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Abstract 

Stabilization of water-in-oil droplets during bitumen extraction and refining process poses 

a major challenge in the oil sands industry. These crude oil emulsions are stabilized by rigid films 

at water droplet-oil interfaces. The salty water remaining in oil causes equipment corrosion, 

catalyst poisoning in upgrading, lower product quality and extra transportation capacity, all of 

which immensely increase operation costs. 

An effective and clean method used for water removal is the integration of electric fields 

with chemical demulsifiers. Past studies proved that coalescence of water droplets under external 

electric field is significantly enhanced through increasing electric field strength up to critical 

voltages in various setups. However, more in-depth experimental tests are needed to understand 

fundamental interactions using model emulsions (i.e., droplet-droplet, thin films, oil phases), and 

to link to industry applications. This research investigates the use of electric fields in chemical and 

physical variations to combat stable emulsions in bitumen extraction processes.  

To understand the various phenomena that occur in water-in-oil emulsions, a setup of 

water-water droplets in oil is tested using a high voltage-modified Thin Film Draining Apparatus 

(TFDA). The experiments are split into two main sections, one investigates the effect of electric 

field variables while the other considers the effect of chemical and physical variations of emulsion 

systems. To elaborate, electric field variables include the application method of electric fields, 

such as ramp speed and field strengths. The results show that faster ramp speed leads to shorter 

coalescence time, and high field strengths cause unwanted droplet stringing (i.e., further 

emulsification); it is therefore crucial to evaluate these variables. Alternatively, chemical and 

physical properties of the emulsion systems were investigated, including the effect of type and 
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concentration of demulsifiers, droplet size, and droplet overlap on electrocoalescence of water 

droplets in oil emulsions. 

The results of these experiments allow us to establish correlations among electric field and 

physical/chemical properties to gain a fundamental understanding in enhancing coalescence and 

demulsification, thus leading to more efficient phase separation. 

Supplemental material related to this thesis is available at 

https://era.library.ualberta.ca/collections/7p88ck40x 
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Chapter 1 Introduction  

1.1. Background and purpose  

The presence of dispersed water droplets in crude oil is widely common and highly 

undesirable occurrence in petroleum industry, which results in corrosion of the process equipment, 

possible catalyst-poisoning in upgrading, and extra transportation cost owing to increased volume 

as well as increased viscosity [1]. Asphaltenes work to stabilize emulsion films, complicating the 

phase separation of water from crude oil mixtures [2]. The emulsified water is in the form of 

micrometer sized droplets which carry dissolved salts that add to the corrosion problems in 

downstream refinery, equipment, and transporting pipelines. The production of high quality crude 

or heavy oil requires cost efficient methods for removal of emulsified water and is in high demand 

by oil and gas industries; hence, the study of emulsion properties is an important area for research. 

A method to break water-in-oil (W/O) emulsions is through coalescence, the process where 

two droplets merge to form a larger droplet. When two droplets approach one another, their 

interface is separated by a thin film of oil, which works to maintain emulsion stability; coalescence 

requires rupturing of this interfacial film. Coalescence has proven to be an important method for 

demulsification or dewatering crude oil in the petroleum industry and is dependent on many factors 

including the collision rate (or mixing), interfacial tension, interfacial layer rheology and rigidity, 

and attractive forces. There are various methods available to promote the coalescence of water in 

oil emulsions, including the use of chemical demulsifiers, electrocoalescers, high heating 

treatments, and centrifugation. Electrocoalescers utilize electric fields to trigger coalescence 

among water droplets in oil emulsions, hence assisting in phase separation to break W/O 

emulsions. Integrating electric fields have proven to be an effective and clean method for water 

removal, which is why electrocoalescence is a popular field of research. Under electric fields, 
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water droplets are shown to be more readily deformed and elongated, which promotes drop-drop 

contact, enhancing coalescence rates. However, a field that has not been fully explored is the 

combination of electrocoalescence with the addition of chemical demulsifiers. There are also many 

gaps that do not evaluate other properties of electric fields, and how they may influence droplet 

behavior in a W/O emulsion. Hence, it is critical to look into different variables that may affect 

droplet behavior and combine such variables with the addition of other chemicals, including 

demulsifiers and surfactants, in order to gain a better understanding of the coalescence processes 

occurring. 

1.2. Research objectives and thesis outline 

This research investigates the use of electric fields under chemical and physical conditions 

to combat stable emulsions in bitumen extraction processes, thus leading to more efficient phase 

separation. Objectives of this work include: 

1. To determine mechanisms of enhanced demulsification through studying electrical, 

chemical, and physical variables. 

2. To study the impact of combining chemical demulsifiers with electrical fields on 

coalescence processes. 

3. To understand stabilization mechanisms of water-in-oil emulsions by studying properties 

of interfacial film. 

The present thesis contains five chapters, including the introduction in Chapter 1. 

Chapter 2 provides a literature review that covers the fundamentals of W/O emulsions, the 

process of coalescence and electrocoalescence, and electric field effects on droplets, as well as 

other areas of research that will be explored in experimental results. An overview of surfactants, 

asphaltenes, demulsifiers, and previous experimental methods will be discussed. 
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Chapter 3 includes the materials used in this work, as well as experimental methods, 

equipment, processes, and setup. 

Chapter 4 contains results and findings, as well as discussion pertaining to the study. 

Chapter 5 summarizes the work done and includes future research areas to be explored. 
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 Chapter 2 Literature Review 

2.1. Water-in-oil emulsions 

Colloids are dispersions of two different mediums, where the first is a continuous medium 

and the second are particles dispersed within the first phase [3]. Water-in-oil emulsions are a type 

of colloidal dispersion, where water is the dispersed phase (in droplet form) and the oil is the 

continuous phase [3]. Stable water droplets dispersed in crude oil emulsions during processing 

stages is a complex and unfavorable consequence in bitumen extraction. Crude oil naturally 

contains various volumes of water, which can vary with aging time as well [1]; this volume may 

vary from below 1% to over 70% of the total produced volume, with droplets sizes at or less than 

5 µm in diameter [3]. As a result, the presence of water may cause equipment corrosion, catalyst 

poisoning, and increased transportation volume, all of which increase processing and handling 

costs for petroleum industries [4]. In the oil sands industry, water may be emulsified into the oil 

phase during slurry preparation as well as during hydrotransport, however, a major contributor 

alongside stable water droplets themselves is the salt that is carried within the emulsion, which 

cause serious corrosion problems in pipelines and refineries [3]. Other applications of applied 

electric fields on fluid interfaces also include electrospraying [5], [6] and mixing [7], while 

dispersed water droplets in organic liquids (W/O emulsions) specifically are encountered in 

chemical and biochemical industries [8], [9], [10], including food, cosmetics, paper, paint, etc. 

[11]. Figure 1 outlines many of the factors and stages in electrically induced separation of W/O 

emulsions. 
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Figure 1. Mechanisms and factors influencing the coalescence efficiency of electrostatic 

separation of water-in-oil type dispersions. [12] 

Emulsions in the petroleum industry are very difficult to break and overcome, indicating that 

stabilization mechanisms are in place, which slow down phase separation [3]. More specifically, 

water in crude oil (W/CO) emulsions are usually very stable and difficult to eliminate. It is difficult 
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to declare exactly how these emulsions were created, as some may already be present in the oil 

reservoir, carrying water as they migrate [3]. However, it was discovered that most emulsions are 

likely formed as the oil flows into the well bore or turbulent flow on chokes and valves on 

centrifugal pump impellers [3]. Crude oil emulsions contain asphaltenes, inorganic particles, or 

other natural surfactants [13] that form rigid interfacial films on water droplet surfaces [14], 

working to stabilize water-in-oil emulsions by preventing droplet-droplet coalescence, resulting in 

difficulties with phase separation. In other industries however, such as food industries, maintaining 

a stable emulsion is a desirable outcome, therefore the coalescence phenomenon is prevented in 

these circumstances [15]. There are several techniques used to obtain dehydration, the removal of 

water and salt present in crude oil and petroleum extractions, including chemical demulsification, 

pH adjustment, gravity or centrifugal settling, filt ration and heating treatments [16]. However, 

these processes become quite time consuming due to more stable emulsions and are not always 

cost effective as industries spend millions of dollars on either preventing or breaking down W/CO 

emulsions [3]. Electrocoalescence (or electrostatic demulsification) is a technique used to combat 

these issues [17] and will be discussed in detail further on in Section 2.4. 

Solid particles at the interface of droplets do not lower interfacial tension, they work to lower 

the free energy of the system, hence resulting in the same outcome of stabilized emulsions as 

illustrated in the following figures. Many solid light particles stabilize petroleum emulsions, 

including asphaltene aggregates, clays, coal particles, and organic or inorganic materials insoluble 

in the continuous oil phase [3]. 
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Figure 2. Steric stabilization barrier formed by solid particles. [3] 

This schematic illustrates particle layers at the drop surface providing steric (i.e., mechanical) 

hindrance to droplet coalescence, stabilizing emulsions for years [18], [19]. Asphaltenes are heavy, 

polar, and surface-active component of crude oils (however this is not always the case in all 

asphaltene molecules) [3], hence, they are the main contributors for W/CO emulsion stability in 

the petroleum industry; their characteristics are discussed more thoroughly in the upcoming 

Section 2.3. 

2.1.1. Interfacial  tension 

The term interfacial tension (IFT) is used in a liquid-liquid or solid-liquid system to describe 

the excess energy associated with the existence of the interfacial boundary, while surface tension 

is reserved for a gas-liquid interface [3]. Itsô role in droplets with an interface is made clear using 

equation (1) below: 

 Ὠὡ  ‎ὨὛ ‎ς“ὶὨὶ 

Where Ὠὶ is the change in radius and ς“ὶὨὶ is the change in surface area (or τ“ὶὨὶ for 

volume). Due to the conservation of energy, Ὠὡ is the change in work or energy of the droplet, 

which must be equal to the right-hand side of the equation. The interfacial tension (‎) then is a 

(1) 
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proportionality factor with a dimension of energy per unit area which works to maintain a 

proportionate increase or decrease of work/energy with the increase or decrease of surface area (or 

volume) of a droplet [3]. Another critical evaluation, the Young-Laplace equation, describes the 

pressure difference across any curved interface as a result of the work performed against a pressure 

difference between the inside and outside of a droplet. The simplified derivation is described below 

in equations (2) to (5):  

 Ὠὡ ЎὴὨὠ 

Substituting the left-hand side of the equation with the IFT relation in equation (1) and the right-

hand side with the change in volume, we get: 

  ‎ς“ὶὨὶЎὴτ“ὶὨὶ 

 Ўὴ ς‎Ⱦὶ 

 Ўὴ ‎  

Where ὶ ὥὲὨ ὶ are the two principal radii of the dropletôs curvature. A further application of the 

Young-Laplace problem is evaluated and described in the upcoming Section 2.5.  

The thin film separating stable emulsion droplets is the part of the continuous phase of the 

liquid, thinning out as droplet approach until the surface forces between the droplets begin to 

interact with one another [3]. Including a surface-active substance or surfactant at the oil-water 

interface will work to lower the interfacial tension between droplets, which in turn will further 

stabilize them by preventing coalescence, promoting dispersion, and maintaining an emulsion [20], 

[21]. Experimental methods for measuring surface and interfacial tension include the capillary rise 

method, maximum bubble pressure method, Wilhelmy plate method, Du Noüy ring method, drop 

shape method, spinning drop (or spinning bubble) method, drop weight (or volume method, and 

various micropipette methods [3]. The drop shape method (or pendant drop) is commonly used to 

(3) 

(4) 

(5) 

(2) 
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measure IFT and can be done so by capturing various photographs of a droplet profile, calculating 

the shape variation under a specific change, then evaluating the IFT or surface tension by fitting 

the recorded drop shape to the solution of the Young-Laplace problem. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Thin liquid film in e mulsion. [3] 

2.2. Surfactants 

In order to form experimental water-in-oil emulsions, the oil phase must be modelled using 

specific materials to best imitate the interactions that would occur in an industry setting. Two 

droplets of the same phase (i.e., water) in a pure oil solvent require a surfactant to stabilize them, 

otherwise, they would coalesce immediately upon coming into contact [22]. Therefore, in order to 

model a stable emulsion, an emulsifier or emulsifying agent may be utilized [3]. The term 

surfactant is derived from the words ñsurface active agentò, referring to chemicals that are active 

at water-air or water-oil interfaces; surfactants may be utilized as an emulsifier [3]. They are 
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composed of two parts, a hydrophilic (water-loving) polar head and a hydrophobic/lipophilic 

(water-hating) hydrocarbon tail; classifying surfactants as amphiphilic due to their affinity for 

water and oil, as they are partly soluble in both [3].  

Surfactants play an important role in many industries and processes, including wetting, 

detergency, washing, and foaming [3]. The active parts of the molecules determine the surfactant 

classification type as either anionic, cationic, and non-ionic [3]. A common surfactant utilized in 

previous research and experimentation are Span surfactants, as they are effective in reducing 

interfacial tension [23] and result in increased viscoelasticity observed in the water droplets 

[21]. Viscoelastic interfaces enhance emulsion stability by increasing the magnitude of steric 

hindrance and by delaying the rate of liquid drainage between coalescing emulsion droplets [19]. 

Reduction in interfacial tension causes a degree of stability to the oil-water interface, 

working to prevent immediate droplet coalescence in experimentation and hence enabling a stable 

emulsion by reducing phase separation [24]. It has been reported however that the surface active 

properties of a surfactant contribute more to the strength of the interfacial film (and hence emulsion 

stability) as compared to its effect of interfacial tension over longer periods of time [24], [25], [26].  

Non-ionic microemulsion systems are much less sensitive to electrolytes than are ionic 

systems, unlike system temperature, which is an important variable in studying microemulsion 

properties [25]. Even with this, it was discovered that the interfacial elasticities of Span 80 

decreased with increasing sodium chloride concentration in the aqueous phase [27]. Span 80 is a 

nonionic surfactant (synonym: sorbitane monooleate, sorbitan oleate), with fatty acid composition 

of oleic acid (C18:1) Ò 60%; balance primarily linoleic (C18:2), linolenic (C18:3) and palmitic 

(C16:0) acids [28]. A common formula for Span surfactants is R-(OCH2CH2)nOH [3]. The 

occurrence of decreased interfacial elasticity with increasing salt concentration is due to the 
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(a (b

sodium and calcium ions being hydrated over the surfactant molecules, resulting in a ñsalting outò 

phenomena of the surfactant molecules, which causes a reduction of water interaction with the 

surfactant polar head groups present at the water-oil interface [27]. Consequently, this salting out 

process will result in decreased surfactant interfacial tension and elasticity [21]. The following 

research data support the necessity for the interfacial absorption of the surfactant head groups with 

the water phase in order to obtain an increase in interfacial viscoelasticity, due to the hydrophobic 

interaction between the fatty acid chains [21]. 

 

 

 

 

 

 

 

Figure 4. Graphs of (a) water drop interfacial tension under Span surfactant and (b) 

lifetime of water drops distributed in Span 80 (in hexadecane) solution. [29] 
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Figure 5. The effect of log bulk concentration on the interfacial tensions of Spans 20, 

80, 83, and 85 at the mineral oil/double distilled water interface. [21] 

Span 20, 80, 83, and 85 represent different sorbitan surfactants, including sorbitan 

monolaurate, sorbitan monooleate, sorbitan sesquioleate, and sorbitan trioleate, respectively [21]. 

These graphs illustrate and confirm the necessity for incorporating a surfactant in order to stabilize 

a model emulsion for experimentation with high voltage usage. They show a direct correlation 

between surfactant concentration working to lower interfacial tension in an emulsion system.  

A surfactant laden solution in the absence of electric field will prevent coalescence of the 

aqueous droplets due to the disjoining pressure resulting from the tail-tail interaction between the 

surfactant molecules on the droplet interfaces [17]. When the electric field is above a critical value 

for the system, the effect of electric stress overcomes the disjoining pressure between the water 

droplets, which results in coalescence [17]. The disjoining pressure is the summation of repulsive 
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and attractive (or van der Waals) stresses. To clarify, the Maxwell stress, which is due to the 

external electric field, must first deform the droplets against the interfacial tension (IFT) so that 

the droplets come in contact and then overcome the disjoining pressure for coalescence to occur 

[30]. In other words, the droplets will coalesce once the applied electrical field voltage is higher 

than a critical voltage in which the Maxwell or electrical stresses overcome the disjoining pressure 

[17]. Coalescing separated droplets require that the Maxwell stress first deforms droplets against 

the interfacial tension to promote drop contact, then must overcome the disjoining pressure for 

coalescence to occur [17]. 

2.3. Asphaltenes 

Asphaltenes are most appropriately defined as the fraction of crude oil that is insoluble in 

simple straight-chain alkanes (such as pentane or heptane) but is insoluble in toluene [3]. This 

definition describes asphaltenes as a solubility class rather than a specific type of chemical with 

different functional groups due to its variation in molecular mass, composition, functionality, 

polarity, and many other properties typically used to describe chemical molecules; it is very 

difficult and ineffective to describe a generalized or typical definition of asphaltene molecules [3]. 

An elemental analysis on Athabasca asphaltenes are taken as an example to demonstrate the 

chemistry, specifying that they consist of carbon, hydrogen, nitrogen, oxygen, and Sulphur, with 

trace amounts of vanadium and nickel and a hydrogen to carbon ratio (H/C) of ~ 1.2 [3]; Table 1 

below provides a summary of the weight percent composition of Athabasca asphaltenes, giving an 

approximation as to which elements make up the bulk of the structures. 
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Table 1. Elemental composition (wt. %) of Athabasca asphaltenes. [3] 

 

Predictably, it is very difficult to estimate the molecular mass of asphaltenes as it is difficult to 

narrow down the elemental composition of asphaltenes in general as discussed previously. Based 

on modern analytical chemistry techniques, the molecular mass of asphaltenes is estimated to fall 

within the range of 400 Da to 1500 Da, averaging around 750 Da; however, vapor pressure 

osmometry (VPO) and gel permeation chromatography (GPC) estimate much higher values 

ranging from 3000 Da to 10 000 Da [3]. The conflicting ranges due to various factors within 

experimental methods themselves (e.g. Uncertainty, method requirements, size, geometry, charge 

density, etc.), resulting in controversy regarding the most accurate molar mass range for 

asphaltenes [3]. 

Asphaltenes vary greatly from surfactants, as they do not have clear hydrophilic polar heads 

or lipophilic non-polar hydrocarbon tails, thus lacking amphiphilic properties; though, these 

properties may be contained within the bulk of the asphaltenes, they are not clearly visible. Steric 

repulsion effects due to the hydrocarbon tails [3] and poor solubility in the parent oil [31], [32] 

may be the main contributor as to limiting asphaltene aggregate growth or preventing precipitation 

as a separate phase. There are two commonly used models of the asphaltene molecular structure 

known as the archipelago structure and the island (or like-your-hand) model, with molecular 

masses of 2000 Da or greater and 500 Da to 1500 Da, respectively; both models are pictured below 

in Figure 6 and Figure 7, respectively. 

 

 

C H N S O H/C 

79.9 8.3 1.2 7.6 3.2 1.24 
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Figure 6. Hypothetical óarchipelagoô asphaltene molecular structure with molecular 

mass around 6200 Da. A, B, and C represent larger aromatic clusters. [3], [33] 

 

 

 

 

 

 

 

 

 

Figure 7. Hypothetical óislandô asphaltene molecular structure with molecular mass 

around 708 Da for one óislandô component (outlined in box). Aromatic ring s are 

bolded. [3], [34] 
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2.4. Coalescence and electrocoalescence 

The coalescence time, which depends on the liquid bridge evolution, is an important 

parameter for evaluating the coalescence efficiency [35]. The demulsification efficiency is closely 

related to the coalescence of droplets in the continuous phase [35]. The coalescence of two droplets 

in an electric field occurs in three steps: droplet approach, film drainage, film rupture and 

coalescence (where two droplets become one) [36]. As emulsions are thermodynamically unstable, 

the systemôs free energy decreases upon droplet coalescence; however, many emulsions are 

extremely stable and are difficult to break or separate [3]. Kinetic stabilization explains that 

although the system is intrinsically unstable, phase separation is slowed down due to the emulsion 

appearing infinitely stable due to surface forces; hence, in order for coalescence to occur in 

emulsions, droplets must overcome the repulsive surface forces that maintains the stability of the 

emulsion [3]. The coalescence process is affected by various factors such as interfacial tension, 

fluid density, viscosity, pH, and external forces. The degree of difficulty of the drop-drop 

coalescence is usually measured by the coalescence time, which is defined as the period between 

the arrival of the drops at the interfacial film and their coalescence [37].  
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Figure 8. Pair-drop coalescence for a toluene/water system in the absence of an applied 

electric field, demonstrating a) two drops apart, b) approaching, c) contacting, d) 

deforming, and e) coalescing. [37] 

In the absence of an electric field, a decrease in the interfacial tension has a delaying effect 

on drop coalescence; lowering the interfacial tension facilitates deformation of the drop surface, 

as illustrated in Figure 8 [37]. The drops deformed before coalescence occurred, this deformation 

decreases the pressure applied on the liquid film between the drops, thus delaying the film drainage 

[37]. Pair-drop coalescence experiments were conducted for aqueous drops with and without 

applied electric fields, findings claim a decrease in the interfacial tension facilitated the drop 

coalescence under applied electric fields and could inhibit drop coalescence in the absence of 

electric field; lowering the interfacial tension enhances drop deformation under external force. 

Without applied electric fields, such a deformation of the drops increases the resistance to 

squeezing the liquid film into the interfacial layer and thus inhibiting drop coalescence. However, 

this research claims that under applied electric fields, lowering interfacial tension facilitates 

a) 

b) 

c) 

d) 

e) 
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aqueous-drop coalescence in the organic phase due to the deformation and elongation of the 

droplets more readily undergoing the Coloumbic force that promotes drop contact and coalescence 

[37]. 

 

 

 

 

 

 

 

 

Figure 9. Illustration of the forces acting on droplets in an electric field. [16] 

In an electric field, four types of force act on every droplet; these include the electric force  

(Ὂ ) resulting from the effects of the electric field, the Coulomb force (Ὂ) resulting from the 

charge of the droplets and the electric field, the viscous force (Ὂ) resulting from the movement of 

the droplet and viscosity of the continuous phase, and the force of gravity (Ὂ) resulting from mass 

and gravitational attraction [16]. Figure 9 illustrates the forces that droplets undergo in an electric 

field with D representing distance. The electric forces that act between droplets can be further 

broken down to two parts: the electric force generated because of the existence of the up droplets 

(Ὂ ) and the electric force generated due to the existence of the down droplets (Ὂ ) [16]. 

Droplets in an emulsion, when exposed to an electric field, also experience dipolar attraction which 

drives the adjacent droplets closer [38]. 
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It is commonly understood that a charged drop in a DC uniform electric field exhibits a  

motion, direction of which is determined by polarity of the charge; this phenomenon is known as 

electrophoresis, However, it is important to note that a droplet is not necessarily required to be 

charged in order be set it the motion in an electric field, or to be deformed by this motion due to 

itsô interactional movement with the electric field. An uncharged droplet experiences a net force 

and undergoes a translational motion under exposure of an electric field; this particle-field 

interaction is known as dielectrophoresis (DEP) [39]. Another critical quality of an electric field-

based system is whether there is non-uniformity of the applied electric field or non-uniformity of 

the field due to irregularities of the electrode surface/setup, which also results in dielectrophoretic 

behavior of the droplet [16,17]. In a multi-drop system, where a large number of drops of one 

phase are dispersed in another fluid, magnitude of the electric field between two neighboring drops 

is always higher than that of the applied field [18]; resulting in dielectrophoresis which contributes 

to the dropïdrop interaction [39]. Therefore, dielectrophoretic mobility assists and may even 

trigger the segregation of droplets in the high electric field region helping to reduce the inter-drop 

separation distance and in turn increases the probability of the dropïdrop contact [40]. 

Lastly, another important variable mentioned in literature which affects the rate of coalescence 

is the ionic strength of the aqueous phase in W/O emulsions, that is, the concentration of charged 

ions contained in a solution. It is shown that for aqueous drops, a higher ionic strength results in a 

faster coalescence in the absence of an electric field, and a more rapid decrease in the coalescence 

time with an increase in the applied voltage [37]. This can be explained by an electrical double 

layer, the charge on the surface and the charge in the solution or bulk forming a system of charges 

[3], existing at the inner surface of the aqueous drop and causing resistance to drop deformation.  
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Figure 10.  Electric double layer resulting from distribution of charge-carrying ions in 

the vicinity of a charged interface. [3] 

It was observed that in the absence of an electric field, there is a decrease in coalescence time 

and increase in interfacial tension due to the EDL causing resistance to drop deformation, which 

makes the aqueous drops more rigid [37]. However, in the presence of an electric field, the aqueous 

salted drop and the surface of its homophase are polarized under the electric field resulting in an 

attractive Coulombic force that enhances the drop interface coalescence [37].  Higher conductivity 

facilitates the surface circulation in the aqueous droplet, which promotes the removal of the organic 

film from the space between the drop and the interface, also enhancing coalescence [37]. This is 

shown in Figure 11 through a graph comparing a water phase with and without the addition of 

sodium chloride. It is important to note here that different forces are more dominant in an electric 

field as compared to solely relying on interfacial tension such as in the absence of an electric field. 
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Figure 11.  Effect of ionic strength of aqueous drop-organic interface under an electric 

field. [37] 

It is also well-known that the existence of ionic species in emulsions enhances the heating 

efficiency of the mixture [14]; heating treatments have been previously shown to reduce 

demulsification times [41] and are commonly used in industries to remove water droplets from a 

continuous oil phase [42]. 

2.5. Droplet size and shape in electric fields 

An important factor that influences the rate of coalescence is the size of the droplets, which 

plays an important role in affecting the critical electric field strength under which the drops are 

coalesced. The critical electric field varies for different size water droplets, generally, the critical 

electric field strength of larger drops is found to be lower than that of smaller drops [43]. We can 

refer to equations (7) - (9) as to explain the behavior of larger droplets requiring a higher critical 

electric field strength [44].  
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Figure 12. Water drop deformation in an electric field. [44] 

In the absence of an electric field, the shape of the droplet will remain spherical due to the 

interfacial tension (‎) as the surface tension forces (‎Ⱦὦ  are greater than that of the body (Ў”Ὣ) 

[44]. However, a charged drop can lose its shape stability once the system reaches a certain 

threshold value of charge [45], known as the critical electric field strength, Ὁ. Equation (6) gives 

the Young-Laplace equation which describes the pressure difference across the interface of a drop 

with radius ὶ .  

 Ўὖ  ‎ ς ὖᴂÄÒÏÐ 

This pressure difference is called the capillary pressure in an emulsion with two immiscible liquids, 

such as oil and water. As the radius of a droplet increases, the pressure difference decreases, easily 

deforming the droplet. As a result of this, the interfacial tension decreases to equilibrate the 

relation, increasing the difficulty for the droplet to coalesce. 

It is already well known that a dropletôs shape and size is deformed under an electric field, such 

an example is demonstrated in Figure 13. 

 

 

(6) 
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Figure 13.  Elongation of a water drop with increasing electric field. Initial drop radius 

r0 =267mm. Applied electric field [kV/cm]: (a) 0, (b) 8.9, (c) 10, (d) 11.1, (e) 11.6, (f) 

12.3, (g) 12.7. The dashed red lines are perfect ellipses. [44]  

Equation (7) gives the pressure equilibrium at the droplet equator and the poles respectively, 

where a and b (introduced in Figure 12) are the spheroidôs semi-axis, Ўὴ is the pressure difference 

across the droplet interface due to interfacial tension and electrostatic pressure (ρȾς‐Ὁ ), E is the 

value of the electric field, ‐ is the permittivity of the drop and ‐ is the permittivity of the bulk 

phase. With this information, the two pressure differences on the spheroid may be balanced so that 

Ўὖ Ўὖ , we obtain the following:  

 Ὁ   ςϽ ς ὪὩ 

where 

 ὪὩ  Ὡ ὰὲ
  

 
 Ὡ  

(7) 

(8) 
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The left-hand side of equation (7) is the square root of the capillary pressure as demonstrated in 

equation (6) and the electrostatic pressure. The right-hand side is the geometric function of the 

spheroidôs semi axis a and b, while ὪὩ is a function of the eccentricity of the drop due to the 

applied uniform electric field (Ὁ). Berg et al. demonstrates that these derivations result in droplet 

elongation increasing with the electric field strength up until it reaches a stability ratio of a/b @ 

1.9; the electrostatic pressure exceeds the capillary pressure above this value resulting in the drop 

bursting or breaking up. As a result, equation (9) is derived, where Ὁ is the critical electric field 

value at which the droplet breaks up.  

 Ὁ πȢφτψ  

Figure 14 below shows the theoretical drop elongation of water droplets as a function of the applied 

electric field, with values of ‐Ⱦ‐ plotted [44]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Theoretical elongation of a water droplet as a function of the applied electric 

field and permittivity ratio. [44] 

 

(9) 
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Another finding explains that once the droplets come into contact, smaller droplets exhibit a 

faster merging rate than larger ones; this is due to smaller droplets having a larger ratio of the 

surface water molecules, which possess greater mobility than the interior water molecules [46]. 

This allows for greater surface activity among smaller droplets. As a result, the merging occurs 

after the two smaller droplets come into contact within a shorter period of time. One source 

supports claims that the value of the critical electric field for the onset of drop instability is 

influenced by the initial drop size [47], which is in fact true according to findings previously 

explained and derived. It is evident that a larger initial drop will require a lower electric field 

strength to cause break-up due to its instability [47], however this can have undesirable results as 

a larger droplet easily splitting will result in further emulsification due to the addition of smaller 

droplets. It can also complicate coalescence due to the lower interfacial tension that larger droplets 

display as discussed previously, hence signifying the clear importance of a critical electric field 

strength that will contribute to coalescence among water droplets without breaking up larger ones. 

2.6. Demulsifiers 

Compositions of industry demulsifiers are tailored to address site-specific emulsion 

stabilization mechanisms [3], the efficiency of a demulsifier is determined by the nature of the 

emulsion and the characteristics of the demulsifier [48], however, these specific properties may 

not always be known. Industry demulsifiers are a mixture of various chemicals, such that the 

product can help with the emulsion problem regardless the physicochemical reason for high 

emulsion stability; the targeted solutions may include promoting droplet coalescence, causing 

droplet flocculation, or displacing the steric stabilization layer [3]. The stability of W/O emulsions 

in petroleum systems is due to a stabilization layer on water droplet surfaces forming a skin that is 

very difficult to disrupt [3]; hence, an effective demulsifier is a surface-active compound that can 
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adsorb onto the water/oil interface and change its properties such that water droplets aggregate and 

coalesce [48].   

The concentration of added demulsifier in the oil is very important, not only because of 

economics, but also because of chemical performance [3]. Starting from very low additions, the 

product quality improves with increasing dosage and then, after passing over the optimum dosage, 

deteriorates or remains constant [3]. Similar to the strength of electric fields applied to a W/O 

emulsion, a higher concentration of demulsifiers (or voltage of field) does not always result in the 

desired outcome which is counterintuitive, as we tend to think that if something is responding well, 

then more of it would be even better. Addition of a demulsifier, depending on the function, will 

enhance the rate of coalescence, even in the presence of an electric field. However, there is a 

demulsifier concentration threshold where once it is reached, the phase separation ceases to 

improve [49]. Above a limit, a further increase in demulsifier concentration does not speed up the 

coalescence, and chemical demulsifiers are almost always used in combination with various 

mechanical and electrical demulsification methods [3].  

Chemical companies have developed several families of effective demulsifiers, the results of 

their performance in emulsions has provided significant economic improvements [3]. Figure 15 

below demonstrates trends of the impacts of various chemical demulsifiers on the percentage of 

water removal in a W/O emulsion, with some demulsifiers working more effectively than others. 

The trendlines tend to remain constant after a certain concentration of demulsifier added, proving 

that there is a threshold limit. The inclusion of centrifugation supports the claim that the use of 

demulsifiers does in fact require an extra force, in this case, mechanical. 
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Figure 15.  Water removal as a function of demulsifier dosage after centrifugation. [48] 

The indigenous surfactants including asphaltenes, resins and some naphthenates are water-

insoluble and form a stable thin layer around a droplet [50], making dropïdrop coalescence 

difficul t [51], [52]. However, there are only a few studies wherein combined action of chemicals 

and electric fields [53] in enhancement of the phase separation is investigated.  

Nonetheless, combining two methods of phase separation to enhance separation efficiencies 

has some limitations; therefore, developing new combinations of methods that can break water-in-

heavy and/or naturally stable crude oils is essential [49]. An important area that is more recently 

being investigated is the role of industry chemical demulsifiers in dewatering of heavy crude oil 

emulsions in the presence of electric fields. The kinetics of asphaltene-stabilized planar films in 

crude oil emulsions has been extensively studied [2], [54]. Coalescing-type chemicals, also known 

as interface controller work to promote coalescence of small emulsified droplets in order to result 

in larger droplets that are easier to separate from and emulsion. Equation (10) yields the total 

number or droplets (Ὠὲ ) as a function of time where ὥ is the distance at which droplets collide 

and Ὃ is the shear rate.  

 ὥὋὲ  (10) 
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In the absence of external forces the thinning rate can be predicted using StefanïReynolds 

equation [55], and the predictions have been proven to be in reasonably good agreement with 

experimental measurements for crude oil emulsions [2]. Equation (11) below describes the Stefanï

Reynolds for the thinning kinetics of a planar film in the absence of an electric field. 

 
2 2

 

The film thickness is Ὤ, viscosity of medium phase is ‘ , and s is the radius of hole in the porous 

plate used to form the film in experiments [2]. Modifying the StefanïReynolds equation to include 

the electrostatic effects on the thinning kinetics where the electric field (Ὁ) is applied across the 

planar film results in equation (12) below:  

 
2
‭% 

 2
 

Here ‭  is permittivity of oil phase, and the second term on the right-hand side of equation (12) 

represents the external electric force on the film of the droplet. Since the effects of demulsifier 

molecules start to appear in the film drainage stage of electrocoalescence and the mechanism of 

demulsifier-induced destabilization of a thin film is unestablished, the change in interfacial tension 

is taken into account in the model. Using the governing forces including the resisting lubrication 

force (Ὂ) [56], the capillary force (Ὂ), and the electrostatic force of attraction (ὊE) [57], equations 

(13) to (15) are expressed to derive equation (16).  

 Ὂ ρφȢυ‘ὥ ὥȾὬ 

 Ὂ τ“‎ὥ Ѝὥ ί  

 Ὂ% ρς“‭% σὓ ρ 

(11) 

(12) 

(13) 

(14) 

(15) 
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Where ὥȟὬȟὸȟὬȟί are radii of the coalescing drops, film thickness, time, initial thickness of the 

fil m, and radius of the film which is assumed to be constant during its complete drainage, 

respectively [49], as illustrated in Figure 16.  

 

 

 

 

 

 

 

 

 

Figure 16.  Schematic of two uniform water drops approaching under a constant DC 

electric field. [49] 

M is a derived geometrical coefficient for the radial component of the electrostatic force of 

attraction [51]. Equation (16) is solved for time evolution from initial film thickness Ὤ πȢρὥ to 

film break up of Ὤ
Ⱦ

 where A is the Hamaker constant (van der Waals interaction energy 

constant) of χ ρπ J.  This derivation is utilized to effectively calculate the rate of which coalescence 

may occur between two droplets in a W/O emulsion, showing that the rate of coalescence is governed by 

physical and electrical properties of the emulsion in addition to the applied electric field [49]. 

(16) 
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2.7. Experimentation methods 

Many experimentation techniques have been utilized in literature in order to evaluate droplet-

droplet interactions for W/O emulsions. Two methods are most commonly used, each having 

advantages and disadvantages. The first method of analyzing W/O emulsions includes visualizing 

free-moving water droplets immersed in an oil phase. This setup is most representative of an 

industry emulsion as the water droplets are already pre-dispersed in such a manner. However, a 

disadvantage is that this experimental method has little control over the behavior of the droplets, 

and in turn, many variables cannot be studied. This also requires more analyzing techniques for 

variables such as droplet size distribution (DSD) to ensure uniform droplets within the emulsion. 

As there are a multitude of droplets, it is increasingly difficult to focus on two droplets up close in 

order to evaluate coalescence convergence patterns and characteristics of shapes, unless done so 

with precise video recording techniques and computer programs.   

 

 

 

 

 

 

Figure 17.  Schematic of electrocoalescence cell to apply an electric field through with a 

thin emulsion layer of 250ʈm thickness. [49] 

 

 

 
















































































































