the electric stresses overpower the stabilizing surface
tension force, the instability sets in and the drop disintegrates. Zeleny
[89] attributed the drop breakup to hydrodynamic instabilities which
was later refuted by Taylor [93]. When the medium phase is a perfect
dielectric the normal electric stresses at the drop interface are balanced
by the updated capillary pressure due to the shape deformation [94].
Whereas, when the medium is more conducting, the tangential electric
stresses at the drop interface generate flows on either sides of the
interface [56].

In a fluid system consisting of a drop phase more conducting than the
medium, e.g. water drop in oil, the drop assumes prolate spheroidal
shape when put into a uniform steady electric field. Its polar length
increases with strength of the electric field and reaches limiting length
1.9 times the equatorial length before it starts disintegrating [93]. The
electric stress at the poles amplifies as the length increases. Whereas,
when the surrounding phase is more conducting, the drop compresses
along the field direction and acquires an oblate shape. In the either cases
the drop shape does not lose symmetry.

The electric conductivity (R = Z—:‘) and permittivity (Q = j—i) ratios
determine shape of a freely suspending uncharged drop in an electric
field. Here ¢ and ¢ denote electrical conductivity and permittivity,
respectively; while subscripts d and m indicate drop and medium pha-
ses, respectively. The induced electrohydrodynamic (EHD) flows and
resultant drop deformation, determined by the electric property ratios,
are demonstrated in Fig. 4. When RQ = 1, the surface charged density
(o5) at the drop surface is zero, the electric field does not induce flows on
either sides of the interface and the drop retains its spherical shape [58].
In the fluid systems with RQ < 1, the drop hemisphere oriented towards
the positive electrode acquires negative charge, the EHD flows are
directed from the equator to the poles and the drop attains a prolate
shape. The polarity and the flow direction are reversed if RQ > 1 and the
resultant drop shape is oblate. The criteria for EHD flow patterns and
drop deformation apply to steady as well as alternating electric fields.
When the field is oscillating the frequency is an additional parameter
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that controls the flow fields [58,59]. However, the EHD flows, polari-
zation and deformation of the drop are independent of the polarity of
voltage supply as the other electrode always acts as a counter electrode
with opposite polarity induced surface charge.

A strong electric field breaks a drop in two distinct ways, namely
electric and electrohydrodynamic breakups [58]. The electric breakup is
attributed to the electric stresses and the electrohydrodynamic breakup
to both the electric and hydrodynamic stresses. Dubash and Mestel
[95,96] reported that at an electric field below critical strength (E¢) the
drop exhibits spheroidal deformations. The critical field strength cor-
responds to the field at which drop loses stability. The resultant equi-
librium shape is independent of viscosities of the either phases.
However, the time of drop deformation and breakup is determined by
the viscosity ratio (M = /‘:—:) and the field strength (E) [80,96], where

ug and pp, are viscosities of drop and bulk phase, respectively. When E
exceed E¢ the drop breaks through different modes [95] depending on M
and E. The breakup modes include (a) lobe formation and breakup at the
stretched drop’s polar ends (shown in Fig. 5.a), (b) polar ends acquire
conical shape which ejects thin jet (Fig. 5.b), and (c) jet ejection from
obtuse polar ends. When R and M are very small the drop stretches to a
rod shape and breaks with bulbous ends. Ha and Yang [97] reported this
mode of breakup atR < 0(10~%) and M O(10—3). Increase in R and M (O

(b)

Fig. 5. a) Water droplet breakup by bulbous ends when surrounded by a pure
oil and subjected to a strong uniform DC electric field. (b) Tip streaming
breakup of an octadecyltrichlorosilane (OTS)-covered water drop (after Kar-
yappa and Thaokar [98]). Reproduced with permission from the American
Chemical Society.

O, <0

O, >0

=3
D

=0

@ EHD flow direction: drop phase medium phase

Fig. 4. Schematic presentation of induced charge distribution, drop deformation and direction of EHD flows in drop and medium phases under uniform electric field.
The surface charge density o, = 0 and tangential component of electric stress, ® = 0 when RQ = 1. EHD flows are directed from the equator to the poles and drop
assumes prolate shape when RQ < 1; while flows are in the reverse direction and the drop deforms to oblate shape if RQ > 1. (redrawn from Torza et al. [58]).
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(1)) turns the breakup mode to the jets ejecting pointed ends, where the
equatorial part holds most of the liquid volume. This mode is more likely
when the both phases are non-Newtonian.

The drop breakup can be catastrophic and introduce a large number
of daughter droplets into the surrounding phase. In their systematic
experimental study Karyappa et al. [31]. reported that the drop breakup
is a strong function of viscosity ratio as well as electric capillary number.
3 2
%
capillary stresses acting at the drop interface.

Ha and Yang [97] carried out extensive experimental studies on ef-
fect of the rheological properties of the phases on drop stability and
breakup. They observed that the non-Newtonian properties of either
phases do not influence the drop deformation; however, their effects on
critical conditions of breakup and breakup modes are noticeable. At
M > 1, a drop is more stable if drop phase elasticity is larger (than
medium phase elasticity) whereas it easily loses stability when the me-
dium phase is more elastic. Opposite effects can be observed at M < < 1.

The shape of the spheroidal drop is conventionally expressed as de-
gree of deformation, D =42, where L and B are its polar and equatorial
diameters, respectively. Taylor’s small deformation theory gives rela-
tionship between the equilibrium degree of deformation and the
strength of applied electric field when the deformation is limited [56].

The electric capillary number, Cag = is the ratio of electric and

D= %c@ (1+R*—2SR*) + 3R(1 — SR)
16(2R + 1)

2+3M
5+5M

3

When the drop phase is perfectly conducting, Eq. (3) reducesto D =
Cag. The expression for the degree of deformation is valid when the
both drop and medium phases are Newtonian.

Drop’s mobility in an external field is determined by the field
configuration. As discussed above, in a uniform electric field a drop can
translate if it bears net charge (electrophoresis) or remains standstill if it
is uncharged. An uncharged drop polarizes when put in to a uniform
electric field; where the induced charges are distributed antisymmetri-
cally. Therefore, as the net force on the drop is zero, it remains sta-
tionary. Whereas, an asymmetric non-uniform field sets a drop in motion
regardless of charge. Different other kinds of field configurations have
also been used to investigate drop behavior. A drop placed in a sym-
metric non-uniform field generated by quadrupolar electrode setup does
not move which makes easier to study its shape and stability [99,100].

The breakup of a liquid drop, at Cag above a critical limit, leads to the
generation of progeny droplets much smaller in size than the original
drop. The phenomenon can be employed as an emulsification method to
generate nearly monodispersed emulsions, where the strength and the
time of field application determine characteristics of the resultant
emulsion [101,102]. Different modes of the drop disintegration can be
observed depending on electrical conductivity (R), permittivity (Q) and
viscosity (M) ratios [31,97]. However, in an electrocoalescing emulsion
the drop breakup adversely affects the rate of coalescence. The breakup
at a very large electric capillary number introduces minute droplets in
the emulsion bringing down the average droplet size instead of
increasing. Therefore, identifying the critical capillary number for an
emulsion and operating phase separators below the critical field
strengths is crucial in industrial operations.

3.2. Electrophoresis and dielectrophoresis

In the electrostatic demulsification, in addition to the dipolar forces,
electrophretic and dielectrophoretic forces significantly influence drop
mobility and coalescence probability. The droplets can be inherently
charged due to the ionic adsorption at the interface. However, in the
non-ionic systems droplets can acquire net charge through contact
charging at electrode surface. The amount of charge acquired by a drop
of radius a is expressed as, Q. x a“E". The exponents u and v are given by
the field configuration; they are reported to be different in uniform
[103,104] and nonuniform electric fields [105]. The electrophoretic
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force (F, = Q¢E) propels the droplet towards the electrode of opposite
polarity. During the translation, it comes into contact with uncharged
droplets and merges.

An uncharged drop (or solid/bio particle) placed in a non-uniform
electric field experiences net force which sets the drop in motion. The
phenomenon is called dielectrophoresis and it exists in a majority of
scientific and industrial applications as the local field around a drop
loses uniformity due to a variety of reasons. The dielectrophoretic force
is defined as [106],

Fpep = 200 €,f oy VE* @

The Claussius-Mossotti factor, fo, = %, determines which direc-
m

tion the drop would be driven. When f¢), is positive, the drop is attracted
to the stronger electric field region, which is called Positive Dielec-
trophoresis and reverse if fgy is negative (called Negative
Dielectrophoresis).

The diectrophoresis in an emulsion leads to a range of phenomena
which may help or hamper the coalescence process. The Fpgp-induced
motion and segregation increase probability of the drop-drop contact
and positively affect the coalescence rate [107]. If a migrated drop
comes into contact with an electrode, it acquires net charge and moves
away from the electrode. The drop undergoes periodic motion as result
of equilibrium between dielectrophoretic, electrophoretic and drag
forces [104,105,108]. The periodic motion contributes to the convection
near electrode surface which assists in the drop contact. However, in the
systems involving poorly conducting fluids, positive dielectrophoresis
leads to the breakup of droplets arrived at the electrode surface [101].
The size of the resultant droplets can be significantly small, reducing
average drop size of the emulsion and consequently reversing the rate of
electrocoalescence.

A dielectrophoretically translating drop experiences chaotic flows on
either sides of the interface [109]. The EHD flows in drop phase generate
flow patterns at the interface, enhancing mass transfer dynamics. The
non-axisymmetry of the background electric field breaks the symmetry
of flow patterns otherwise seen under uniform fields. Similarly, the drop
shape loses symmetry as the electric field gradient increases and it ap-
proaches an electrode. In highly asymmetric fields, the conducting
droplets are observed to acquire a pearl shape when close to the strong
field electrode. The pointed end is oriented in the electrode direction;
which grows into a thin unstable jet if the field is increased above a
critical limit.

3.3. Pickering/particle-stabilized drops

There are quite a few studies on electric field induced patterning of
colloidal particles at a drop interface. Electric fields can be effectively
used to segregate and maneuver the colloidal particles at liquid in-
terfaces [110]. The naturally occurring particles in crude oil such as
silica, clay, etc. contribute to the stability of crude oil emulsion
[111-113]. The water-oil interface stabilized with the particles and
asphaltenes together is more stable than it is stabilized by asphaltenes
alone [114]. Nudurupati et al. [115] proposed employing the drop-
breakup modes (mentioned in the previous subsection) to strip off
colloidal particles adsorbed at a drop interface. In the multiphase sys-
tems with RQ < 1, EHD flows from drop’s equator to the poles carry and
accumulate the particles at the poles. Application of strong electric fields
results into formation of conical tips that eject particle-concentrated tiny
droplets in to the bulk phase. When RQ > 1 the interfacial particles
segregate along the equator. Stretching the droplet and breaking it in to
a number smaller droplets produce the particle-rich progeny droplets in
the centre. Although smaller in size, the newly generated droplets
sediment faster due to larger densities. Similarly, a non-uniform electric
field can be used for interfacial sorting and segregation of particles
having distinct electrical properties. In this case the particles having
positive and negative fcy accumulate at opposite poles of a droplet
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[116]. The particles can be selectively separated from the drop phase by
further increasing the field.

4. Drop-drop electrocoalescence
4.1. Coalescence mechanism

In an emulsion the coalescence of individual droplets and growth in
average drop size are preliminary steps towards phase separation. The
increased droplet size speeds up gravity settling and development of a
liquid layer at bottom. The coalescence of a pair of droplets occurs in
three steps; namely (i) drop-drop approach, (ii) film drainage and (iii)
thin film breakup [117]. Two adjacent droplets approach each other
under the influence of external force(s) or gravity and as they are very
close a film of the medium fluid separating them squeezes out. At the
end of the thinning, a film between the droplets ruptures allowing them
to mix. When the emulsion is placed into an electric field, each of the
stages are individually influenced by the field.

The attraction between adjacent droplets is largely attributed to the
dipolar drop-drop interaction induced by the applied electric field. Each
drop is polarized with antisymmetric charges at its surface and the
attraction between nearest opposite polarity poles pulls the droplets
closer. The droplets assume a spheroidal shape as demonstrated in
Fig. 6, which is also discussed in Section 3 Drop Electrohydrodynamics.
The radial and tangential components of the force of attraction between
a pair of droplets are expressed as [30,118]:

3

F, = —127¢,b°E2 (%) (3Mcos0 — 1) )
a3

Fo = —127¢,b°E} (E) Nsin20 (6)

a and b represent the undeformed drop radii, sy and d the initial
surface-surface and centre-centre separations, and © the angle between
applied electric field and the line joining drop centres. When the drop-
lets are far such that the minimum surface-surface distance s is larger
than the smaller drop radius i.e. s > > b, each droplet acts as a dipole
where M = N = 1. Whereas, when the drops come closer and s < b, an
accurate estimate of the attractive force due to the mutual induction of
dipoles between two droplets is given by Egs. (5) and (6) with M =
14 B& 1 B35 1 3a3b3(3d2—a2—4b2) &3 . ,

(@-12)"  (@2-a?) (a2-a2-b%) 2(d2-b2) 2(d2-a?)
%. The equations suggest that a pair of free drops do not interact
unless 54.71 > 6 > 125.19; which is in agreement with experiments
irrespective of physical and electrical properties of the fluids [30].

Other electrohydrodynamic phenomena, including electrophoresis
and dielectrophoresis, also increase the probability of drop-drop con-

d® b3

and N =1 +
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tact. If a drop bears net charge, the applied electric field drives it towards
the opposite polarity electrode. The contact with oppositely charged or
uncharged droplets on the way leads to coalescence. However, given
finite conductivity of the medium phase the drop loses the charge
quickly and does not migrate far. Therefore, the effect of electrophoresis
is limited to the region next to an electrode surface where droplets
continuously acquire charge through contact charging. Whereas, the
dielectrophoretic motion of droplets exist only if the applied field is
divergent where the droplets need not be charged. The non-uniformity
of the local field could be due to the geometry of electrodes or pres-
ence of droplets in the vicinity [107]. The droplets segregate either in
strong or weak field- strength region depending on Claussius-Mossotti
factor, [ [105,108]. The induced motion and drop segregation
reduce the inter-drop distance and increase probability of coalescence.

For a pair of charged or uncharged drops, the coalescence or retreat
without coalescence is determined by the curvature of bridge the drops
form upon their contact [119]. If the half angle of the neck, formed at the
contact of conical tips at leading faces of the drops, exceeds 31° the
drops recoil before the coalescence completes. Bird et al. [119] sug-
gested that the curvature is governed by electric capillary number Cag
which was confirmed by the numerical calculations by Roy and Thaokar
[120]. However, recent experimental studies reported its dependence on
electrical conductivity of the drop phase [121-124].

Two charged drops of conducting fluids do not coalesce when sub-
jected to strong DC electric fields, instead the large charge density leads
to bursts at inner poles of the drops [125]. Hasib and Thaokar’s!?* ex-
periments, involving electrified anchored drops, demonstrated the in-
fluence of drop phase conductivity on coalescence modes: non-
coalescence, coalescence and partial coalescence. The conductivity
was observed to be responsible for the coalescence behavior; however, it
was markedly different when the medium phases were air and oil. The
authors attributed the difference to the absence of viscous stresses in
drop-in-air case; however, more systematic studies on the combined role
of viscosity and conductivity ratios in coalescence and suppression of
partial coalescence of freely suspended uncharged drop pairs are crucial.

4.2. Partial coalescence

A drop falling through a medium phase, against an interface with the
bulk containing same fluid as the drop, straddles before film thinning
and rupture. The time for drop’s merging with the lower bulk phase
depends on drop size, velocity, interfacial tension as well as densities
and viscosities of the two phases. The coalescence may be followed by
ejection of smaller secondary droplets into the medium phase which
eventually fall back and merge to the lower phase [126-128]. Following
four dimensionless numbers govern the partial coalescence phenomena
in the absence of external force fields [129-132]; the Ohnesorge number

Fig. 6. Schematic of drop-drop attraction in an electric field. Initially spherical drops (blue) deform into spheroidal shapes (dashed red) and move closer after electric

field (Eo) is switched on.
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viscous forces aid the complete coalescence. The drop-interface inter-
action resembles the coalescence of distinct size drop pairs as well as
sinking of the settling drops into a free water layer at the bottom of a
coalescing emulsion.

In the electrostatic phase separation, the partial coalescence is
considered an adverse phenomenon as it may introduce tiny daughter
droplets in the emulsion and hamper the rate of phase separation. The
presence of the electric fields and/or interfacial charge may contribute
to the effect. Kavepour and group [133] first demonstrated the partial
coalescence under an electric field and a flurry of articles reporting high
speed photography of the phenomenon followed. The presence of an
electric field raises the probability of secondary drop formation and its
size [28,133]. The drainage time before the drop merges into liquid
interface reduces upon increasing the applied field strength [134].
Hamlin et al. [135] demonstrated that the higher conductivity of drop
phase suppresses the partial coalescence when the coalescing interfaces
are oppositely charged. Akin to the uncharged drop coalescence, capil-
lary pressure determines size of the secondary droplets as well as its net
charge.

When the electric field strength exceeds a threshold, the drop-
interface coalescence may be followed by ejection of a jet and spray-
ing of minute droplets in the medium phase [136]. A liquid column
emerging after a complete coalescence or a simple partial coalescence -
involving generation of a secondary drop, its cascade motion and
eventual disappearance - undergoes the electric field induced axisym-
metric and whipping instabilities [137] (as demonstrated in Fig. 7). For
a column with radius §, the threshold is determined by the electrical
pressure per unit length of the jet E3(eq — &) and the surface tension
pressure per unit length % When the former exceeds latter, Rayleigh
instability of the jet is suppressed and the column ejects a stream of tiny
droplets. The stability of the jets is determined by the field strength and
independent of conductivity and viscosity.

Another phenomenon, involving retreat of about-to-coalesce drops
followed by the bridge breakup, introduces smaller droplets into an
electrocoalescing emulsion. It occurs predominantly during the coales-
cence of highly dissimilar sized drops under strong electric fields [138].
When the uncharged drops approach towards each other, the strong
field between facing poles and electrostatic pressure at the interface
quickly squeeze and break the thin film separating the poles. The bridge
formed between the drops allows redistribution of the polar charge and
thus the electrostatic pressure. If the drop phase is conducting and the
applied field is strong, the large charge density at the smaller drop’s
outer pole pulls the drop away, ceasing the coalescence. The bridge may
stretch and break into a string of tiny droplets followed by spraying from
conical tip on the drop’s inner pole [30]. Hellesg et al. [139] observed

3900 V/iem

4100 V/iem 4300 V/iem

Fig. 7. Electrospraying and electrospinning during partial coalescence of a
glycerol drop with silicon oil-glycerol interface. The applied field is perpen-
dicular to the interface with high voltage electrode in contact with silicon oil
and ground electrode submerged in glycerol. An instability after the drop
ingested into the interface brings about a jet of glycerol emerging from its bulk
at bottom (after Aryafar and Kavehpour [136]). Reproduced with permission.
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similar breakup during coalescence of two charged drops surrounded by
crude oil at high temperature.

4.3. Coalescence of stable drops

The presence of surfactants at the coalescing interfaces induces
additional resistive force due to disjoining pressure from the tail-tail
interaction [140]. The disjoining pressure goes on increasing upon
increasing the surfactant concentration, leading to the altered coales-
cence conditions under electric field.

The systematic fundamental studied on binary drop coalescence in
crude oil systems are challenging due to difficulties in visualization.
Although a near-infrared (NIR) camera can be used to capture the coa-
lescence in asphaltenic phases [139], its use in the electrocoalescence
literature is scarce. The majority of drop-drop electrocoalescence studies
in the literature are done using vegetable or mineral oils as medium
phase. Given the distinctly different physical properties of water-crude
oil interface, the reported studies do not accurately represent the coa-
lescence in crude oil emulsions. The variety of natural components of
crude oil are adsorbed to the interface and impart peculiar mechanical
properties to it. The polar components such as asphaltenes and resins as
well as non-polar components such as clays contribute to the interfacial
properties, which are impossible to mimic in the vegetable or mineral oil
systems.

In our recent work we could demonstrate that the electrocoalescence
behavior of stabilized interfaces indeed differs from that of the clean
interfaces [141]. We used asphaltenes as well as commercial chemical
demulsifiers to cover the interfaces of pendent brine drops. Being the
most polar component of crude oil, asphaltenes are primarily respon-
sible for stability of the water-oil interface. A method was developed to
stabilize and enable capturing the interaction between the drop pair,
where the interface is allowed to age in an asphaltene solution and the
dark solution is replaced with a clear solvent until the drops are visible
to a camera.

A pair of the anchor drops may remain standstill, attract or coalesce
depending on applied DC potential difference and separation as
demonstrated in Fig. 8. If the potential difference between the two drops
(AVp) is low the Coloumbic attraction is weak to induce any visible
interaction. However, if AV is increased above a threshold AV, the
drops lean inward reducing inter-drop separation [141]. The reduction
is instantaneous and constant, scale of which is directly proportional to
AVy. Above a critical strength AVy > AV, the drops exhibit sponta-
neous coalescence.

We elaborately studied the effects of differently stabilized interfaces
on AVy,, AV and degree of the attraction at potentials in between.
Counterintuitively the presence of the surface-active compounds at the
drops’ interfaces were observed to lower AVy, and AV In the case of
asphaltene-stabilized drops, the thresholds were lower in comparison
with the clean drop pair and the further reduction was observed upon
aging the drops into more concentrated solutions. The drops populated
with commercial chemical demulsifiers showed similar effects. Clearly
the interfacial properties dictate various aspects of the coalescence dy-
namics regardless of the external force fields. In the absence of an
electric field two stable drops do not coalescence unless pressed hard
against each other. However, the same pair of drops may merge at lower
electric field than the drops without surface active molecules at their
interface.

5. DPD modelling of coalescence in electric fields

5.1. The coalescence mechanism without electric fields and DPD
simulations

5.1.1. The coalescence mechanism
The macroscopic concepts of coalescence have already been pre-
sented in Section 4.1. In this section, we focus on the microscopic
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Fig. 8. Interaction between a closely spaced pair of electrified anchored drops. The minimum separation between drops’ interfaces s reduces from the initial
separation s after potential difference AV is applied (after Mhatre et al. [141]). Reproduced with permission from the American Chemical Society.

processes on the molecular scale, and cover some aspects occurring in
the thin oil film separating water droplets during the coalescence. A
molecular simulation approach has been used to gain more insights into
the kinetic aspects. In addition, an electroporation approach, originally
developed for cell membranes, has been used to analyze the interfacial
energies that have to be overcome in coalescence process.

The essential component in a coalescence event between two emul-
sion droplets is the process of reconnecting fluid domains in the presence
of thin layers of interfacially active molecules. In the case of surfactant
stabilized water-in-oil emulsions, one would have two water domains
separated by a thin semi-lamellar oil layer with surfactant layers at both
oil-water interfaces. In the limit of vanishing oil film, just prior to the
coalescence event, only a surfactant bilayer between the water droplets
remains. The hydrocarbon tails, or more generally the hydrophobic part
of the interfacially active molecule, interacts favorably in the interior of
the bilayer, representing a cohesive energy that has to be overcome for
the bilayer to open up. Coalescence can only occur if the initial pore
opening is unstable and expands to large radius compared to the
thickness of the bilayer [142,143]. The energy barrier or line tension
associated to the opening of a pore can provide significant emulsion
stability.

More complex surfactant systems would not necessarily form highly
structured bilayers that would occur for simple amphiphiles, but rather a
layer with more disorganized structure. We would expect that the most
polar components would reside in the brine, forming a type of complex
bilayer structure with a hydrophobic interior. The concept of line ten-
sion remains valid in general and it is probably the most essential
parameter that determines the coalescence efficiency.

External forcing is needed to thin the interstitial oil film before
coalescence can occur. The external force can be gravity or electric
forces, or the inertia of colliding droplets. The draining process imposes
hydrodynamic stress on the surfactant films, and this could promote film
breaking provided that the stress is large enough to overcome the line
tension. If the hydrodynamic stresses are not sufficient, then thermally
induced stochastic fluctuations of the molecules may indeed serve to
open up pores in the bilayer. A stable, dense packed emulsion in a bottle
test is a good example of a case where hydrodynamic stresses had no
effect on the coalescence of the remaining droplets. The thermally
generated pores in the bilayer are either stable and close up, or they are
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unstable and will expand, leading to coalescence. This “tipping point” is
given by a maximum energy in the bilayer, as we shall see in the next
section. Local molecular configurations or “defects” in the bilayer may
be an additional effect that can aid the purely stochastic and thermally
generated pore formation process [144].

Demulsifiers can be added to promote emulsion breaking, and if they
interact inside the bilayer, they may lead to morphology changes and
result in structural heterogeneities in the mixture between surfactant
and demulsifier. The line tension may now vary along the bilayer, with
weaker regions being more prone to pore formation. DPD and molecular
simulation are ideal tools for studying these processes in detail, and the
addition of electric fields and ions opens up for in-depth studies of
electrocoalescence.

5.1.2. The DPD method in a nutshell

DPD stands for Dissipative Particle Dynamics, a computational
approach that belongs to the group of molecular simulation methods.
The model molecules in DPD represent coarse grained approximations
where groups of atoms are represented by “beads” with a certain mass,
extension, and interaction force to other beads [145]. The main reason
for choosing a coarse-grained approach is to speed up the computations
and increase domain sizes beyond what is feasible with pure, fully
resolved molecular simulations. This approximation comes at the cost of
having to evaluate the interaction forces between the beads. These
forces can be obtained in a rigorous bottom-up fashion by averaging
over the resolved potentials arising from the detailed molecular struc-
ture [146] or one can choose a top-down approach by simply tuning the
magnitude of the potentials to match the overall behavior of the specific
system at hand. Water molecules are usually represented by single
beads, complex fractions in oil by larger DPD molecules, and solvent oil
may be represented by single beads again.

The coarse grained force between two beads of different type is
repulsive due to a domination of the short range repulsive part of the
single-atom interaction potentials. This force is energy conservative, and
it is modelled by a linearly decreasing function with increasing bead
distance up to a cutoff radius beyond which the force is set to zero. The
linear part of the force can be expressed by a quadratic potential o (r; ;)
in the bead distance r; j:
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U(ri;) = aijo (ri;) &)
where the matrix g; ; contains the adjustable set of interaction parame-
ters between bead type i and j, and the normalized potential w is usually
taken to be the same for all conservative interactions.

To keep the beads in a molecule bound to each other, one uses a
simple spring force between any two adjacent beads. This allows for long
polymer chains and hydrocarbon side chains in larger molecules. Large
assemblies of beads with fixed relative position to each other may
represent large molecular entities such as carbon rings in asphaltenes,
and multi-ring graphene type structures [147]. Such objects require
more complex DPD algorithms to treat solid-body rotation. This is
usually handled mathematically with quaternions (a complex number
with one real part and three imaginary parts), an approach that is also
used in computer games.

The molecules are set in motion by a stochastic driving force whose
magnitude depends on the chosen kinetic temperature Tk, of the system
in thermodynamic equilibrium. The corresponding energy input is
balanced by a dissipative, frictional force opposing the motion of the
beads. The balance between the driving and the dissipation brings the
system to a thermodynamic equilibrium with time-invariant kinetic
energy (or Tiin), and with equipartition of energy among the degrees of
freedom (rotational and translational degrees). One can introduce
external forces such as gravity and electric fields, and forces that
describe interactions with solid surfaces so that adsorption processes can
be incorporated. Solid surfaces can also be modelled by an assembly of
beads.

It is relatively straightforward to incorporate different fluids in DPD
by associating to them specific bead types. Immiscibility is provided by
having stronger repulsion forces between unlike bead species than be-
tween like species. This provides spontaneous phase separation into oil
and water domains, with the possibility of forming emulsion droplets.
Stable emulsion systems with surfactants can then be studied, and the
surfactant can be any molecular structure with hydrophilic and lipo-
philic ends. The simplest surfactant would consist of only two beads
bound together by the spring force, where one bead is oil-loving and the
other water-loving.

A proper set of surfactant-fluid interaction parameters results in a
minimization of the total interaction energy (or mixing energy) when
the surfactant resides on the interface between the fluids. The solubility
of any surfactant can be controlled by the interaction parameters be-
tween the given fluid and the various surfactant beads. Any DPD
molecule, including surfactant, is subject to thermal diffusion or Brow-
nian motion in the solvent. A reduction of interfacial tension over time
will then result by a net diffusion flux of surfactant to the interface, when
one starts from a homogeneously mixed initial condition, out of equi-
librium. The equilibrium state is further satisfying Langmuir type iso-
therms with a certain excess interfacial concentration larger than the
bulk concentration.

The drawback with molecular simulations, also of the DPD type, is
that only very small scales, up to the order of 0.1 pm along the edges of a
simulation cube can be studied with a reasonable number of molecules
(up to a million or so can be treated with normal workstations and
parallel processing). These numbers depend on the level of coarse-
graining in DPD. It is then only realistic to study micrometer-sized
emulsions with only a few droplets in the cube. An alternative
approach that is fruitful for pure coalescence studies is to “zoom up” on
the interfaces such that one can treat them as flat with no significant
curvature in the simulation domain. One can then study the molecular
dynamics in great detail during the reconnection process between the
two interfaces [148].

5.2. Electroporation theory as a “gedankenmodell” for electrocoalescence

DPD is a direct simulation method to study the fundamentals of
coalescence, also with electric fields. Electroporation theory is a
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separate framework that can be used to generate coalescence rate
models for an emulsion. DPD and experiments can then be used to
develop constrained electroporation models for specific emulsion sys-
tems with surfactant and demulsifier.

Electroporation in phospholipid bilayers has been studied exten-
sively in cell biological contexts, with poration of cell and vesicle
membranes [142,143]. It is intriguing that electroporation theory would
also describe the simplest emulsion system with brine droplets in oil,
covered with amphiphilic, oil soluble surfactant. When the oil film is
completely drained, the two surfactant layers form a bilayer membrane,
and electroporation theory is therefore a natural starting point for the
development of a phenomenological model for electrocoalescence in
oil/water emulsions. This is an exciting case of interdisciplinary cross-
roads that needs more attention.

With some degree of charge separation in the brine, the droplets
become polarized and there will be a net charge difference over the
bilayer between two droplets. If the bilayer is impermeable for ion
transport (non-conducting), the two layers of opposite charge corre-
spond to an electric capacitor that can store electric energy. If a pore is
initiated by thermal fluctuations, a part of this energy is removed
locally. A lower energy configuration is preferable, and increasing pore
size may reduce the total energy of the bilayer further so that the pore
will expand indefinitely. This happens when the seeded pore radius is
above a critical value. Electroporation theory shows that if the electric
potential difference over the bilayer is increased, the critical pore size is
reduced, so that the formation probability of unstable, expanding pores
is higher. The ion concentration in the electrolyte and the applied field
strength are the central variables that control the potential difference
over the bilayer.

The energy required to generate a pore of radius r,, ist49,
E, (r,,) =2myr, — n’yrz +E; — gcl’ V2r; (8)

The term 27yt is the energy required to overcome the cohesive en-
ergy in opening the pore, and y; is the line tension. The term —ﬂyrg is the
interfacial energy lost by replacing the surface with a hole, and 7 is the
interfacial tension. The term E; can be added to represent the molecular
interaction over the pore opening between the molecules that line the
interior of the opening, and a possible surfactant bending energy asso-
ciated to the interior of the pore. The crucial term in electroporation is
—nCp V2 rg, the electric energy lost by replacing a section of the
“membrane capacitor” with a hole, and the electric potential difference
across the bilayer is V. The capacitance in question is

Cp :% (EW — Ghm)(:‘() (9)

This is the difference in capacitance between the pore and the intact
bilayer membrane, and h is the bilayer thickness or a few nanometers,
and ¢, and ey, are the dielectric constants of water and bilayer mem-
brane, and ¢ is the permittivity of vacuum. C, is of the order of 0.1 F per
square meter. The capacitance per unit area of bilayer is C, = % €bmEo-

If the interaction term E; in the pore can be neglected, it can be shown
that the pore energy Ej(r;,) has a global maximum value Ep, of:

2
W

E,(r.) =E, =

V2 (10)
r+—5-

at the critical pore radius
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If the seeded pore radius is above r,, the pore is unstable and expands
since the energy is reduced further for larger radii. If the seeded pore has
a radius below the critical one, it closes up, also with an associated
energy reduction. Characteristic values of the critical pore sizer is in the
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range 0.1-1 nm [149], with lower values for higher V. This formulation
and what follows is of course valid also when the electric field is zero,
and the ratio between line and interfacial tensions becomes the essential
parameter.

First, it is clear that the electric energy has to be comparable or larger
than the interfacial tension for the electric field to have any effect. It is
noted that V increases with increasing charge density in the electrolyte
near the bilayer, and increasing applied field strength (applied back-
ground potential). It is also clear that lowered line tension lowers the
energy threshold E,,; and the critical pore radius r, so that the coales-
cence probability increases. In essence, electroporation theory predicts
larger coalescence rates by lowering the line tension, and by increasing
the membrane potential difference V. The change of interfacial tension
would modulate value of the critical pore size, with larger interfacial
tension corresponding to smaller critical pore size.

Both the line tension and the surface tension will be modified by the
addition of demulsifier. In absence of experimental data on line tension
for crude oil systems, we can only speculate on this variations of this
parameter. We may expect that the line tension decreases when a
demulsifier is mixed into the surfactant layer, so that less energy will be
required to open a pore. A reduction in line tension is also possible
through a reduction of surfactant/demulsifier surface density locally
through aggregation, or more globally by desorption of surfactant by the
demulsifier. If the surface coverage or area fraction of demulsifier is very
small compared to that of the surfactant, we may expect that significant
changes to the interface can occur only locally through local clustering
or aggregation of demulsifier. It is well-known through experiment that
the interfacial tension may be altered by adding demulsifier. Desorption
of surfactant increases the interfacial tension, while a coexisting sur-
factant/demulsifier layer may reduce the interfacial tension (IFT),
depending on demulsifier properties. Pradilla et al. found that the
interfacial tension was reduced when a model demulsifier was added to
an asphaltene system [150]. If the demulsifier replaces some of the
surfactant at the interface, the IFT may decrease if the demulsifier is
more surface active, or the IFT may decrease if both the surfactant and
the demulsifier coexist at a higher surface density.

It is noted that the given electroporation model does not incorporate
interfacial curvature energy at larger scales. The theory would then best
represent flat contact areas between droplets before the electric field is
turned on, and this may be realized for dense-packed emulsions.

Once a pore opens, free ions in the electrolyte will start moving
through the pore opening and cancel the charge difference. Despite of
this, coalescence will proceed unhindered as long as the pore is large
enough to be unstable and expanding. One could also imagine that bi-
layers of more complex molecules could be semi-permeable for ions
(slightly conducting), and this would reduce the charge difference over
time prior to pore formation, and the likelihood of a coalescence event
would diminish with time after the droplets are brought into contact.

5.2.1. The emulsion coalescence rate derived from electroporation theory

A probability distribution of the waiting time from two droplets are
brought together and to the formation of unstable pores can be derived
from electroporation theory. The complete waiting time would incor-
porate the draining of the liquid film between the drops, but this is
covered by hydrodynamic film draining theory. The average formation
frequency of unstable pores (events/s) in an emulsion can be written
[142]:

f :fovmé’f% (12)

where fy is a characteristic frequency per volume, V;, = hA is the total
bilayer volume in the emulsion with A the total contact area between
droplets. This form already captures the effect of increasing pore for-
mation frequency with increasing temperature.

The local charge density over the membrane is fluctuating due to
thermal motion of the ions. The critical pore radius and energy are then
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stochastic quantities in terms of the fluctuating potential difference V=
Vo + 8V. The variance of §V is determined by the fluctuations in ion
density, and the average value V) is determined largely by the average
ion density near the interface, and to some degree the external potential.
The magnitude of the average ion density near the interface increases
with applied field strength (through charge separation). One may as-
sume that §V and V; are both proportional to the applied field strength to
first approximation. Ion mobility, the drift timescale in response to
temporal changes in the applied filed, and the direct influence from
temperature of the ion density fluctuations can be taken into account for
the next level of approximation.
We can now adopt the stochastic varieties:

b _
+ C/}‘A/Z as)
rTTy
and
r.= _n
o,V a4
7

The maximum energy of a pore now has a probability density p(Ep,),
due to the fluctuations in V.The average pore formation frequency is
then

o Em
f :fO Vm /(; efﬁp(E”JdEm (15)

This constitutes a model for the expectation value of the coalescence
frequency in the emulsion, with the effect of demulsifier and electric
fields. The probability distribution for a given number of events to occur
in a certain time interval is likely to be Poisson distributed with a mean
number of events per unit time equal to f. This would constitute the
waiting time distribution.

The integral for f can easily be evaluated numerically once p(Ep,) is
determined. To make the predictions from this integral more transparent
here, we assume small fluctuations |§V| < Vj that will occur for suffi-
ciently low temperatures. The probability distribution p(Ep) now tends
to a Dirac delta function (a spike at a certain value Ej,(Vy) and zero
elsewhere), and the integral reduces to

y?
C,Vo?
vt

S =foVuexp (16)

kT

The coalescence frequency increases with lowered line tension,
higher electric potential and increased temperature, as expected. The
maximum value for vanishing line tension is given by foVp, and focan be
regarded as a tuning parameter that can be determined by experiment.

The impact of the temperature dependent width of the distribution p (?)

(likely a truncated Gaussian) can be evaluated by numerical integration
or by approximate analytic solutions. This will however only provide
higher order corrections to the given formula.

The exponential variation of the coalescence frequency in any of the
variables suggests that one may define regimes where coalescence is
highly probable or highly improbable. The transition between these
regimes constitutes a threshold value for coalescence to occur in terms of
the given variable. The threshold can be found by setting the bracket in
the exponential above to unity. The threshold value V7 for the potential
difference Vj is

2 (mr _
¢, \ar 7

It is noted that coalescence can occur with no electric field, provided
that the line tension is sufficiently low so that Vy = 0.

v, = a7
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Fig. 9 shows the exponential variation of the pore formation delay
defined by T = % + Ts, to represent data from specific DPD simulations

[148]. The threshold potential difference is here about 0.5 Volt. This is
in fact comparable to transmembrane voltages reported for electropo-
ration of phospholipid cell membranes [142,151,152]. The pore for-
mation delay measured after the DC field was turned on in the DPD
simulations had an additional contribution from the initial charge sep-
aration of duration T;. For the stronger fields, the waiting time converges
to T as shown. The waiting time can span from extremely small values in
comparison to the hydrodynamic film draining time (strong fields) to
extremely large values with essentially no coalescence (weak fields). The
model predicts increased coalescence rate with demulsifier as long as the
line tension or cohesive energy is reduced by the addition of demulsifier.
It is seen from Eq. (16) that the coalescence frequency increases for
reduced line tension.

5.2.2. Experimental testing

The line tension and interfacial tension of a specific combination of
demulsifier and surfactant must be measured in order to generate pre-
dictions of the coalescence rate, according to the formulae above. To test
the theory, one would also need estimates of the coalescence frequency
or waiting time. We suggest that poration events could be detected by
measuring the current through a larger scale bilayer membrane, or by
monitoring individual coalescence events in a dense packed emulsion
after a DC field is turned on. One can then correlate the findings to the
predictions from electroporation theory.

The line tension and interfacial tension would be unique “global”
quantities on the interface for well-defined surfactants. This is not
necessarily so when demulsifier is added. Morphology changes and
heterogeneities may develop with associated fluctuations of both the
line- and interfacial tension along the interface. The molecular organi-
zation in interfaces are difficult to measure, and advanced experimental
studies could be developed. Neutron scattering techniques that could
work for liquid-liquid interfaces [153], AFM (atomic force microscopy)
works for adsorbed surfactant layers on dry surfaces [154] and for free
standing polymer membranes [155], while one can use small angle X-
ray scattering techniques [156] to study surfactant-demulsifier

Electroporation model
8 T LR

Delay [microsec] x 100

0 L R

00 02 04 06 08 10 12
Average potential [Volt] over SOS layer

Fig. 9. Electroporation theory predicts a rapid variation of the pore formation
delay 1/f as function of Vy. This example represents a best fit to data from DPD
simulations'*®. The surfactant-oil-surfactant (SOS) layer in the DPD simulations
is a very thin oil layer coated with surfactant towards the two adjacent water
domains. The energy considerations for the SOS layer is similar to that of the
bilayer, so that electroporation theory can be used. From Skartlien et al. [148] -
Published by The Royal Society of Chemistry.
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interactions. The “mainstream” experimental technique for line tension
is to measure the variations of the contact angle with the volume of the
drop. The line tension slightly modifies the apparent contact angle and
this effect becomes lower and lower when the drop volume increases.
However, the experiments are very difficult to do because the effect is
very small [157].

Additional electrostatic modelling would be needed to estimate the
characteristic potential difference over the bilayers in an emulsion. For
AC fields, one would also need to consider ion mobility and the time-
scale of charge separation against the AC frequency. Higher frequency
would imply less charge separation and less efficient coalescence, if the
AC period is much smaller than the mobility timescale of the ions (the
ions would then move less for higher frequency).

5.2.3. Insights from electrostatic DPD simulations

An electrostatic DPD code can incorporate realistic combinations of
both indigenous surfactant (e.g., asphaltenes) and more detailed
demulsifier structures. Electrostatic DPD have been implemented to
study polyelectrolytes [158], acid/base reactions including proton
transfer [159] and recently by our group with partitioning of acids over
oil/water interfaces [160]. For water-in-oil coalescence studies, we
incorporated ions in the water, an external electric field, and varying
surfactant density and chemical structures [148].

For electrolytes such as brine, one can assume electrostatic condi-
tions and solve only the Poisson equation for the electric potential, given
the charge distribution in the electrolyte:

V- (eVp) = —en, (18)
where ng is the net charge number density, ¢ is the electric potential, e is
the elementary charge, and the electric field is E= — V ¢. The electric
force on a DPD bead is F = q E, with g being the total charge on the DPD
bead. Thus, one solves the Poisson equation for every timestep, and then
updates the bead positions after evaluating the force on every bead. The
new bead positions alter the charge distribution in space, and the
Poisson equation is solved again in the next timestep.

One resorts to a spatial smoothing of the charges to provide nu-
merical stability, rather than using the point charges directly [161]. The
Poisson equation can be solved by iteration (for every timestep), similar
to the iterative solution of a diffusion equation. The convergence can be
slow, and it is then an advantage to start from the potential obtained at
the previous timestep, as this will be close to the solution for the next
timestep. This approach will for example result in the classical equilib-
rium configuration of charged double layers as described by Poisson-
Boltzmann theory.

Fig. 10 shows an example of our DPD simulations, representing the
flat contact area between brine droplets in dense-packed emulsions
[148]. These simulations are meant to represent droplets that are
already in close contact before a DC field is turned on. We also assumed a
remaining interstitial oil film between the surfactant layers rather than a
pure bilayer. The surfactant-oil-surfactant structure was named the SOS
layer for short. The energy considerations for the SOS layer is similar to
that of the bilayer with effective line tension, capacitance and interfacial
tension, so that electroporation theory could be used to interpret the
simulation data.

The full duration of the simulations was about one microsecond. The
external electric field strength and the cohesive energy between the
surfactant molecules were varied. The electric field was applied over the
domain perpendicular to the SOS layer, and had three values
E = 0.0,0.5,1.0 normalized to 18 kV/cm. The maximum value of 18 kV/
cm is moderately larger than for a typical electrocoalescence case with a
field strength of a few kV/cm. The potential difference over the thin SOS
layer of a few nanometers is only of the order of 0.1-1.0 Volt at the
charge densities used. The direct contribution to the potential difference
from the external field is only marginal. The major contribution comes
from the local charge difference over the SOS layer.
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The number of water beads was 9000, the number of o0il beads was
1200, the number of surfactant and demulsifier beads was 1800, and the
number of ions in the water was 1800. The bulk ion concentration was
about 25% by volume and charge neutrality was imposed. The elevated
ion concentration relative to brine was chosen to have a sufficient
poration probability in the small domain, and over the duration of the
simulation. Nearly full coverage on the interface of surfactant and
demulsifier was implemented to achieve significant stability against
coalescence without the electric field.

The opposite charges over the SOS layer provided a perpendicular,
compressive electric forcing on the SOS layer. Thermal ionic density
fluctuations (seen in Fig. 10 via the fluctuations in the potential as a
varying grey-scale) resulted in a stochastic component to the forcing
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Fig. 10. An overview of the simulation domain at
early (close to the initial condition) and at late times
after charge separation has had time to relax. The
electric potential deviation from the time averaged
potential is shown by the grey scale. At late times, the
potential difference over the surfactant and oil layers
(SOS layer) is elevated, and poration occurred spon-
taneously. The E-forces on the ions pinches the SOS-
layer centered at y = 0. Yellow symbols show posi-
tive ions (Na), while blue symbols show negative ions
(CD). The surfactant is marked with red symbols, and
the demulsifier with turquoise symbols. Both species
are located at the oil/water interface. From Skartlien
et al. [148] - Published by The Royal Society of
Chemistry.

with excess magnitude in local areas that could lead to unstable
expanding pores there. Current flowed through the expanding pore in
the SOS layer with a gradual elimination of the charge difference be-
tween the two electrolytic (brine) domains (Fig. 11).

The demulsifier was modelled as an amphiphile with varying inter-
action with the surfactant, with strong repulsion between the demulsi-
fier and the surfactant (incompatible demulsifier with respect to the
surfactant) and then with attraction between the demulsifier and the
surfactant. Attraction means simply that the two compounds are
mutually soluble, and repulsion means that they are less soluble into
each other. Furthermore, the demulsifier and the surfactant were chosen
to have similar surfactant behavior with respect to the oil and water. We
adopted the corresponding q; ; values (defined in Eq. (7)) from Li et al.

Fig. 11. Panel (a) shows a developed pore through the thin oil layer, and Panel (b) shows the surfactant and demulsifier as well. The surfactant is shown with red
(polar beads) and green (chain beads) and the demulsifier is shown with turquoise (polar beads) and violet (chain beads). Panel (c): A side view with positive (red)
and negative (blue) ions in the brine. Panel (d): The same side view with oil and surfactant/demulsifier mixture showing. The horizontal extent of the domain is
8.1 x 8.1 nm, and the vertical extent is 15.9 nm. From Skartlien et al. [148] - Published by The Royal Society of Chemistry.
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[162] for sodium dodecylbenzene sulfonate (SDBS), an interfacially
active molecule that is more soluble in oil than in water (due to its long
hydrocarbon chain).

In DPD, all forces are indeed repulsive and all interaction parameters
a; jare positive, as described earlier. However, an effective attraction
between two beads will result when the repulsive force between them is
smaller than the repulsive force to other, surrounding beads. An effec-
tive repulsion will occur when the DPD force between two beads is
greater than the repulsion to surrounding beads. The effect of the in-
teractions between the demulsifier and the surfactant were adjusted via
the forces between the polar parts (“head beads”, H) and the hydro-
phobic parts (“tail beads”, T). The surfactant D had the bead structure H-
H-T-T, and the demulsifier h-h-t-t (uppercase and lowercase dis-
tinguishing the beads types). The forces between H and h and between T
and t were varied to produce repulsion (high ay, , and ar, , parameters)
and attraction (low ay, » and ar, ; parameters). These particular inter-
action parameters were considered to be free variables to obtain clear
attraction and repulsion (solubility) effects between the demulsifier and
the surfactant. Their magnitudes were however constrained to be similar
to the “surfactant interaction parameters” between the demulsifier or
the surfactant and oil/water.

Repulsion lead to islands of demulsifier and surfactant domains in
the interface and this allowed for lower interfacial concentration at the
borders between the domains, reducing the local line tension there.
Attraction between demulsifier and surfactant leads to aggregation of
surfactant and demulsifier as shown in Fig. 11, leaving larger vacated
areas of exposed oil film. The line tension is reduced considerably in
these areas, leading to more efficient pore formation than in the first
scenario. Aggregation may, in a real system, correspond to the interac-
tion between demulsifier polar groups that are able to attract and
interact strongly with the surfactant polar groups. This is expected for
the typical petroleum demulsifier, with long polymer segments that can
attach to a larger number of surface-active molecules. Another inter-
esting finding was that incompatible demulsifier resulted in pores in the
oil film that could be partially filled with a surfactant and demulsifier
mix. If not leading to coalescence, these filled pores could be electrically
conducting and eventually neutralize the electric forcing of the bilayer.

The most important outcome of these electrostatic DPD simulations
was the realization that morphological change in the surfactant layer
induced by the demulsifier, determined to a large degree where pores
formed. Electroporation theory can indeed be used to generate a coa-
lescence model, but the DPD results suggest that one would need to
consider interfacial and line tensions as local quantities that vary across
the interface. One would then also need to consider the statistics of these
fluctuations in a more generalized version of electroporation theory.
Another important outcome was that ion density fluctuations is an
essential ingredient at these small length scales. The associated fluctu-
ations in the electric potential over the bilayer should be incorporated
into the electroporation theory as shown, when it is used for
electrocoalescence.

6. NMR to monitor emulsions destabilization in electric fields
6.1. Interest

Central processes in emulsions that characterize the state of the
emulsions are sedimentation (creaming), flocculation and coalescence.
Obviously, we want to observe these parameters as a function of time for
emulsified water droplets under experimental conditions manageable
for NMR. We start with a brief definition of these processes. The sedi-
mentation process is gravity driven and follow Stokes law for an ideal
case. For dilute systems without any droplet interactions, the sedimen-
tation velocity is:

:2 (Pa _p’”)gRﬁ
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Some parameters are defined in sections 3.1 and 2.4 and are recalled
here for sake of clarity: v: sedimentation (or creaming) velocity (or
sedimentation rate), pq and pr are the densities of the droplet and the
dispersing medium respectively, py is the dynamic viscosity of the
dispersing medium, g is the gravitational field strength, and Ry is the
droplet radius.

Obviously significant parameters are the viscosity of the continuous
phase, density difference between dispersed and continuous phase,
gravity and the droplet size. In order to estimate the sedimentation rate,
we need information about droplet sizes and changes in these. The
sedimentation process is an important process parameter. It accounts for
a redistribution of water droplets and the formation of local droplet
concentration gradients that are important for the stability / destabili-
zation of the emulsions. For oil-in-water emulsions the corresponding
parameter is creaming where the flow pattern of droplets is upwards
mainly due to density differences. The sedimentation / creaming process
can give rise to process phenomena where a dense packed layer (DPL)
can occur in a separator [163,164]. In the DPL the concentration of
droplets can be as high as 70% which corresponds to an efficient packing
of droplets from geometrical consideration. It has been documented that
the stability mechanisms of these droplets are quite different from lower
concentrations. For the sedimentation process we must use NMR to
determine the initial droplet sizes and the changes in water content
along the axis of the gravity, i.e. the brine profile [165-167]. The
sedimentation process is inevitably related to the coalescence process as
droplets merge. We expect an increase in size and decrease in number.
Then, the evolution of the brine profile will provide a measure of the
sedimentation rate and indirectly the speed of coalescence.

NMR is a noninvasive tool for characterizing emulsions, and it does
not require the system be transparent, as optical methods do. Further-
more, it characterizes the total measuring volume and not only the
surface visible by optical means. In the following the NMR methods for
monitoring the time dependency of the brine profile and measuring
droplet size distribution will be discussed accompanied with examples of
applications. During emulsion separation there is a sedimentation pro-
cess going on, i.e. water droplets coalescing and moving towards the
bottom to form a bulk water phase. This will lead to an extra convection
phase term in the equation for the NMR signal [168], but as this paper is
concerned with a NMR signal in real time and in magnitude mode, the
convection term from the sedimentation does not affect the results of the
NMR experiments as discussed in the following.

6.2. The determination of brine profiles

As the emulsion contains both crude oil and brine, and our LF-NMR
(Low Field-Nuclear Magnetic Resonance) instrumentation do not allow a
NMR signal that can be resolved in frequency, one of the dynamic pa-
rameters relaxation times T; or Ty (respectively the longitudinal (or
spin-lattice) and the transverse (or spin-spin) relaxation times) or
Diffusion must be used to resolve the brine signal from the crude oil
signal [169]. These relaxation times quantify the return of the magne-
tization to its equilibrium and depends on the molecular mobility. In
Fig. 12 we have applied a pulse sequence where an initial loop of C1
echoes is applied to suppress the contribution from crude oil. The
assumption is then that the T, relaxation time of the crude oil is
significantly shorter than the T of the brine. This is equivalent to saying
that the viscosity of the crude oil must be significantly higher than the
viscosity of the brine.

When imposing a magnetic field gradient during the acquisition at t;
and tp, we may get a 1-dimensional image of the brine signal after
performing a Fourier transform of the acquired signal. Also, the brine
content of the emulsion can be found by performing an exponential fit of
the echo signals I; and I, at t; and tp respectively, yielding Iy. Then the 1-
dimensional image can be rescaled to provide the actual brine content as
a function of position in the sample, the brine profile.

In Fig. 13 the brine profiles of three different samples of the same
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Fig. 12. The NMR pulse sequence for acquiring the brine profile (top) and the principle to obtain a quantitative water profile by extrapolation of the signal (bottom).
2t is the inter echo spacing, G1, G2 and G3 are applied magnetic field gradients, 90 and 180 denote the RF -pulses, C1 and C2 denote the number of echoes run before
acquiring the brine profile, and t; and t, are the timings for acquiring the brine profile. The equation to perform the quantification is also given. From Sgrland [169]..

Reprinted by permission from Springer.
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Fig. 13. Brine-profiles of pure brine, one stable (Emulsion_1) and one unstable
emulsion (Emulsion_2). From Sgrland [169]. Reprinted by permission
from Springer.

length are shown. The pure brine results in a brine content of 100%
along the sample while the stable emulsion, Emulsion_1, also shows a
constant brine content of approximately 30%. Thus, the water cut of this
emulsion is said to be 30%. For the unstable emulsion, Emulsion_2, we
see that the brine droplets have coalesced and sedimented to form a bulk
brine phase at the bottom of the sample, the a region of emulsion of
~45% water cut, while on the top 5 mm of the sample there is crude oil
only.

6.3. The determination of droplet size distributions

As shown by Mitra et al. [170], the solution of the diffusion
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propagator in restricted geometries does not contain the surface relax-
ation term in the first order correction term to bulk diffusion coefficient
at short observation times. When assuming piecewise smooth and plane
surfaces and that only a small fraction of the particles is in contact with
the restricting geometries, the restricted diffusion coefficient can be
written as:

D(1) 4 N
— =~ 1 ———=+/Dyt — s
Do oz VDot 3+ el

(20)
where D(t) is the time dependent diffusion coefficient, Dy is the unre-
stricted diffusion coefficient, in bulk fluid, and t is the observation time.
The higher order terms in t, ¢(p,r,t) include the deviation due to finite
surface relaxivity (defined in section 6.3.1) and curvature (r) of the
surfaces. At the shortest observation times these terms can be neglected
and then the deviation from bulk diffusion depends on the surface to
volume ratio alone.

In a heterogeneous system as an emulsion a variation in droplet sizes
must be assumed. However, Eq. (20) is valid for a heterogeneous system
as long as the assumptions leading to are fulfilled for all droplet sizes. If
&i is the volume fraction of the pores (in the emulsion case, droplets)
with surface to volume ratio (S/Vy);, Eq. (20) can be expressed as:

D; 4
S~ 55 e i

S 4 S

= —(1=-———./Dt | =
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Consequently, measurements of the early departure from bulk

diffusion combined with a linear fit of the experimental data to the

square root of time will result in a value for the average surface to

volume ratio (S /Vd> .

6.3.1. Transforming a T distribution to a droplet size distribution
When assuming the water molecules to probe the restrictions of the
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droplets in the fast diffusion limit, there is a simple relation [171] be-
tween T, values and the droplet sizes:

neg @2)

As this couples the surface to volume ratio to the surface relaxivity, p,
it is not straight forward to assign the T, distribution to a (V/S) distri-
bution. However, by assuming that Eq. (22) holds for any droplet size,
with &; being the volume fraction of droplets with surface to volume ratio
(S/V); and the corresponding relaxation time T5;, we shall follow Uh and

Watson [172] and write:

- 1 = S - S S
;fiTﬁ*;fin(W> Np;éi(vd) NP(W)

1

(23)

Here the basic assumption is made that the surface relaxivity p is
independent of droplet size. The left-hand side of Eq. (23) is then the
harmonic mean 1/T, of the T>-distribution weighted by the fraction ¢; of
nuclei with relaxation time T5; and n is the number of subdivisions of
droplet sizes. The left-hand side can be calculated from the Tp-distri-
bution obtained from a CPMG measurement (Carr-Purcell-Meiboom-Gill
sequence [173]) where the magnetization attenuation M"bs(t) is con-
verted to a T, distribution using an Inverse Laplace Transform (ILT)
routine [174]. Then the surface relaxivity p can be calculated from Eq.

(23) as the average value for the surface to volume ratio (S/Vd> is

already found from the diffusion experiment. Then, the measured To-
distribution is transformed into an absolute droplet size distribution (V/
S) by means of the relationship inherent in Eq. (23).

The procedure for deriving absolute droplet size distributions can be
summed up as follows:

180 degree hard RF-pulse
90 degree shaped RF-pulse

slice selective NMR signal
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1) The average surface to volume ratio (S /Vd> is found from fitting Eq.

(21) to a set of experimentally determined apparent diffusion co-
efficients at short observation times.

2) The average (S/V) is then applied together with the average (1/T5)
found from a CPMG experiment. From Eq. (23) Eq. (22) is then
written as

)~ == () ()
) ~P\v) T \m)
hence the relaxivity, p, is quantified and is assumed to be droplet size

independent.

(24)

3) When assuming that the surface relaxitivity is independent of the
droplet size the value of p can be applied in Eq. (22) resulting in a
linear relation between T, and the volume to surface ratio which is a
measure of the droplet size. By multiplying the T5 distribution by the
calculated surface relaxivity the distribution is transformed to a
droplet size distribution in absolute length units.

6.3.2. The slice selective PFG-NMR method for determining DSD

As we are interested in the droplet size distribution of the residual
emulsion in the presence of separated bulk brine at the bottom, an NMR
method that distinguishes the contribution from different regions is
necessary. This can be done by using shapes RF pulses and a slice
gradient prior to the pulse sequences used to determine the droplet size
distribution. Such an initial part is shown in Fig. 14.

The next section will show the interest of NMR in the study of
demulsification in electric fields.

180

CPMG loop

T, distributions

= = Lower slice =—Upper slice

0.001 0.01

T, values / seconds

10 100

Fig. 14. Slice selection of the NMR signal to separate contribution from different phases followed by a CPMG experiment [173, 175]. Separate T2 distributions from

crude oil (left) and brine (right) can then be produced.
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6.4. Influence of chemicals on emulsions in electric fields studied by NMR

A convenient way to assess the influence of both chemicals
(demulsifiers) and external electric fields is to use NMR. The parameters
to be followed in order to map the stability of the emulsions is the
change in droplet sizes and the immediate consequences for the sedi-
mentation rates. Hjartnes et al. investigated heavy crude oils from The
North Sea with 50 v/v % of water containing 3.5 wt% NaCl at an
operationally relevant temperature of 65 °Cl76. Four different demul-
sifiers were added. They represented both commercially available ones
and green candidates under development. The first assessment
regarding the influence of the chemicals on the emulsified systems in-
volves changes in the droplet populations. The corresponding distribu-
tions are displayed in Fig. 15 after a separation time of 2 h [176]. The
droplets are centered around 10 to 15 pm with varying intensities. Two
chemicals display a deviation from the first trend by a more pronounced
width indicating larger droplets. The corresponding sedimentation times
are higher and the deviation from theoretical values predicted by Stokes
equation is about 100 times. The efficiency of the chemicals as measured
from the appearance of free water is seen in Fig. 16. The coalescence
efficiency of the investigated candidates varies both from samples and
concentrations. Fig. 15 showed that some of the chemicals could keep in
solution large droplets after the phase separation, which per se indicate
different coalescence behavior. Fig. 17 reveals another aspect of the
influence of the chemicals on the separation of the water from the
emulsions. The figure is showing the residual water content as a function
of the concentration of the demulsifier. It is tempting to say that the
coalescence has two different time constant. The initial destabilization
of the aqueous droplets is demanding small concentrations of demulsi-
fier. The residual aqueous amount seems to need more demulsifier to

meet the expectations. Perhaps the nature of the interfaces is different
due to the higher amount of existing indigenous surfactants as a result of
the coalescence process.

The next figures show the effect of an external field with and without
chemicals on the emulsions described above. The idea of combining
chemicals and external electric fields is to look for synergies between
two different approaches. Fig. 18 reveals the combination of both
chemistry and external voltage. An addition of 10 ppm of chemical 1 for
2 min shows very little deviation from applied electric field effect [55].
It takes longer time to observe the advantages with both AC treatment
and chemicals. In the present case we prolonged the study to 2 h and
found a clear acceleration of water separation for the lowest applied
fields. Higher fields however, resulted in no significant changes.

40
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Fig. 15. Droplet size distribution of crude oil emulsions in presence of 4
different demulsifiers, measured after two hours separation. The demulsifiers
were added right after emulsification. From Hjartnes et al. [176]. Reproduced
with permission from American Chemical Society.
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Fig. 16. Free water appearance time for crude oil emulsions in presence of 4
different demulsifiers as a function of demulsifier concentration. If no free
water has appeared after 2 h separation, the time was indicated at the top of the
curve. From Hjartnes et al. [176]. Reproduced with permission from American
Chemical Society.
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Fig. 17. Residual water content in the oil layer after two hours of separation for
crude oil emulsions in presence of 4 different demulsifiers as a function of
demulsifier concentration [176]. The residual content is defined as the water
concentration measured at 75% of the sample height. From Hjartnes et al.
[176]. Reproduced with permission from American Chemical Society.

Repeating the experiments for higher demulsifier concentrations reveals
that there is limited effect of the chemicals above 100-150 ppm.

Combining chemicals and external electric fields is rather compli-
cated. The number of parameters is large including concentration,
observation time, level of the external field among others. Hence it is not
surprising that the combination of the two operations can go in both
directions, i.e. an external field might strengthen the ability of the
chemical to breakdown the emulsified system, but in some cases the
effect might as well be the opposite. Indeed, it is visible from Fig. 18.b
that the chemical 2 initially retards the coalescence of droplets at 200 V/
cm when it is present [55].
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Fig. 18. Remaining emulsified water measured by NMR as a function of AC field strength for systems in presence or in absence of chemical demulsifiers. a): chemical
1, b): chemical 2. From Hjartnes et al. [55]. Reproduced with permission from Elsevier.

6.5. Other laboratory-scale batch techniques to assess the effect of electric
fields on destabilization of emulsions

Apart from NMR that allows to follow up several parameters during
emulsion destabilization, other techniques have also been developed.
Two are presented in this section.

-The Eitical (critical electric field) cell which is composed of a thin
Teflon spacer placed between two brass plates. The Teflon spacer has a
hole at its center. The two brass plates are connected to a power supply
(see fig. 19.a). In a typical experiment, an emulsion sample is introduced
in the Teflon spacer hole. Then a voltage (DC) is applied and increased
linearly with time. The current is measured, and a sudden increase
indicate the formation of a water bridge between the two plates indi-
cating the destabilization of the emulsions. The electric field measured
at the point of the increase is taken as a measure of the stability of the
emulsion. This allows to compare various samples and study the effects
of parameters such as the chemistry of the oil phase [53,177-180], the
presence of demulsifiers [54], temperature etc. This technique is rela-
tively easy to implement but it only provides one parameter summari-
zing the stability of emulsions under electric field.

Electrorheology [181,182] allows to study the effect of electric field

Sample volume
Teflon (0.5 mm)

a)

Plexiglass

=t
] |
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= <100V

Brass (3.0 mm)

Fig. 19. Schematic drawing of a) the Eitical (critical electric field) cell and b)
the electrorheological cell. From Aske et al. [53] and Lesaint et al. [181].
Reproduced from permission from Elsevier.
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on the rheological properties of water-in-oil emulsion. The technique is
implemented with a rheometer fitted with a cylinder-cup geometry. The
cylinder is linked to an electric power supply while the cup is grounded
(see fig. 19b). In a typical experiment, the crude oil emulsion is intro-
duced in the cylinder cup geometry and the viscosity is measured before,
during and after the application of an electric field. The effect of various
aspects of the field on the emulsion rheological’s properties have been
tested e.g. waveform, field strength and frequency.

7. Medium and large-scale destabilization of emulsions in
electric fields

Although small scale experiments give positive indications on the
effect of external electric fields on the separation of oil-continuous
emulsions a final verification under realistic process conditions must
be carried out. There has been an international interest to develop and
commercialize the technology behind electrocoalescence. Many projects
have passed through a development stage as prototypes and some to
enter the market as commercially available instruments ready to install
[183]. Examples are EPIC (Electro-Pulsed Inductive Coalescer), CEC
(Compact Electrostatic Coalescer [184]), VIEC (Vessel Internal Electro-
static Coalescer [185-188]), IEC (Inline Electrostatic Coalescer [189]),
LOWACC (Low Water Content Coalescer [190]). For large scale pro-
totypes, the efficiency of the separation train must meet volume and
time requirements. For normal crude oils the time constraint for the
separation is about 4 min, while heavy crude oils can need much longer
for the separation. The daily production rate can be as high as several
100,000 barrels per day. The quality criteria are such that an incoming
well-fluid can contain up to 50% of water in oil while the outcoming
processed fluid should meet export requirements on max 0.5% water in
the crude oil. The separator mechanical internals to meet these process
aspects are splash plates, pall boxes, and electrostatic units. In addition
to the mechanical treatment it is also very common to use different kinds
of demulsifiers to speed up the coalescence of water droplets. Especially
the combination of chemicals and electrocoalescers seem to be
promising.

Early versions of the commercial electrocoalescers had some short-
comings with regard to handling large amounts of emulsified water
[185] and choice of electrode materials. Hence their operational mission
in the separation train was more linked to a mission of desalter /
dehydrator dealing with smaller amount of water. First out to solve these
problems was VIEC (Vessel Internal Electrostatic Coalescer) originally
produced by ABB (now manufactured by Sulzer). As an example of a
large scale commercial coalescer, the VIEC device is schematically
presented in Fig. 20.

As seen from the Fig. 20, the VIEC system is built up of elements
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Fig. 20. A VIEC unit composed of multiple vertical electrode and internal transformer cast in an insulating material (yellowish element) installed in a gravity
separator. From Amarzguioui and Jacobsen [185]. Reproduced with permission from Society of Petroleum Engineers.

consisting of single vertical electrodes cast in a specialized insulating
material. The elements are installed inside a production separator in a
modular manner in one or several walls of modules mounted in cas-
settes. The VIEC elements are energized by a low voltage feed pene-
trating the separator shell. The feed is transformed to high voltage in
transformers molded inside each element. The elements are installed at a
height exposed to an oil-continuous system. The figure further shows a
typical VIEC unit inside the three-phase separator. The elements are
supplied with a low-voltage high-frequency AC field by external fre-
quency converter cards [185].

In order to prequalify for a world-wide use of VIEC at oil and gas
producing fields large scale test were performed at full-scale multiphase
test rigs with a wide range of crude oils and their emulsions [191]. Norsk
Hydro (now Equinor) in Prosgrunn (Norway) extended the test program
of the VIEC with regard to other material options.

The qualification of VIEC for field instalment started already in 2003
at Troll C in the North Sea [191]. The influence of the VIEC instalment
became clear from the start. A more efficient separation became visible
with the reduction of the emulsion band (dense packed layer, DPL).
Other advantages were also imminent. A reduction of the demulsifier
dosage from 10 to 2 ppm took place [191]. A consequence of this was
seen on the interfacial control and better water quality. Both essential
parameters in the separation process. The oil quality from the first stage
separator continued to improve and the use of chemicals continued to
decrease. After the success at the Troll C field the use of the VIEC
escalated to China, Qatar [186], Brazil and Indonesia [192]. Obviously,
the use of an efficient VIEC can make the whole train less complex by
eliminating the second stage separator [190].

8. Conclusions

The purpose of the review article was to describe various phenomena
happening at different scales during the destabilization of water-in-
crude oil emulsions under electric fields (electrocoalescence). The
important phenomena described according to the length scales are the
following.

The oil-water interfacial properties i.e. interfacial tension, rheology
and composition are important aspects controlling the coalescence and
flocculation of water droplets. The interface is composed of asphaltenes
and other crude oil components as well as chemical demulsifier. The
application of an electric field induces fluid circulations across the drop
interface. This phenomenon is called electrohydrodynamic (EHD) flows,
which induces an increase in the adsorption rate of the surface-active
compounds at the oil-water interface as shown by axisymmetric drop
shape analysis taking into account Maxwell stresses.

At the drop scale, electric field induces deformation and motion of
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the droplets depending on the electrical and physical properties of the
oil and aqueous phases. The strength of applied electric field is critical as
an excessively strong electric field can lead to the drop breakup and
reduction in average droplet size of the emulsion. The electric field-
induced droplet motion by electrophoresis and dielectrophoresis may
assist or inhibit coalescence.

The coalescence of two droplets occurs in three steps; first the
approach of the droplets, then the drainage of the oil film between two
droplets and finally the thin film breakup. Electric field favors attraction
between droplets by inducing dipolar forces between adjacent droplets.
The factors influencing the rate of drop-drop approach and film thinning
as well as the conditions that aid film breakup and complete coalescence
were detailed. Further, partial coalescence where the drop-drop or drop-
interface coalescence maybe followed by generation of minute droplets
was discussed. Dissipative Particle Dynamics molecular simulation
(DPD) can help to understand the coalescence between droplets. This
method simulates the last stage of coalescence by considering the pore
formation in a surfactant laden oil film between two aqueous electrolyte
layers in a DC field. DPD simulation results were found to compare well
with electroporation theory.

Various techniques have been developed to study the effect of elec-
tric field on the emulsion resolution at the bench scale. Low Field-
Nuclear Magnetic Resonance (LF-NMR) appears to be an attractive
technique to follow-up and study crude oil-water separation. This non-
invasive technique is not influenced by the opacity of crude oils and
their emulsions and allows to determine the evolution of droplet size
distribution (DSD) and the brine profile. This technique has been
implemented to study the synergy of chemical demulsifiers and electric
fields in the resolution of crude oil emulsion. Other techniques (elec-
trorheology and critical electric field measurement) were also presented.

Finally, some industry-scale electrocoalescers were introduced and
some examples of industrial implementation were presented.
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