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Abstract

Interactionsmechanisms ofleformable air bubbles arl@juid droplets play critical
roles n many established and modern industrial processederstanding the interaction
mechanisms of oil droplets and air bubbles is of fundamental acticai importance to
solve many challengingssues especially foroil industries. In this thesis a stateof-art
droplet probe atomic force microscopy (AFEHupled with reflection interference contrast
microscopy (RICM)wvasapplied for the first time in the worldio simultaneouslyguantify
interaction forces anthe spatiotemporal evolution of the thin water film betwedn
bubbles and solid mica surfaces The measured force results were analyzed using a
theoretical model based on Reynolds lubrication theory and augmented-Iaplage
equationto elucidate thentrinsic interaction mechanismStable filmssustained by van
der Waals forcewere always observed between air bubbded hydrophilic mica
surfaces whereas bubbles were found to readilitach oto hydrophobized mica
surfaces.An exponential equationwas also developed toquantify the hydrophobic
attractioninvolved in asymmetric systems involving defornediloplets andiir bubbles

The validatedAFM droplet probe techniquendtheoretical modelverethenapplied to
guantitatively studythe interaction mechanisms ¢f) oil droplets intexcting in aqueous
mediain the presence or absence of asphaltenes, representing stabilization mechanism of
oil-in-water emulsions (2) water dropletserdction in oil mediavith or withoutpresence
of asphaltenes, which represents the stabilization mechanism ofinaiieemulsion,and
(3) oil droplets interacting with solid surfaces in aqueous media, representing thenbitum

and oil liberation processeshe force results between oil droplets in watevealed that



the interactionbetweentwo pristine oil dropletsin water could bedescribedby the
classical DerjaguinLandauVerweyOverbeek (DLVO) theory Adsorption of
asphalteneat oil/water interfacevas found to result imorenegative surface patgal of
the oil dropletsand also induced steric repulsidigth of whichinhibited coalescencef
oil dropletsandcontributed to the stability of O/\&mulsion Lower pHcouldlead to less
negative surface potentiahnd divalent ions (C&) could disrupt the protection of
interfacial asphalteneand induce oil dropletsoalescenceFor water droplets in oil,
rapid coalescence was observed betweenviater dropletswhile interfaciallyadsorbed
asphaltenes sterically inhibd droplet coalescencandinducel interfacial adhesion. The
adhesion increadewith asphaltenegoncentrationbut drastically decrease after the
concentration exceeded100 mg/L The aldition of poor solvent (heptanejrengthened
the interfacial adhesion at low asphaltenes concentration, while the opposite trend was
observed for high asphaltenes concentratibure heptanewas found to destabilize
asphaltenesoated water dropletdroplet probe AFM wasalso applied to directly
measurethe interaction force between oil droplets (i.e. toluene bepto) with the
additionof asphaltenes and mica surfaces with varying hydrophobicayueousnedia
to understand the wetting mechanisms of the oil/water/solid sysmmydrophilic mica
surfaces asphaltenes adsorbed at oil/water interfatrengthened electrical double layer
repulsionand inducd steric repulsionstabilizing water filns and inhibiting oil droplet
attachmenbn the surfaced~or hydrophobized mica surfagehe hydrophola attraction
overa@ame the steric hindranaaf interfacialasphaltenedeading torapid attachment and

strongadhesion of oil droplet on the surface



This study provides a novekechniqueto study the interaction mechanisms of
deformable droplets and air bubbles, with the capacigyn€hronousneasurements of
the interaction forces and the drainage dynamics ofligund films. Results obtained
using this technique for the systems ihgrbduction also provide fundameniakights
into the interaction mechanisms of oil and water dropfet®mplex solution conditions
with valuable implication on the stabilization mechanism of O/W and W/O emalsion

and thewetting mechanisms of oil/wat/solid system# presence adisphaltenes.
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solid lines are fitting results calculated using theoretical model. The nominal velocity is 1

em/ s.radhe of the droplets are 60géa485and 55

Figure 6.5. Force curves of interaction between a toluene (A~C) or a heptol (D and E)
droplet and a hydrophilic mica surface with 0 mg/L (A), 10 mg/L (B and D), and 100
mg/L (C am E) asphatenes in 100 mM NaCl with natural pH ~ 5.6. The green symbols
are experiment results and the black solid lines are theoretical fitting results. The nominal

velocity is 1 &em/s. The radi. of the drople
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Figure 6.6. Force curves of interaction between a toluene (A~C) or a heptol (D and E)

droplet and a hydrophobized mica surface with 0 mg/L (A), 10 mg/L (B and D), and 100

mg/L (C and E) asphatenes in 100 mM Na@hwatural pH ~ 5.6. The green symbols

are experiment results and the black solid lines are theoretical fitting results. The nominal
velocity is 1 em/s. The radid.i of the dropl e
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Chapter 1 Introduction

1.1.Interactions of deformabledroplets and air bubbles

Deformable droplets or air bubbles are formed by suspending liquid droplets or air
bubbles in another immiscible liquid, forming liquid/liquid or air/liquid interface. In contrast
to the strong elasticitgontrolled deformation energetics of a solid/watderface, the
deformation energetics of a liquid/liquid or air/liquid interface is governed by the relatively
weak interfacial tension, and thereby the shape of the interface is largely controlled by the
balance between internal Laplace pressure, whiotlated to the interfacial tension and the
droplet size, and external pressuiies|uding velocitydependent hydrodynamic pressure
due to fluid dynamics and separatidependent disjoining pressure due to surface
forces" % Therefore, liquid droplet®r air bubbles can readily change their shapes in
response to external forces when interacting with other objects. And even tiny forces can
result in significant deformation at the liquid/liquid and air/liquid interfaces, especially for
those with very lowinterfacial tension. This convoluted coupling between interfacial
deformation and interaction force renders it extremely challenging to accurately determine
the absolute local separation between a liquid/liquid or air/liquid interface and another
during the interaction, so is the intrinsic interaction mechanisms of deformable liquid
droplets and air bubbles.

In general, interaction of deformable liquid droplets or air bubbles can be generalized
into three different stagés. Without losing generality, israction between an oil droplet

and a solid surface in water is shown here as an example as illustrated in Figure 1.1. First,



the oil droplet is brought close to the solid surface in water by external forces (e.g. fluid flow,
buoyance force). At this stagihe external force exerted on the droplet is negligible and it
remains almost spherical with shape unchanged (Figure 4 ®When the droplet and the

solid surface are close enough, the hydrodynamic pressure becomes comparable to the
Laplace pressur@side, leading to considerable droplet deformation and formation of a
confined thin water film between the solid/water and oil/water interfaces (Figure 1.1B). Due
to compensation by droplet deformation, this confined water film is much more difficult to
be completely drained out than that between two rigid interfaces. At the final stage when the
thickness of the water films decreases to < ~100 nm, as shown in Figure 1.1C, the disjoining
pressure due to surface forces come into effect, ultimately dediwirgyability of the water

film.% * "9 Fundamentally, attractive surface forces such as van der Waals (VDW) force
and hydrophobic force will destabilize the water film and lead to attachment of the oil
droplet onto the solid surface, while the thin wdilen can be stabilized if repulsive surface

forces like electrical double layer (EDL) force and steric repulsion dominate the interaction.



Solid surface

Solid surface

Solid surface

Figure 1.1 Schematic illustration of three different stages of the interaction between an

oil droplet and aolid surface in water.

Therefore, a complete understanding of the fundamental interaction mechanisms of
deformable droplets and air bubbles requires the essential information on theidtanee
profile of the surface forces involved and the correspgndpatiotemporal interfacial
deformation during interactior.However, stable and precise manipulation of deformable
droplets and bubbles is much more experimentally challenging than solid particles, and the
complex convolution between interfacial defation and surface forces obscures the

interpretation of measured force and distance results.

1.2 Approaches to measuring the interaction of deformable droplets and air bubbles
Experimental attempts to measure the interaction of deformable droplets ands bubble

can be traced back to be decades ago. In 1934, Taylor invebtigatereakup behavior of
3



emulsiondropletsusing four-roll mill which could control the movement of suspending
droplets through four independenttytating cylindrical roller$? This four-roll mill was
later improved in 1980s to be compuiontrolled by Gary Ledf™ This computer
controlled fousroll mill was applied to studyhe interaction andcoalescence behavior
betweenemulsionsdroplets under different conditions from 20658t was found that #
dropletcoalescencevasstrongly related to velocitydroplet size?® viscosity ratid’ and so
on®#?! Theoretical model to describketdrainage processf the thin liquid filmconfined
betweertwo droplets or between a dropletdam solid surface was developed in 19865.
Surface forces such &DW force andEDL force wereincorporated withirthe theoretical
modes to elucidatethe destabilization and stabilizatiorechanismsf the thin liquid film?
Moreover many other factass, such asviscosity ratioc™ presence ofurfactant* were
further investigated to understand their impactsherfiim drainageprocessunder different

circumstances.

1.2.1 Light interferometer

The evolution of the profile of confined thin water filmas studied using light
interferometer by observing the light interference patterns. In 1972, for the first time, Blake
directly visualized the drainage process of the thin water film confined between an air
bubble and a solid silica surface using an egipa which was later referred to as Scheludko
cell® ?® Both bare hydrophilic silica surfaces and methylated hydrophobic silica surfaces
were studied. A stable water film was found to be sustained between an air bubble and a

hydrophilic silica surfacebut the water film rapidly ruptured when thinned to a critical
4



thickness for the hydrophobized silica surfaca.modified Scheludko cell, which was also
called thin film pressure balance, was applied to study the drainage process between two
air/water inerfaces, mimicking the interaction between two air bubbles in water, as shown
in Figure 1.2A%" 28 With this technique, Yaminsket al observed different drainage
behaviors between two air/water interfaces, which depended on the approach velocity of the
air/water interfaces, highlighting the important role of bubble velocity on the interaction

mechanism&’ 28
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Figure 1.2.(A) Experiment setup of thin film pressure balance for measuring the drainage
process between two air/water interfaces (top) and an optical reflection image of a water
film between two air/water interfaces (bottoth(B) Schematic of the experimental et

for measuring the drainage process between a rising air bubble and a glass surface (left), and

a synchronized topiew highspeed camera was used to record interference fringes between



the glass surface and the bubble surface (right top) and anotgiesidcamera was used

to record the bubble position (right bottoA).

Free bubble rise method is another conventional method to study the interaction
between a rising air bubble and a horizontal solid surface (generally transparent) it water.
% The rajectory of the air bubble that collided with and bounced back from the surface was
captured and theoretically modeled. Coupled with light interferometer, the dynamics of the
thin water film drainage process between the rising bubble and solid surfaceisualized
and analyzed, which provided a feasible tool to study the interaction mechanisms of the
systent? ** 3®parkinson et al. used this method to investigate the interaction between a
small rising bubble and a hydrophilic titania surface undebws aqueous conditioris.
Theoretical modelling of the measured results revealed the significant impacts of surface
forces on the interactioli.Using a similar method, Hendrix et al. studied the spatiotemporal
evolution of the thin water film confinedetween an air bubble and a glass surface, and the
drainage process could be well explained by a theoretical model based on Reynolds
lubrication theory® Recently, the drainage process in an asymmetric system between a
rising air bubble and an oil/water niscus was studied by kit al®*” By tuning the VDW
force to be repulsive or attractive, they successfully demonstrated that aasged
hydrophobic attraction should exist in the system to induce water film rupture between the
air bubble and oil/watemeniscus. All of these techniques have provided valuable

information on the drainage process of the confined water film, but the interaction force of



deformable droplets cannot be precisely quantified using these techniques, most likely due

to the aforemeioned experimental challenges.

1.2.2 Surface force apparatus

The surface force apparatus (SFA) is a uniqgue nanomechanical technique for measuring
interaction force between two curved molecularly smooth mica suff&@eBy using
fringes of equal chromatic order (FECO), SFA is able to prowidgitu high-resolution
measurement of the absolute separation between the two interacting surfaces. A modified
SFA was reported by Connor in 2001, which changed the top mica siofeee flat one
and replaced the bottom mica surface with a mercury droplet (Figure “¢.3AT.heir
studies focused on the dynamics of the drainage process between the mica surface and the
mercury droplet. By changing the electrolyte concentratiodstlaa surface charge of the
mercury droplet, they controlled the surface force between the mica surface and mercury
droplet to be repulsive and attractive, demonstrating the important role of surface forces in
the thin film drainage process and inducina@timent of the droplet onto the solid mica
surface®? Later, the same experiment technique was applied to study the interaction between
a mica surface and an immobilized air bubble in a range of electrolyte solutions with
varying concentrations (Figure3B).**** The results demonstrated the negative charge of
air bubbles under these conditions and found the strong electrical double layer repulsion
could sustain a stable water film between the mica surface and air bubble. However, the
experiment focused rothe evolution of the thin water film, and the measured force

displacement profiles remained to be further theoretically modeled and exgfaffed.
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Figure 1.3.Schematic of modified SFA for measuring the interaction between a flat mica

surface and (pa mercury drople (B) an air bubblé?

1.2.3. Atomic force microscopy

Quantitative force results of interaction involving deformable droplets and air bubbles
were first obtained using atomic force microscopy (AFf1.AFM is one of the most
widely used nanomechanical techniques for direct measurement of the interaction force in a
wide range of systems. The interaction forces were measured by detecting the deflection of a
forcesensing cantilever whose beha%iAthougtoul d
the information on the absolute separation between interacting objects cannot be directly
obtained from AFM measurement, the fosaparation profile can be calculated

straightforward in systems with only rigid interfaces for their deformatiaring interaction

can be negligiblé® *2 For interaction involving deformable droplets, however, the

be



interfacial deformation of the droplets obscures the absolute separation during interaction, so
does the forcseparation profilet 2 & 7+ 9 5%4

In 1994, AFM with colloidal probe technique was applied for the first time to quantitate
the interaction force between a rigid silica sphere probe and an air bubble immobilized on a
substrate, as shown in Figure 1.4A. spherical colloidal particle, which could be silica,
glass, or other minerals, was glued onto tipless cantilever, and then it was driven to interact
with an air bubble or oil droplet immobilized on a hydrophobized substr&tong
repulsion and stablwater film was measured between air bubbles and hydrophilic silica
particles in water, which could be resulted from repulsive EDL interactions. On the other
hand, attachment of solid particles onto the immobilized bubbles or droplets was detected
for hydrophobic particles, as indicated by the sudden jinmipehaviors on the measured
force curves. Similar method was also applied to measured th interaction between air
bubbles and other solid particf&s! Addition of surfactants was found to effectivétpibit
attachment of air bubbles on hydrophobized silica partiti@is approach using AFM
colloidal probe technique makes it possible to directly measure the interaction force between
deformable droplets or air bubble and different solid particlesn @éwluding real mineral
particles®® In all of these studies, however, the measured -disacement data was
converted to foreseparation results by simply treating the air bubble or oil droplet as a
|l i near Hookeds s pr i ngthenntetfacial tersioni Thig assumpiiont a nt
was later proven unsuitable in these cases, since the deformation of bubbles or droplets due
to external force was ndimear, especially for those with very large deformatiins: *°
The application of the doidal probe technique is also limited for the facts that the

geometry of the solid particle glued on the tipless cantilever can be extremely irregular and
9
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the choice of the particle is highly restricted due to the strict requirement on size, stability

ard geometry.
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Figure 1.4.(A) Schematic of measuring the interaction between a silica particle and an air
bubble using AFM colloidal probg(B) Measuring interaction between two air bubble using
bubble probe AFM* (B) Schematic of measuring interaction between an air bubble using

bubble probe AFM?

Precise quantitative investigation of interactions involving deformable droplets or air
bubbles was first realized by a newly developed droplet probe AFM techificfué® 4
Instead of using conventional AFM cantilevers, this droplet probe AFM technique utilized a
specialized tipless AFM cantilever to pick up a deformable droplet or air bubble to create a
droplet/bubble probe. The created droplet/bubble probe toeitdbe driven to the sample
objects to test. Therefore, almost all kinds of surfaces can be used as the substrate with the

droplet/bubble probe AFM technique, even including the real mineral substrates. In order to
10



accurately interpret the force resulistheoretical model based Reynolds lubrication theory
and augmented Yourgaplace equation was also developed, which took into consideration
both the disjoining pressure from surface forces andlinear deformation of droplet or
bubble during interactin® This theoretical model covered the three regimes of interactions
involving deformable droplets or bubbles, and perfectly explained the dynamic force results
measured using droplet probe AFM. The validity of the theoretical model was also verified
by integrated confocal microscopy. With this novel technique, interaction mechanisms of
both symmetric systems, such as between two identical oil droplets or air bubbles i water,
61.63.68%9 and asymmetric systems, like between oil droplets and airésfbdP have been
successfully elucidated, as shown in Figure 1.4B. The measured force results were analyzed
using the aforementioned theoretical model, demonstrating the important roles of both
dynamic conditions (e.g. velocity, viscosity)and interfaial properties (e.g. interfacial
tension, surfaces forc&8n the coalescence behaviors within these systems. Interaction
between air bubbles and solid surfaces (e.g. silica, mica, gold) was also studied using this
technique (Figure 1.4C), revealing thepulsive VDW force in these systems, which
supported thin water films in nanoscale between the bubble and solid §&ifaienovel

method provides a feasible and flexible method to directly obtain quantitative insights into
the interaction mechanisnag a wide range of systems involving deformable droplets and

air bubbles. However, direct visualization of the thin water film during force measurements

is not available for droplet/bubble probe AFM alone.
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1.3 Deformable oil droplets and air bubbles in oilindustry
1.3.1. Qil-in-water and water-in-oil emulsions

Deformable droplets and bubbles commonly exist in a wide range of industrial process,
including mineral flotatiod? " pharmaceutic&* " and so on. Especially in oil production
industry, oil generally cexists with water and solid particles to form-ioitwater (O/W)
emulsion, e.g. oil residue in processing water, or wateil (W/O) emulsion, e.g. water
residue in oil froth, dependingn the amount ratio between oil and watéf. These
emulsions with extremely high stability are highly undesirable, because they are believed to
be the major cause for the challenging issues encountered during production of conventional
crude oil and oisands, such as high transportation cost due to increased viscosity. Moreover,
emulsified water droplets with size of several micrometers commonly exist in the diluted
bitumen froth. These emulsified water droplets contain a large amount of chloride ions,
which can cause serious erosion and corrosion production issues in downstream processing
equipment including heat exchangers, pipelines and upgrading equipment, and the clay
particles in the emulsion can also lead to serious problems such as pipelirirgdftigg
Therefore, these emulsions should be destabilized before further treatment, and the residue
water and clay particles contained in the emulsions should be removed for enhancing the
production quality and efficiency. Understanding the mechanismshimh the O/W and
W/O emulsions are stabilized is of both practical and fundamental importance for the oll
industries to further devise effective and economic technologies to solve the challenging

issues with these emulsions.
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Figure 1.5. Schematic of tabilization of W/O emulsions due to adsorbed asphaltenes and

clay particle$*

Fundamentally, the stability of the emulsified water or oil droplets is largely determined
by the microscopic interaction force between them under complex solution condmions.
general, strong intedroplet repulsion (e.g. EDL and steric repulsion) and lack of interfacial
adhesion will lead to stabilized emulsion, while attractive surface forces (e.g. VDW force
and hydrophobic force) and presence of interfacial adhesioressabiized the emulsiofis.

" For the W/O emulsions encountered in oil production industry, the adsorption of
asphaltenes and solid clay particles is believed to form-kgedrotective layer around the
water droplets (Figure 1.5), providing a strotgris repulsion against droplet coalescence
which leads to stabilized W/O emulsidfis®*®® Direct quantitative measurement of the
interaction force between emulsion droplets with presence of different surface active
components under complex solution dibions will provide valuable insights to the

stabilization mechanisms of different kinds of emulsions.
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1.3.2. Bitumen flotation

Waterbased bitumen extraction from oil sands and air flotation process are the most
widely commercialized process for extractiigumen from opemined oil sands (Figure
1.6)3* In the first step in this process, which is also called bitumen liberation process, the oil
sands are mixed with hot water and some chemical additives, and the bitumen is liberated
from the oil sands graingorming suspending bitumen droplet in the mixture. Secondly, in
the air flotation process, the bitumester mixture is then aerated to separate the bitumen
droplets from the find solids, which will be diluted with organic solvents and further treated

to obtain pure bitumen products.
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Many studies have proven the significant role of the interaction among air bubbles,
bitumen droplets and thené solid particles in determining the bitumen recovery efficiency
and efficacy and the quality of the final bitumen prodftts.Due to the intrinsic
hydrophobicity of bitumen droplets and hydrophilicity of the solid particles, the collecting
air bubbleswhich are also inherently hydrophobic, will selectively attach onto the bitumen
droplets, forming bitumebubble aggregates which can float to the top of in the form of a
froth rich in bitumen. Meanwhile, the relatively hydrophilic fine solid particlésramain
suspending in the water phase for they lack affinity to collecting air bubbles, and thereby the
unwanted solid particles can be separated and discarded as tailings. At microscopic scale,
the interaction between bitumen droplets and collectinubbles directly determines the
recovery efficiency of the bitumen, with higher collision and attachment chances
corresponding to better bitumen recovery efficiency. Meanwhile, the interaction between
fine solid particles and bitumen droplets or air bablietermines the quality of the bitumen
froth. For example, strong attraction and adhesion between solid particles and bitumen
droplets will impede the bitumen liberation process and result in relatively high solid content
in the bitumen products. In geral, to achieve higher bitumen recovery efficiency, larger
bitumen droplets and smaller collecting bubbles are highly preferred, for they have
relatively high collision and attachment efficiency with each other during flotation
processe’’ *’Elucidatirg the intrinsic interaction mechanisms of each step during bitumen
flotation will help us find effective ways to further enhance the quality of the bitumen

products and the productivity of oil sands industries.
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1.3.3. Asphaltenes

The aforementioned issues invioly deformable droplets or bubble are closely related
with the surface active components during the processes. Of all the surface active
components existing in crude oil and bitumen products, asphaltenes is believed to be the
most interfacially active angroblematic oné" > Asphaltenes is the heaviest component in
all of crude oil and bitumen producf”® Practically, the asphaltenes is separated from
crude oil based on the solubility properties, and the components that can be dissolved in
aromatic stvents such as toluene but precipitate in paraffinic solvents such as heptane are
defined as asphaltenes. Therefore, the asphaltenes is not a pure component with well
defined chemical structures, but a complex mixture consisting of thousands of different
molecules with varying structure, shapes and sizes. And the physiochemical properties of
asphaltenes varied significantly depending on many parameters such as the source of crude
oil, the extraction procedures, and so on. Nevertheless, it has been wmetedehat
asphaltenes extracted from different crude oil samples share lots of similar colloidal
behaviors and interfacial properties, e.g. they all can adsorb at oil/lwater interfaces and

stabilize the W/O emulsiori&2®

Although the chemical structu@f asphaltenes is still mysterious and under debate,
several theoretical models have been reported to explain the molecular and colloidal
properties of asphaltenes. Of all the models, the-Meltins model is the most accepted
one. In this model, asphaties are considered to consist of condensed polyaromatic rings
interconnected or decorated with peripheral alkane chains and a considerable amount of

heteroatoms including oxygen, nitrogen, sulfur and trace amount of metal ions. The
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heteroatoms generally isk in the asphaltenes as polar functional groups including both
acidic groups (e.g. carboxylic groups) and basic groups (e.g. amino groups). Hence, the
combination of hydrophobic condensed rings and hydrophilic polar groups render the
asphaltenes interfadly active, and thereby the asphaltenes molecules can readily adsorb
onto the oil/water interface and alter the interfacial properties, which can impact the
interactions of the emulsified droplets and ultimately determine the macroscopic properties

of the whole system (e.g. emulsion stability).

The adsorption behavior of asphaltenes at oil/water interface and the consequential
alteration of interfacial properties have been investigated using a wide range of experiment

?9, 100
b

techniques including interfacial teion and rheology measureméh micropipette’™"

102 angmuirBlodgett trough (LB trough)'® and so o Interfacial tension measurement
between water and oil in presence of asphaltenes demonstrated that the asphaltenes could
adsorb onto theil/water interface and lower the interfacial tension, and the adsorption
behavior could be affected by asphaltenes types, oil type (e.g. toluene, heptane, pentane),
water chemistry (e.g. salt type, salt concentration, pH), temperature, pressure, aid so o
100, 105, 108 Rheological properties of oiliwater interfaces with asphaltenes showed a
viscoelastic behavior, indicating the asphaltenes might form crosslinkéidegptotective
layer at the oil/water interfaces which could effective inhibit caalese between emulsion
droplets® 1% %7 _B trough experiments showed that the adsorption of asphaltenes at the
interface was irreversible, and the formed interfacial layer was rigid to be washed by pure
103

solvent.™ Micropipette experiment also revealed the significant protective effects of

interfacial asphaltenes against droplet coalesc8hce.
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The molecular interactions between asphaltenes have also been investigated using
nanomechanical techniques including SFA afrM 2" %% 19819 Megsurement of interaction
force between asphaltenes surfaces in organic solvents was conducted using AFM and SFA.
The asphaltenes was coated on mica or silica surfaces. It was reported that strong repulsion
without adhesion was meaed between asphaltenes surfaces in toluene, which was
believed to be attributed to the steric hindrance between the extending asphaltenes chains in
toluene® > %0 heptane, however, much weaker repulsion and strong adhesion and
stretching behavidbetween asphaltenes were measured. Measurement between asphaltenes
surfaces in water also provided valuable information on the properties of asphaltenes at the
aqueous sid®® ™1 12A|| of these reports provided insights into the molecular interaction
mechanisms of asphaltenes under various conditions. However, all the reported force data
were based on the interaction between asphaltenes surfaces immobilized on solid substrates,
whose mobility and properties could differ significantly from that adsbidtethe real
oil/water interfaces. Therefore, a direct and quantitative measurement and understanding of
the interaction mechanisms of emulsion droplets with interfacially adsorbed asphaltenes,
under various complex solution conditions (e.g. solvent fydejon concentration and the
presence of multivalent ions such as§ds of critical importance to better elucidate the
molecular interaction mechanisms of asphaltenes at the real oil/lwater interface and the

stabilization mechanism of both O/W and WgMulsions.
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1.4 0bjectives

The fundamental understanding of the interaction mechanisms of deformable droplets
and bubbles is ill incompkte due to the experimental challenges @heasurement of
interaction forms andsynchronous thin film drainage procestherefore, the major
objectiveof this thesisis to quantfy the interaction mechanisms of deformable droplet and
bubble from the aspectsof interaction forceand thin film drainage by innovaively
combiring the AFM droplet probe techniquICM tedhnique and theoretical modeling
and gply this methodo quanttatively elucidate the interaction mechanisms of emulsion
droplets with presence of asphaltenes under complex solution conditions, with specific focus
on the systems encountered in oil productions. The key parameters to be explored include
water chemistry, solvent typand properties of the solid surfac@$edetailed objectives

areas follows.

(1) CombineAFM droplet probe technique and RICM technique to directly measure
the interaction force and synchronous thin film drainage process between air bubbles and
solid surfaces with varying hydrophobicity, which will provide a fundamental understanding
of the inteaction mechanisms of the deformable droplets and validate the AFM droplet

probe technigue and theoretical model.

(2) Measure theniteractionforces between oil droplets in water in the presence of
asphaltene® elucidate the stabilization mechanism©dfV emulsions due to asphaltenes.

AFM droplet probe technique together with theoretical modeling will be applied to
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investigate the interaction forces, and the effects of ion concenttapes,of ions (Naand

C&™), pH, and the asphaltenes concentraiiooil droplet will be studied.

(3) Study the interaction between water droplets with interfacially adsorbed asphaltenes
in different oil solvents to provide nanoscopic insights into the impacts of interfacial
asphaltenes on the stability of W/O emulsions. The parameters to study ingloditeags
concentration, maximum force load, contact time between water droplets, aging time, and

solvent type.

(4) Investigate the interaction mechanisms between oil droplets and solid surfaces in
aqueous solutions using AFM droplet probe technique toerstahd the wetting
mechanisms of oil/water/solid systems from nanoscopic scale. The impacts of ion
concentration, type of oil solvent, asphaltenes concentration in oil and the hydrophobicity of

the solid surface will be studied.

1.5.Structure of the Thesis

Chapter 1 introduces the previous approaek to understanding the interaction
mechanisms of deformable dropleiedreviews the systems involving deformable droplets

in oil productions. The objective of this thesis is also introduced.

Chapter 2 presentthe materials and the working principles of the experiment

techniques used in this study. The theoretical model used in this thesis is also provided.
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Chapter 3 describes the approach to measuring the interaction force and synchronous
thin film drainage proess in air/water/solid systems by using AFM droplet probe technique
and RICM technique. The experiment results and theoretical results are compared to
validate the technique and the theoretical model, and the hydrophobic interaction in

air/water/solid sy®m is introduced.

Chapter 4 demonstrates the results of interaction forces between oil droplets in aqueous
solutions with presence of asphaltenes measured using AFM droplet probe techitigue

implication on the stability mechanisms of O/W emulsionstdwsphaltenes.

Chapter 5studies the interaction forces between water droplets in oil solvents with
interfacial adsorbed asphaltenes, corresponding to the stability mechanisms of W/O

emulsions due to adsorption of asphaltenes.

Chapter 6 presents the syudn the interaction between oil droplet and solid mica
surfaces in complex aqueous conditions, to provide implications on the wetting mechanisms

of oil/water/solid systems in oil productions.
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Chapter 2 Experiment and Theoretical Model

2.1. Droplet probe AFM

Figure 2.1 shows the schematic of a typical experiment setup of droplet probe AFM
for measurement between a droplet and a solid surface. In this study, all the force
measurements were conductesing an MFP3D AFM system (Asylum Research, Santa
Barbara, CA which was mounted omlan inverted optical microscopy(Nikon Ti-U).
Custommaderectangulatipless AFM cantileves with size 0f400<x70x2  ewere used
for force measurementshis tipless cantilever consists of hydrophilic silicon with a thin
circular gold patch (diameter ~ @& mthickness ~ 10 nm) at one end. This gold patch
can k& hydrophobized using hydrophobic thiol (e.frdecanethigl to realize stable

anchoring of hycbphobic oil droplets or air bubbles on the cantilever.

Figure 2.1. Setup of droplet probe AFM for measurement of interaction involving

deformable liquid droplets or air bubbles.
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Prior to each experimentye glasssubstrateof an AFM fluid cell (radiuis ~ 35 mm)
was first mildly hydrophobizedy immersingin 10 mM cctadecyltrichlorosilan¢OTS)
in toluene solution for ~5 s tachievea watercontact angleof ~45° in air, providing
optimized hydrophobicity for immobilization of oil droplet or air bubbées the glass
substratelt was noted that too high hydrophobicity would make it difficult to pick up an
oil droplet or air bubble using the tipless cantilever, while a substrate with lower
hydrophobicity could notmmobilize oil droplets or air bubbleil dropletswere then
immobilized on the substrate throughcontrolled davetting method 2 or air bubbles
were created by carefully injecting air into the AFM fluid cell filled with solution using a
custommade ultrasharp pipetté For measurement heeen droplet and solid surface,
the sample surface was put into the fluid cell after generation of droplets to avoid
potential contamination. A schematic of the typical procedure of force measurement is
illustrated in Figure 2.2The spring constant of theless cantilever was first calibrated
using Hutteés method. A droplet probe was then created by lowering down the tipless
cantilever towards a droplet with suitable size (radR¢s~ 60 em). After droplet
attachmentthe cantilever was lifted up to @eh the droplet from the glass substrate,
creating a droplet probe. Then the droplet probe was moved ampther droplebr a
solid sample surface for force measurement. The droplet prabeasefully aligned with
the dropletor the sample surface by sd#rving through the inverted microscopy to
maintain heagbn collision. Force measuremeswvereconducted byoweringthe droplet
probetowards he sample droplet or surface the substrate for a certain distarscsl

then lifting up the probe The interaction forcd= was calculated from the detected
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deflection of theforce-sensingcantileverusing Hookés law. The measured forcgataF
and di spl ace me nXwem fecotdéddy AFlsl moftwartesich ware uspd

within the theoretical maal for furtheranalysis.

Figure 2.2. Schematic ofthe typical procedure fomeasuringinteraction force of

deformable droplet or bubblesingdroplet probéAFM.

2.2. Theoretical model

StokesReynoldsYoungLaplace model based ofReynolds lubricatiortheory and
augmented Youngiaplace equations utilized to interpret the measured force results
usingdroplet probe AFM' ® Figure 2.3 illustrates he schematics of interaction between
two droplets and between a droplet and a solid surfddéieh immobile boundary

conditions assumedat both interfacesduring the interaction, theaxisymmetric
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hydrodynamic drainagprocesf the water film with thicknesk(r,t) confinedbetween
two dropletsor between a droplet and a solid surfae® bedescribedusing Reyrolds

lubrication theory as

ph(rt) _ 1 3, ¢ P
y _En_p“(m rH-=20) (2.1)

where' is the dynamic viscosity ofvater film, and p(r,t) is excessive hydrodynamic

pressuranside the water filnmelative to the bulk liquid.

Figure 2.3. Schematic illustration ofhe interaction region ofnteraction betweelleft)

two droplets ofright) a droplet and a solid surface.

As mentioned in previous sections, the droplet can readily change shape in response

to external interaction forces. Generally, the deformation tima dfoplet with size in
microns scale can be estimatedfgs= R,/ s10°s, which is far less than the

practical experiment time (1~10s). Therefore, the deformation of the droplets is treated as

a quasiequilibrium behavior, and deformation occuknost immediately. Under this
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condition, the deformation of the droplet during interaction can be described by the

augmented Youngiaplace equation as

ns u& prt) §2s _IHE

where, is the interfacial tensiorR is the harmonic mean of the interacting droplets, and
parametern equals to 1 for interaction between two droplets, and 2 for interaction
between a droplet and a solid surfagfh(r,t)] is the disjoining pressurghich generally
arises from EDL interaction, VDW interaction, hydrophobic interaction, steric interaction
and so on. The disjoining pressure due to VIMéractioncan becalculatedusing

Hamaker constaras

PuowlP(1, ] = W 2.3)

where Ay is the nonretardedHamaker constanf the systemFor symmetric systems
(e.g. interaction between two identical droplet$le disjoining pressure due to EDL

interactioncan be alculatedas

P . [N(r,0)] =64k Tr, tankf % Yexp[ -h ¢ 1) (2.4)
B
whered is the surface potential of the interfage is the number density of ignn the
agueous solutigrande is the fundamental chargd an electronFor asymmetric systems

(e.g. interaction between a droplet and a solid surface), the disjoining pressute d

EDL interaction can be calculated as

26, ke e j 47 ) (2.5)

P e [h(r, )] = (€ - e )2
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where(i; and (i, arethe surface potentibf the two interacting objectsThe ™ is the

inverse oDebye lengtlandcan be calculated as

k=2 ¢ ek &)"? (2.6)
where(yis the permittivityof vacuum andis the dielectric constamatf the medium
The initial conditions for interaction between two droplets and between a droplet and
a solid surfacdollow the undeformed sphericdroplet shapeand can be describexs

equation 2.7.

I,.2

droplet-surface interactic
2R,

Ch(0.,)+
h(r,t,) =1 )

h(07to)+r§ : droplet-droplet interactio (2.7

—) —)

Theoverallinteractionforce F(t) is calculatedy integratingoverp(r,t) andd @(r,t))

using Derjaguits approximation as shown @guation2.8.

F() =207 [p(rt) + @(r,t)lrdr (2.8

Practically, thesequationsare solvedwithin the region (0,rmay), beyond which the
local separatiorn(r,t) is large enough (>100 nngo that the contributionof disjoining

pressuras negligible And thus theoverallinteraction force can be calculatasl
F(t) =207 [p(r.t) + @(r,O)rdr 2+p" Fp( txdr (2.9

The first integral ternon the righthandside ofequation 2.9) generallydominates
the overallcalculated force and thentributionof the second integragérmis comparing

small. The boundary conditiaof h(r,t) andp(r,t) atr = Oareph/ p Gandpp/ p G.

The cantilever displacemedataX(t) recorded by the AFM software iscorporated in
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the boundary condition equation 2.10 which accounts forthe deformation of the

interacting dropleéind the contact area ofiedropleton the cantilever

U(re0t) _ dX()  dF(Y ﬁps 1 al+cos qo ar g
pt dt Zp.sdtg 2 Eﬁ -C0oS q— ZR g

(2.10
In equation 2.10d is the contact angle of the anchored dropiethe cantilever andK is
the spring constant of thglesscantilever.The boundary conditioof the hydrodynamic
pressur@(r,t)is r(p/ ) 4p Oatl =r,, foritdecaysas’atr- o,

All the equations above are first rdimensionalizeavith h, = R C&?, r, =R Cd’*,

=s/R, t,=nCa?/ p,andCa= ¥/ s, and then numerically solved aftegntral

differertiation in r. General ODEs solvers, such as MATL#&Bodel5scan beused to

solve the equations
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Chapter 3 Measuring Forces and Spatiotemporal
Evolution of Thin Water Films between an Air Bubble

and Solid Surfaces of Different Hydrophobicity

Bubbles arean importantcomponent in a wide range tfaditional industrial and
engineeringapplicationssuch asfoam formatior® froth flotatiorf and microfluidic
deviced. More recentlybubblesare found to have important roles as ultrasound
imaging contrast agefif in enhancing membraneermeabilityand molecular uptaké®

4 1013 55 awaterdriven

as astimuli-responsivecarrier for drug and genedelivery,
micromotor™* as template for synthesis of micro andanoparticle’> ¢ used in
catalysist’ in heterogeneous cavitattinand in surface cleaning.In many of these
applications, the interactions betwelembblesand solid of different hydrophobicity in
agueous environments in whicklectrostatic, hydrophobic, specific liganeceptor
interactions and hydrodynamic interaction are the critical determinfagtors for
achievingdesired characteristics and functionalitybubbles®* %> Due to theintrinsic
hydrophobicity of bubbles, hydrophobic interaction is one of the nmygortant non
specific interactions that guidessemblyand adsorptiof hydrophobic or amphiphilic
molecules and particles at air/water interface: 2628

The hydrophobic interaction has been recognized for decadets yeicise physical
origin remains to be quantified although different models have been profoS&dTo

date, quantitative force measurements hgfdrophobic interactia were mainly studied

usingsolid surfacesising thesurface force apparatus (SFA) and atomic force microscope
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(AFM) 3132340 Exponential function with decay lengths of 0.3 nm to >1.0 nm has been
reported for the hydrophobic interaction in different matesystem&” **> *#and the
presence of nanobubbles on hydrophobic surfaces and dissofesdhave also been
found to cause longange attractiod” **** On the other hand, reports dydrophobic
interaction involving deformable bubbles or droplererather limited most likelydue

to the complex coupling of forseand surfacedeformation during interactiof?” > *°In
contrast tothe strong elasticitgontrolled deformation energeticsof solid surfaces,
weaker surface energy governs the defoionaof the air/water interfaceof bubbles in
response to external forces, such as veleddyendent hydrodynamic force and
separatiordependentcolloidal forces?™ *’ Therefore, the drainage process of the thin
liquid film confined betweemnair bubble and solid surface can be more complex than
that confined between twsolid surfaces. To achieve a complete understanding of the
interaction between air bubbles and solid surfaces, it &ibéal importance to make
synchronous measurementsimteraction forces and visualization of the spatiotemporal
evolution of the confined thin water film.

Recently, direct measurement of interaction force betvegesir bubble and solid
surfaces has been successfulighieved using the AFM with the colloidal probe
techniqué® *” and bubble probgechnique’®*® Repulsive van der Waals forces were
observedbetween arair bubble andhydrophilic surfacege.g. mica) that stabilizing a

confinedthin waterfilm *% 51

whereasan attractivehydrophobicattracton was found to
be responsibldor bubble attachmergndimmobilizationon hydrophobic substraté&in
such AFM studiesabsolute separatiobetween the interacting surfaces and associated

deformationcan only be obtained indirectly through theoretical elimg. On the other
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hand, visualization ofthe film drainageprocessand spatiatemporal evolution of the
trapped water film between aar bubble and hydrophilic glass without direct force
measurementbas been accomplished using optical interferomatdytae results could
be modeled quantitativeR}:>® However, simultaneous measurements of the interaction
force and spatisiemporal evolution of the confined thin liquid film associated with the
dynamic interactions of deformable bubble and droplet babeen attempted to date.

In this work, we have integrated the capabilities of atomic force microscope (AFM)
with reflection interference contrast microscopy (RICM) (Fig8r®), and, for the first
time, investigated the interaction between an air bulbte mica surfaces with varying
degrees of surface hydrophobicity through synchronous measurements of the interaction
force and spatiaemporal visualization of the thin film drainage process. The interaction
forces were measured with the AFM by drivingaatileveranchored air bubble towards
the solid surface. The fringe patterns that arise from interference between light reflected
from the air/water interface of the bubble and the mica/water interface were obtained
with RICM and analyzed using an impravemathematical method reported recently. This
enables the reconstruction of bubllater surface profiles with nanometarale
resolution>*

A theoretical model has been applied to interpret the measured forces and predict the
evolution of the thin waterilin profiles during the interaction that can be compared
directly with experimental resulf&: *° The asymmetric hydrophobic interaction between
air bubble and hydrophobized solid surface was also quantified for the first time based on
the AFM-RICM measuements. More generally, this study demonstrates the feasibility of

simultaneously probing interaction force profiles and thin film drainage dynamics
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involving deformable surfaces based on the AFM. The technique can be readily extended
to study the intera@ns in systems involving deformable bubbles and droplets with the
potential to provide guidancdor designing bubbldoaded drug molecules and

nanoparticless well as t@redictthe assemblyprocessf particleson bubble surfaces

3.1. Results andiscussion

A micrometersize air bubble (radiuR, = 60 100 um) anchored on a custemade
AFM tipless rectangul ar cantil ever (400 [
interaction with mica surfasewith varyingdegrees ofhydrophobicity(Figure 3.1). The
air bubble was immobilized on a welle f i ned circul ar gold patc
thickness 30 nm) at one end of the cantilever that was hydrophobized with a layer of self
assembled -Hodecanethio® *° The position of the cantilever and hence the abbibel
was accurately controlled by a pieetectric transducer and variation of the actual
di spl acxXthod the cantileper with timd, was measured and recorded with a
linear variable differential transformer (LVDT) that is an integral part of thil AF>’
The timedependent interaction force was measured by monitoring the deflection of the
cantilever with a known spring constant by detecting the position of a laser beam
reflected from the cantilever on a photodiode detector. For a typical meastirémeair
bubbl e was first driven t owa buthde attabhengnp r oac h o
occurred owuntil a desired cantilever deflection was reached, whereupon it is then driven
away (Aretract 0) TherRQON interfeencarpattaagerenatedfwiic e .

monochromaticgreenlight (wavelength546.1 nm were obtainedwvith a Nikon Ti-U
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inverted microscopand were recorded with vadeo camera The RICM images were
processed witlthe ImageJsoftware National Institutes of Health, USAandthe film
thickness profils were obtainedby analysis of fringe order and light intensity of the
interference pattem (see Sl TexRICM image analys)s® The measurements were
repeatedat least 10 times at different positions on at least two surfaces with good

reproducibility.

Air Bubble

Figure 3.1. Experiment setup ofising an AFM coupled with RICM fosynchronous
measurements of interaction forces and visualization of the spatiotemporalcvolit
the confined thin liquid filmbetweeranair bubbleof radiusR, anda solid substraterhe
air bubble is anchored on a tipless cantilever. The inset sh@skematic of the thin
axisymmetricliquid film with thicknessh(r, t) between thair bubbk andthe substrate

wherer is the radial coordinate.

3.1.1.Bubble vs. hydrophilic mica surface
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Before examining interactions between a bubble and mica surfaces with varying
degrees of hydrophobicity, we first consider the simpler case of an unmodified
hydrophilic mica surface for which all interaction forces are kn&W.This will help
establish the experimental protocol and validate the theoretical model used to analyze
subsequent experimental results. Figure 3.2, we show thetime variation ofthe
measured force and the profile of the confined water fietweenan air bubble with
radius 0f98 nm anda freshly cleaved hydrophilimica surface 00 mM NaCl solution
at a nominal velocity of =1 mgs At this high salt concentration, the elécat double
layer (EDL) interaction between the bubble and the mica surface was highly screened so
its contegs(h(htul j omo HBhe over ah(t) vwhas egligileni n g
The disjoining pressure duevan der Waalgv D W) i nt egwb(ict)), catculatedd
using the full Lifshitz theorys repulsive at all separatioifiseevan der Waal$nteraction
in SI Text)>® *°Therefore, a thin water filiis maintained between tladr bubble and the
hydrophilic mica surface, supported by theuésive VDW interaction that prevents the

air bubble from attaching to hydrophilic mica surface.
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Figure 3.2. Time variations of the drce and thin water film profilé(r, t) during
interaction between an air bubble and a hydrophilic mica surface in 500 mM NaCl
solution. The bubble radiusas 98¢ m and the nominal driving velocity of bubbies v

=1 em/s. The open circularsymbols are experimeaitresults obtained from AFNRICM
measurementand thered solid lines are theoreticg@redictions The blue solid lines are

the spherical profile from outer part of the air bubble that corresponds to the profile of an
undeformed bubbleThe insets are interferendeinge patterrs from which the film
profiles were deducedThe arrows indicate the driving direction of the air bupble
towards or away from the substraf8) Interaction force= as a function of timé; (B)-

(F) confined fim profile h(r, t) at selectedimes indicated on th&rce curve in (A).

As shown in Figure3.2, timedependent interaction force measured by AFM and

profiles of the confined thin water film obtained from RICM measuremantdifferent
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time (open circular symbols) agreed very wagith theoretically prediad results (red
solid lines).TheRICM interference patterreweshown as inset& Figure3.2B-3.2F. The
symmetry ottheinference patternsonfirms theassumption of axisymmetrgeometry of

the confined thin water film during interaction. The initial bublpiéca separation ahe
time datumt = 0 s, was calculated to lb¢r = 0,t = 0) = 3.08+0.01 em by fitting the
force curvewith theoretical modelthe validity ofthat was verified with AFM coupled
with confocal microscopin a previous repofl At time t = 1.82 s (Figure 3.2B), the
cantilever displacemergX(t) measured byhe LVDT was 3.02em, still less than the
initial separationand theprofile results, showed that the air bubble remained nearly
spherical and the minimum separatib(r, = 0, 1.82 s) was about 76 nifhe measured
actual gX(t) is larger tharv 3 t = 1.82 nm because the actual instantaneece®octy
determined by LVDTdX(t)/dt was dightly different from thenominal driving velocity
due to the notinearity of piezoelectric transducet” *° At a separation of 76 nnthe
magnitude of VDW force was negligible compared tohigdrodynamicinteraction that
was repulsive during approadtiecause the water confined between the air bubble and
mica surface had to be displacedt timet = 1.94 s(Figure3.2C), gX(t) =3 . 2 2 soe m
the air bubble woulthave madeontact with the mica surfaceiifremained undeformed
However, thdilm profile shows there wastill a finite separation of abodB nmatr =0
between air bubble and mijcas the bubble is deformed with a flatteremhtralregion

that is evident on comparing the experimental data (open circles) and theoretical
predictions(red solid line) to the undeformed spherical profile (blue solid lirg&)ch

deformationwasmainly caused by hydrodynamic repulsias the VDW interaction was
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negligible ath ' 13 nm.As the bubblevasdriveneven closer to migaat timet = 2.18s,

when gX(t) has exceedethe initial separatioh(r = 0, t = 0) by 0.52em, the interaction

force has reachedhaximumrepulsion witha water film of minimumthickness of7 nm,
confined in a flatten region afbout 3em in radial extent, as shown in FiguBe&D. At

this stageno further thinning othe confinedwater film could beobservedevenwhen

the cantileverwas drivenevencloser Therefore, the ydrodynamic interaction in this
flattened regiorwas negligible (sincdh/dt ~ 0) andthe thin water filmwassupported by

the disjoining pressure due to the repulsive VDW interaction, calculated to be 1470 Pa
this separatiorand equal to the Laplace pressure of the air bubble. After the retraction
was initiated, in contrast to the solid particle case in wthiethydrodynamic force would
become attractive immediately, the interaction repulsion foeteeerthe air bubble and

the mica surfacegradually decreaseuntil a maximum hydrodynamic attraction was
reached because water neeétb be drawn back into theonfined film (Figure3.2A and

3.2E). As shown in Figure3.2E, at timet = 2.54 s, the overall interaction force still
remained repulsive during retraction and although the film thickness increased at the
outer region of the air bubble due to the retractibremained almost unchanged (~7 nm)

at the central flattened region while the radial extent of the central flattened region
decreased form B8m to 2nm. At timet = 2.90 s (Figure8.2F), an attractive force was
measured due to the hydrodynamic sucteffect and the bubble showed a slight
Api mpled shape, where its central region

the spherical undeformed shape (blue solid fife¥.
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At higher velocities,significant bubble deformation and film thinning tevior
accompanied by stronger attractive forces can be observed during the retraction process
owing to the stronger hydrodynamic suction effect (se€elt Figure3.S4). It is evident
from the results in Figur8.2 for theforce and the confined filmprdfiles that the VDW
repulsion prevented the air bubble from attaching onto hydrophilic mica surface. The
RICM experiment results clearly validated the theoretical model that is based on the
Reynolds lubrication theory to describe the hydrodynamics of fiteindge and the
augmented Youngiaplace equation, with the inclusion of the VDW disjoining pressure

to describe deformation of the bubble surface.

3.1.2.Bubble vs. hydrophobized mica surfaces

Freshly cleaved mica surfaces were hydrophobized watiadesyltrichlorosilane
(OTS) by avapordeposition process under vacuum, and different surface hydrophobicity
was achieved by varyindeposition duration. The hydrophobicity of the surfaces was
characterized bthe staticwater contact anglef,, of sessilewater drogs on the surfaces.
We designate masurface with different degrees of hydrophobicity fingica OTS-450
(dy =45y andb y midaOTS-900 (dy = 90§ respectively. Figure 3 shows the interaction
between an air bubblef radiusRy, = 75 pm and the micaOTS45 surface and the
interaction between an air bubldéradiusRy = 81 yn andthe micaOTS90 surfaceAs
distinct from the resultshownin Figure3.2, jumpin behavios (indicated by arrows in
Figure 3.3A and 3.3D) where the interaction force dstically turred from positive
(repulsve) to negative (attraate), were observed for both mi€TS-45 and miceDTS

90 surfacesvhen the bubble was driven at a low velocity of 1 pm/s towards the.mica
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The jumpin behaviors indicated bubble attachment otite hydrophobizedsurfaces,
which led to strong capillary bridging attraction due to formatiorawfair capillary
bridge between the tipless cantilever and ¢béd surface. The attachment behaviors
were also verified by thevolution of theinterferene patternsFor both cases, the air
bubble could not be detached from the mica surface by retracting the cantilever because
of the strong capillary adhesion betwebr bubbleand hydrophobized surfackn fact,
for the micaOTS-90 case the air bubble cdd even spontaneously detach from the
cantileverduring retractiondue tothe stronger surface hydrophobicitfan micaOTS
45,

The hydrophobizednicaOTS45 and micaOTS90 surfaces have a reptean
square (rms) roughness of ~0.3 s confirmedby AFM imaging Since the coated
OTS layer on the mica surface was very thin, ~1 nm as reported previously, its effect on
the VDW interaction could be neglected for separation larger than 2" ffhAs
discussed above, the VDW interaction between mica surfateiabubblen waterwas
repulsive at all separatiorsnd the EDL interaction was fully suppressed under the
concentrated salt solution conditiohherefore,an additional attractive interaction must
be responsible for trigging the air bubble attachniewie attribute this to thattractive
hydrophobic interaction between the air bubble and the hydrophobized Wiea.
recognize that interfacial nanobubbles have been observed by AFM imaging on various
hydrophobic substrates that could lead to {oagged dtaction between the hydrophobic
surface$?** °*%° However, in this work, th&® CM imagehas anormalresolution of~1
nm and lateralesolutionof ~150 nm. Thereforaghe presence afanobubbles with lateral

size>150 nmcould be excluded bRICM anaysis Tapping mode AFM imagg of the
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hydrophobized micasurfaces in 500mM NaCl (Figure 3.S4) further confirms the
absence ohanobubble on the surfacesTherefore,interfacial nanobubbles can be ruled
out as the source for the observed attrachietween an air bubble and hydrophobized
mica surfaces in the present study

Recently, a general interaction free energy per unit &eeh) =12 gHy exp( h/Dn)
has been proposed to describe the hydrophobltydrophilic interaction between two
identicalplanar surfaces at separatibnyhereDy is a characteristidecay lengthy is the
interfacial energy of the surfacasdHy (the soecalledHydra numberis the fraction of
the hydrophobic region on the surface that may also depend on smivetitions®’" 3> 38
Thedecay lengtiby has been measured to be about 1 nm for solid hydrophobic surfaces
and ashorter decay length of ~ 0.3 nm was also measured between hydrophobic oil
dropletsvery recently’® #°

For the asymmetric interaction between a planarwater interface and a
hydrophobized mica surface, a similar exponential form for the interaction free energy
per unit area can be positatl;(h) =1 C exp( h/Dy). The constan€ can be derived from
thermod/namic considerations of the limit- O that creates a solair interface with
surface energysa from an airwater interface with surface energyand a solidvater
interface with surface energgwto give:C = g+ gwi @a This together with the Young
Dupreequation at the three phase contact linga = gw+ g cosqy givesC = g (1i
cosy,) and results in the following expression for the disjoining pressure between a

bubble and a hydrophobized surface.
P,(h) = dW,/dn $93 cos @)/ D lexp( h/ Q] ()
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For micaOTS45 and miceOTS-90 surfaces the constaniC = g (1i cosp) was
determined to b&l mN/m and72 mN/m, respectively and theorresponding decay
lengthDy wasfound by fitting the forcdime data atv = 1.0em/s shown in Figure8.3A
and3.3D to be 0.8+ 0.1 nm for the interaction with the mi€TrS-45 surface and 1.8
0.1 nm for the mic®TS90 surface This fitted hydrophobidisjoining pressure was
then used to calculate the confined film profiles at different tilAsscan be seen in
Figure 3.3B and3.3E, such predicted film profiles agree very well with the experimental
data based on the analysis oferference patternsom RICM (SI Figure3.S5. The
critical film thickness before attachment, that is at the poimupfure of the confied
water film, was calculated to be ~5.3 nm and ~9.5 nm for fi@&-45 caseand mica
OTS90 caserespectively consistentvith theexperimental values of ~6 nm and ~irh
measured bRICM. It is alsoworth noting that bubble attachment occuatthe criical
separationwhere thedisjoining pressure just excemdlthe Laplace pressuref the

bubble.
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Figure 3.3. Interaction and disjoining pressur@rofiles between an air bubble and
hydrophobized mica surfaces: mi€a S-45 (dw = 45) (A -C) andmicaOTS90 (dw =

90y (D -F), in 500 mM NacCl solution. The nominal driving velocity of bubble was1

em/ s. Il n (A) and (D), the red solid Iines at
hydrophobic attractive disjoining pressure (see temtythe blue solid linesarepredicted

theoretical resultswvithout the attractive hydrophobic interactionThe open circular

symbols are experimental results obtained from AFM and RICM measurerf@nasd

(C): Interaction forcd= as a function of time; (B)ral (E): Evolution of the thin confined

waterfilm profile h(r,t); (D) and (F): Variations of componentstbe disjoining pressure

with separation

The same disjoining pressures for the bulitydrophobized mica interaction mica

OTS45 and miceDTS-90, without further adjustmentsyere used to calculate the force
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and the film profiles at other drive velocities. In Fig@4, we see that such predictions
for the force for bubbles approachingicaOTS45 and micaOTS90 at nominal
velocities in the rangé-30 em/s agree very well with experimental data, and in
particular, the model predicted the time of film rupture accurately. It is integestnote

that at these higher nominal drive velocities, water films remain stable on approach to the
micaOTS45 surface because they are stabilized by higher repulsive hydrodynamic
pressure. Film rupture only occurs during the retraction phase (Figdresand3.4B)
when the hydrodynamic pressuiarns attractive andbrings the bubble surface close
enough to the Hrophobized mica surface to be within range of the attractive
hydrophobic disjoining pressur@y(h). On the other hand, for tmeica-OTS-90 surface
that has a strongéaydrophobic attraction film rupture occurs during approach at 5 pum/s,
whereas a higheepulsive hydrodynamic repulsion at 30 um/s is needed to prevent film

rupture on approach, see FiguBe4C and3.4D.
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Figure 3.4. Interaction force betweeabubble and hydrophobized mica surfacesca
OTS45 (dw = 45) (A and B)and micaOTS90 (d, =90y (C and D, in 500 mM NacCl
solution with high velocities. Theed solid lines are theoretical predictionhe open
circularsymbols are experiment force results obtained from ARddsurementgA) and
(C): interactionat anominaldrive velocity ofv = 5 em/s; (B) and (D): interactioat a

nominaldrive velocity ofv = 30em/s.

In this work, the synchronous measurements of interaction forces and visualization
of the spatiotemporal evolution of the confined thin water Between air bubb) thatis
inherently hydrophobic, and hydrohpobized mica surfatemonstrate the significant

role of hydrophobic interaction in this asymmetric systdhe excellent agreement
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between theoretical predictions and experiment results based on-RAEM
measurements inchtes thatDy = 0.8 £0.1nm andDy = 1.0 £ 0.1nm represent the
characteristic decay length of hydrophobic interaction between the hydrophobic air
bubble and hydrophobized mi@TS45 and miceDTS90, respectivelg™ 2* 3 The
higher the degree of surface hydrophobicity appears to increabg tladue slightly. It is
evident from our results that the characterisdcay length of hydrophobic interaction is
influenced by the surface hydrophobicity that affects stvecture and orientation of
water molecules near the surfdfe*® The asymmetric bubblmica hydrophobic
interaction free energy per unit area betweendin bubble and the hydrophobic substrate
can be described by
W, (h= g( eos g)exp(h-/D, 2)

where g is surface tension of watery, is the static water contact angle on
hydrophobicsurface h is the surface separatiddy is the characteltie decay length that
is systermdependent. Based on the analysis in this work, Equation (2) is most likely
applicable as a general potential function for hydrophobic interaction in asymmetric
systems where deformable surfaceg (air bubble, liquid droplet) are involved.

An attempt to represent the hydrophobic interaction free energy per unit area with a

single power law of the formnj,(H = 91 cos @)D, /(h )] failed to provide

agreement with experimental data at all drive velocities (see the Supportingdtiém
for details).
In a recent study on the interaction between indrophobicdrops of fluorocarbon

mixture with the same refractive indexswater, in which the effects of VDW interaction
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was almost eliminated demonstrated a shendnged hydrophobianteraction with a
characteristicdecay length of 0.3 nft" *®* much shorter than thavf hydrophobic
interactionin solidwatersolid symmetric systems reported previously and the air bubble
watersolid asymmetric system in this work. It is interestiognbte when g=18C¢
Equation 5 becomedii(h) = 12gexp( h/Dy), the same as theydrophobic interaction
free energy per unit are@ported for the symmetriluorocarbon/water/fluorocarbon
system.

The differencebetween thebserveddecay length of ~0.3nm in soft oil/water/oil

& 5 and of 0.8 1.0 nm in air/water/solid in this work and elsewh&rmight be

system
explained in terms of the difference in the ability of the hydrophobic substrate to respond
as interfacial water molecules rearrange tpesition and orientation to compensate for

the los of hydrogen bonding. The mica surface that has been rendered hydrophobic by
the deposition of a thin layer of OTS molecules is rigid, so the first few layers of adjacent
water molecules have to restruguas a consequence of the loss of hydrogen bonding
compared to water molecules in bulk. On the other hand, in the vicinity of the soft, fluid
oil/water interface, both the water and oil molecules in their respective phases near the
interface can adjust éir structure to accommodate for the loss of hydrogen bonding in
the aqueous phase and the change in the surface energetics in the oil phase. As a
consequence, the disruption of the of the bulk water structure is expected to extend a
shorter distance intthe aqueous phase thereby giving rise to the observed shorter decay

length, Dy in the hydrophobic interaction free energy per unit area in soft oil/water/oll

systems. Indeed as two soft, deformable oil/water interfaces are brought together, it is
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expectedhat the interfacial structure in both the aqueous and the oil phase will change as
a function of separation. However, precise quantification of such soft oil/water interfaces

will require novel experimental studies and further theoretical modeling.

3.2 Conclusion

In this work, synchronous measurements of the interaction forces and the
spatiotemporal evolution of the confined thin water fibwtween air bubbland mica
surfaces of different hydrophobicity were quantitatively achieved for the firstusimg
an AFM coupled with RICM. The AFMRICM experimental results are in complete
accord with the theoretical modébhsed on theReynolds lubrication theory and the
augmented Youngaplace equation by including the effects of disjoining pressure. The
excelent agreement between theory and experiments attests that the essential physics for
the interaction between bubble and solid substrate has been elucidated. A hydrophobic
interaction free energy per unit area of the fokwi(h) =17 g (11 cosg,) exp( h/Dy),
developed from thermodynamic consideratioiss,able to quantify the asymmetric
interaction between an air bubble and hydrophobic mica substrates in predicting the
coalescence attachment of the bubble at AFM drive speeds betwgénti/s on OTS
hydropholized mica surfaces with water contact angle= 45%nd 90° The variation in
the decay lengthDy observed between the hydrophobic interaction between rigid
hydrophobized mica surfaces used here and between soft deformable oil/water
interfaced™ *° is atributed to the ability of interfacial molecules in the oil phase to

accommodate changes in structure (position and orientation) of water molecules near the
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interface as a result of the loss of hydrogen bondiing. methodology for synchronous
probing ineraction force profiles and thin film drainage dynamics involving deformable
surfaces can be extendedstudy the interaction mechanisms of a wide range of systems
involving deformable bubbles and liquid droplets. Our results have the potential to
provide insights into the basic understanding of the dynamic interaction mechanism
between solid surfaces of different hydrophobicity in aqueous media and deformable
bubbles/drops/emulsions to more general biological materials that would be useful for
designing he loading of bubbles/drops with molecules and particles as targeted delivery

systems as well as the assembly of designed structures at soft or hydrophobic interfaces.

3.3. Experiments andMethods

3.3.1Experiment
A MPF-3D AFM (Asylum Research, Santa Barbara, @Ath a mountedNikon Ti-
U inverted microscope wassed to investigate the interaction between air bubble and
mica surfaces. Aircular glassslide of an AFM fluid cell(radius of 35 mmvas mildly
hydrophobiedin 10 mM OTS in toluene solution f@econddo obtaina water contact
angle of ~ 5010 provide optimized hydrophobicity for immobilizing air bubble on the
substrate. The air bubbles were carefully injected with a cusiade glass pipette with
ultrarsharp end. The immobilized air bubble was thsoked up by a cstommade
rectangul ar silicon AFM ¢ avhich ihbdeavseongly ( 400 T
hydrohpobizedcircular gold patchat one end di amet er 65 ¢&m, t hi ckne

secure bubbleanchorim.”**° Calibration of the cantilever was done before bubble
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loading and e spring constant ag determinedo be 0.30.4 N/musing the Hutter and
Bechhoefer metho®. The air bubble was then moveder the mica surface for force
measuremest

Mica surfaceswere hydrophobizedvith Octadecyltrichlorosilane (OTS) through a
vapor deposition proces# freshly cleavedmica surface was placeth a vacuum
desiccator with a small OTS reservtor different duratios to achieve differentlegrees
of hydrophobicity, indicated byhe water contact anglef sessile dropsBeforeuse in
AFM-RICM experimers, the hydrophobized mica surfaces were washed watige
amouns of toluene, ethanol and M#@Q water sequentiallfo remove physically
adsorbed OTSmolecules The roughnessof the hydrophobized mica surfaces was

determinedby AFM tapping mode imaginghowing ery lowrmsroughness 9.3 nm.

3.3.2. Theoretical model

Since t he velocities i nvestigated i
corresponding to very small Reynolds numbers 2-10" that indicates the flow is in
Stokes flow region, the Reynolds lubrication m84éf can be used for quantitative

analysis of the thickneshk(r,t) of the axisymmetric film drainage process

1 O
oL g B @
u 12m e ru

Herep is the viscosity of watem(r,t) is the excess hydrodynamic pressure relative
to the bulk solutionlmmobile boundary conditions at both air/water and solid/water

interfaces were applied in contrast to classic fluid mechahiassuggestedhat the

air/water interface should be fully mobile and could not sustain any shear Beeest
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work involving air bubble interaction indicatethe applicability of theimmobile
boundary condition at the air/water interface. This could be due to a trace amount of
surface active agents, including electrolyte, which can arrest bounaziity while

only lowering the surface tensioby as littleas 0.1 mN/m.

Theaugmented Youngaplace equation

1Q
O e

2 g
- I - 4
=R, P ()

=l
aion

H
rr

whereRy is the radius of the bubblé2gRo) is the Laplace pressure inside the air
bubbl e, and g pressureyds eseddtd degcdbe the deformation of air
bubble during interactionThe contribution to the disjoining pressiwecomprised of the
sum of theVDW interaction, calculated based dhe full Lifshitz theory and the
hydrophobidnteraction was described in the main text.

The interactionforce F(t) is calculatedby integratingp(r,t) and @(r,t)) based on

Derjaguin approximation

F(t)=2prj[p(r,t) + @(r,0)]rdr (5)

More details of theoretical model are containethm S| Text.

3.4.Supporting information

AFM force measurement
Force measurement between an air bubble and a solid surface was conducted using
an Asylum MFP3D Atomic Force Microscopy (AFM) following a previously reported

procedur® % ® The aqueous solution used in the AFM experiments was prepared using
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sodium chloride (NaCl, Fisher Scientifit with highest purity andMilli-Q water
(Millipore deionized)with aspecificresistivitygreaterthad 8 . 2 Mq L ¢ m.

Before force measurement, astamrmade glass pipette with an ulsharp end was
used to inject air bubbles into an AFM fluid cell filled with the aqueous solution to be
tested. The glass substrate of the fluid cell was mildly hydrophobized by immersing in 10
mM octadecyltrichlorosilae (OTS, ACROS Organics solution in toluene for a few
seconds that led to a water contact angle of ~50°on the glass substrate for bubble
immobilization. An air bubble with suitable size (typical radiRsof 60-100 € mwas
picked up with a custormade retangular tipless cantilevgr4 00 1 7® foim 2 & m)
an AFM bubble probe, as shown in FiglB8&1. The tipless cantilever hascircular
patch of gol d (di amet eat the6ehd, whmh was btiorgly ne s s 3
hydrophobized in 10 mM dedcanethgaultion in absolute ethanavernightto facilitate
secure and precise anchoring of the air bubblee spring constant of the unloaded
cantilever wasletermined usinghe Hutter and Bechhoefénermal tunemethod’. The
effective spring constant of theaded cantilever was validated using force data for
bubblehydrophilic mica interactions at all drive velocities (see below) and then used for
in all experiments with hydrophobized mica.

Force measurements were conducted by driving the cantieaeed ai bubble
towards the solid surface from a large initial separation until bubble attachment occurred
or until a desired deflection of cantilever was detected whereupon the cantilever was then
driven away from the surface. The driving velocity of the airbtbeibvas controlled by a
piezcactuator of the AFM. Time variation of the cantilever deflection was recoded for

each measurement, which could be converted to ferad¢ke spring constant. The actual
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variation of the cantilevesubstrate separationX(t), with time t, during a force
measurement was measured and recorded with a linear variable differential transformer
(LVDT) that is part of the AFM. This data was used in the theoretical model for

calculation.

Figure 3.S1. An AFM bubble probe wittbubble radius of & & m

Hydrophobization of mica surfaces

Freshly peeled mica surfaces were hydrophobized by exposing to OTS vapor at room
temperature (23 €) under vacuum. Different surface hydrophobicity, characterized by
the contact angley, made a sefie drop on the surface, measured through the water, was
achieved by varying the exposure time. Adur treatment typically leads to a water
contact angle of 45°and 482 hours treatment can lead to a water contact angle of 90?
Before each experimenthdé hydrophobized mica surfaces were rinsed with toluene,
ethanol and MilkQ water to remove any physically adsorbed OTS molecules. AFM
tapping mode imaging was applied to investigate the surface roughness of these
hydrophobized mica surfaces that showad roughness of ~0.3 nm.

Theoretical model
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P 49 ®8raportedbefore was applied to

The StokesReynoldsYoungLaplace modé
describe theinteraction between air bubble and solid surfaces. Reynolds lubrication
theorywith immobile boundary condition at both air/water and solid/water interfaces was

applied to model the hydrodynamittainage of the nanoscale water film of thickness,

h(r,t) betweerthe air bubble and solid surface

bh_ 1 1|/,. pu
—=———gh"— S1
M 12m pgé ru 5D

wherep is thedynamicviscosity of waterp(r,t) is the hydrodynamic pressuréhe
film is taken to be axisymmetric, and is a good approximation for the present experiments
as can be seen from the symmetry of the interference fringes.

The deformation of the bubble surfade response to the hydrodynamic pressure
p(r,t) andthe disjaning pressureéd fi(r,t)) is described by the augmented Youraplace

equation
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whered is the airwater interfacial tensiorRyis the bubble radius.

Theinteractionforce F(t) is calculatedy integratingoverp(r,t) andd (r,t)
F(t) =207 [p(r.t) + @(r.t)lrdr
(S
3)
The equations were solved in a suitable region{8), where the local separation

h(r,t) atr > rmax was sufficiently large sahat the contribution of disjoining pressure

could be neglecte¥f Hence, the interaction force can be calculated as
65



F) =207 [p(r.t) + @O 24p_ (e txdr (9

In general, the first integran the right side of Equation (S#)akesthe dominant
contribution to the calculated force and the impact of the second integral is rather small.
In our calculation, the value of.xwas also checked to ensure the calculated force was
independent on its exact value.

The boundary conditianfor h(r,t) andp(r,t) atr = Oarepyh/ p Gandpp/ p G.

The actual variation of cantilever displaceme{{t) was incorporated in a boundary
condition, equation & which took in accounthe deformatiorof the air bubble during

interaction andhe pinned contact area i air bubblen the cantilevet> 2

ph(r,,,t) _dX() dF()&2%p g, 1, Al +cos ¢, At € -
pt dt 'Zth?;e? 2 gel-cos qQ ge’}g E (=9)

HereK is the spring constant of the cantilevéis the contact angle of the air bubble
on cantileverThe hydrodynamic pressugr,t) decays as™ atr - =, leading tothe
boundary conditiorr(p/ ) 4p Oatr =r.,. The initial condition forh(r,t) follows

the undeformed spherical bubble shape.

The equationsabove vere solved numerically with MATLAB after being non

dimensionalizedwith the scaling parameters; =R Cd”, r. =R Cd", p.=¢g/R ,

t. =nCa"?, where Ca=mv/ ¢ is the capillary number an¥ is the nominal drive

velocity. Details of the numerical methade reporteghrevioudy.

Van der Waals interaction
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The VDW disjoining pressure during interactisncalculated using the full Lifshitz

theory® >®:©

that includes the effects of electromagnetic retardatienoting theair
bubble solid surfaceand aqueous solutioss 1 2 and 3,the VDW disjoining pressure

Yvow(h) between two half spaces at separati@man becalculated as:

— k_T-[: /2 ) 2é' 5 AT T 1-
Puow( = Bow( 258 &" ifip’g DD D™ (v eD D*

(S6)
Pyono(h) = k—zgﬁp\/ oF K3, D)dp

(S7)
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o STRLE D AP ool pd ¥

" s-pel £ s5-p

e

D, <[Pk 0) 0 @) SJF + KOp PO eXF§ 2l
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where c is the speed of light in vacuurkg is the Boltzmann constant, is the
temperature,¢c*2 i s t he Pl amickd s)isdhe dislactecnpermittivity,
and k' is the Debye lengttDue to screeningy high salt concentration in this stydiie

effects ofzero frequencyr(= 0) termP,,,,(h) was highly suppressedThe dielectric

permittivity of water at imaginary frequencies wiagen from previous repdftandthe
dielectric permittivity of mica was constructed froBauchy plotdata taken fromthe

literature®’.
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RICM image analysis

Monochromatic green light with wavelength= 546.1 nm wasusedfor RICM
imaging. The RICMinterference patternsvere obtained bya Nikon Ti-U inverted
microscopeand were recorded withvadeo camera The obtained images were processed

with the ImageJsoftware (National Institutes of Health, USA

Air Bubble

Subtrate

Objective

Figure 3.52 Schematic radel ofnonplanar RICM image formation
Construction of filmthickness profile from RICM interference patterns was achieved
by an improved mathematicalpproach® that can accurately reconstruminvex object
with arbitrary shape by approximating its surface as an ensemble of wedglswa
Figure3.S2. According to the notlanar model, in a system with singigerference
layer (Figure3.S3), the light intensity at positiondue to interference of light raysand

I, can be calculated as
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(S8)

whereUis the inclination agle of the air/water interface &t= x, di is the reflective
angle at the air/water interfada(xy) is the thin film thickness at= xg &= 546.1 nm is
the light wavelengthn, = 1.333 is theefractiveindex of water andi is a phase shift due
to reflection, which is O here since the refractive index of air is less than that of water.
According to geometrys andxycould be related as

X, =X -H(x)tan@  §) (S9)

A bijective mapping betweexandxyin the interference region has bezstablished
and reported including the ngmanar effects and effects of illumination and detection
zones. To construct the film thickness profile, Huation 8 is rewritten and a height

valueh” is first expressedsa

cos @) DN 18A- 1(%) (S10)
cos@+ q) p ¢ B

where A = (max+ Imin)/2, B = (max - Imin)/2, D = /4n. Dh{ characterize the

h” =h(x)

height difference between two consecutive fringes. It is noted that in the case of planar
parallel interfaces and normal incident light,= h(xy). Then the inclination anglé and

the measured incrementsadi” andgx can be related as

P

sin(@)cos(q F %hx

(S11)
in an individual wedge (note the object is approximated as an ensemble of wedges).
With the Equations 8-S11, the inclination anglesU and reflective angleslk in the
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interference region can be accurately retrieved by associgtingind g%, and thus a
mapping between positionandU (anddg) can be constructed.
Then two different but complementary methods were applied for analyzing the light

intensity data. &r posiions larger than the first extramm, where interferencdringes
exist, gqx is taken as the distand®tweenthe consecutivefringes andDh” = 1 . For
the positions inside the first extram, the light intensity were analysed and transformed
so that theyx is constant and thgh”was calculated based @guation 30. To achieve
high resolutionJanddr is defined as a function afandEquation 9 is transformed to a

first-order ordinary diierential equatioas
P 4 xF(9 &3
dx

F(x) = d(tan@ + q))/dx (S1)
tan@+ q) #arf ( a + ytan

_tan@+ g) -xd(tan( a + g) /dx

(3 tan@+ q) Harf ( a + ytan

The above equations can be solved numerically with MATLAB to construct the

4, 70, 7land a

profile of the thin film.It is noted thathe above moreigorous calculatio
simplified approactwith assumptiorof planar parallel interfac&s>* "*actually provide
very similar resultsin this work since the maximum inclination in our analysis is very
small (<10).

A procedure to transform RICM interference pattern to thin film profile construction

is shown in Figure3.S3. Forthe interaction ofa bubble andydrophoized mica surface,

the maximum light intensitymax, Which indicates zero separation, was measured after
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bubble attachment. For interactiavith hydrophilic mica surfacelmaxis not directly
available since there mlwaysa thin water film trappd between the air bubble and the
mica surface. Thénax in this case waebtainedby scaling the experiment light intensity
values to the variation of intensity with height which is calculated theoretically for

stratified planar structurés.

1604

1504

140

Intensity

3004

Film thickness,
]
3

4 6 8 10
Radius, r (um)

o
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Figure 3.S3. The conversionof the RICM interferencepattern tothe thin film
profile. (A) Profile of light intensity. The open circle symbols are local intensity values
and the dark green lirfeas been drawn to guide the eybe inset shows thaterference

patten and the light green line shows the location of the drawn light intensity. (B)
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Calculatedthin film profile from the intensity patterwhere the open circulasymbols
are RICM experiment results and solid red linghe theoretical predictiorfrom the

StokesReynoldsYoungLaplace model

AFM images of mica and hydrophobized mica surfaces in 500 mM NacCl
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Figure 3.54. AFM images of (A) freshly cleaved mica (B) mi€arS45 and (C)

A B

10

08 P

06 500

pm
pm

04

02

00
0.0 0.2 04 06 08 1.0
pm

micaOTS-90 surfaces in 500 mM NacCl

Interference fringe patterns of thin water film between air bubble and

hydrophobized mica surfaces during interactioncorresponding to Figure 3 in the

main text
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t=0.30s t=036s t=042s t=054s t=0.60s

t=048s t=054s t=060s t=0.72s t=0.78s

Figure 3.S5. Interference fringe patterns of thin water filmetweenair bubble and
(A) micaOTS45 and (B) micaDTS-90 surfaces during interaction of Figure 3time
main text

Interaction between air bubble and hydrophilic mica surfaceat high velocity

When the air bubble is driven at high velocity, the effects of hydrodynamic
interaction on the interaction force and thin film drainage process become more evident
and cannot be neglected. Figl8&6 shows the interaction between an air bubble with
radiusof98e m and hydr ophiitha cveni «¢@ai tswurdfackQ savm/ s.
the force curve in Figure 2A (in the main text), the interaction force with higher velocity
shows a much larger attraction during retraction due tosthenger hydrodynamic
suction effectssince the watehas tobe drawn backnto the thin film The RICM data
and theoretical results of the evolution of the thin water Slmownin Figure 3.S6B
indicatedthat the central part of the liquid film continues thinning even aftieagton
starts, which is a result of hydrodynamic suction effect, indicating bubble attachment

could alsococcurduring retradhg due to this thinnindpehaviour
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Figure 3.56. Interaction between an air bubble and hydrophilic mic®&da mM

NaCl solution. T

em/ s . (

he bubble radius is 38 m.
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circles) and theoretical predictions (line). (B) The film profile deduced from RICM (open

circle) ard theoretical predictions (solid lines). The arrows indicate the driving direction

of the air bubble.

Functional Form of Hydrophobic Interaction

An acceptabldunctional form of hydrophobic interaction should be able to predict

the measurednteraction force and film profilesunder all experimental conditionn

additionto the exponential formEquation 1 in main text) of hydrophobic interaction, we

havealso considered a decaying powétheform

(S13)

PH(h) - d\M(h/ dh _ng(l- COS \g)( DH )n+1

DH

h+D,

In this form, both the decay lengby and the power law inder need to be

determinedWe found thatthis power law form foP y(h) cannot provide agreement with
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experimental results at all velocities. For examplke,shown in Figur@.S7A, a decay
lengthDy = 1 nm andn = 4 could provide a good fit to the experimental force data
between an air bubbknd micaOTS-90 surface at nominal velocity= 1 em/sincluding

the point of bubble attachment. However, the same parameteps,floy would give an
incorrect bubble attachment time abh@aminal velocityof v = 30 em/s (Figure 3.S7B).

With a decay length fixed @y = 1 nm (Figure 3.S7A), power law form withn = 3
predicted a much earlier attachment, representing a much stronger hydrophobic
interaction whereaghe form with n = 5 predicted a delayed attachmeériie power law

form thereforecannot provide quantitative match with the experiment results.

o Experiment A o Experiment B
n=3 n=4
59 n=4 404 Exponential
= —n=5 E
> Exponential £ Mica-OTS-90
w 4 w
5 Mica-OTS-90 - 201 SO0 M Mac
2 500 mM NaCl o Bheds g
o] _ = R =65 um
i 24 v=1pmis e 0 o
R,=81um L
0 4 s T . T r r
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.03 0.06 0.09
Time, t (s) Time, t (s)

Figure 3.S7. Comparison between the exponential (Equation 1 in main text) and
power law forms (Equation S13) of the hydrophobic disjoining pressure. The open
circular symbols are experiment results and the solid lines are theoretical prediction with
different forms forhydrophobic interaction. (A) Comparison between exponential form
and power law form with varying andDy = 1 nm,in the case of interaction between an
air bubble Ry = 81 em) and micaOTS90 surface at nominal velocity= 1 em/s; (B)

Comparison betweesxponential form and power law form with= 4 andDy = 1 nm, in
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the case of interaction between an air bubBle= 65 em) and micaOTS 90 surface at

nominal velocityv = 30em/s.
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Chapter 4 Interaction Mechanism of Qil-in-Water
Emulsions with Asphaltenes Determined using Droplet

Probe AFM

4.1. Introduction

Formationand stabilizatiorof emulsions with adsorbed interfaaetive components at
oil/water interface have long been of fundamental and practical interest, which are widely
involved in many established and modern industrial and biological processes, such as oil
sands extractioh?® synthesis of nano/micrparticles with novel structurés controllable
and programmable drug and gene deliVef. Thermodynamically, amphiphilic
molecules can readily adsorb onto the oil/water interface, altering the properties of the
interface €.g. interfacial tension) and changing the surface intenastibetween the
emulsion droplets in the suspending fliid? The stability of emulsion droplets is highly
dependent on their surface interactions and interfacial properties. Genatiafigtive
interactions such agan der Waals (VDW) interaction andidging adhesion due to the
presence of polymer flocculants ciaad to coagulatioandcoalescencef the emulsion
droplets while repulsie interactions, such as electrical double layer (EDL) repulsion (in
agueous media) and steric repulsion due to thegnce of interfaeactive material€an
enhance the emulsion stability’® ***” Therefore, quantitative understanding of the
surfaces interactions at oil/water interface with/without adsorbed inteatdoe
molecules will help elucidate the stabdtion mechanisms of the emulsions. However,

guantification of the surface forces at deformable oil/water interfaces is much less
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reported as compared to those at solid/liquid interfaces, mainly due to the experimental
difficulties such as stable and acate manipulation of droplet motion and precise
interpretation of the measured fordistance dat&® *°

Stable watein-oil (W/O) and oitin-water (O/W) emulsions are generally undesired
because they cause challenging issues in production of conventiodal oil and oil
sands” * 2° Emulsified water droplets of several tens of micrometees commonly
encounteredn the naphthadiluted bitumen frothextracted from oil sands using a water
based extraction methddf® #* 2#° Theseemulsifiedwater droplets are extremely stable
against coalescencand can cause seriougrocessing problems to downstream
equipment e.g. fouling and corrosion in heat exchangers, pipelines and upgrading
equipment?*2’On the other hand, bitumen droplets in the form of O/W emulsions can
appear inprocesses such dstumen extraction and flotaticn?®3* To achieve higher
bitumenrecoveryefficiency, larger bitumen drops are preferradhich have relatively
high collison and attachment efficiency with the collecting air bubbles in bitumen
flotation. Stable O/W emulsions present in process water and tailings water in bitumen
extraction also cause challenging issues (e.g. fouling) in water treatment process.
Therefore, udesired O/W and W/O emulsions caignificantly increas the operating
costin oil production.

Adsorption of naturalinterfaceactive componentsin crude oil and bitumenonto
oil/water interfacenas been reported to bemajor stabilization mechanism of @/and
O/W emulsionsin which asphaltenes agenerallyacceptedo play an important rolé”
21, 2421, 3234 pgphaltenes commonly exist in crude oil and bitumen products as the

heaviest components, defined operationally as a solubility dlzsare sduble in
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aromatic solventqe.g. toluene)but precipitate inparaffinic solvents(e.g. pentane,
heptanef” ®*% This solubilitybased definition suggests that asphaltenes deamstist

of a welldefined group othemicals but a complex mixturef moleculesNevertheless
asphaltenes extracted frodifferent oil sampleshave beerreported to sharsimilar
colloidal behaviors and surfageroperties.Several theoretical modelsuch asthe Yen-

Mullins modelhavebeen proposed texplainthe molecular andolloidal properties of
asphalteng®” ***° Generally, asphaltene molecules arensideredto consist of
condensed polyaromatic rings and peripheral alkane chains containing a considerable
amount ofpolar functional groups including both acids.g.carboxyl groups) and bases

(e.g.amino groups§’ 33

whichrender asphaltenaoleculesnterface active. Therefore,
the asphaltenes molecules are able to adsorb and build upnatterilinteface altering
the interfacialpropertiessuch as interfacial tension, interfacial elasticity and viscdSity,
0 which thereby influencéhe interactionsbetween the emulsified droplefBherefore a
guantitative understandingof the interactios betweenoil droplets in presence of
asphaltenes, under various aqueous solution conditiongké.galinity and th@resence
of multivalent ions like CH), is of vital importance toelucidatethe stabilization
mechanism of treeO/W emulsiong? 27 3% 4

Experimental toolssuch as atomic force microscopy (AFEMurface force apparatus
(SFA), and micropipette have beeappliedto investigate the molecular interactsoof
asphaltenegolyaromatic surfactants (as asphaltene model compoandf)eirimpads
on emulsionstability.?* 3* *#*® Direct force measurements using AFM and SFA showed

strong steric repulsionbetween asphaltenidms coated on mica or silica surfaces

toluene which wasbelieved toplay an important role ipreventing water dropts from
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coalescence anstabilizing W/O emulsion **> *° Theseprevious studies haverovided
useful information regardingthe molecular interactions odsphaltenesinder different
solvent conditions However, all the quantitative force results reported have used
immobilized asphaltenélms coatedon solid substrate anddirect force measurements
between two emulsion dropletsth asphalteneadsorbedat theoil/water interfaces not
available which isdirectly related tdhe stabilization mehanism of the emulsions

Recently, bubbke/droplet probe AFM technique has been developed and applied for
direct force measurementgetweentwo deformable bubbles/dropletsnd betweera
bubblefiroplet anda solid surface and various surface interactionsvolved (e.g.
electrostaticddouble layeiinteraction hydrophobidnteraction structurafforce) have been
precisely quantified® *> 8 1 %8¢ An air bubble oroil droplet anchoredon a tipless
cantilever was driven to interact with another dropiet a solid surface, and the
interaction force was measured by detectilgjlection ofthe cantilever The surface
force involved during bubble/droplet interaction can fQaantitativelyreconstructed by
fitting the measured force curves wiltheoretical mdel based on Reynolds lubrication
theory and augmented Yougplace equatigh’® *®*® 53 5®whose validityhas been
verified by simultaneously measuring the force and the separation using AFM coupled
with reflection interference contrast microscopy (RICRA}’

In this study the droplet probe AFM technique watdlized for the firsttime to directly
measureahe inteaction forces between two oil dropletsthe presence oasphaltenesm
various aqueous solutions, which were then analyzed thiehtheoretical model
aforementioned This work provides a useful approach tpantify the interaction

behaviors of emulsifi oil droplets with asphaltenes adsorbed at thevater interface,
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and the results givesights into the stabilization mechanisms of @&V emulsiors due

to asphaltenes.

4.2. Experiment and Theoretical Model

4.2.1. Materials

Crude oil sample was supplied §hell. Heptane (HPLQyrade Fisher), toluene
(HPLC grade Fisher) andmethylenechloride (HPLC grade Fisher) were used as
received. Sodium chloride (NaCl) and calcium chloride (@a@ith highest purity were
purchased from Fisher Scientifidilli -Q water(Millipore deionized)with aresistance of

o

u 18.2 Mg eEmwas used to prepare the aqueous solutions. Hydrochloric acid AGS

reagent grade, Fisher) and sodium hydroxide (NaOH, ACS reagent grade, Fisher) were

used to adjust the pH of the stbns.

4.2.2. Separationof asphaltenesand preparation of asphaltenes solution.

Asphaltenes sample was separated from the crude oil sample ASiFlg 1P143
procedurée® Briefly, crude oil wasmixed with heptane at a ratio of 1:30 (g/nalpd then
refluxed understirring for 1 hour. After reflux, themixture wascooled in fridge ér 2.5
hours for precipitation of asphalteneBhe mixture was then filtered to obtain the raw
asphaltenes, whictvasthenextracted with heptane for 1using aSoxhletextractor to
fully remove the heptarsoluble components. Mthylene chloridewas then usedo
extract the asphaltené&®m the remaining filtrateThe obtained asphaltene in methylene

chloride solution was concentrated and then dried under pure nitflogeto get thedry
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pure asphaltenes sampl@&he separatedasphaltenes samples weararefully sealed and
stored in fridge to avoid oxidation.

To prepare asphaltene solutionscexrtain amount of asphaltenes were dissolved in
toluene and the solutions were sonicated @nin to fully dissolve the asphaltenes. The
prepared solutions were then sealed and stor&aige to avoid solvent evaporaticand
asphaltenes oxidatioifhe asphaltenes solutions were sonicated for 30pnnim to each

use

4.2.3. Interfacial tension measuement

Interfacial tensionbetween asphaltenes in toluene solution and different aqueous
solutions was measuredusing drop shape methodith a pendent drop tensiometer
(RaméHart, USA). For toluene drops in1 mM and 100 mM NaCl solutionsan
interfacial tesion of 35.5 £ 0.2 mN/m was measured, indicating purity of the
toluene/water systenmn presence of asphaltenes, the interfacial tension was measured to
decrease with time, the same as previously reported réiile. interfacial tension was
found to reach equilibrium after 30 min and thalues of interfacial tensiorat

equilibrium were takein the theoretical analysis of the surface force results.

4.2.4 Zeta potential measurement

Zeta potentials of oil droplets different aqueous conditions wereeasured using
Zetasizer Nano ZSP (Malvern Instruments, UK).-i@ilvater emulsions were prepared
by adding 0.5 mL asphaltenes solution into 10 mL aqueous solution. The mixture was

tightly sealed using Teflon tape and sonicated for 20 min to obtain stablsien.
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4.2.5 AFM measurement

Force measurement between two oil droplets easlucted using aMFP-3D AFM
system(Asylum Research, Santa Barbara, G&®upled witha Nikon TiU inverted
microscope Oil droplets were generated amdmobilized on the glass substie of an
AFM fluid cell using acontrolled dewetting method as reported previoushA custom
maderectangular silicon AFM cantilever (4800x2 ¢ wap usedto pick up an oil
droplet to createreoil dropletprobe.The tipless cantilever has a circular gold patch on
one end, which is hydrophobized withkdodecanethiol for secur@nchoringof the oil
droplet** *® The cantileveranchored oil droplet was then placatiove another oil
droplet of similar sizeto condut force measurement. The two droplets were carefully
aligned using the inverted micros@ip ensure headn collision. A schematic dfpical
experiment setupsing thedroplet probeAFM techniques shown in Figuré.l.

Force measurement was conducted driving the cantileveanchored oil droplet
towards theopposing oil dropon the substrate by lowering the cantilever for a certain
distanceand then lifting the cantilever up. All force measurements were done with
velocity of 1em/s to minimize the effets of hydrodynamic forc&: **For experimentsn
the presence of asphaltenes, force measurementsoeadeicted30 min after generation
of oil droplet for adsorption of asphaltenes ontavaiter interface, in consistency with
the interfacial tension mesurement. The interaction force was measured by detecting the
deflection of the cantilever, whose spring constant was calibrated using&iutiethod
before loading of the oil droplet’? The measured forc& and displacement of the
cantilever gX were reorded by AFM software, and were uséder for theoretical

analysis Force measurements at higher velocities were also conducted and the same
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fitting results were obtained which demonstrates the fitted parameters reflect the true

properties of the emulsiadrops.

Qil drop

| herty
Qil drop

Figure 4.1. Schematic okexperiment setup aheasuring interactioforce between two
oil dropletsof radii R; andR; in aqueous solutions usimyoplet probe AFM technique.
The inset shows the schematic of the thiater film with thicknessh(r, t) confined

betweertwo oil droplets wheret is timeandr is the radial coordinate.

4.2.6 Theoretical model

A theoretical model based on Reynolds lubrication theory and Ybaptace equation
was used for AFM results analyéfs*® “¢ “’The local deformation of the interacting
droplets due to the Laplace pressure inside the droplets, hydrodynamic ppessude

disjoining pressurét can bedescribed by the augmented Yodraplace equation:

gH g9
= —7-p - 1
2r \r =R, P @)

\-O&QJO
==
-QHOn
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whered is the interfacial tensiorg, is the harmonic mean of the twioopletradii R; and

R2, p is hydrodynamic pressure aktis disjoining pressure due to surface forcCEse
disjoining pressure’ generally can arise from electrostatic double layer (EDL)
interaction, van der Waals (VDW) interaction, hydrophobic interaction, steric interaction

and so ort? ** 2 *3The disjoining pressure due to VDW interaction is calculat&d as

Puol10] = s @

where Ay is the Hamaker constant between two oil droplets in water. Here, in NaCl

solution, the disjoining pressure due to EDL interaction is calculated using equation 3,

P o [N(1,1)] =64k, T7, tantf % Yexpl -h ¢ 1) 3)

where s is the inverse of the Debye length,is the surface potential of the oil/water
interface J p is the number density of igin water, ande is the fundamental chargd an

electron Thea can becalculated as
k=2 ¢ (ec®)"” (4)
wherey is the vacuum permittivity an@is the dielectric constarif the mediumThe

overallinteractionforce F(t) can be calculately integratingp(r,t) andd f(r,t)) based on

Derjaguin approximation as shown in equation 5.

F () =2,0r"5[p(f,t) + @(r,t)]rdr (5)

The dynamic drainage afonfinedthin water film with thicknes$ between the oll

dropletsis describedby Reynolds lubgation theory:

ph_ 1 &, 5 pu
—=———gh"— 6
M 12m pgé ru ©)
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whereeg is viscosity of the aqueous solution. Immobile boundary condition avaigr
interface was assumed here, which is consistent witntereport$® **** More details

about the theoretical model can be found in recemors > 4% 4348

4.3 Results and Discussion

4.3.4 Interaction between oil droplets in 1 mM NacCl

Figure 4.2 shows the measured force curves between two toluendetdroyth
different concentration of asphaltenesl mM NaCl All the experiment resultfblue
squares)can be well fitted with the theoretical mod@llack lines) For interaction
between pure toluene droplets shown in Figuret.2A, when thecantileveranchore
droplet approached cldygeto theopposing dron the substrate strongrepulsive force
was measured, which is mainlgttributed to hydrodynamic interaction and EDL
repulsion. When the cantilever was under retraction and the two droplets were in
sepaation, the repulsive force gradually decreased until an attractive maximum was
reachedwhich was also from hydrodynamic origiso-called fihydrodynamic suctiom
effect® * It should be noted that during the interaction, the two toluene droplets were
stable against each other and no coalescence was observed from the force curve and
optical microscopeThis observation isonsistent withDLVO theory and previous
studies™® '3 According to DLVO theory, in 1 mM NaCl, the Debye lengticasculated to
be 9.6 nm and the repulsive EDforce between twointerfaces dominates the surface
interaction,inhibiting coalescencef thetwo oil droplets The aforementionedeoretical
model incorporating the surface forces between the oil droplets was applied to fit the

measured force curves. The Hamaker constant between the two toluene drops in aqueous
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solution was calculated to ®98 10?° J on the basi®f the Lifshitz Theory b taking
the refractive indices and dielectric constants of toluene and akbe absolute value

of the surface potential of the toluene droplets imNl NaCl was fitted to be35a 5

mV, which is consistent with the reported wes>* ** In contrast to solid particles, the
interfacial energetics afleformable oildroplets isgovernedby interfacial tension and
thus the droplets can deform in response to external f&t¢@stigure 4.2D shows the
calculated profileof the thin water film confined between the two oil dropleis
maximum force load. Thdéattenedcentral part of thadropletsindicats the Laplace
pressure inside the droplets is balanced by EDL repulsidrere thehydrodynamic
pressure is negligible due to thev@pproaching velocity)The central separation was
calculated to be 30 nm, where the EDL disjoining pressureabast 79 Pa, equal to the

Laplace pressure inside the droplets.

Table 4.1. Comparison ofmeasured zeta potential values and theoretifitthy surface

potential values of oil droplet

Asphaltenes Solution condition Measured zeta Fitted surface
concentration potential (mV) potential (mV)
0 mg/L 1mM NaClpH = 5.6 -30a 3 -35a 5
10 mg/L 1mM NaClpH =5.6 -530 2 -50m 5
100 mg/L 1 mM NaClpH =5.6 -88a 3 -850 5
10 mg/L 1 mM NaCl pH =3 -100 3 -15a 5
10 mg/L 1 mM NaClpH = 10 -62a 2 -60a 5
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Figure 4.2. Force curves (AC) and calculated droplet profile at maximum force load (D

F) of interaction between two toluene droplets with 0 mg/L (A and D), 10 mg/L (B and

E), and 100 mg/L (C and F) asphaltenes in 1 mM NaCl solution (pH~5.6). The symbols
are experimet results and the black solid lines are theoretical fitting results. The nominal
velocity i s ibfthedibdets ard@h @€ amdabbei mfor A, B and C

respectively

Interaction force curves between toluene droplets in the presence of 1GamnagA00
mg/L asphaltenes are shown in FigdteB and4.2C respectively. Similaro the results
in Figure 4.2A, the oil droplets were stable against each other and did not coalesce.
However, fitting the force curves with the theoreticabdel shows thathe surface
potential of the oil droplets changed fre8b £5 mV of pure toluene te50 +£5 and-85
+5 mV, with the addition of 10 mg/L and 100 mg/L asphaltenespectively These

fitted values are close to the measured zeta potentials listed in4labkhe enhanced
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surface potential can strengthen the EDL repulsion between the oil droplets. The
calculated droplet profiles also show that the minimal separation between the oil droplets
increased fron80 nm for pure toluene (Figur4.2D) to 33 nm for 10 mg/L asphaltenes
(Figure 4.2E) and40 nm for 100 mg/L asphaltenes (Figude€2F), indicating stronger

EDL repulsion with higher asphalteneoncentrations. The strong EDL repulsion can
preventthe oil droplets from getting close anldushelp stabilize the emulsiondt should

be noted that interfacial asphaltenes could lead to rheological response of the oil/water
interface particularly at high concentration. However, the agreement between the
experiment results and theoretical model here demaiestthat the deformation of the
oil/water interface is mainly governed by interfacial tension, which could be most likely
due to the relatively low asphaltenes concentrations used in the experiment and low load
applied. In addition, the force curves bebem toluene droplets with different asphaltenes
concentration at di fferent nominal velocity
shown in Figure 3. The fitted results are the same as those obtained at low velocity (1
em/ s), demonst rr@pertienafthetemasion droplets arerreflestedpy the
fitted parameters.

Asphaltenes are known to be surface active and are able to adsorb onto the oil/water
interface, changing the interfacial propertidgere, he interfacial tension between 1 mM
NaCland toluene with 0 mg/L, 10 mg/L, and 100 mgiphaltenesvas measured to be
35.5, 34.0, and 32.0 mN/m, respectivelyagreementvith the reported studies that the
asphaltenes can lower the interfacial tenfoA” *31t is also demonstratechere tha
adsorbed asphaltenes molecules at oil/water interfacerd@ncehe surface potential of

the oil droplets. The change of surface potential of oil droplets with asphaltene
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concentration is most likely due to a change of the adsorbed amount of asghatidne
their adsorption state at the oil/water interface, as also indicated by the change of the
oil/water interfacial tension with increasing the asphaltene concentration in toluene.
Figure4.3 shows the calculated disjoining pressure profiles betweetotuene droplets

with addition of different concentrations of asphaltenes in 1 mM NacCl, which clearly
demonstrate that the addition of asphaltenes significantly strengthens the repulsion
between theoil droplets, preventing the drogpalescencand enhancig the emulsion

stability.
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Figure 4.3. Calculated disjoining pressure profiles between two toluene droplets with O

(orange), 10 (green) and 100 (blue) mg/L asphaltenes in 1 mM NacCl.

4.3.5 Interaction between oil droplets in 100 mM NacCl solution
Figure4.4A showsmeasuredorce curve between two pure toluene droplets in 100 mM
NacCl. Different fromthe force curve shown in Figuke2A, a sudden jumyin behavior
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was observedvhen themeasuredorce reached about 0.6 nN, indicating coalescence
between the twdoluenedroplets, which waslso verified by the inverted microscgp

The coalescence was induced mainly by the attractive ViDMk between the two
toluene dropletd® ** It was foundherethat in the tkoretical calculation the attractive
VDW interaction was sufficient to induce the coalescence between the droplets and no
additional hydrophobic interaction waseded for predicting droplet coalescenshich

agree with previous study on interactions Wween air bubbles and oil droplétd? The
mechanism for these phenomena is likely that the hydrophobic attraction between the oll
droplets in an aqueous medium is relatively weak (with a decay length of ~0.3 nm) as
compared to the VDW attraction.’* The calculated droplet profile just before
coalescence is shown in Figure 4D. The critical separation before coalescence was
calculated to be ~6 nm, where the VDW disjoining pressure-&2&0 Pa (attractive).
Theresuls for two toluene dropsteractng in high salt concentratiofi.e. 100 mM NacCl)

in Figure4.4A and Figure4.4D agree with the fact that addition of electrolytes generally

destabilize®D/W emulsions.
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However, with the additin of small amount of asphaltenes in toluene, as low as 10

mg/L, coalescence between the oil droplets can be effectively inhibited, as shown in

Figure4.4B and4.4C. Both force curves show no jumpbehavior as observed kigure

4.4A. Since the EDUforce was significantly screened in 100 mM NaCl and the VDW

force between the droplets was attractive, an additional repulsive interaction must exist

between the droplets to inhibit their coalescence. It has been shown in previous studies

that the repulsion meared between two asphaltenes layers in organic solvents is steric
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origin and could be described by theexdnder de Gennes (AdG) model for polymer
brushes: ** Although water is not a good solvent for asphaltenes and the interfacial
asphaltenes in waterannot be considered as swelling polymer brushes, the interfacial
asphaltene molecules or aggregates and their side chains with functional polar groups
may bear some similar properties as polymer brush, resulting in steric reptldion.
Herein, the AdGmodel was used to describe the repulsive interaction measured between
the two toluene droplets with asphaltenes, similar to a previous study on interaction

between oil droplets in presence of amphiphilic polymiérs

KT€2L 6 &
Psteric(h) O?%ﬁ 9 '55 i forh< 2L (3)

3/4

wherebUseridh) is the repulsive pressure due to steric interacgas,the mean distance
betweeranchoringsites of theasphaltene molecules at the interfdces the length of the
brush,T is the temperaire, andk is Boltzmann constant.

Here,swas takeras3 nmbased on a previous repOmy incorporating the AdG steric
interaction into the disjoining pressure in the theoretical model, the measured force
curves could be reasonably fitted, withfitted to be 3 £ 1 nm for both cases with
asphaltene concentration of 10 and 100 mg/L respgt The fitted chainlength is
reasonable compared with the previously reported size of asphaltenes molecules at the

oillwater interface®” 22

indicating the repulsoin between the oil droplets could be
explained by steric interaction described tme AdG model The calculated droplet
profiles at maximum force load are shown in FigdtéE and4.4F, which show thin

water films are sustained and confined between the dwplets, due to the steric

repulsion.
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It was noticed that when the two oil droplets were separated,-guingpehaviors,
indicating interfacial adhesion between the droplets, were occasionally observed. These
phenomena suggest that the impacts of therfential asphaltenes molecules are much
more complex than simple steric repulsion described by the AdG model. As shown in
Figure 44E and4.4F, the thickness of the confined water film between two toluene
droplets was calculated to be ~6 nm, which was Babwige of the fitted thickness of
asphaltenes. Therefore, the interfacial asphaltene molecules could make contact when the
two toluene droplets were brought close under compression, and the adhesion measured
could be possibly attributed to electrostatiteraction between the cationic and anionic
polar groups on the asphaltenes molecules and the contwadifitatiorinterpenetration
of hydrophobic moietiesf the opposing asphaltene®leculesor asphaltenes aggregates

atthe oilwater interface? ¥ 39

4.3.6 Effects of pH

The pH of the aqueousolution is believed to affect the adsorption of ions at the
oil/water interface and the protonation of functional groups of interfacially adsorbed
asphaltene molecules, varying teerfacepotential of the oil/wter interface’ >3 The
effects of pH on the interactisrbetween two toluene droplets containing 10 mg/L
asphaltenes in 1 mM NaCl solution are shown Figube Due to the EDL repulsion in
agueous solution with low salt concentration, the oil droplete gtable against each
other, and no coalescence was observed from both force curves and optical microscope.
The fitted surface potential of the oil dropletsi$ + 5 and-60+ 5 mV at pH 3 and pH

10, respectivelywhich are also comparable to the measured zeta potential in A able
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At high pH, more of the carboxyl groups on the asphaltenes molecules become ionized,
increasing the charge density and surface potential of the oil droplet. At low pH, the

carboxyl goups could remain neutral or even be protonated, lowering the surface

potential.
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Figure 4.5. Force curves (A and C) and the calculated corresponding droplet profiles at
maximum force load (B and D) of interaction between two toluene droplets with 10 mg/

asphatenes in 1mM NaCl at (A) pH = 3 and (C) pH = 10. The symbols are experiment
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results and the black solid lines are theoretical fitting results. The nominal velocity is 1

em/ s. The radii of umforéAamtl Caogspeetitely. are 56 and

4.4.4. Effects of C&”

C&* ion has been reported to interact with the functional polar groups of asphaltenes
molecules which can affect thropertiesand conformation®f asphaltenanolecules
adsorbed at dilvater interfacé® 2> 3 Figure 4.6A and 4.6B show the measured
interaction force curves between two toluene drggentaining D0 mg/L asphaltenes in
100 mM NacCl solution, with addition of 1 mM and 10 mM CaQéspectively. Figure
4.4 shows that the interfacial asphaltenes molecules could inhibitscealke of the
droplets in 100 mM NaCl solution due to steric repulsion. However, in Figue
coalescence was observed when the applied force load reached about 8 nN and 2.7 nN in
100 mM NaCl with the addition of 1 mM and 10 mM CgaGkspectively. Thertical
force loads required for coalescence in the presence of, @a€ligure 4.6 are much
stronger than that (~0.6 nN) between two pure toluene droplets of similar size in 200 mM
NaCl (Figure4.4A), suggesting that the addition of CaC€buld lead to coformation
changes and aggregation of the asphaltenes adsorbed at oil/water interface mainly due to
the interaction between €aions and the carboxyl groups on asphaltene moleéufs,
thus alleviating the steric effects and allowing droplet coalesceXother possible
reason could be the ion bridging effects betweefi ®as and the carboxyl groups on
asphaltenesThe lower critical force load required for coalescence in Figé8, as

compared to that in Figur&6A, further demonstrates that heghconcentration of Ga
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could be more effective in weakening the steric effects and therefore destabilizing the

emulsion droplets.
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Figure 4.6. Force curves for interaction between two toluene droplets with 100 mg/L
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Figure 4.7. Schematic of the interactions between O/W emulsion droplets with

asphaltene molecules at the oil/water interface.

4.5. Conclusion

In this study, droplet probe AFM technique was applied for the first time to directly

measure the interaction forces between taaxlel oil droplets (i.e. toluene) in water in

the presence of asphaltenes, with significant implications in elucidating the stabilization

mechanisms of O/W emulsions due to adsorbed asphaltenes at oil/'water interface (Figure

4.7). The AFM results betweehd emulsion droplets were analyzed using a theoretical

model based on th&keynolds lubrication theory and Youh@place equationby

including the influence of disjoining pressure due to surface forces. The measured forces

between two bare oil droplets cdube well described by the classical DLVO theory;

while in the presence of asphaltenes an additional steric interaction should be included in

the overall disjoining pressure between the drop surfaces. The measured force results

revealed that the stabilitgf oil droplets in water is largely influenced by asphaltenes
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concentration in oil, salt concentration, pH and presence of divalent ions in water, and a
schematic of the interaction between oil drops in aqueous solution is shown in£&gure
Adsorbed adpaltene molecules at oil/water interface can lead to more negative surface
potential of oil droplets and also induce strong steric repulsion, inhibiting coalescence
between oil droplets and stabilizing the O/W emulsioawér pH could lead to less
negativesurface potential of the oil/water interface and weaken the repulsion between the
oil droplets.Addition of divalent ions (Cd) was found to induce coalescence between
the oil droplets, which could be a potential method to destabiliz©teemulsion in
presence of asphaltenes. Our results provide a useful methodology for quantifying the
interaction forces and investigating the behaviors and properties of asphaltenes at the
oil/water interface, and provide new insight into the stabilization mechanis@yWf
emulsions due to asphaltenes in oil production and water treatment. This method can be
extended toother emulsion systems in various industrial processes and help elucidate

their stabilization mechanisms.
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Chapter 5 Nanomechanical insights into the
stabilization mechanisms of Waterin-Oil Emulsion due

to Asphaltenes

5.1. Introduction

Emulsions are essential components of many industrial and biological protésses,
such asproductionof conventional petroleum and oil sarid$fabrication of advanced
materials with complex structurés and drug delivery in pharmaceutical and
bioengineering field§ Thermodynamically, liquid droplets dispersed in another
immiscible fluid can readily coalesce with each other, and thereby théumaiwill

undergo rapid phase separatiomterfaceactive materials, including surfactarits,

10, 11 13, 14

lipids, amphiphilic polymers? or biwetting nane and micreparticles are
commonlyadded to create an energy barrier against droplet coalesctaiukzisg the
emulsions. Adsorption of these materials at the liquid interfaces can change the
interfacial properties (e.g. interfacial tension and rheology) and alter the surface forces
(e.g. electrical double layer force, steric repulsibejweenemulson droplets® *° 1*By
controlling the physicochemical properties of the intedaceve materials, the functions

and behaviors of emulsion droplets can be manipulaaed emulsions with novel
complex structures, such as Janus droplets and multiple emuisi@as, be fabricated.

A systematic understanding of the interaction mechanisms of emulsion droplets with

adsorbed interfacactive materialsis of both fundamentaand practical importance,

which canfacilitate precise manipulation ttie emulsion systems.
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Extremely stable watan-oil (W/O) emulsions are commonly encountered in
production ofcrude oil and oil sarsl These emulsionare generally undesirable and
required to be destabilized before sending for downstream processoguse the
presence oions (e.g. C) solidsand interfacial compounds the emulsios can cause
severe corrosion and fouling problefd’ It is believed that the adsorbed natural
interfaceactive component®.g. asphaltenes, at the oil/waieterface play an important
role in the stabilzation of the W/O emulsion$ '#%° Asphaltens are the heaviest
component in crude gibefinedasa solubility clasghatis solublein aromaticsolvents
(e.g. toluene) buinsolublein aliphatic solvents (e.g. heptarfé)?? Although the exact
chemicalcompositiors still remain unclearasphaltenebave been proposed consist of
condensed polyaromatic rings with peripheral aliphatic chains and functional polar
groups, which render asphaltenes interfaciallyive?*>* Asphaltenes ere reported to
reversibly adsorb onto oil/water interface in the form of monomers,eggtgs and
clusters>?’ forming a protectivelayer around water droplet which provisl@obust
mechanical strengtho impedecoalescencef the water droplets® * 28|t has been
reported that the environmentabnditions €g. solvent typé’ ?° temperature®® 3t
presence of stabiliz& ) could significantly change interaction behaviors ®¥/0
emulsion drofets with asphaltene¥ Generally, strongepulsionbetweenwaterdroplets
corresponds to enhanc®@O emulsion stabilitywhile interfacialadhesiorcanresult in
droplet agglomeration and flocculatibn However, quantitative surface force
measurements between W/O emulsion droplets, in the presence of interfacially active

components (e.g. asphaltenes in oil production), have not been reported.
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The interaction mechanisetween asphaltenes or asphaltene model componnds
different organic solvents or aqueous netave been studied using many experiment
tools, such as surface forcapparatus (SFAxnd atomic force microscopy (AFMY-3?

The interactionforcesbetween asphaltersirfaceswere found to be repulsive in good
solvent toluene, which gradually changed to adhesion with increasing the content of a
poor alkane solvente.g. heptang in the organic mediur™ 3% %° These force resust

imply that the interaction betweedsorbedasphaltenes at water/oil interfaces plays
important role in stabilizing the W/O emulsiodeverthelessin these previous studies,

the asphaltenesvere immobilized on a solidubstrate which mght not showthe same
behaviorsas at water/oil interface. Direct measurement tbé interaction forces of
asphaltenes at water/oil interfates never been reportednd their impact onthe
interaction between W/O emulsiodroplets remains unclear Recently, directforce
measuremestinvolving highly deformableair bubble or droplethave beerachieved

using abubbletiropet probe AFM techniqué™*® This technique providea very useful

tool for quantitativeunderstandingf the interactiormechanismat deformable ater/oil
interfaces and its correlatioro stability mechanism of differemulsionsystems*” “®In

our previous study, the droplet probe AFM was applied to study the impacts of interfacial
asphaltenes on the interaction between oil droplets in aqueed& which could be
stabilized through electrical double layer repulsion under low salinity condition with
more pronouncesiteric repulsioreffects under high salinity conditiof$

In this study droplet probe AFM technigque was applied for tinst time to directly
measure the interaction fosdetween water droplets in different oil solvents with

interfacially adsorbed asphaltenéghis studyhas quantified the interactions between
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W/O droplets with absorbed interfacially active asphaltenes, anddesoview insights
into the stabilization mechanism of the W/O emulsions. TNassatile and useful

methoalogy can be extended to many other W/O emulsion systems.

5.2. Experiment

5.2.1. Materials

The a&phaltenesised in this workwas extractedfrom crude oil samplgrovided by
Shell based on a wedistablished standard procedure reported previsligigphaltenes
in toluene solutions were prepared by dissolving a desired amount of extracted
asphaltenes in toluene (HPLC, Fisher). The mixtuvese then sonicated fol03min to
completely dissolve the asphaltenes. The prepared asphaltene solutions were tightly
sealed and stored fridge to avoidasphaltene oxidatioandsolvent evaporation. Prior to
each force measurement experiment, the asphaltene solutions werg¢esloioicanother
30 min. Heptolsolvents mixture of toluene and heptaneyere prepared by mixing
toluene and heptane (HPLC, Fisher) with certain volume ratio.-@illvater(Millipore
deionized)with aresistance&l8.2 My Emwasused.Octadecyltrichloroséne (OTS) was

purchased from ACROS Organics and used as received

5.2.2. AFM force measurement
An MFP-3D-Bio AFM system(Asylum Research, Santa Barbara, @#ggrated oran
inverted microscopsystem (Nikon TiU) was applied talirectly measure the interaction

forces between two water dropletEor each measurement, water droplets were injected
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into an AFM fluid cell containing asphaltenes in toluene solution using a custma
ultra-sharp glass pipette. Because the density of watagierthan that of toluee and
heptane, the water dropletsll spontaneouslgettle down andmmobilize on the glass
substrate. The glass substrate of the fluid cell was strongly hydrophobized by immersing
in 1 mM OTS in toluene solutiofor ~2 hours to gain a water contact angf ~ 90to
facilitate easy lifting of water droplelt was noted that the water droplets would spread
on the glass substraté low hydrophobicity, which made it difficult to pick up a water
droplet to generate a water droplet probbee water dropletsvere aged inasphaltene
solution for a certain time, and ttaging time was 5 min unlesspecified separately
Afterwards the asphaltene solution was exchanged witarge amount gbure toluene
to completely wash off the freeasphaltenes in the solutio Then, the interactiors
betweenthe water dropletsvere measuredwith asphaltenes adsorbed at water/oil
interfaces. For force measuremesitin heptols, the toluene was then exchanged with
heptol before test

Custommadetipless rectangular silicon AFM ntlever (406<70x2 um) was mildly
hydrophobized by immersing in 1 mM OTS in toluene solution f80s to gain a water
contactangle of ~ 45. Then, he mildly hydrophobized cantilever wasedto pick up a
water droplet togeneratea water droplet probe (denoted as upper water dropléhe
spring constant of the cantilever was calibrated using Hstteermal method before
loading the water droplet' The upper water dropletwas then placedbove another
droplet of similar size on the substratedénoted as lower water droplefjr force
measuremest A schematic illustratiorof the force measuremergetup isshown in

Figure5.1A. Figure5.1B and Figures.1C shav a typicaloptical picture ofan upperor
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lower water dropletThe two water droplets eve then carefullpligned to maintain head

on collision for each force measuremenhe upper water dropletas brought down
towardsthe lower onetill a desiredmaximum load force was applied or two water
droplets coalesce@nd therthe cantilever walfted up to separate the two droplefor
each experiment condition, interaction fastetween at leastO different pairs of water
droplets vere measuredTo investigate theeffects of contact timewo water droplets
were kept in contaainderthe maximum load force for a certain time before they were
separatedThe interactionforces were determinedvia the Hooké& law by detecting the
deflection of the cantileveas recorded in the AFM softwar&€hedriving velocity of the

upper water dropletas kept at £m/s to minimizethe hydrodynamiceffects

Interfacial __— ez

asphaltenes \

Organic
solvent

Figure 5.1. (A) Schematic ofexperiment setup aheasuringforce between twavater

droplets in an organisolventusingdropletprobeAFM technique; optical pictures ¢B)
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water droplet anchoremh AFM tipless cantileveand(C) water droplet immobilized oa

substrate. The scale bar in (B) and (C) is 460

5.3. Results and discussion

5.3.1. Effects of asphaltenes concentration

Figures 5.2A-E show themeasuredorce curves between two water droplgtsoluene
after 5 min agingn asphaltene solutionsith concentration of 0, 10, 50, 100, and 500
mg/L, respectivelyThe symbols are the measurfedce dataand the arrowsdicatethe
movement of thavater dropletg§e.g. approaching, coalescence, or sefara Here, br
each measurement, the upper water dropks brought tavardsthe lowerdroplet by
lowering the cantileveuntil a maximumload force of~2 nN or droplet coalescence was
detected Figure 5.2A shows theinteractionforce between two waterraplets without
interfacial asphaltenes pure toluene The measured forseduring approach were
slightly repulsive(positive values)due tothe weakhydrodynamicrepulsion Whenthe
force reached about 0.16 ntiie interactiorforce suddenlyturnedattrective andfi j u-mp
I nbéhaviorwas observedndicating coalescence between the two water drofietsn
theinvertedopticalmicroscop, it could be directly observed that the upper water droplet
detached from the cantilever and coalesced with the lowerfomeing a single larger
drop In pure toluene,only the van der Waalsattraction between the water droplets
contributes to their surface forcesccordingto theLifshitz theory, the Hamaker constant
between watesurfacesin toluene is calculated to 72 10*J, which suggests that

the van der Waals attraction $srongly attractive toinduce droplet coalescence. Eh
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force results (Figur®.2A) agree with the commonly observetienomenon that W/O

emulsiors without stabilizer are generdly unstable and can readily undergo rapid

destabilization
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Figure 5.2. Measured force curves of interaction between water droplet in toluene after 5
min aging in asphaltenes solution with concentration of (A) 0 mg/L; (B) 10 mg/L; (C) 50

mg/L; (D) 100 mg/L; (E) 500 mg/LThe arrows show the movement of the water droplet

on the cantilever

Figures5.2B-5.2E show the force curves between two water drojretslueneafter 5
min aging inasphaltenesolutions which exhibit distinctbehaviors from hat without
asphaltenegFigure5.2A). For all thecasesthe water droplets wergable against each
other, and n@jump-ino or coalescace were observaahder a maximum load of 2 nN, as

also verified bythe inverted optical microscope. Strorgpulson was measuredhen
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two water droplets were brought closevhich wasmost likely atributedto the steric
repulsion between swollen interfacial asphaltenesn toluene, asconsistent with
previously reported force measurements betwesiid-supportedasphaltenesurfaces
using SFA and AFM® 3 Such observedtability of water dropletsdue to adsorbed
asphaltenes at oil/water interfaces are consistent with the-blelreyed fact that
asphaltenes can effectively stabilize W#O emulsions On the other hand, it was
interesting to note thaall the force curves in Figures.2B-5.2E showed fjlump-outo
behaviors when the water droplets were separatbidh suggestethterfacialadhesion
betweenthem The interfacial adhesiommeasured duringeparationcould be mostly
attributed tothe interpenetration and local aggregation tiké adsorbedasphaltene
moleculesat water/oil interfaceslt has beerwidely reported that gphaltenes tend to
aggregateeven in good solvest (e.g. toluene), through omplex intermolecular
interacti-onst se &hasedteractiorandhydrogen bonding® ?°As a
result when two water droplets were brought into proximitye confined asphaltene
moleculesbetween the water/oihterfaceswould contact andnterpenetrate with each
other,leading to interfacial adhesion between the water droflétshould be noted that
in previous force measuremsnising AFM and SFA, pure steric repulsion was mostly
detected between asphalteagrfacesin toluene, and interfacial adhesion was only
detected when a poor solvent like heptane was atld&Here, theadhesion between
water dropletsn toluenedue tointerfacial asphaltenes moleculeasdemonstratecénd
guantifiedfor the first time, which indiates that the impact of asphaltenes on interaction
of W/O emulsions would be different from that between ssligported asphaltene

layers in toluene. Such interaction difference is most likely due to the mobility difference
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of the asphaltenes moleculessatbed at oil/water interfaces and immobilized on solid
substrates as used in previous AFM and SFA force measurements. The asphaltene
molecules at water/oil interface tend to have relatively higher mobility as compared to
those adsorbed on a solid substraind could more readily change their conformation,
interpenetrate and aggregate when brought into contact, thus showing adhesion during
separation of the W/O emulsions.

It has been further found that the adhesion measured between two W/O emulsion
dropkts with interfacial asphaltenes is dependent on the maximum force load applied,
asphaltene concentration of organic solvent where the W/O emulsions were aged, and the
contact time. Figur®.3A shows the measured force curves between two water droplets
in toluene after 5 min aging in 100 mg/L asphaltene solutions with different applied force
loadsFmax With increasing thé-mnax from 1 to 4 nN, higher adhesion can be measured
between water droplets. Figgr@B and 3C summarize the effects of maximum foreel lo
and contact time, respectively, on the measured adhesion between water droplets. For
water drops aged in solutions with relatively low asphaltene concentrafib®8 g/L),
the measured adhesiéa/R significantly increases with maximum force lo&dy( from
0.049 mN/m to 0.093 mN/m for the case aged in 100 mg/L asphaltenes). When higher
FmaxWas applied, the contact area between the two water droplets would be enlarged and
more asphaltene molecules would be able to contact, interact and aggregssettaero
cont act interface due to tReigt acnkbasegmol e&ciud
interaction,andhydrogen bonding), enhancing the interfacial adhesion. However, for the
case aged in solution of high asphaltene concentration (i.e. 500, nigél)mpact of

maximum force load was evidently less significant (#z/R changes only slightly from
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0.010 mN/m to 0.015 mN/m witRmax increasing from 1 to 4 nN). Under high asphaltene
concentration condition, asphaltene molecules tend to form lagregates and a strong
protective layer at oil/water interface, which lowers the mobility of interfacial apshaltene
molecules and leads to steric barriers for their interpenetration, thus showing weakened
load-dependent adhesion in FigusSB.

Figure 3B &0 summarized the effects of asphaltene concentration on the normalized
interfacial adhesion between water droplets. The measured adhesion force was
normalized with the mean radiis= 2R;R,/(R;+R;) of the two interacting water droplets
of radii RyandR,. The error bars represent standard deviations of measured adhesion for
10 different pairs of water droplets for each condition. For relatively low asphaltene
concentration cases with maximum load fof€g.x =2 nN, the measured adhesion
increased from 0.@L mN/m to 0.061 mN/m with asphaltene concentration increasing
from 10 to 100 mg/L. However, for the high concentration case (500 mg/L), the
normalized adhesion decreased to 0.012 mN/m, which was even weaker than that
measured for the case of 10 mg/L aspras. This concentratiedependent adhesion
was most likely attributed to the different aggregation states of asphaltenes under
different concentration conditionsAs the asphaltene concentration increases, the
asphaltene molecules can aggregate from monomer to nanoaggregates and then further to
clusters® ?® >2\When the concentration is relatively lov@Q0 mg/L), the interfacial
asphaltene molecules would no¢ Istrongly aggregated, with remaining capacity to
interpenetrate and even aggregate with opposing asphaltene molecules during contact,
leading to interfacial adhesion which could be strengthened with increasing the

asphaltene concentration. For water detgpaged in high asphaltene concentration (i.e.
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500 mg/L), the asphaltene molecules at oil/water interface would be mostly aggregated
with each other and form a strong protective layer, with limited capacities and mobility
for further aggregation or pemation with opposing asphaltenes during contact. Hence,
the two interacting water droplets exhibited only weak interfacial adhesion under this
condition. Figure 3C shows the results for the effects of contact time @gdgon
adhesion. Longer contact #mresulted in stronger adhesion between water droplets,
during which the asphaltene molecules could have more time to adjust their

configurations to interact with the opposing molecules to strengthen the adhesion.
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Figure 5.3. Force curves between two tea droplets in toluene with (A) different force
loads after 5 min aging in 100 mg/L asphaltene solution. Effects of (B) maximum force
load and (C) contact time on normalized interfacial adhesion measured between water

droplets in toluene after 5 min agimgasphaltene solutions of different concentrations.

127



5.3.2. Effects of aging time

Aging is a significant factoraffecting the aggregation state of asphaltenes and the
properties ofvater/oilinterface™ >3During aging process, has beenvell demonstrated
that the asphaltenes can undergo continuous aggregbadiiniin bulk solution and at
water/oil*® Interfacial rheology measuremerttave also demonstrated that the elastic
modulus of the water/oil interface with aspahltenes gradualhgass with aging time,
corresponding to more rigid water/oil interface and stabilized W/O emulicHsin
liquid film drainage experiments also found that the oil film with asphalteaaned
between water/oil interfaces became thicker and more wigfdincreasing aging tim&:
®3: % Figure 4 shows the measured force curve between two water droplets in toluene after
15 min aging in 50 mg/L asphaltene soluti@mdthe shape of the force curve shows
irregular shape and the adhesive force betweerrwditoplets during separation is
drastically reducecas @mparedto the force curve {ith 5 min aging in 50 mg/L
asphaltene solutionh Figure5.2C. From the inverted optical micros&pt could be
observed that the aged water droplets were attachedotstiof tiny water droplets and
small particles (Figures.4 inset) which werelikely large aggregates or clusters of
asphaltened’ Previous thin liquid film study showed that the diameter of asphaltene
aggregates or clusters at water/oil interface cteldis large as about 712 em.*® >*In
contrast, the interface of the water droplets aged in the same asphaltene concentration for
5 min was clean anduch large aggregates were not presenshown in Figur&.l.
Therefor e, when t hletsswere Brought elase) thewvtavd water/oitl r o p
interfaces could relatively easily achieve intimate contacat facilitate the interpenetration

and adhesive interaction (e.g. st aaf the opgosingsphaltene moleculed the
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contact interfaceln contrast when two longerged water droplets were brought close,
these small particleat water/oil interfacesould provide steric barriers against intimate
contactof the two water droplets, inhibiting effectiatractiveinteraction between the
interfacial asphaltenes and thereby diminishing the interfacial adh&uh. weakened
interfacial adhesiorresult with longer aging time is in agreement with previously

reported emulsion stability tessthat emulsions with longer aging time are more stable

than freshly prepared onés.>®
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Figure 5.4. Measured force curve between two water droplets in toluene after 15 min
aging in 50 mg/L asphaltenes solutidme radi of the water droplets are ~ @0mThe

inset shows a typical picture of water droplets after 15 min aging in 50 mg/L asphaltene

solution.

5.3.3. Qualitative observation on the effects of lateral shearing between water
droplets

The aboveforce results all focus on heaah collision between water droplets. irany

engineering processeslynamic flows may inducdateral shearing betweelV/O
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emulsion droplets in collisignvhich may disrupt the protective coating formed by the
interfacial aspaltenes, resulting in coalescermfethe water droplets’ Figure 5shows
sequential photos of two water droplé@tiscontactin tolueng aged for 5 min in 10 mg/L
asphaltene solutionsof which the lower water droplet was laterally dragged by
supporting gbstrate to qualitatively illustrate the effect of later shearing on the stability
of W/O emulsionsFirst, two water droplets werbrought in contact andompressed by
lowering the cantilever (Figur&.5A). No aalescenceccurred which confirmed the
effective protecting effects of interfacial asphaltenes. Thenbti®om substrate was
moved laterally It was observed thahe lower water dropleainchoredon the substrate
remained adhered to the uppmlopon the cantilever, attributed to the strong interfacial
adhesiommeasuredetween théwo droplets (Figurés.5B). However, after several times

of dragging andshearing, the protective effects of asphaltene coating was disrupted and
the two water dropletsuddenly coalesced into a larger one (Figus€). Detailed video

of the interaction betweethe two water dropletsunder laterally shearings givenin
Supporting Information. It was interesting to notice that the coalesced water droplet still
partially retained the original shape of the two water droplets before coalescence, even
after thecoalescedlroplet was lifted up away from the substrate (Figus®). Thisnon
spherical shape of the coalesced water droplet demonstrated thendgmoresolid-like
properties of protective coating formed by interfacial asphaltenes. These results
gualitatively demonstrate the protective effects of interfacial asphaltenes on the water
droplets and the feasibility to disrupt the protective coating by lateral shetaring
destabilize thaV/O emulsions, as consistent with our recent report on freely suspending

W/O emulsions using an-inousebuilt computefcontrolled 4mill fluidic device>®
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Figure 5.5. Sequential pictures for interactions between two water dropleteru
laterally shearing in toluene after 5 min aging in 10 mg/L asphaltenes solution: (A) two
interacting water droplets in contact; (B) two water droplets adhered to each other; (C)

coalescence between two water droplets due to lateral shearing; (atesced water

droplet showing noispherical shape.

5.3.4. Effects of solvent type

Solvent quality of interfacially active chemicals plays an important role in emulsion
stability and emulsion interactions. As a solubility cJaasphaltenes can dissolve in
aromatic solvents (e.g. toluene) while precipitate in aliphatic solvents (e.g. heptane).
Addition of a poor solvenheptaneto tolueneis expected to affedhe interactionsof
asphaltene molecules tite water/oil interface eventuallyimpacting the interactianof

W/O emulsion droplet§> 2% 32
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Figure 5.6. Measured force curves of interaction between two water droplets (after 5 min
aging in 10 mg/L asphaltene in toluene solution) in heptol solvents with (A) 75 vol%

toluene, (B) 50 vol% toluene, (C) 25 vol% toluene, and (D) in pure heptane

Figures5.6 and5.7 show the measured force curves between two water droplets (after
5 min aging in asphaltene solution with concentration of 10 mg/L (Flg6£5.6D) and
50 mg/L (Figure5.7A-5.7D)) in heptol solvents with varying volume ratio of toluene in
heptol. For water droplets aged in 10 mg/L asphaltene solutions, the adhesion between
the two water droplets was measured which increased significantly widagiog the
heptane content in heptol (FiguEe6A-5.6C). While in pure heptane the two water
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droplets became unstable and readily coalesced when brought close fFe@)rd-igure

5.8 shows that the normalized adhesita/R between water droplets incress
significantly from ~0.016 mN/m in toluene to ~0.248 mN/m in heptol with 25 vol%
toluene. The force curves during approach also showed distinct difference with different
heptol solvents. When the toluene ratio was high (> 75 vol%), the interactiordiarog
approach was purely repulsive, attributed to the steric repulsion by the extended chains of
asphaltene molecules at water/oil interface. With increasing heptane content, attraction
was measured when the water droplets were brought close, althcuginoghlets still
remained stable against coalescence. In pure heptane, however, the two water droplets
readily coalesced with each onlbebehademonnstiha
in Figure 5.6D. The measured strong attraction was most likelyibated to the
solvophobic interaction between the asphaltene molecules in relatively poor solvent.

For the water droplets aged in 50 mg/L asphaltene solution, however, an opposite trend of
interfacial adhesion with increasing heptane content was obs@figenle5.7A-5.7D), as
summarized in Figur®.8. The measured adhesiéid/R dramatically decreased with
addition of heptane, from ~0.042 mN/m in toluene to ~0.007 mN/m in heptol with 25 vol%
toluene (Figure5.8). Coalescence between water droplets wae abserved in pure

heptane (Figur&.7D).
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Figure 5.7. Measured force curves of interaction between water droplets (after 5 min

aging in 50 mg/L asphaltene in toluene solution) in heptol solvents with (A) 75 vol%

toluene, (B) 50 vol% toluene, (C) 25 ¥bltoluene, and (D) in pure heptane

Since heptane is a poor solvent of asphaltenes, adding heptane is expected to

strengthen the solvophobic attraction between asphaltene molecules and promote

aggregation of asphaltenes at oil/water interfdc&.For the two cases (10 mg/L and 50

mg/L asphaltenes) shown in Figuse3, the opposite trend of interfacial adhesion with

increasing heptane content was mainly attributed to the difference in the amount of
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asphaltenes, their aggregation states and modtlitige oil/water interfaces. As compared

to the 50 mg/L asphaltenes case, the amount of absorbed asphaltenes at oil/water
interface and their aggregation degree would be relatively less for the 10 mg/L case, thus
the interfacial asphaltenes had relativetigher mobility for interpenetration and
aggregation at the contact interface of the two droplets, contributing to the adhesion
measured. For the 10 mg/L asphaltenes aalsen two water droplets were brought into
contact, addition of heptane enhanced t®vophobic attraction and promoted
aggregation between interfacial asphaltene molecules, resulting in higher adhesion
between the water droplets. In contrast, for the 50 mg/L asphaltenes case, more
asphaltenes were adsorbed at the water/oil interfadeaggregation of these interfacial
asphaltenes was significantly enhanced by addition of heptane. The aggregated
asphaltenes could not effectively interpenetrate and further aggregate with others at the
contact interface of water droplets, and therebyaithieesion decreased with increasing

the heptane content in heptol.
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Figure 5.8. Normalized adhesion measured between water droplets in heptol after 5 min

aging in 10 mg/L and 50 mg/L asphaltenes in toluene.

5.4. Conclusion

In this study, droplet probe AFM technique was applied forfitlsé time to directly
measurehe interactiorforcesbetweenW/O emulsion dropleté organic solventsvith
interfacially adsorbed asphaltenes. The AFM force results exvehht bare water
droplets could readily coalescan oil, while strong steric repulsion due txtended
asphaltenehains at oil/water interface couddfectively stabilize thelroplets andnhibit
coalescence Adsorbed asphaltenes also led tuterfacial ahesion between water
droplets during their separatiowhich were mainly attributed to theterpenetratiorand
aggregatiorof interfacial asphaltene moleculas the contact interface of the droplets
The adhesiomstrength wa largely influenced bgsph#tene concentration of the organic
solution where the W/O emulsions were agegingtime, maximum force load, contact
time, and solvent typd-or low asphaltene concentration casés, adhesion increased
with increasingasphaltenes concentrati¢® 100 ng/L), butit significantly decrease at
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relatively highasphaltenesoncentration (e.g. 500 mg/LAddition of poor solventeg.
heptane) could enhancethe interfacial adhesion atelatively low asphaltenes
concentration, butould weaken the adhesionratatively highasphaltenes concentration.
Lateral shearing washownto be able to disrupt theprotective asphaltene layer and
induce coalescence betweerater droplets.This work hasprecisely quantifiedthe
interactions betweeW/O emulsion dropletwith interfacially adsorbed asphaltenes, and
the results provide usefulmplicatiors into the stabilization mechanismof W/O
emulsions in oil productionThe findings also provide useful information regarding the
interaction behaviors and properties of QVemulsion droplets in the presence of
interfacially active chemicals in general, and the methodology in this work can be readily

extended to other emulsion systems.
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Chapter 6 Probing the Interaction Mechanisms between
Oil Droplet and Solid Surface using Droplet Probe

AFM

6.1. Introduction

Wetting phenomena of a solid surface plays critical roles in many conventional and
modern technologies, such as crude oil recovery hemfiooding?® hot-waterbased
bitumen extractiof? 3D printing” ® oil/water separatioft, 1° surface coating and
cleaning and many othet5™ It has been previously demonstrated that the wettability of
a solid surface is largely determined by théckness and stability of the water film
confined between the surface and the oil, and a thick and stable water film corresponds to
the waterwet surface while an unstable water film will lead to contact between oil and
surface™’ Intrinsically, the tlickness and stability of the confined water film are
determined by the surface force between the oil and the surface across the water film.
Typically, stronglong-rangel electrical double layer (EDL) repulsion can sustain a thick
and stable water layér:™*° while attractive hydrophobic and van der Waals (VDW) will
lead to rupture of the water layer and attachment of oil on the solid sfiface.
Therefore, direct quantitative measuremehtthese surface forces and the interaction
mechanism in oil/water/solid systemsill facilitate fundamental understanding and
practical prediction of the wettability of solid surfaces under complex solution conditions

In oil industries, understanding the ttability of oil/water/solid systems and its

effects on oil recovery has long been a challenging issue for engineers and reséarchers.
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2328 |n practice, these three phases involved are usually composed of complex chemical
mixtures of many components, atieeir physicochemical properties are influenced by a
convoluted interplay among several effects (e.g. temperature, pressure, adsorption of
interfacially active component$)j?° Of all the components in crude oil, asphaltenes,
practicallydefined asa soubility classthatis solublein aromatic solvents (e.g. toluene)
but notin aliphatic solvents (e.g. heptan& believed to be major cause of most critical
issues encountered in oil productidn®®** With the combination ofhydrophobic
polyaromaticcores and hydrophilicfunctional polar groupge.g. amino and carboxyl
groups) the asphaltenes is reported to readily adsorb onto both oil/water and solid/water
interfaces, which can significantly alter the properties and behaviors of the interfaces and
influence the surface forces in the oil/water/solid systéffi’ Adsorption of asphaltenes
on solid surface was reported to change the wettability of the saffate® and that
on oil/water interface could change the interfacial properties suafieatacial tension,
surface potential and so drf> 3% 3% %0On the other hand, the water chemistry (e.g.
salinity, salt type and pH) is also one of the determining factors of the surface forces in
the oil/water/solid systerh® ** **Thereforea quantitative understanding of the impacts
of asphaltenes on the surface forces and interaction mechanisms of oil/water/solid
systems under complex solution conditions is of both fundamental and practical
importance, which will eventually help to preditieir wetting behavior under specified
conditions.

In recent years, a number of publications reported quantification of the interaction
forces of asphaltenes or asphaltenes model compounds in different nusitigivarious

nanomechanicdbols, including surface force apparatus (SFA), atomic force microscopy
146



(AFM), etc? ***> Measurement between asphalteneated silica and bare silica surface

in aqueous solutions using AFM showed that the adsorbed asphaltenes could alter the
surface potential of thelsa surface, which also varied with the salinity and pH of the
solution? 2> SFA was also applied to quantify the interaction forces between asphaltenes
and mica surface in brine solutions, which were correlated with the wettability of mica by
oil and bine? ** Recently, droplet probe AFM was developed to enable direct
measurement of interaction force involving deformable oil droplets and air bubbles,
which was applied to study the surface interactions of various sy3té&*° This
technique wasutilized to directly quantify the interaction force between oil/water
droplets in water/oil with presence of interfacially adsorbed asphaltenes, and the
measured interaction mechanism of emulsion droplet provided significant implication on
elucidating the stabilization mechanism of oil/water and water/oil emulsion from
nanoscopic scafe??

In this work, droplet probe AFM techniqueras applied to directly quantify the
interaction mechanism between oil droplet and mica surface in presence of asphaltenes.
Mica was used as model clay for its molecular smoothness, and the effects of water
chemistry (e.g. salinity), oil type, and surfabgdrophobicity were investigated. The
resultsprovide nanomechanical insightful into the wettability of oil/water mica system
with asphaltenes, and this methodology can be readily applied into many other systems to

understand the intrinsic wetting mechamifrom nanoscopic scale.

6.2. Experiment and Theoretical Model
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6.2.1. Materials

Toluene (HPLCgradg, heptane HIPLC gradg, and methylenechloride (HPLC
gradg werepurchased from Fisher anded as receivedtighestpurity sodium chloride
(NaCl) and calciumchloride (CaCl) were purchased from Fisher Scientifiérine

solutions were prepared usiMilli -Q water(Millipore deionized)with aresistance offi

18.2 My Em

6.2.2. Asphaltenes extractionand preparation of asphaltenes solution.

The asphaltenes samples wendracted from de oil sample supplied by Shell
usinga previously reported standa#®TM 1P143 procedur@ *° Firstly a certain amount
of crude oil wagefluxedwith heptane at a ratio of 1:30 (g/mipder stirringfor 1 hour.
Afterwardsthe crude oil and heptanmixture was cooled in fridge ér 2.5 tours for
asphaltenes precipitatio®aw asphaltenes was collected by filterifg tmixture,and
wasthenSoxhletextracted with heptane for 1 hfidly remove the heptareolublenon
asphaltenescomponents.After extraction with heptane, the remaining filtrate was
dissolved with mathylene chloriddDCM) to obtain asphaltenes in DCM solutiohhe
solution was then concentrated and dried undeltra-pure nitrogenflow to get pure
asphaltenes

To prepare asphaltene solutionscartain amount of asphaltenes were dissolved in
tolueneor 1:1 heptol (mixture of heptane and toluene with volume ratio of 11ig. T
solutions werethen sonicated for 3@in. After preparation, He solutions wergightly

sealedwith Teflon tapeand stored infridge to minimize solvent evaporatiorand
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asphaltenes oxidatiorBefore each experimenthdé asphaltenes solutions were

sonicated for 30 mifor full dispersion of asphaltenes

6.2.3. Interfacial tension measurement

A pendent drop tensiometer RaméHart, USA was applied to measure the
interfacial tensionbetween asphaltenes solution and different aqueous solubpns
analyzing and fitting the drop shapehe interfacial tension between a toluene drop and
pure water was measureto be of 35.5 + 0.2 mN/m, suggestingpurity of the
toluene/water systenf-or measurement afsphaltenesolutions the interfacial tension
was found to graduallydecrease with timand reached equilibrium after about 30 min
which agreed withour previos reports Thes valuesat equilibrium wereused for

theoretical analysis of the force resufieasured using droplet probe AFM

6.2.4. Preparation of hydrophilic and hydrophobic mica surfaces

Freshlycleaved mica surface was used as model hydrophilic soifdceufor its
molecular smoothness. To study the effects of surface hydrophobicity on the interaction
between oil droplets and solid surfaces, the mica surface was also hydrophobized using
octadecyltrichlorosilane (OTS, ACROS Organics) through a previaeggrted vapor
deposition method Briefly, freshly preparednica surfaces were exposed to OTS vapor
for about 3 days to achieve a water contact angle in air of about 90° Then the
hydrophobized mica surfaces were rinsed with plenty of toluene, ettambIMilli-Q

water prior to force measurements
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6.2.5. Droplet probe AFM measurement

Figure6.1 shows aschematic oflirect measurement of the interaction between an oll
droplet and a solid surfaaesing droplet probeAFM. Experiments were done using an
MFP-3D AFM system (Asylum Research, Santa Barbara, CA) mountedNikon TiU
invertedmicroscopy For each experiment, a controlled-aetting method was applied
to generate and immobilizel @roplets on the glasdisk of an AFM fluid cell, and mica
surfaces were then placed into the fluid cell after oil droplets genefatibr® An oil
droplet probe was created by picking up an oil droplet witdusitommaderectangular
tipless AFM cantilever (40870x2 ¢ mgde of sicon. The oil droplet was firmly
immobilized on a circular gold patch on the endra tipless cantileveiThe gold patch
was hydrophobized witli-dodecanethiofor safe anchor of the hydrophobic oil droplet.
Afterwards, the oil droplet probg&as moved upn a mica surface, and theorde
measurement wadoneby lowering the cantilever for a certain distance ameh lifting
up. The nominal velocity of the cantilever was chosen tolbam/s to minimizethe
hydrodynamicinteraction For experiments withasphaltenesinteraction forces were
measurd after 30 min following oil droplet generatignwhich was consistenwith the
interfacial tension measurement. The spring consihtiie forcesensing cantilevewas
calibrated using Hutté& methodprior to loading of theoil droplet®? The evolution of the
measured forc& with time t anddisplacement of the cantilevgiX were recorded bg

computerfor analysisusing a theoretical model
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v Qil drop
p h(r,t)

Figure 6.1. Experiment setup ofmeasuring interactioforce betweeran oil droplet of
radii R and a solid surfacen aqueous solutions usimdyoplet probe AFM. The inset
shows the thirwaterfilm with thicknessh(r, t) confinedbetweenthe oil droplet and the

solid surface

6.2.6. Theoretical model

The force data measured usitigpplet probe AFM was analyzed usinghaoretical
mode| which wasbased on Reynolds lubrication theory and Younglace equatiof®
> Reynolds lubrication theory describe®etdynamicevolution of the thin water film

with thicknessh confinedbetweerthe oil droplet and the solid surface

pth_ 1 1A 5 pu
—=———gh"— 1
M 12m pgé ru @)

where ¢ is viscosity of water andp is hydrodynamic pressuréNon-slip boundary
condition atbothwateroil and water/solidnterfaces was applied in this study according

to recent reports.
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The augmented Yourgaplace equation describdsetdeformation of theil droplet
due tothe balancing betweethe Laplace pressure, hydrodynamic presspreand

disjoining pressurét:

2g_ )
R P @

aAion

9
2r

£l=

H
w

O&mo

whered is the interfacial tensionf oil/water interfaceandR is the radius of the oil
droplet The disjoining pressurdéd canbe due to various surface interactions including
electrial double layer (EDL) interaction, van der Waals (VDW) interaction, hydrophobic
interaction, and so on. The disjoining pressarsing from VDW interaction can be

calculated a2

Pl 0] = £ ©

where Ay is the Hamaker constarmAnd the disjoining pressure due to EDL interaction

between the oil droplet and the solid surface in brine soluitocelculatedas

26 dheret, [ 4] A @
+tkh _ e—k1)2

P EDL (h) (e

k=(2 g1 e®)” (5)
where U, and Us are the surface potential of the oil/water interfagad water/solid
interface respectivelyty is the vacuum permittivityQis the dielectric constartf the
medium,e is the fundamental charged) o is the number density of igrn watet

The interactionforce F(t) can be calculatelly integratingboth p andt f)) overr

based on Derjaguiapproximation

F(t) =2pfj [p(r,t) + @)]rdr (6)
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6.3. Results and Discussion

6.3.1. Interaction between oil dropletand hydrophilic mica in 1 mM NacCl

Measured interaction force results between a toluene droplet and a hydrophilic mica
surface in 1 mM NaCl with presence of different concentrations of asphaltenes are shown
as green symbols irigure6.2. Positive values of measured force refer to repulfavee,
and negative values indicate attraction. The arrows represent the movement of the toluene
droplet during force measurement. ARown in Figure6.2A, strong repulsion was
measuredvhen a pure toluenedroplet was driven toapproacha mica surfaceurtil a
maximal repulsion of ~ 40 nN was measured. Afterwards, the toluene droplet was
retracted from the mica surface and the repulsive fgradually decresed until a weak
attraction was measured, attributed to Ahy
measurement, the toluene droplet remained stable on the cantilever and no toluene
droplet attachment onto the mica surface was observed from the optical microscopy, even
if higher force was applied. It has been reported that both toluene/water interthce a
mica surface carry negative charge in 1 mM NaCl at natural pH ~ 5.6, and the thereby the
EDL interaction is repulsive and may be strong enough to sustain a water layer between
the oil/water interface and mica surface. In 1 mM NaCl, the Debye lengttbean
calculated to be 9.6 nm, and the surface potentials of toluene/water interface can be
adopted from previous reports to &5 + 5 mV.? The Hamaker constafor the VDW

interactionbetween théoluene drofet and the mica surfade water can be calculated to

be 1.36® 10*°J using Lifshitz theory by considerirttpe refractive indices and dielectric

constants of toluenemica, and watet! The positive value suggests that the VDW
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interaction is attractiveVith these pamaeters, the aforementioned theoretical model was
applied to fit the measured force results als tofit the surface potential of mica. It can

be seen that the measured force results (green symbols) can be well fitted using the
theoretical model (blackueve), and the surface potential of mica is fitted to e+ 8

mV, which is in agreement with previously reported vafué’ Figure 6.2D shows the
calculated profile of the toluene droplet at maximum force loaé. Gentrategionof the
toluenedropld is flattened due to the balance betwéles Laplace pressure inside the
toluenedroplet and the externaEDL repulsion.The thickness othe water filmwas
calculated to b&2.9nm, indicating that the EDL repulsiosustained a thick water layer

and inhibited attachment of the toluene droplet on to the mica surface under this

condition
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Figure 6.2. Force curves (AC) and calculated droplet profile at maximum force load (D
F) of interaction betweea toluenedroplet and a hydrophilic mica surfasgth O mg/L

(A and D), 10 mg/L (B and E), and 100 mg/L (C and F) asphaltenes in 1 mM NaCl
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solutionwith naturalpH of ~5.6. Thegreensymbolsrepresenexperimentdataand the
black lines are fitting resulisalculated using theoretical mod&he nominakelocity is 1

e m/ s . ilohtle dropdetds aré0, 50 and48¢ nfor A, B and G respectively

The measured force results with presence of 10 mg/L and 100 mgL asphaltenes in
toluene are also shown as green symbols in Fi§2® and6.2C. The interfaciatension
between 1 mM NaCl antbluene withaddition of0, 10, and 100 m/L asphalteness
measured to b&5.5 34.0 and 2.0 mN/m. The theoretical model was also used to
calculate thenteractionforce curveg(black curves)using the previously fitted surface
potential of mica surface and the surface potential of oil/water interface adapted from
literature (50 + 5 and-80 + 5 mV for 10and 100 mg/L asphaltenes respectivéljhe
excellent agreement between the measuredefalata and calculated results viedf
validity of the fitted surface potential of mica, and sugeg#te interaction mechanism
involved ®uld be well explained by the theoretical model. There negativesurface
potential withadditionof asphaltenes wagported to be due to adsorption of asphaltenes
at the toluene/water interface, which could further strengthen the EDL repulsion between
thetoluenedroplet andhe mica surface and sustain a thicker water film. The calculated
profiles of toluene dropletat maximal force load clearly demonstrate that the thickness
of the confined water film increased to 34.8 and 40.9 nm with addition of 10 and 100
mg/L asphaltenes respectively comparedthat of the pure toluene. The calculated
profile of disjoining presure of the toluene/water/mica system is aBownin Figure

6.3. It is evident that the EDL repulsion plays the critical rolsustaining water film and
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inhibiting attachment of the toluene droplet. And increasisighaltenesoncentrationn

oil droplet canstrengthen the EDL repulsi@nd lead to thicker confined water film
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Figure 6.3. Calculated profileof disjoining pressurdetween aoluene droplet with 0
(orange), 10 (green) and 100 mg/L (blue) asphaltandsa hydrophilic mica surface 1

mM NacCl.

The interaction forces between 1:1 hegfta@. mixture of heptane and toluergoplet
and mica surface in 1 mM NaCl with presence of 0, 10, and 100 mg/L asphaltenes were
also investigated to study the solvent effemtsthe interactionAddition of heptane, a
poor solvenbf asphalteness expected to destabilize the asphalteneéke oil phasand
force more asphaltenes to migrate to thiBwater interface. The interfaciaénsion
betweerwaterand heptol with addition of 0, 10, andQLthg/L asphaltenesas measured

to be 40.1, 39.2 and 37.0 mN/m using deb@pe tensiometer. The fitteslirface
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potential of mica was incorporated in the theoretical model tthéit measured force
results andhe surface potential of heptol/water intedfam Figure 6.4, it can be seen

that all the measured force curves can be well fitted using the theoretical model. The
surface potential of pure heptol droplet was fitted te3e+ 4 mV, which was close to

that of toluene droplet. With addition of 10 dari00 mg/L asphaltenes, the surface
potential became60 + 5 and-92 + 7 respectively. The change of surface potential at
heptol/water interface is slight largdranthat at toluene/water interface, which can be
attributed to more asphaltenes adsorbedhat interfacedue to addition to heptane.

However, the change is not very significant, probably due to relatively low asphaltenes

concentration.
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Figure 6.4. Force curves (AC) and calculated droplet profile at maximum force load (D
F) of interactions betweea heptoldropletand a hydrophilic mica surfacgith 0 mg/L

(A and D), 10 mg/L (B and E), and 100 mg/L (C and F) asphaltenes in 1 mM NaCl
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solutionwith natural pH of ~ 5.6 Thegreensymbols are experiment results and the black
solid lines are fitting resultsalculated using theoretical mod&he nominal velocity is 1

e m/ s . ilohtle dropdetds aré0, 48 and55 ¢ nfor A, B and G respectively

6.3.2. Interaction between oil droplet and hydrophilic mica in 200 mM NacCl

Figure 6.5A shows measured force results between a pure toluene droplet and a
hydrophilic mica surface in 100 mM NaCl. A weak jwmpbehavior, i.e. a sudden
decrease of the measured forceasvdetected when the repulsive force reached about 3
NN, which suggested attachment of the toluene droplet onto the mica surface. After jump
in, the interaction force first turned slight attractive due to the capillary bridging of the
toluene droplet, anthen became repulsive again as then cantilever further compressed
the droplet. When the droplet was retracted, adhesion was measured before the droplet
fully detached from the surface. It was noted that a small satellite droplet of toluene was
always lefton the mica surface after detachment. The attachment of toluene droplets can
be attributed to be VDW attraction. In 100 mM NaCl, the EDL force is highly suppressed,
and thereby the attractive VDW force will dominate the interaction force and induce
attachnent of toluene droplet on the mica surface. Theoretically calculated force curve by
considering the VDW attraction was found to agree well with the measured force curve,
as shown in Figur@.5A. It should be noted that the mica surface is highly hydrated i
water, and the hydrated ions have been known to causerahged repulsion between
mica surfaces in watéf.In our case, it is likely that a certain amount of hydrated ions

may be trapped between the toluene droplet and the mica surface even a&fteedbs
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jump-in behavior. And the hydration repulsion can also prevent the full spreading of

toluene droplet on mica surface.
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Figure 6.5. Force curves of interaction betweartoluene (A~C) or a heptol (D and E)
droplet and a hydrophilic mica surfaegth 0 mg/L (A), 10 mg/L (B and D), and 100

mg/L (C and E)asphatenes inOD mM NaClwith natural pH ~ 5.6The greensymbols

are experiment results and the black solid lines are theoretical fitting results. The nominal

velocity is 1 e dndplets arelBhdd, 55, 80dnd 75 uro for At~IE,

respectively.

With addition of asphaltenes, attachment of toluene droplet on mica surface was found
to be largely inhibited (Figuré.5B~6.5E). For 10 mg/L asphaltenes in toluene, no jump
in behavior wabserved when the toluene droplet approached the mica surface, but a

weak adhesive force of ~5 nN, indicated by the sudden-pumgpehavior, was measured
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when the toluene droplet was retracted from the mica surface. When more asphaltenes
was added (100 mMig), the force results became similar to those in Figiweand no
adhesion was measured during retraction. The effects of solvent type were also studied.
From Figure6.5D and6.5E, it can be seen that even addition of low concentration of
asphaltenes (10ng/L) in heptol can effectively inhibit droplet attachment with no
adhesion measured. The inhibition of droplet attachment could be due to the protection
from the adsorbed asphaltenes and asphaltenes aggregates at the oil/water interface. It has
been repded that the interfacial asphaltenes and asphaltenes aggregates can form a
protective layer at oil/water interface, resulting in steric repulsion which can inhibit
coalescence between oil droplets, as well as possibly droplet attachment in our case here.
When the asphaltenes concentration is low (10 mg/L here), the adsorbed amount of
asphaltenes at oil/water interface was not high enough to provide complete protection,
and thereby partial attachment of the oil droplet on the mica surface occurred and sligh
adhesion was detected. However, when the concentration is high, more asphaltenes
adsorbs onto the oil/water interface and fully inhibit attachment of oil droplet. Since more
asphaltenes are force to migrate to oil/water interface in heptol compardaktmetceven
low concentration of asphaltenes is enough to provide complete protection against droplet
attachment.

Our previous studies applied the Alexander de Gennes (AdG) model to describe the
steric repulsion induced by asphaltenes, and successftaly fiie interaction force curve
between two toluene droplets in wateith presence of asphaltenes by incorporating the

|.59

AdG model into the aforementioned theoretical mS&1.>° The steric repulsion in the

AdG model can be described as
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wherel is thecharacteristidength sis the mean distance betwesmchoringsites of the
asphaltengT is the temperature, ahds Boltzmann constant.

Here we use the AdG model to tentatively calculate the measured force curves in
Figure 6. 5E~6.5G. By usings ~ 3 nm andli ~ 3 nm adapted from literaturethe
calculated force curve agreed reasonably well with the measured force curve for 100
mg/L asphaltees in toluene, indicating the AdG model could satisfactorily describe the
steric repulsion induced by asphaltenes. Slightly lafgei3.2 and 3.4 nmvasused for
the case of 10 and 100 mg/L asphaltenes in heptol to better fit the force curves. The slight
increment inU might be due to more aggregation induced by addition of heptane. It
should be noted that the adhesion measured for 10 mg/L asphaltenes in toluene indicates
the effects of asphaltenes on the interaction is much more complex that merégyithe s
interaction described by AdG model, and more work is still needed to fully uncover the

effects of interfacially adsorbed asphaltenes.

6.3.3. Interaction between oil droplet and hydrophobized mica in 200 mM NacCl

Mica surfaces hydrophobized with OTS were used as model hydrophobic surfaces to
investigate the impacts of asphaltenes on the interaction between oil droplet and
hydrophobic solid surface3he green squares inghre 6.6A show the measured force
results letween a pure toluene droplet and a hydrophobized mica surface in 100 mM
NaCl. A suddenand rapid jumgn behavior indicating toluene droplet attachment was

detected when the force reached about 1.5 nN, which was much less than that of
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hydrophilic mica suace shown in Figuré.5A. After jumpin, the interaction force
rapidly decreased to negative maximum without subsequent increase, and the toluene
droplet spontaneously detached from the cantilever and immobilized on the surface
during retraction. Both othese phenomena suggested strong adhesion of the toluene
droplet on the hydrophobized mica surfa8ace EDL interaction ikighly suppressed in

100 mM NaCl and the VDW interaction is only weakly attractiveirtduce weak
attachmentisshown in Figures.5A, the rapid attachment and strong adhesion between

the toluene droplet and hydrophobized mica surface are expected to be induced by the

strong hydrophobic attractidrere
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Figure 6.6. Force curves of interaction betwea toluene (A~C) or a heptol (Bnd E)
droplet and a hydrophobized mica surfadggh O mg/L (A), 10 mg/L(B and D), and 100
mg/L (C and E)asphatenes inOD mM NaClwith natural pH ~ 5.6The greensymbols
are experiment results and the black solid lines are theoretical fitting r@hdtaominal
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