Electrocoalescence of Water Droplets in Oil Emulsions: Effect of Electric Fields, Surfactants,
and Chemical Demulsifiers

by

Carol Dwaik

A thesis submitted in partial fulfilment of tlmequirements for the degree of

Master of Science
in

Chemical Engineering

Department of Chemical and Materials Engineering
University of Alberta

© Carol Dwaik 2019



Abstract

Stabilization of wateiin-oil droplets during bitumen extraction and refining process poses
amajorchallengein the oil sands industry. These crude oil emulsions are stabilized by rigid films
at water dropleil interfaces. The saltwater remaining in éicauses equipment corrosion,
catalyst poisoningn upgrading lower product quality and extra tramsfation capacity all of

which immensely increase operation costs.

An effective and clean method used for water removal is the integration of eledtg fie
with chemical demulsifierdPast studies proved that coalescence of water draides external
electric fieldis significantly enhanced through increasing electric field strength up to critical
voltages in various setups. However, morelépth expgmental tests are needed to understand
fundamental interactionssingmodel emulsions (i.e., droptdtoplet, thin films, oil phases), and
to link toindustry applications. This research investigates the use of electric fields in chemical and

physical vaiations to combat stable emulsions in bitumen extraction processes.

To understand the various phersma that occur in wat@n-oil emulsions,a setup of
waterwater dropledin oil is tested using a high voltageodified Thin Film Draining Apparatus
(TFDA). The experiments are split into two main sections, one invessigla¢ effect oélectric
field variables while the other considghe effect othemical and physical variatisf emulsion
systems To elaborate, electric field variables incluithe application method of electridields,
such agamp speed anfield strengths The esults show that fer ramp speeldads toshorer
coalescence time, and high field strengths cause unwanted droplet stringing (i.e., further
emulsification) it is therefoe crucial to evaluate these variables. Alternatively, chemical and

physical properties of the emulsigystems were investigated, includitigg effect oftype and



concentration oflemulsifiers, droplet sizeand dropletoverlapon electrocoalescence of water

droplets in oil emulsions.

The results of these experiments allow us to establish correlatiomg) ateatric field and
physical/chemical propertids gain a fundamental understandingenhancing coalescence and

demulsifiation, 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 oiidely common and highly
undesirableccurrencen petroleum industry, which results in corrosion of the process equipment,
possible catalygboisoningin upgrading, and extra transportation cost owing to increased volume
as well as increased viscosjftj. Asphaltenes work to stabilize emulsion films, complicating the
phase separation of water from crude oil mixtJ&js The emulsified water is in the form of
micrometer sized droplets which carry dissolved salts that add to the corrosion problems in
downstream tfinery, equipmentand 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 propertiesngpartant area forasearch.

A method to break waten-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 oihah works to mainia 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 industdyis dependent on many factors
including thecollision rate (or mixing), interfacial tension, interfacial layer rheolagg rigidity,
and attractive forceg.here are various methods available to promote the coalescence of water in
oil emulsions, including the use of chemical demulsifiegctroc@lescers, high heating
treatments, and centrifugatioilectrocoalescers utilize electric fields to trigger coalescence
among water droplets in oil emulsions, hence assisting in phase separation to break W/O
emulsions. Integrating electric fiel#hsve proen 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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waterdroplets are shown to be more readily deformed and elongated, which promotdsogrop
contact,enhancingcoalescence 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, andhegwnay nfluence droplet
behavior in a W/O emulsion. Hence, it is critical to look into different variables that may affect
droplet behaviorand combine such variables with the addition of other chemicals, including
demulsifiers and surfactants, in ordergain abetter understanding of the coalescence processes

occurring.

1.2. Research objectivesind thesis outline

This research investigates the use of electric fighdkerchemical and physicaonditions
to combat stable emulsions in bitumen extractioc@ssesthus leading to more efficient phase
separationObjectives 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 chemid&mulsifers with electrical fields on

coalescence processes.

3. To understand stabilization mechanisms of watesil emulsions by studying properties

of interfacial film.
The present thesis contains five chapterduding the introductiom Chapter 1.

Chapter 2orovides a literature review that covéne fundamentals of W/O emulsioribie
process of coalescence and electrocoalescandelectric field effects on droplets, as well as
other areas of research that will be explored in experimental reSnlts/eview of surfactants,
asphaltenes, demulsifier@nd previous experimental methods will be discussed.

2



Chapter 3dncludes the materials used in this work, as well as experimental methods,
equipment, processes, areluq
Chapter 4ontains resultsral findings, as well as discussion pertaining to the study.

Chapter ssummarizes the work done and includes future reseaea#o be explored.



Chapter 2 Literature Review

2.1. Water-in-oil emulsions

Colloids are dispersions of twdifferent mediums, Were the first is a continuous medium
and the second are particles dispersed within the first pBlasaterin-oil emulsionsare atype
of colloidal dispersionwhere water is the dispersed phase (in droplet form) and the oil is the
continuous phas[3]. Stable vater droplets dispsed in crude oil emulsions during processing
stages is a complex anthfavorableconsequence in bitumen extraction. Crude oil naturally
contains various volumes of water, which can vary with aging time agMethis volume may
vary from below 1% to over 70% of the total produced voluwith droplets sizes at or less than
5 um in diametef3]. As a resul, the presence of water may caesgipment corrosion, catalyst
poisoning,and increased transptation volume all of which increase processing and handling
costs for petroleum industri¢4]. In the oil sands idustry, water may be emulsified into the oil
phase during slurry preparation as well as during hydrotranspwever, a major contributor
alongside stable water droplets themselves is the salt that is carried within the emulsion, which
cause serious carsion problems in pipelines and refiner[8. Other application®f applied
electric fields on fluid interfaces also inclu@éectrospraying5], [6] and mixing[7], while
dispersed water droplets in organic liquids QMémulsions) specifically are encountered in
chemical and biochemical industrigg, [9], [10], including food, cosmetics, paper, paint, etc.
[11]. Figure loutlinesmany of the factors and stages in electrically induced separation of W/O

emulsions.
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Figure 1. Mechanisms and factors influencinghe coalescence efficiency of electrostatic

separation of waterin-oil type dispersions [12]

Emulsionsin the petroleum industry are very difficult to break and overcome, indicating that
stabilization mechanisms are in plaedich slow dowrphase separatid3]. More specifically,

water in crude oil (W/CO) emulsions are usually very stable and difficult to eliminate. It is difficult



to declareexactly how these emulsiomgere createdas some may already be present in the oll
reservoir, carrying water asey migmate[3]. Howeve, it wasdiscovered that most emulsions are
likely formed as the oil flows into the well bore or turbulent flow on chokes and valves on
centrifugal pump impellerf3]. Crude oil emulsions contain asphaltenes, inorganic particles, or
other natural surfactan{d.3] that form rigid interfacial filns on waer droplet surfacegl4],
working to sabilize watefin-oil emulsionsby preventing dropletiroplet coalescence, resulting in
difficulties with phase separation. In other industries however, such as food industries, maintaining
a stable emulsiors a desirable outcome, therefore theleseene phenomenon is prevented in
these circumstancg$5]. There are several technigques used to obtain dehydration, the removal of
water and salt present in crude oil and petroleum etidrss,including chemical demulsification,
pH adjustment, gravity or centrifugal settlirfdt ration and heating treatmen{$6]. However,
these processes become quite time consuming due to more stable emulsions and are not always
cost effectiveasindustries spendnillions of dollarson either preventing or breaking down W/CO
emulsiond3]. Electrocoalescence (or electrostaticrdsification) is a technique used to combat
these issued 7] and will be discussed in detail furtham in Section2.4.

Solid particles at the interface of droplets do not lower interfacial tensignytité to lower
the free energy of the system, hence resulting in the same outdostailized emulsionas
illustrated inthe following figures.Many solid light particles stabilize petroleum emulsions,
including asphaltene aggregates, clays, coalgbegtand organic or inorganic materials insoluble

in the continuous oil phaga].



Figure 2. Steric stabilization barrier formed by solid particles. [3]

This schematic illustratgsarticle layers at the drop surface prongisteric {.e., mechanical)
hindrance to droplet coalescensgbilizing emulsions for yeafd 8], [19]. Asphaltenes are heavy,
polar, and surfacactive component of crude oi(fowever this is not always the case in all
asphaltene moleculefd], hence, thewre the main contributors for W/CO emulsion stability in
the petroleum industry; tirecharacteristics are discussed more thoroughly in the upcoming

Section2.3

2.1.1. Interfacial tension

The terminterfacial tensiorfIFT) is used in a liquidiquid or solidliquid systento describe
the excess energy associated with the existence of the interfacial bquwidiéagurface tension
is reserved for a gdmuid interface[3]. I t s0 r owitkeaninterfaceisrmage Icleat using
equation(1) below.

Qw [ QYre¢“ i Qi (2)

WhereQiis the change in radilnd¢” i ‘Qd the change in surfacarea (or“i Qifor
volume) Due to the conservation of ener@ywis the change in work or energy of the droplet,
which must be equal to the righénd side of the equation. Theerfacial tensionf() then is a
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proportionality factor with a dimesion 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 droplef3]. Another critical evaluation, the Yourigaplace equatiorgescribes the
pressure differerecacross any curved interface as a result of the work performiedteaypressure
difference between thieside and outsidef a droplet. The simplifiedativation s described below
in equationg?) to (5):

Qn YN Qo 2)
Substituting thdeft-hand side of the equation with the IFT relation in equatigmand the right

hand side with the change in volume, we get:

rce i QivATel Qi (3)
NI (4)
ymor - - (5)

Wherei wé¢ Qare the two princi pal Afuahériapplicatibnottiee dr o
YoungLaplace problem is evaluated aelscribed inthe upcomingsection2.5.

The thin film separating stable emulsion droplets is the part of the continuous phase of the
liquid, thinning out as droplet approach urtie surface forces between the droplets begin to
interact with one anothgB]. Including a surfacactive substancer surfactantt the oitwater
interface will work to lower the interfacial tension between droplets, which in turn will further
stabilize then by preventing coalescence, promoting dispersionpeadtaining an emulsidi20],
[21]. Experimental methods for measuring surface and interfacial tension include the capillary rise
method, maximum bubble pressure method, Wilhelmy plate methoNpDuring method, drop
shape method, spinning drop (or spinning bubble) method, drop weight (or volume method, and

various micropipette method3]. The drop shape methgor pendant drops commonly used to



measure IFT and can be done so by capturing various photegr&tiroplet 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 ofvtbengLaplace problem.

Water
Film
drainage
e
Diluted
bitumen

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

2.2. Surfactants

In orderto form experimental watein-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 requirfaetamnirto stabilize them,
otherwise, they would coalesce immediately upon coming into cd@@dciherefore, in order to
model a stable emulsion, amulsifier or emulsifying agent may be utilizg®]. The term
surfactanis derival from the wordgisurface active agedtreferring to chemicals that are active

at waterair or wateroil interfaces surfactants may be lined as an emulsifief3]. They are



composed of two parts, a hydrophilic (wakeving) polar head and a hydrophobic/lipophilic
(waterhating) hydrocarbon tail; classifying surfactants as amphiphilic due to their affinity for
water and oil, as they are partly solubldath[3].

Suffactants play an important role in many industries and processes, including wetting,
detergency, washing, and foamii8]. The actve parts of the molecules determine the surfactant
classification type as either anionic, cationic, and-iooic [3]. A common surfactant utilized in
prevous research and experimentation are Span surfactants, as they are effective in reducing
interfacial tension23] and result in increased viscoelasticity observed in the water droplets
[21]. Viscoelastic interfaces @ance emulsion stability by increasing the magnitude of steric
hindrance and bglelayingthe rate of liquid drainage between coalescing emulsion drgpfts

Reduction in interfacial tension causes a degree of stability to theatsl inerface,
working to prevent immediatdroplet coalescence in experimentation and hence enabling a stable
emulsion by reducing phase separaf@4]. 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 ienover longer periods of tinja4], [25], [26].

Non-ionic microemulsion systems are much less sensitive to electrolytes than are ionic
systemsunlike system temperature, which is an importaatiable in studying microemulsion
properties[25]. Even with this, it was discovered thahe interfacial elagtities of Span 80
decreased with increasing sodium chloride concentration in the aqueou$2aSean80 is a
nonionic surfactantsynonym:sorbitane monooleatsprbitan oleatg with fatty acid compsition
of oleic acid (C18:1) O 60 %; bal ance primari/|l
(C16:0) acids[28]. A common formula for Span surfactants Rs(OCH.CH,),OH [3]. The

occurrenceof decreasednterfacial elasticity with increasing salt concentratisndue to the
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sodium and calcium ions being hydrated overthe sarfact mol ecul es, resul ti
phenomena of the surfactant molecules, which causes a reduction of water interabtidwe w
surfactant polar head groups present at the vadltarterface[27]. Consequently, this salting out
processwill result in decreased surfactant interfacial tension and elastiify The following

research data support the necedsityhe interfacial absorption of the actant head groups with

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

interaction between the fatty acid chajial].

60 350
(a 0.001 wt % Span 80

E 50 Hexadecane 300 Hexadecane
> 150 mM NaCl
£ L
c 40 ®  Span 80 .
.g ® Span 20 % 200 |
= 3 150
5 20 »?
u L
g 100
2
E 10 50 L

0 Ll 11l Lol Ll L Lilll] —l'.'u'ﬁT-l_TTle 0 Al gy AN W Z e gt

105 104 103 102 101 100 1 10 100 1000

Surfactant concentration, wt % Drop radius, pm

Figure 4. Graphs of (a)water drop interfacial tension under Span surfactantand (b)
lifetime of water drops distributed in Span 80 (in hexadecane) solutiofi29]
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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, an®5 represent different sorbitasurfactants, including sorbitan
monolaurate, sorbitan monooleate, sorbitan sesquioleate, and sorbitan trioleate, resg&gtively
These gaphs illustrate and confirthe necessity for incorporating a surfactant in order to stabilize
a model emulsion for experimentation with high voltage usabey show a direct correlation
between surfactant concentration working to lower interfacial tensian emulsion system.

A surfactant laden solutiom ithe absence of electric fieldll preventcoalescence of the
agueous droplstdue to the disjoining pressure resulting from thettllinteraction between the
surfactantnolecules on the droplatterfaceq417]. Whenthe electric field is above a critical value
for the systemtheeffect ofelectric stress overcomes the disjoining presbeteveen the water

droplets, which results in coalescefté]. The dsjoining pressure is theisimation of repulsive
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and attractive (or van der Waals) stresSes clarify, the Maxwell stress, which is due to the
external electric field, mudirst deform the droplets against the interfacial tension (IFT) so that
the dropéts 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 wbh the Maxwell or electrical stresses overcome the disjoining pressure
[17]. Coalescingseparatediropletsrequire thathe Maxwell streséirst deformsdroplets against

the interfacial tensioto promote drop contact, thenustovercome the disjoing pressure for

coalescence to occli7].

2.3. Asphaltenes

Asphaltenes armost appropriatelgefined as the fraction of crude oil that is insoluble in
simple straighthain alkanes (such as pentane or heptanejshnsoluble in tolueng3]. This
definition descriles asphaltenes as a solubility class rather than a specific type of cherttical wi
different functional groups due fits variation in molecular mass, composition, functionality,
polarity, and many other properties typically used to describe chemical hegjeitus very
difficult and ineffective to describee generalized or typicadkfinition of asphaltene moleculg.

An elemental analysis on Athabasca asphaltenes are taken as an example to demonstrate the
chemistry,specifying that they consist of carbon, hydrogettpgen, oxygen, and Sulphur, with
trace amounts of vanadium and nickel ang@dgen to carbon ratio (H/C) of ~ 1J.&; Table 1
belowprovides a summary of the weight percemtnpositionof Athabasca asphaltenes, giving a

approximation as to which elements make upbthl& of the structures
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Table 1. Elemental composition (wt. %) of Athabasca asphalteneg3]

H

N

S

O

H/C

79.9

8.3

1.2

7.6

3.2

1.24

Predictably, it is very difficult t@estimate the molecular mass of asphaltenes as it isultiffo
narrow down the elemental composition of asphaltenes in general as discussed pr&asesdly.
on modern analytical chemistry techniquia® molecular mss of asphaltenes is estimated to fall
within the range of 400 Da to 1500 Da, averaging aroti@ Da; however, vapor pressure
osmometry (VPO) and gel permeation chromatography (GPC) estimate much higher values
ranging from 3000 Da to 10 000 03]. The conflicting range due to various factors within
experimental methods themselves (e.g. Uncertainty, methouoleegunts, size, geometry, charge
density, etc.), resulting irtontroversy regarding the most accurate molar mass range for
asphalteneR3].

Asphaltenes vary greatly from surfants, agheydo not have clear hydrophilic polar heads
or lipophilic nonpolar hydrocarbon i, thus lacking amphiphilic properties; though, these
properties may be contained within the bulk of the asphaltenes, they are not clearlyStsifite.
repukion effects due to the hydrocarbon tgd8 and poor solubility in the parent 4B1], [32]
may be the main contributor as to limitiagphaltene aggregate growthpreventing precipitation
as a separate pha3énere are two commonly used models @& #sphltene molecular structure
known as thearchipelagostructure and thésland (or like-your-hand model, with molecular
masses a2000Daor greateand500 Da to 150a, respectivelyboth models are pictured below

in Figure 6andFigure 7 respectively.

14



Figure6. Hy pot het i cagb66asphiapélne mol ecul ar str
mass around6200 Da. A, B, and C represent larger aromatic cluster$3], [33]

Figure7. Hy pot heti cal O6i sl andé asphaltene mol ecu
around 708 Daf or one O6i sl anddé c¢ompmatieringsar¢ out | i ne
bolded. [3], [34]
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2.4. Coalescencand electrocoalescence

Thecoalescence timavhich depends on the liquid bridge evolution, is an important
parameter for evaluating the coalescence efficigdsly The demulsification efficiency is closely
related to the coalescence of droplets @ctintinuous phag@5]. The coalescence of two droplets
in an electric field occurs in three steps: droplet apgroéibtm drainage, film rupture and
coalescencévhere two droplets become o1fi8$]. As emulsions are thermodynamically unstable,
the systembs f r ea drepiekaoalegcendee loweved, Snars/ enufsions are
extremely stable and are difficult to break or sepafdleKinetic stabilizationexplains that
although the ystem is intrinsically unstable, phase separation is slowed down due to the emulsion
appearing infinitely stble due to surface forgebence, n order for coalescence to occur in
emulsionsdroplets must overcontberepulsive surface forcabatmaintairs the stability of the
emulsion[3]. The coalescence process is affected by various factors such as intésfasia,
fluid density, viscosity, pH, and external forces. The degree of difficulty of the-cip
coalescence is usually measured by the coalescencenimed, is defined as the period between

the arrival ofthe drop at the interfacial film and theicoalescencf87].
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e)

Figure 8. Pair-drop coalescence foa toluene/water system in the absence of an applied
electric field, demonstrating a) two drops apart, b) approaching, c) contacting, d)
deforming, and e) coalescing37]

In the absence of an electric fielddecrease inhe interfacial tension hasdelaying dfect
on drop coalescencegwering the interfacial tension facilitates deformation of the drop surface,
as illustrated irFigure 8[37]. The drops deformed before coalescence occurred, this deformation
decreases the pressure applied on the liquid film betweenaps, hus delaying the film drainage
[37]. Pairdrop coalescence experiments were conducted for aqueous drops with and without
applied electric fieldsfindings claima decrease in the interfacial tension facilitated the drop
coalescence under applied electric fields and could inhibit drop coalescethee abhsence of
electric field;lowering the interfacial tension enhances drop deformation under exterral forc
Without applied electric fields, such a deformation of the drops increases the resistance to
squeezing the liquid filnmto the interfacial layeand thus inhibihg drop coalescence. However,

this research claims thander applied electric fields, l@wing inerfacial tension facilitates
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agueougdrop coalescence in the organic phdse to the deformation and elongation of the

dropletsmore readily undegingthe Coloumbicforce that promotedrop contact and coalescence

[37].
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Figure 9. lllustration of the forces acting on droplets in an electric field [16]

In an electric field, dur types of force act on every droplétese include thelectric force
("O) resulting from the éécts of the electric fieldthe Coulomb force("O) resulting from the
charge of the droplstand the electric fieldheviscous forcg O) resuling from the movement of
the droplet and viscosity of the continuous phasetlaébrce ofyravity ("O) resulting from mas
and gravitational attractigi 6]. Figure illustrates the forces that droplets undergo in an electric
field with D representing diahce. he electric forces that act between droptats be further
broken down to two partshe electric force generated because of the existence of the up droplets
('O ) and the electric force generatede tothe exisence of the down droplef®O ) [16].
Droplets in an emulsion, when exposed to an electric field, also experience dipolar attriaiction

drives the adjacent droplets clo§&g].
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It is commonly understood thatcharged drop in a DC uniform electric field exhilats

motion, direction of which is detenined by polarityof the charge; this phenomenorkisown as
electrophoresistiowever, it is important to note that a droplet is not necessarily required to be
charged in order be settite motion in an electric fieJdr to be deformed by this motialue to
i t s 6 ional meveneemt tvith the electric fielAn uncharged dropletxperiences a net force
and undergoes a translational motionder exposure of an electric field; thparticlefield
interaction is known adielectrophoresi$DEP)[39]. Another critical quality of an electric field
based system is whether theraasruniformity of the applied electric field or namiformity of
the field due to irregularities of the electrode surfseiip, which also resulits dielectrophoretic
behaviorof the droplef16,17]. In a multidrop system, where a large number of dropsne
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 drojpdrop interaction[39]. Therefore, dielectrophoretic mobility assists and may even
triggerthe segregation of droplets the high electric field region helpirig reduce the intedrop
separatiordistanceandin turnincreases the probability of the diawop contac{40].

Lastly, another important variable mentioned in literatdnech affects the rate of coalescence
is the ionic strength of the aqueous phase in W/O emulsions, that is, the concentration of charged
ionscontainedn a solution It is shown that for aqueousoghs, a higher ionic strengthsultsin a
faster coalescee in the absence of an electric field, and a more rapid decrease in the coalescence
time with an increase in the applied voltdd&]. This can be explained kan electrical double
layer, the charge on the surface and the charge in the solution or bulk forming a system of charges

[3], existing &the nner surface of the aqueous drop and causisigtace 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, themrdeisr@ase in coalescence time
andincrease in interfacial tensialue to the EDL causing resistance to drop deformatvbich
makeghe aqueous dps more rigid37]. Howeverjn the presence of an electric fietle aqueous
salteddropand the surface of its homophase are poldrizeder the electric fielcesulting in an
attractiveCoulombic force that enhances theplhaterface coalescen¢&7]. Higher conductivity
facilitates the sugfce circulation in the aqueous drop¥ehich promotes the removal of the organic
film from the space between the drop and the interfaseenhancing coalescen{®7]. This is
shownin Figure 11through a graph comparirggwater phase with and without the addition of
sodium dloride. It is important to note here that different fore@e more dominant in an electric

field as comparetb 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 aqueousirop-organic interface under an electric
field. [37]

It is also wellknown that the existence of ionic species in emulsions enhances the heating
efficiency of the mixture [14]; heating treatments haveeen previously shown to reduce
demulsification time$41] and are commonly used in industries to remove water drdpbetsa

continuous oil phasg@?2].

2.5. Droplet sizeand shapein electric fields

An importantfactorthat influences the rate of coalescenaiessizeof the dropletswhich
plays animportantrole in affecting the critical electric field strength under which the deops
coalescd. The critical electric fieldiariesfor differentsize water drojets, generally,Hhe critical
electric field strength of larger dropsf@ind to bdower than thabf smaller drop$43]. We can
refer to equationé?) - (9) asto explan the behavior of larger droplets requiring a higher critical

electric field strengtf44].
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Figure 12.Water drop deformation in an electric field. [44]

In the absence of an electric field, the shape efdioplet will remain spherical due to the
interfacial tension’ () as the surface tension forced® are greater than that of thedyay” M
[44]. However, a charged drop cédose its shape stability once the system reaches a certain
threshold value of chardé5], known & the critical electric field strengtl® . Equation(6) gives
the YoungLaplace equation which describes the pressure difference across tlaeentéia drop

with radius i

Yo 1 = — ¢— Oxoip (6)
This pressure differendgcalled thecapillary pressuri an emulsion with two immiscible liquids,
such as oil and water. As the radius of a droplet incretimepressure difference decreases, easily

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

relation, ncreasing the difficulty for the droplet to coalesce.

It is already wel/l known that a dropletds sha

an example islemonstrated ifigure 13
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Figure 13. Elongation of a water dropwith increasing electric field. Initial drop radius
ro=267mm. Applied electric field [kV/cm]: (a) O, (b) 8.9, (c) 10, (d) 11.1, (e) 11.6, (f)
12.3,(g) 12.7. The dashed red lines are perfect ellips§44]

Equation(7) gives thepressure equilibrium at trdropletequator and the poles respectively
whereaandb (introduced irfFigure 13 ar e t he soshVigis teipessige diferande
across the droplet interfacue tanterfacial tension and electrostatic presgpik;- O ), E is the
value of the electric field- is the permittiviy of the dropand- is the permittivity of the bulk

phaseWith this information, the two pressure differences on thersdh may be balanced so that

(Y

Y0 Y0 , we obtain the following:
0O — ¢O- ¢ - - Qo @)
where
MQ -Q at— Q (8)

23



Theleft-handside of equatior7) is the square root of the capillary pressure as demonstrated in
equation(6) and he electrostatic pressure. Thght-handsideis the geometd function of the
spher oi dobaandb aevhie Q@ is a fmnction of the eccentricity of the drop due to the
applied uniform electric field® ). Berg et al. demonstrates that these derivations result in droplet
elongationincreasingwith the electric field strength up until it reaches a stabiltio d 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, equaii@nis derived, wheré® is the criticalelectric field

value at which the droplet breaks up.
O TT P— €)

Figure 14below shows the theoretiadiop elongation of water dropleés a function of the applied

electric field with values of 7- plotted[44].

357

37

25+

a/b

Figure 14.Theoretical elongation of a water droplet as a function of the applied electric
field and permittivity ratio. [44]
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Another finding explains thatnze the droplets come into contact, smaller droplets exhibit a
faster merging ratéhan larger ones; this is due to smatleoplets haing a larger ratiocof the
suiface water molecules, which possess greater mobility than the interior water mojé6iiles
This allows for greater surface activity among smaller dropfetsa resultthe mergingoccurs
after the two sraller droplets come into contaetithin a shorter period of timedne source
supportsclaims that e value ofthe critical electric field for the onset of drop instability is
influenced by the initial drop sizi7], which is in fact true according tonflings previously
explaned and derivedit is evidentthat alarger initial drop will require a lower electric field
strength to cause brealp due toits instability [47], however this can have undesirable results as
a larger droplet easily splitting will result in further dsification due to theddition of smaller
dropletslt 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 lhat will contribute to calescence among water droplets without breaking up larger ones.

2.6. Demulsifiers

Compositiors of industry demulsifies are tailored to address s#specific emulsion
stabilization mechasms[3], the efficiency of a demuls#r is determined by the nature of the
emulsion ad the characteristics of the demulsif[dB], however, these specific properties may
not always be knownndustry demulsifiersaare a mixture of various chemicals, sublat the
product can help with the emulsion prefl regardless the physicochemicalsma for high
emulsion stabilityjthe targetedsolutionsmay include promoting droplet coalescence,scay
droplet flocculation, or displacinie steric stabilization Yeer[3]. The sability of W/O emulsions
in petroleum systems diue to a stabilization layer on water droplet surfaces forming a skin that is
very difficult to digupt[3]; hencean effective demulsifier is a surfaeetive compound that can
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adsorb onto thevater/oil interface and change its properties such that water dropletgatggrad
coalescg48].

The concentration of added demulsifigr the oil is very important, not only because of
economics, but also because of chemical performg@jcé&tarting from very low additions, the
product quality improvewith increasing dosage and then, after passing over the optimum dosage,
deteriorate®r remainscongant[3]. Similar to the strength of electric fields applied t&V&O
emulsion, a higher concentration of demulsifiers (or voltage of field) does not always result in the
desired outcome which ®unterintuitve, as we tend to think that if something is responding well
then more of it would be even bett@&ddition of a demulsifierdepending on the function, will
enhance the rate of coalescence, even in themessd#an electric field However, there is a
demulsifier concentration threshold where once it is reactiedphase separation ceases to
improve[49]. Above a limit, a futher increase in demulsifier concentrationsloet speed up the
coalescence, and chemical demutsgiare almost always used in combination with various
mechanical and electrical demulsification methi@s

Chemical companies have developed several families oftieademulsifiersthe results of
their performance in emulsions has provided significant econonpmiramentd3]. Figure 15
below demonstrates trends of the impacts of various chemical demulsifiers on the percentage of
watea removal in a W/O emulsion, with some demulsifiers working more effectively than others.
The trendlines tend to remain constant after a certain concentodtdemulsifier added, proving
that there is a threshold limit. The inclusion of centrifugatigopsuts 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 demusifier dosage after centrifugation [48]

The indigenous surféants including asphaltenes, resins and some naphthenates are water
insoluble and form a stable thin layer around a drof@@}, making drojydrop coalescence
difficult [51], [52]. However, there are only a few studies wherein combined action of chemicals
and éectric fields[53] in enhancement of théhpse separation is investigated.

Nonetheless, combining two methods of phase separation to enhance separation efficiencies
has some limitationgherefore developing new combinations of methods that can breakawvater
heavy and/or naturally stable crude oils is esse&l An important area that is more recently
being investigated is the rotd industrychemical demulsifiersni dewatering of heavy crude oil
emulsions in the presence of electric fieldlse kinetics ofasphaltenestabilizedplanar films in
crude oil emulsions has been extensively stufigd54]. Coalescingtype chemicals, also known
as interfaceontroller work to promote coalescence of small emutsifiplets in order to result
in larger droplets that are easier to separate from and emulsion. Equ#&Xjogmelds the total
number or dropletsCE ) as a function of time herewis the distance at which droplets collide

and“Ois the shear rate.

—  —0a (10)
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In the absence of external forces the thinning rate can be predicted using Fagfarids
equation[55], and the predictions have been proven to be in reasonably good agreement with
experimental meaurements for crude oil emulsiof23. Equation(11) belowdescribeshe Stefan

Reynoldsfor the thinningkinetics of a planatilm in the absence of an electric field.

> 7 11
Thefilm thicknessis "Qviscosity of medium phass*‘ , andsis theradius of hole in the porous
plate sed to form the film in experimen(id]. Modifying the StefanReynolds equation to include

the electrostatic effects on the thinning kiogtwhere the electricdld (O ) is applied across the

planar filmresults in equatio(iL2) below:

—_ _ 0
2T/0

(12)

Herel is permittivity of oil phase, andé seond termon the righthand side of equatiofi2)
representshe external electric force on the filof the dropletSince the effects of demulsifier
molecules start to appear in the film drainage stage of etealescencandthe mechanism of
demulsifierinduced destabilizaon of a thin film is unestdished, the change in interfacial tension

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

force (O [56], the capillary force™©), and the electrostatic force of attract{6R) [57], equations

(13)to (15) areexpressed to derive equatifib).

O p@® O— Q (13)
0 Tre VB T (14)
"Q pET % od p (15)
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(16)

WhereHMORQH areradii of the coalescing drops, film thidkess, timeinitial thickness of the
film, and radius of the ifm which is assumed to be cstant during its complete drainage

respectivelyf49], as illustrated irrigure 16

Y

H
Figure 16. Schematicof 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 thickne€® T®Wto

T
flm break up ofQ  — where A is the Hamaker constgaan der Waals interaction energy

constantpfx p 1 J. This derivation is utilized to effectively calculate the rate of which coalescence
may occur between twaroplets in a W/O emulsioshowing thathe rate of coalescence is governed by

physical and electrical properties of the emulsion in addition apiblied electric field49].
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2.7. Experimentation methods

Many experimentation techniques have been utilized in literature in order to ezt
droplet interactions for W/O emulsionswo methods are most commonly used, each having
advantages and disadvantages. Tits¢ fhethod of analyzing W/O emulsions includes visualizing
freemoving water droplets immersed in an oil phase. This setupoist representative of an
industry emulsion as the water droplets are alreadyigpersed in such a manner. However, a
disadvatage is that this experimental method has little control over the behavior of the droplets,
and in turn, many variables canrm® studied. This also requires more analyzing techniques for
variables such as droplet size distribution (DSD) to ensure undoopiets within the emulsion.
As there are a multitude of droplets, it is increasingly difficult to focus on two dropletesgin
order to evaluate coalescence convergence patterns and characteristics of shapes, unless done so

with precise video recondg techniques and computer programs

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

thin emulsion layer of 25Q m thickness [49]
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