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Abstract

Interactions mechanisms of deformable air bubbles and liquid droplets play critical
roles in many established and modern industrial processes. Understanding the interaction
mechanisms of oil droplets and air bubbles is of fundamental and practical importance to
solve many challenging issues, especially for oil industries. In this thesis, a state-of-art
droplet probe atomic force microscopy (AFM) coupled with reflection interference contrast
microscopy (RICM) was applied, for the first time in the world, to simultaneously quantify
interaction forces and the spatiotemporal evolution of the thin water film between air
bubbles and solid mica surfaces. The measured force results were analyzed using a
theoretical model based on Reynolds lubrication theory and augmented Young-Laplace
equation to elucidate the intrinsic interaction mechanisms. Stable films sustained by van
der Waals force were always observed between air bubbles and hydrophilic mica
surfaces, whereas bubbles were found to readily attach onto hydrophobized mica
surfaces. An exponential equation was also developed to quantify the hydrophobic
attraction involved in asymmetric systems involving deformable droplets and air bubbles.

The validated AFM droplet probe technique and theoretical model were then applied to
quantitatively study the interaction mechanisms of (1) oil droplets interacting in aqueous
media in the presence or absence of asphaltenes, representing stabilization mechanism of
oil-in-water emulsions (2) water droplets interaction in oil media with or without presence
of asphaltenes, which represents the stabilization mechanism of water-in-oil emulsion, and
(3) oil droplets interacting with solid surfaces in aqueous media, representing the bitumen

and oil liberation processes. The force results between oil droplets in water revealed that
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the interaction between two pristine oil droplets in water could be described by the
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Adsorption of
asphaltenes at oil/water interface was found to result in more negative surface potential of
the oil droplets and also induced steric repulsion, both of which inhibited coalescence of
oil droplets and contributed to the stability of O/W emulsion. Lower pH could lead to less
negative surface potential, and divalent ions (Ca®") could disrupt the protection of
interfacial asphaltenes and induce oil droplets coalescence. For water droplets in oil,
rapid coalescence was observed between bare water droplets, while interfacially adsorbed
asphaltenes sterically inhibited droplet coalescence and induced interfacial adhesion. The
adhesion increased with asphaltenes concentration but drastically decreased after the
concentration exceeded ~ 100 mg/L. The addition of poor solvent (heptane) strengthened
the interfacial adhesion at low asphaltenes concentration, while the opposite trend was
observed for high asphaltenes concentration. Pure heptane was found to destabilize
asphaltenes-coated water droplets. Droplet probe AFM was also applied to directly
measure the interaction force between oil droplets (i.e. toluene and heptol) with the
addition of asphaltenes and mica surfaces with varying hydrophobicity in aqueous media
to understand the wetting mechanisms of the oil/water/solid system. For hydrophilic mica
surfaces, asphaltenes adsorbed at oil/water interface strengthened electrical double layer
repulsion and induced steric repulsion, stabilizing water films and inhibiting oil droplet
attachment on the surfaces. For hydrophobized mica surfaces, the hydrophobic attraction
overcame the steric hindrance of interfacial asphaltenes, leading to rapid attachment and

strong adhesion of oil droplet on the surfaces.
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This study provides a novel technique to study the interaction mechanisms of
deformable droplets and air bubbles, with the capacity of synchronous measurements of
the interaction forces and the drainage dynamics of thin liquid films. Results obtained
using this technique for the systems in oil production also provide fundamental insights
into the interaction mechanisms of oil and water droplets in complex solution conditions,
with valuable implication on the stabilization mechanism of O/W and W/O emulsions

and the wetting mechanisms of oil/water/solid systems in presence of asphaltenes.
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Chapter 1 Introduction

1.1.Interactions of deformable droplets 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 elasticity-controlled deformation energetics of a solid/water interface, the
deformation energetics of a liquid/liquid or air/liquid interface is governed by the relatively
weak interfacial tension y, and thereby the shape of the interface is largely controlled by the
balance between internal Laplace pressure, which is related to the interfacial tension and the
droplet size, and external pressures, including velocity-dependent hydrodynamic pressure
due to fluid dynamics and separation-dependent disjoining pressure due to surface
forces."” 2 Therefore, liquid droplets or 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 low interfacial 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 stages.>” Without losing generality, interaction 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 stage, the external force exerted on the droplet is negligible and it
remains almost spherical with shape unchanged (Figure 1.1A).*® When the droplet and the
solid surface are close enough, the hydrodynamic pressure becomes comparable to the
Laplace pressure inside, 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 deciding the stability of the water
film.> > "' 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 water film can be stabilized if repulsive surface

forces like electrical double layer (EDL) force and steric repulsion dominate the interaction.
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Figure 1.1. Schematic illustration of three different stages of the interaction between an

oil droplet and a solid surface in water.

Therefore, a complete understanding of the fundamental interaction mechanisms of
deformable droplets and air bubbles requires the essential information on the force-distance
profile of the surface forces involved and the corresponding spatiotemporal interfacial
deformation during interaction.'’ However, stable and precise manipulation of deformable
droplets and bubbles is much more experimentally challenging than solid particles, and the
complex convolution between interfacial deformation 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 and bubbles

can be traced back to be decades ago. In 1934, Taylor investigated the break-up behavior of

3



emulsion droplets using four-roll mill which could control the movement of suspending
droplets through four independently-rotating cylindrical rollers.* This four-roll mill was
later improved in 1980s to be computer-controlled by Gary Leal.”™ This computer-
controlled four-roll mill was applied to study the interaction and coalescence behavior
between emulsions droplets under different conditions from 2005.'° Tt was found that the
droplet coalescence was strongly related to velocity,” droplet size,'® viscosity ratio'’ and so

18-21

on Theoretical model to describe the drainage process of the thin liquid film confined

between two droplets or between a droplet and a solid surface was developed in 1980s.* %
Surface forces such as VDW force and EDL force were incorporated within the theoretical
models to elucidate the destabilization and stabilization mechanisms of the thin liquid film.’
Moreover, many other factors, such as viscosity ratio,23 presence of surfactant,24 were

further investigated to understand their impacts on the film drainage process under different

circumstances.

1.2.1. Light interferometer

The evolution of the profile of confined thin water film was 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 apparatus which was later referred to as Scheludko
cell.> 2° 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 surface, but the water film rapidly ruptured when thinned to a critical

4



thickness for the hydrophobized silica surface.” A modified Scheludko cell, which was also
called thin film pressure balance, was applied to study the drainage process between two
air/water interfaces, mimicking the interaction between two air bubbles in water, as shown
in Figure 1.2A." *® With this technique, Yaminsky et 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

mechanisms.?” 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 (bottom);*’ (B) Schematic of the experimental setup
for measuring the drainage process between a rising air bubble and a glass surface (left), and

a synchronized top-view high-speed camera was used to record interference fringes between



the glass surface and the bubble surface (right top) and another side-view camera was used

to record the bubble position (right bottom). *

Free bubble rise method is another conventional method to study the interaction
between a rising air bubble and a horizontal solid surface (generally transparent) in water.""
3* The trajectory 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 surface were visualized
and analyzed, which provided a feasible tool to study the interaction mechanisms of the
system.”” *>*® Parkinson et al. used this method to investigate the interaction between a
small rising bubble and a hydrophilic titania surface under various aqueous conditions.”
Theoretical modelling of the measured results revealed the significant impacts of surface
forces on the interaction.”® Using a similar method, Hendrix et al. studied the spatiotemporal
evolution of the thin water film confined between 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 meniscus was studied by Li et al.>’ By tuning the VDW
force to be repulsive or attractive, they successfully demonstrated that a short-ranged
hydrophobic attraction should exist in the system to induce water film rupture between the
air bubble and oil/water meniscus. 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 aforementioned experimental challenges.

1.2.2. Surface force apparatus

The surface force apparatus (SFA) is a unique nanomechanical technique for measuring
interaction force between two curved molecularly smooth mica surfaces.™®™ By using
fringes of equal chromatic order (FECO), SFA is able to provide in situ 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 surface to be a flat one
and replaced the bottom mica surface with a mercury droplet (Figure 1.3A).*" ** Their
studies focused on the dynamics of the drainage process between the mica surface and the
mercury droplet. By changing the electrolyte concentrations and the 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 inducing attachment 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

4 The results demonstrated the negative charge of

varying concentrations (Figure 1.3B).
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 on the evolution of the thin water film, and the measured force-

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

surface and (A) a mercury droplet;* (B) an air bubble.**

1.2.3. Atomic force microscopy

Quantitative force results of interaction involving deformable droplets and air bubbles
were first obtained using atomic force microscopy (AFM).**° 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
force-sensing cantilever whose behavior could be treated as a Hooke’s spring.*>' Although
the information on the absolute separation between interacting objects cannot be directly
obtained from AFM measurement, the force-separation profile can be calculated
straightforward in systems with only rigid interfaces for their deformation during interaction

50, 52

can be negligible. For interaction involving deformable droplets, however, the



interfacial deformation of the droplets obscures the absolute separation during interaction, so
does the force-separation profile. "> 7% %>

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." A 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 substrate.” Strong
repulsion and stable water 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 jump-in behaviors on the measured
force curves.! Similar method was also applied to measured th interaction between air
bubbles and other solid particles.”™’ Addition of surfactants was found to effectively inhibit
attachment of air bubbles on hydrophobized silica particles.”® This approach using AFM
colloidal probe technique makes it possible to directly measure the interaction force between
deformable droplets or air bubble and different solid particles, even including real mineral
particles.”® In all of these studies, however, the measured force-displacement data was
converted to force-separation results by simply treating the air bubble or oil droplet as a
linear Hooke’s spring with spring constant equal to the interfacial tension. This assumption
was later proven unsuitable in these cases, since the deformation of bubbles or droplets due
to external force was non-linear, especially for those with very large deformations.” >* ®

The application of the colloidal 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



the choice of the particle is highly restricted due to the strict requirement on size, stability

and geometry.

Detector

A C

Figure 1.4. (A) Schematic of measuring the interaction between a silica particle and an air
bubble using AFM colloidal probe.' (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 technique.’® ' - ¢
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 could then be 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 results, a theoretical model based Reynolds lubrication theory
and augmented Young-Laplace equation was also developed, which took into consideration
both the disjoining pressure from surface forces and non-linear deformation of droplet or
bubble during interaction.®” 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 in water,'®
61.63.6669 and asymmetric systems, like between oil droplets and air bubbles,*” ™ 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 interfacial properties (e.g. interfacial
tension, surfaces forces)®® on 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 the repulsive VDW force in these systems, which
supported thin water films in nanoscale between the bubble and solid surface.®® This novel
method provides a feasible and flexible method to directly obtain quantitative insights into
the interaction mechanisms of 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 oil industry
1.3.1. Oil-in-water and water-in-oil emulsions

Deformable droplets and bubbles commonly exist in a wide range of industrial process,

72,73 74,75

including mineral flotation, pharmaceutics, and so on. Especially in oil production
industry, oil generally co-exists with water and solid particles to form oil-in-water (O/W)
emulsion, e.g. oil residue in processing water, or water-in-oil (W/O) emulsion, e.g. water
residue in oil froth, depending on the amount ratio between oil and water.”*”® 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 oil sands, 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 pipeline plugging.”*'
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 mechanisms by which the O/W and
W/O emulsions are stabilized is of both practical and fundamental importance for the oil

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 stabilization of W/O emulsions due to adsorbed asphaltenes and

clay particles.”’

Fundamentally, the stability of the emulsified water or oil droplets is largely determined
by the microscopic interaction force between them under complex solution conditions. In
general, strong inter-droplet 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 adhesion can destabilized the emulsions.*
7 For the W/O emulsions encountered in oil production industry, the adsorption of
asphaltenes and solid clay particles is believed to form a gel-like protective layer around the
water droplets (Figure 1.5), providing a strong steric repulsion against droplet coalescence
which leads to stabilized W/O emulsions.”® *'™* Direct quantitative measurement of the
interaction force between emulsion droplets with presence of different surface active
components under complex solution conditions will provide valuable insights to the

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

Water-based bitumen extraction from oil sands and air flotation process are the most
widely commercialized process for extracting bitumen from open-mined oil sands (Figure
1.6).%* 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 grains, forming suspending bitumen droplet in the mixture. Secondly, in
the air flotation process, the bitumen-water 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 the fine solid particles in determining the bitumen recovery efficiency
and efficacy and the quality of the final bitumen products.*®® Due to the intrinsic
hydrophobicity of bitumen droplets and hydrophilicity of the solid particles, the collecting
air bubbles, which are also inherently hydrophobic, will selectively attach onto the bitumen
droplets, forming bitumen-bubble aggregates which can float to the top of in the form of a
froth rich in bitumen. Meanwhile, the relatively hydrophilic fine solid particles will remain
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 collecting air bubbles 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 bubbles determines 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 general, 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
processes.** *° Elucidating 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 involving 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 and problematic one.”-** Asphaltenes is the heaviest component in
all of crude oil and bitumen products.”® Practically, the asphaltenes is separated from
crude oil based on the solubility properties, and the components that can be dissolved in
aromatic solvents 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 widely reported that
asphaltenes extracted from different crude oil samples share lots of similar colloidal
behaviors and interfacial properties, e.g. they all can adsorb at oil/water interfaces and

stabilize the W/O emulsions.”®*®

Although the chemical structure of 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 Yen-Mullins model is the most accepted
one. In this model, asphaltenes 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 exist 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 interfacially 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

97,99, 100

techniques including interfacial tension and rheology measurement, micropipette, "

12 T angmuir-Blodgett trough (L-B trough),'” and so on.'® Interfacial tension measurement
between water and oil in presence of asphaltenes demonstrated that the asphaltenes could
adsorb onto the oil/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, and so on.””
100. 105, 1196 Rheological properties of oil/water interfaces with asphaltenes showed a
viscoelastic behavior, indicating the asphaltenes might form crosslinked gel-like protective
layer at the oil/water interfaces which could effective inhibit coalescence between emulsion

99, 100, 107
droplets.”™ ™

L-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

solvent.'” Micropipette experiment also revealed the significant protective effects of

interfacial asphaltenes against droplet coalescence.'*
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The molecular interactions between asphaltenes have also been investigated using
nanomechanical techniques including SFA and AFM.*"-*> %11 Measurement 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 measured between asphaltenes surfaces in toluene, which was
believed to be attributed to the steric hindrance between the extending asphaltenes chains in
toluene.* °> "% In heptane, however, much weaker repulsion and strong adhesion and
stretching behavior between asphaltenes were measured. Measurement between asphaltenes
surfaces in water also provided valuable information on the properties of asphaltenes at the

. 109, 111, 112
aqueous side.

All 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 adsorbed at the 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 type, pH, ion concentration and the
presence of multivalent ions such as Ca"), is of critical importance to better elucidate the

molecular interaction mechanisms of asphaltenes at the real oil/water interface and the

stabilization mechanism of both O/W and W/O emulsions.
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1.4.Objectives

The fundamental understanding of the interaction mechanisms of deformable droplets
and bubbles is still incomplete due to the experimental challenges of measurement of
interaction forms and synchronous thin film drainage process. Therefore, the major
objective of this thesis is to quantify the interaction mechanisms of deformable droplet and
bubble from the aspects of interaction force and thin film drainage by innovatively
combining the AFM droplet probe technique, RICM technique and theoretical modeling,
and apply this method to quantitatively 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 type, and properties of the solid surfaces. The detailed objectives

are as follows.

(1) Combine AFM 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 interaction mechanisms of the deformable droplets and validate the AFM droplet

probe technique and theoretical model.

(2) Measure the interaction forces between oil droplets in water in the presence of
asphaltenes to elucidate the stabilization mechanisms of O/W 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 concentration, types of ions (Na" and

Ca®"), pH, and the asphaltenes concentration in oil 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 include asphaltenes
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 to understand 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 approaches to understanding the interaction
mechanisms of deformable droplets, and reviews the systems involving deformable droplets

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

Chapter 2 presents the 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 process 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 system 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 technique, with

implication on the stability mechanisms of O/W emulsions due to asphaltenes.

Chapter 5 studies 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 study on 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 conducted using an MFP-3D AFM system (Asylum Research, Santa
Barbara, CA) which was mounted on an inverted optical microscopy (Nikon Ti-U).
Custom-made rectangular tipless AFM cantilevers with size of 400x70x2 pm were used
for force measurements. This tipless cantilever consists of hydrophilic silicon with a thin
circular gold patch (diameter ~ 65 um, thickness ~ 10 nm) at one end. This gold patch
can be hydrophobized using hydrophobic thiol (e.g. 1-decanethiol) to realize stable

anchoring of hydrophobic 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.
33



Prior to each experiment, the glass substrate of an AFM fluid cell (radius ~ 35 mm)
was first mildly hydrophobized by immersing in 10 mM octadecyltrichlorosilane (OTS)
in toluene solution for ~5 s to achieve a water contact angle of ~45° in air, providing
optimized hydrophobicity for immobilization of oil droplet or air bubbles on the glass
substrate. It 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 not immobilize oil droplets or air bubbles. Oil droplets were then
immobilized on the substrate through a controlled de-wetting method,"? or air bubbles
were created by carefully injecting air into the AFM fluid cell filled with solution using a
custom-made ultra-sharp pipette.” For measurement between 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 2.2. The spring constant of the tipless cantilever was first calibrated
using Hutter’s method.* A droplet probe was then created by lowering down the tipless
cantilever towards a droplet with suitable size (radius Ry ~ 60 um). After droplet
attachment, the cantilever was lifted up to detach the droplet from the glass substrate,
creating a droplet probe. Then the droplet probe was moved upon another droplet or a
solid sample surface for force measurement. The droplet probe was carefully aligned with
the droplet or the sample surface by observing through the inverted microscopy to
maintain head-on collision. Force measurements were conducted by lowering the droplet
probe towards the sample droplet or surface on the substrate for a certain distance and

then lifting up the probe. The interaction force F was calculated from the detected
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deflection of the force-sensing cantilever using Hooke’s law. The measured force data F
and displacement of the cantilever AX were recorded by AFM software, which were used

within the theoretical model for further analysis.

Figure 2.2. Schematic of the typical procedure for measuring interaction force of

deformable droplet or bubble using droplet probe AFM.

2.2. Theoretical model

Stokes-Reynolds-Young-Laplace model based on Reynolds lubrication theory and
augmented Young-Laplace equation is utilized to interpret the measured force results
using droplet probe AFM.>® Figure 2.3 illustrates the schematics of interaction between
two droplets and between a droplet and a solid surface. With immobile boundary

conditions assumed at both interfaces during the interaction, the axisymmetric
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hydrodynamic drainage process of the water film with thickness A(7,#) confined between
two droplets or between a droplet and a solid surface can be described using Reynolds
lubrication theory as

Oh(r,ty _ 1 0 .3 op(r,t)
o 12 or (1) or ) @1

where p is the dynamic viscosity of water film, and p(r,¢) is excessive hydrodynamic

pressure inside the water film relative to the bulk liquid.

Figure 2.3. Schematic illustration of the interaction region of interaction between (left)

two droplets or (right) 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 time of a droplet with size in
microns scale can be estimated as 7, =1, R, /o ~10"°s, which is far less than the

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

a quasi-equilibrium behavior, and deformation occurs almost immediately. Under this
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condition, the deformation of the droplet during interaction can be described by the

augmented Young-Laplace equation as

no o ohrn)_ 20
2r 8r(r or j 7 P00 =10 (2.2)

where o is the interfacial tension, R is the harmonic mean of the interacting droplets, and
parameter n equals to 1 for interaction between two droplets, and 2 for interaction
between a droplet and a solid surface. I1[A(r,¢)] is the disjoining pressure, which generally
arises from EDL interaction, VDW interaction, hydrophobic interaction, steric interaction
and so on. The disjoining pressure due to VDW interaction can be calculated using
Hamaker constant as

I1,,,, [A(r, )] = _#u) (2.3)

where Ay is the non-retarded Hamaker constant of the system. For symmetric systems
(e.g. interaction between two identical droplets), the disjoining pressure due to EDL

interaction can be calculated as

I1,,, [A(r,0)] = 64k,T p, tanh2(4z¢T) exp[—xh(r,1)] (2.4)

B
where ¢ is the surface potential of the interface, py is the number density of ions in the
aqueous solution, and e is the fundamental charge of an electron. For asymmetric systems
(e.g. interaction between a droplet and a solid surface), the disjoining pressure due to

EDL interaction can be calculated as

e altl(e™ + e o0, — (0 + 02
I, [A(r,0)] =— I (e+,(h_e¢l,fh0;z @ +,)] (2.5)
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where ¢; and ¢, are the surface potentials of the two interacting objects. The «' is the
inverse of Debye length and can be calculated as
Kk =(2p,e | g,k T)" (2.6)
where ¢ is the permittivity of vacuum and ¢ is the dielectric constant of the medium.
The initial conditions for interaction between two droplets and between a droplet and
a solid surface follow the undeformed spherical droplet shape and can be described as

equation 2.7.

2
h(0,¢,)+ ;? , droplet-surface interaction

h(r,t,) = L
h(0,2,)+ % , droplet-droplet interaction
0

(2.7)

The overall interaction force F() is calculated by integrating over p(r.t) and I1(/4(7,?))
using Derjaguin’s approximation as shown in equation 2.8.

F(t)=2nx j(;”[ p(r, 1)+ TI(h(r, £))]rdr (2.8)

Practically, these equations are solved within the region (0, 7ma.x), beyond which the
local separation A(r,t) is large enough (>100 nm) so that the contribution of disjoining

pressure is negligible. And thus, the overall interaction force can be calculated as
F(t)=27 jo [p(r,t) + T1(h(r, ) rdr + 27 j © p(r,tyrdr (2.9)

The first integral term on the right-hand side of equation (2.9) generally dominates
the overall calculated force and the contribution of the second integral term is comparing
small. The boundary conditions of /(r,f) and p(r,t) at » = 0 are 0h/0r=0 and dp/or =0.

The cantilever displacement data X(7) recorded by the AFM software is incorporated in
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the boundary condition, equation 2.10, which accounts for the deformation of the

interacting droplet and the contact area of the droplet on the cantilever

Oh(ryt) _ dX(0) | dF(0) (27[0_ | lln£1+cos Hj—ln(rmi D 2.10)

ot dt 27nodi\ K 2 \1—cosf 2R

In equation 2.10, @ is the contact angle of the anchored droplet on the cantilever, and K is

the spring constant of the tipless cantilever. The boundary condition of the hydrodynamic
pressure p(r,t) is r(op/or)+4p =0 at =7, , for it decays as rtat r o0,
All the equations above are first non-dimensionalized with 4, = R Ca"*, r, = R,Ca"*,

p.=0/R,, t. =uCa?/p,,and Ca=uV /o, and then numerically solved after central

differentiation in ». General ODEs solvers, such as MATLAB’s odel5s, can be used 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 are an important component in a wide range of traditional industrial and
engineering applications such as foam formation,' froth flotation’ and microfluidic
devices’. More recently bubbles are found to have important roles as an ultrasound

imaging contrast agent,”® in enhancing membrane permeability and molecular uptake,””

4, 10-13

as a stimuli-responsive carrier for drug and gene delivery, as a water-driven

15, 16

. 14 . . . .
micromotor, ~ as template for synthesis of micro and nanoparticles used in

7 8

catalysis,'” in heterogeneous cavitation'® and in surface cleaning.'” In many of these
applications, the interactions between bubbles and solids of different hydrophobicity in
aqueous environments in which electrostatic, hydrophobic, specific ligand-receptor
interactions and hydrodynamic interaction are the critical determining factors for
achieving desired characteristics and functionality of bubbles.'**?*** Due to the intrinsic
hydrophobicity of bubbles, hydrophobic interaction is one of the most important non-
specific interactions that guides assembly and adsorption of hydrophobic or amphiphilic
molecules and particles at air/water interface.”' 268

The hydrophobic interaction has been recognized for decades, yet its precise physical
origin remains to be quantified although different models have been proposed.?” %% To

date, quantitative force measurements of hydrophobic interactions were mainly studied

using solid surfaces using the surface force apparatus (SFA) and atomic force microscope
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(AFM).*!-3% 3% Exponential function with decay lengths of 0.3 nm to >1.0 nm has been
reported for the hydrophobic interaction in different material systems>” > *® and the
presence of nanobubbles on hydrophobic surfaces and dissolved aires have also been
found to cause long-range attraction.”” *'*** On the other hand, reports on hydrophobic
interaction involving deformable bubbles or droplets were rather limited, most likely due
to the complex coupling of forces and surface deformation during interaction.’® *>*° In
contrast to the strong elasticity-controlled deformation energetics of solid surfaces,
weaker surface energy governs the deformation of the air/water interface of bubbles in
response to external forces, such as velocity-dependent hydrodynamic force and
separation-dependent colloidal forces."” *’ Therefore, the drainage process of the thin
liquid film confined between an air bubble and a solid surface can be more complex than
that confined between two solid surfaces. To achieve a complete understanding of the
interaction between air bubbles and solid surfaces, it is of critical importance to make
synchronous measurements of interaction forces and visualization of the spatiotemporal
evolution of the confined thin water film.

Recently, direct measurement of interaction force between an air bubble and solid

surfaces has been successfully achieved using the AFM with the colloidal probe

46, 47 48-50

technique and bubble probe technique. Repulsive van der Waals forces were

observed between an air bubble and hydrophilic surfaces (e.g. mica) that stabilizing a

confined thin water ﬁlm,49’ 31

whereas an attractive hydrophobic attraction was found to
be responsible for bubble attachment and immobilization on hydrophobic substrates.*® In

such AFM studies, absolute separation between the interacting surfaces and associated

deformation can only be obtained indirectly through theoretical modeling. On the other
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hand, visualization of the film drainage process and spatial-temporal evolution of the
trapped water film between an air bubble and hydrophilic glass without direct force
measurements has been accomplished using optical interferometry and the results could
be modeled quantitatively.”'™® However, simultancous measurements of the interaction
force and spatial-temporal evolution of the confined thin liquid film associated with the
dynamic interactions of deformable bubble and droplet has not been attempted to date.

In this work, we have integrated the capabilities of atomic force microscope (AFM)
with reflection interference contrast microscopy (RICM) (Figure 3.1), and, for the first
time, investigated the interaction between an air bubble and mica surfaces with varying
degrees of surface hydrophobicity through synchronous measurements of the interaction
force and spatial-temporal visualization of the thin film drainage process. The interaction
forces were measured with the AFM by driving a cantilever-anchored 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 improved mathematical method reported recently. This
enables the reconstruction of bubble-water surface profiles with nanometer-scale
resolution.”

A theoretical model has been applied to interpret the measured forces and predict the
evolution of the thin water film profiles during the interaction that can be compared

directly with experimental results.***°

The asymmetric hydrophobic interaction between
air bubble and hydrophobized solid surface was also quantified for the first time based on

the AFM-RICM measurements. 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 interactions in systems involving deformable bubbles and droplets with the
potential to provide guidance for designing bubble-loaded drug molecules and

nanoparticles as well as to predict the assembly process of particles on bubble surfaces.

3.1. Results and Discussion

A micrometer-size air bubble (radius Ry = 60—100 um) anchored on a custom-made
AFM tipless rectangular cantilever (400 x 70 x 2 um) was used to measure the
interaction with mica surfaces with varying degrees of hydrophobicity (Figure 3.1). The
air bubble was immobilized on a well-defined circular gold patch (diameter 65 pm,
thickness 30 nm) at one end of the cantilever that was hydrophobized with a layer of self-
assembled 1-dodecanethiol.* > The position of the cantilever and hence the air bubble
was accurately controlled by a piezo-electric transducer and variation of the actual
displacement, AX(¢) of the cantilever with time ¢, was measured and recorded with a
linear variable differential transformer (LVDT) that is an integral part of the AFM.**°’
The time-dependent 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 measurement, the air
bubble was first driven towards (“approach”) the mica surface until bubble attachment
occurred or until a desired cantilever deflection was reached, whereupon it is then driven
away (“retract”) from the mica surface. The RICM interference patterns generated with

monochromatic green light (wavelength 546.1 nm) were obtained with a Nikon Ti-U
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inverted microscope and were recorded with a video camera. The RICM images were
processed with the ImageJ software (National Institutes of Health, USA) and the film
thickness profiles were obtained by analysis of fringe order and light intensity of the
interference patterns (see SI Text RICM image analysis).”* The measurements were
repeated at least 10 times at different positions on at least two surfaces with good

reproducibility.

Air Bubble

Figure 3.1. Experiment setup of using an AFM coupled with RICM for synchronous
measurements of interaction forces and visualization of the spatiotemporal evolution of
the confined thin liquid film between an air bubble of radius R and a solid substrate. The
air bubble is anchored on a tipless cantilever. The inset shows a schematic of the thin
axisymmetric liquid film with thickness A(r, ) between the air bubble and the substrate,

where r 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 known.*™** This will help
establish the experimental protocol and validate the theoretical model used to analyze
subsequent experimental results. In Figure 3.2, we show the time variation of the
measured force and the profile of the confined water film between an air bubble with
radius of 98 um and a freshly cleaved hydrophilic mica surface in 500 mM NacCl solution
at a nominal velocity of v =1 um/s. At this high salt concentration, the electrical double
layer (EDL) interaction between the bubble and the mica surface was highly screened so
its contribution, I1zp.(h(7,f)), to the overall disjoining pressure I1(4(r,t)) was negligible.
The disjoining pressure due to van der Waals (VDW) interaction I1ypu{h(r,t)), calculated
using the full Lifshitz theory is repulsive at all separations (see van der Waals Interaction
in SI Text).”® >’ Therefore, a thin water film is maintained between the air bubble and the
hydrophilic mica surface, supported by the repulsive VDW interaction that prevents the

air bubble from attaching to hydrophilic mica surface.
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Figure 3.2. Time variations of the force and thin water film profile A(», ¢) during
interaction between an air bubble and a hydrophilic mica surface in 500 mM NacCl
solution. The bubble radius was 98 um and the nominal driving velocity of bubble was v
=1 um/s. The open circular symbols are experimental results obtained from AFM-RICM
measurements and the red solid lines are theoretical predictions. The blue solid lines are
the spherical profile from outer part of the air bubble that corresponds to the profile of an
undeformed bubble. The insets are interference fringe patterns from which the film
profiles were deduced. The arrows indicate the driving direction of the air bubble,
towards or away from the substrate. (A) Interaction force F as a function of time #; (B)-

(F) confined film profile A(r, ) at selected times indicated on the force curve in (A).

As shown in Figure 3.2, time-dependent interaction force measured by AFM and

profiles of the confined thin water film obtained from RICM measurements at different
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time (open circular symbols) agreed very well with theoretically predicted results (red
solid lines). The RICM interference patterns are shown as insets in Figure 3.2B-3.2F. The
symmetry of the inference patterns confirms the assumption of axisymmetric geometry of
the confined thin water film during interaction. The initial bubble-mica separation at the
time datum ¢ = 0 s, was calculated to be A(r = 0, t = 0) = 3.08 = 0.01 um by fitting the
force curve with theoretical model, the validity of that was verified with AFM coupled
with confocal microscope in a previous report™. At time ¢ = 1.82 s (Figure 3.2B), the
cantilever displacement AX(¢) measured by the LVDT was 3.02 um, still less than the
initial separation and the profile results, showed that the air bubble remained nearly
spherical and the minimum separation, A(» = 0, 1.82 s) was about 76 nm. The measured
actual AX(¢) is larger than v x ¢ = 1.82 um because the actual instantaneous velocity
determined by LVDT dX(¢)/dt was slightly different from the nominal driving velocity
due to the non-linearity of piezo-electric transducer.’” > At a separation of 76 nm, the
magnitude of VDW force was negligible compared to the hydrodynamic interaction that
was repulsive during approach because the water confined between the air bubble and
mica surface had to be displaced. At time ¢ = 1.94 s (Figure 3.2C), AX(¢) = 3.22 um, so
the air bubble would have made contact with the mica surface if it remained undeformed.
However, the film profile shows there was still a finite separation of about 13 nm at » =0
between air bubble and mica, as the bubble is deformed with a flattened central region
that is evident on comparing the experimental data (open circles) and theoretical
predictions (red solid line) to the undeformed spherical profile (blue solid line). Such

deformation was mainly caused by hydrodynamic repulsion as the VDW interaction was
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negligible at # = 13 nm. As the bubble was driven even closer to mica, at time 1 = 2.18 s,

when AX(¢) has exceeded the initial separation A(r = 0, t = 0) by 0.52 um, the interaction
force has reached maximum repulsion with a water film of minimum thickness of 7 nm,
confined in a flatten region of about 3 um in radial extent, as shown in Figure 3.2D. At
this stage, no further thinning of the confined water film could be observed even when
the cantilever was driven even closer. Therefore, the hydrodynamic interaction in this
flattened region was negligible (since dh/dt ~ 0) and the thin water film was supported by
the disjoining pressure due to the repulsive VDW interaction, calculated to be 1470 Pa at
this separation and equal to the Laplace pressure of the air bubble. After the retraction
was initiated, in contrast to the solid particle case in which the hydrodynamic force would
become attractive immediately, the interaction repulsion force between the air bubble and
the mica surface gradually decreased until a maximum hydrodynamic attraction was
reached because water needed to be drawn back into the confined film (Figure 3.2A and
3.2E). As shown in Figure 3.2E, at time ¢ = 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 retraction, it remained almost unchanged (~7 nm)
at the central flattened region while the radial extent of the central flattened region
decreased form 3 pum to 2 um. At time ¢ = 2.90 s (Figure 3.2F), an attractive force was
measured due to the hydrodynamic suction effect and the bubble showed a slight
“pimple” shape, where its central region was closer to the mica surface as compared with

the spherical undeformed shape (blue solid line).**-°
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At higher velocities, significant bubble deformation and film thinning behavior
accompanied by stronger attractive forces can be observed during the retraction process
owing to the stronger hydrodynamic suction effect (see SI Text Figure 3.S4). It is evident
from the results in Figure 3.2 for the force and the confined film profiles 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 film drainage and the
augmented Young-Laplace 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 with octadecyltrichlorosilane
(OTS) by a vapor deposition process under vacuum, and different surface hydrophobicity
was achieved by varying deposition duration. The hydrophobicity of the surfaces was
characterized by the static water contact angle, 6., of sessile water drops on the surfaces.
We designate mica surface with different degrees of hydrophobicity by “mica-OTS-45"
(6w = 45°) and by “mica-OTS-90” (6, = 90°) respectively. Figure 3 shows the interaction
between an air bubble of radius Ry = 75 um and the mica-OTS-45 surface and the
interaction between an air bubble of radius Ry = 81 um and the mica-OTS-90 surface. As
distinct from the results shown in Figure 3.2, jump-in behaviors (indicated by arrows in
Figure 3.3A and 3.3D) where the interaction force drastically turned from positive
(repulsive) to negative (attractive), were observed for both mica-OTS-45 and mica-OTS-

90 surfaces when the bubble was driven at a low velocity of 1 um/s towards the mica.
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The jump-in behaviors indicated bubble attachment onto the hydrophobized surfaces,
which led to strong capillary bridging attraction due to formation of an air capillary
bridge between the tipless cantilever and the solid surface. The attachment behaviors
were also verified by the evolution of the interference patterns. For both cases, the air
bubble could not be detached from the mica surface by retracting the cantilever because
of the strong capillary adhesion between the bubble and hydrophobized surface. In fact,
for the mica-OTS-90 case, the air bubble could even spontaneously detach from the
cantilever during retraction, due to the stronger surface hydrophobicity than mica-OTS-
45.

The hydrophobized mica-OTS-45 and mica-OTS-90 surfaces have a root-mean-
square (rms) roughness of ~0.3 nm as confirmed by 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 nm.*" ° As
discussed above, the VDW interaction between mica surface and air bubble in water was
repulsive at all separations and the EDL interaction was fully suppressed under the
concentrated salt solution condition. Therefore, an additional attractive interaction must
be responsible for trigging the air bubble attachment — we attribute this to the attractive
hydrophobic interaction between the air bubble and the hydrophobized mica. We
recognize that interfacial nanobubbles have been observed by AFM imaging on various
hydrophobic substrates that could lead to long-ranged attraction between the hydrophobic

42-44,61-66 However, in this work, the RICM image has a normal resolution of ~1

surfaces.
nm and lateral resolution of ~150 nm. Therefore, the presence of nanobubbles with lateral

size >150 nm could be excluded by RICM analysis. Tapping mode AFM imaging of the
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hydrophobized mica surfaces in 500 mM NaCl (Figure 3.S4) further confirms the
absence of nanobubbles on the surfaces. Therefore, interfacial nanobubbles can be ruled
out as the source for the observed attraction between an air bubble and hydrophobized
mica surfaces in the present study.

Recently, a general interaction free energy per unit area: Wy(h) = -2 y Hy exp(—h/Dy)
has been proposed to describe the hydrophobic or hydrophilic interaction between two
identical planar surfaces at separation, 2 where Dy is a characteristic decay length, y is the
interfacial energy of the surfaces and Hy (the so-called Hydra number) is the fraction of
the hydrophobic region on the surface that may also depend on solvent conditions.””****
The decay length Dy has been measured to be about 1 nm for solid hydrophobic surfaces,
and a shorter decay length of ~ 0.3 nm was also measured between hydrophobic oil
droplets very recently.’***

For the asymmetric interaction between a planar air-water interface and a
hydrophobized mica surface, a similar exponential form for the interaction free energy
per unit area can be posited: Wy(h) =—C exp(—h/Dy). The constant C can be derived from
thermodynamic considerations of the limit # — 0 that creates a solid-air interface with
surface energy ys4 from an air-water interface with surface energy y, and a solid-water
interface with surface energy ysw to give: C = y+ ysw— y54. This together with the Young-
Dupr¢ equation at the three phase contact line: jys4 = ysw + y cos6, gives C = y (1—
cosé,) and results in the following expression for the disjoining pressure between a
bubble and a hydrophobized surface.

I1,,(h)=—dW, | dh=—y(1-cos®,)/ D, Jexp(—h/ D,) (1)
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For mica-OTS-45 and mica-OTS-90 surfaces, the constant C = y (1— cos6,) was
determined to be 21 mN/m and 72 mN/m, respectively and the corresponding decay
length Dy was found by fitting the force-time data at v = 1.0 um/s shown in Figure 3.3A
and 3.3D to be 0.8 = 0.1 nm for the interaction with the mica-OTS-45 surface and 1.0 +
0.1 nm for the mica-OTS-90 surface. This fitted hydrophobic disjoining pressure was
then used to calculate the confined film profiles at different times. As can be seen in
Figure 3.3B and 3.3E, such predicted film profiles agree very well with the experimental
data based on the analysis of interference patterns from RICM (SI Figure 3.S5). The
critical film thickness before attachment, that is at the point of rupture of the confined
water film, was calculated to be ~5.3 nm and ~9.5 nm for mica-OTS-45 case and mica-
OTS-90 case, respectively, consistent with the experimental values of ~6 nm and ~11 nm
measured by RICM. It is also worth noting that bubble attachment occurs at the critical
separation where the disjoining pressure just exceeded the Laplace pressure of the

bubble.
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Figure 3.3. Interaction and disjoining pressure profiles between an air bubble and
hydrophobized mica surfaces: mica-OTS-45 (Ow = 45°) (A-C) and mica-OTS-90 (Ow =
90°) (D-F), in 500 mM NaCl solution. The nominal driving velocity of bubble was v = 1
um/s. In (A) and (D), the red solid lines are predicted theoretical results that included the
hydrophobic attractive disjoining pressure (see text) and the blue solid lines are predicted
theoretical results without the attractive hydrophobic interaction. The open circular
symbols are experimental results obtained from AFM and RICM measurements. (A) and
(C): Interaction force F' as a function of time; (B) and (E): Evolution of the thin confined
water film profile 4(7,f); (D) and (F): Variations of components of the disjoining pressure

with separation.

The same disjoining pressures for the bubble-hydrophobized mica interaction mica-

OTS-45 and mica-OTS-90, without further adjustments, were used to calculate the force
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and the film profiles at other drive velocities. In Figure 3.4, we see that such predictions
for the force for bubbles approaching mica-OTS-45 and mica-OTS-90 at nominal
velocities in the range 5-30 pum/s agree very well with experimental data, and in
particular, the model predicted the time of film rupture accurately. It is interesting to note
that at these higher nominal drive velocities, water films remain stable on approach to the
mica-OTS-45 surface because they are stabilized by higher repulsive hydrodynamic
pressure. Film rupture only occurs during the retraction phase (Figures 3.4A and 3.4B)
when the hydrodynamic pressure turns attractive and brings the bubble surface close
enough to the hydrophobized mica surface to be within range of the attractive
hydrophobic disjoining pressure /Z4i(h). On the other hand, for the mica-OTS-90 surface
that has a stronger hydrophobic attraction film rupture occurs during approach at 5 pm/s,
whereas a higher repulsive hydrodynamic repulsion at 30 um/s is needed to prevent film

rupture on approach, see Figures 3.4C and 3.4D.
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Figure 3.4. Interaction force between a bubble and hydrophobized mica surfaces: mica-
OTS-45 (6, = 45°) (A and B) and mica-OTS-90 (6, = 90°) (C and D), in 500 mM NaCl
solution with high velocities. The red solid lines are theoretical predictions. The open
circular symbols are experiment force results obtained from AFM measurements. (A) and

(C): interaction at a nominal drive velocity of v =5 um/s; (B) and (D): interaction at a

In this work, the synchronous measurements of interaction forces and visualization

of the spatiotemporal evolution of the confined thin water film between air bubble, that is
inherently hydrophobic, and hydrohpobized mica surfaces demonstrate the significant

role of hydrophobic interaction in this asymmetric system. The excellent agreement
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between theoretical predictions and experiment results based on AFM-RICM
measurements indicates that Dy = 0.8 £ 0.1 nm and Dy = 1.0 = 0.1 nm represent the
characteristic decay length of hydrophobic interaction between the hydrophobic air
bubble and hydrophobized mica-OTS-45 and mica-OTS-90, respectively.”’ 2 *! The
higher the degree of surface hydrophobicity appears to increase the Dy value slightly. It is
evident from our results that the characteristic decay length of hydrophobic interaction is
influenced by the surface hydrophobicity that affects the structure and orientation of
water molecules near the surface.®® *° The asymmetric bubble-mica hydrophobic
interaction free energy per unit area between the air bubble and the hydrophobic substrate
can be described by
W, (h)=—y(1—cos@,)exp(-h/D,,) (2)

where y is surface tension of water, 6, is the static water contact angle on
hydrophobic surface, % is the surface separation, Dy is the characteristic decay length that
is system-dependent. 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 surfaces (e.g. 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 form: W, (h)=-y(1—cos8, )[D,, / (h+D,)]" failed to provide

agreement with experimental data at all drive velocities (see the Supporting Information
for details).
In a recent study on the interaction between two hydrophobic drops of fluorocarbon

mixture with the same refractive index as water, in which the effects of VDW interaction
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was almost eliminated, demonstrated a short-ranged hydrophobic interaction with a

%% much shorter than that of hydrophobic

characteristic decay length of 0.3 nm,
interaction in solid/water/solid symmetric systems reported previously and the air bubble-
water-solid asymmetric system in this work. It is interesting to note when 6, =180°,
Equation 5 becomes Wy(h) = —2y exp(—h/Dy), the same as the hydrophobic interaction
free energy per unit area reported for the symmetric fluorocarbon/water/fluorocarbon
system.

The difference between the observed decay lengths of ~0.3 nm in soft oil/water/oil
systems®”** and of 0.8 - 1.0 nm in air/water/solid in this work and elsewhere,?’ might be
explained in terms of the difference in the ability of the hydrophobic substrate to respond
as interfacial water molecules rearrange their position and orientation to compensate for
the loss 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 restructure as 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 their 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 into the 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/oil

systems. Indeed as two soft, deformable oil/water interfaces are brought together, it is
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expected that 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 film between air bubble and mica
surfaces of different hydrophobicity were quantitatively achieved for the first time using
an AFM coupled with RICM. The AFM-RICM experimental results are in complete
accord with the theoretical model based on the Reynolds lubrication theory and the
augmented Young-Laplace equation by including the effects of disjoining pressure. The
excellent 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 form: Wy(h) = —y (1- cos6,) exp(-h/Dy),
developed from thermodynamic considerations, is 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 between 1- 30 um/s on OTS
hydrophobized mica surfaces with water contact angle 6, = 45° and 90°. The variation in
the decay length, Dy observed between the hydrophobic interaction between rigid
hydrophobized mica surfaces used here and between soft deformable oil/water

30, 45

interfaces is attributed 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 bonding. The methodology for synchronous
probing interaction force profiles and thin film drainage dynamics involving deformable
surfaces can be extended to study 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 the 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 and Methods

3.3.1.Experiment

A MPF-3D AFM (Asylum Research, Santa Barbara, CA) with a mounted Nikon Ti-
U inverted microscope was used to investigate the interaction between air bubble and
mica surfaces. A circular glass slide of an AFM fluid cell (radius of 35 mm) was mildly
hydrophobized in 10 mM OTS in toluene solution for seconds to obtain a water contact
angle of ~ 50° to provide optimized hydrophobicity for immobilizing air bubble on the
substrate. The air bubbles were carefully injected with a custom-made glass pipette with
ultra-sharp end. The immobilized air bubble was then picked up by a custom-made
rectangular silicon AFM cantilever (400 % 70 x 2 pm), which had a strongly
hydrohpobized circular gold patch at one end (diameter 65 um, thickness 30 nm) for

secure bubble anchoring.“g'50 Calibration of the cantilever was done before bubble
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loading and the spring constant was determined to be 0.3-0.4 N/m using the Hutter and
Bechhoefer method.®” The air bubble was then moved over the mica surface for force
measurements.

Mica surfaces were hydrophobized with Octadecyltrichlorosilane (OTS) through a
vapor deposition process. A freshly cleaved mica surface was placed in a vacuum
desiccator with a small OTS reservoir for different durations to achieve different degrees
of hydrophobicity, indicated by the water contact angle of sessile drops. Before use in
AFM-RICM experiments, the hydrophobized mica surfaces were washed with large
amounts of toluene, ethanol and Milli-Q water sequentially to remove physically
adsorbed OTS molecules. The roughness of the hydrophobized mica surfaces was

determined by AFM tapping mode imaging, showing very low rms roughness ~ 0.3 nm.

3.3.2. Theoretical model

Since the wvelocities investigated in this work ranged from 1 to 30 um/s,
corresponding to very small Reynolds numbers ~ 10°-10™ that indicates the flow is in
Stokes flow region, the Reynolds lubrication model*® * can be used for quantitative

analysis of the thickness, 4(7,f) of the axisymmetric film drainage process

o __1 Q(ﬂﬁa—p). (3)
ot 12uror or

Here u is the viscosity of water, p(r,7) is the excess hydrodynamic pressure relative
to the bulk solution. Immobile boundary conditions at both air/water and solid/water
interfaces were applied in contrast to classic fluid mechanics that suggested that the

air/water interface should be fully mobile and could not sustain any shear stress. Recent
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work involving air bubble interaction indicated the applicability of the immobile
boundary condition at the air/water interface. This could be due to a trace amount of
surface active agents, including electrolyte, which can arrest boundary mobility while
only lowering the surface tension by as little as 0.1 mN/m.

The augmented Young-Laplace equation

20,2

on\_2y_ _
r or Grj_ p-1l @

where Ry is the radius of the bubble, (2)/Ry) is the Laplace pressure inside the air
bubble, and IT is the disjoining pressure, was used to describe the deformation of air
bubble during interaction. The contribution to the disjoining pressure I1 comprised of the
sum of the VDW interaction, calculated based on the full Lifshitz theory and the
hydrophobic interaction was described in the main text.

The interaction force F(¢) is calculated by integrating p(r,f) and II(A(r,t)) based on

Derjaguin approximation

F(@)= 27[]?[ p(r,t)+T1(h(r,t))]rdr %)

More details of theoretical model are contained in the SI Text.

3.4. Supporting information

AFM force measurement
Force measurement between an air bubble and a solid surface was conducted using

an Asylum MFP-3D Atomic Force Microscopy (AFM) following a previously reported

45,49, 68

procedure . The aqueous solution used in the AFM experiments was prepared using
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sodium chloride (NaCl, Fisher Scientific) with highest purity and Milli-Q water
(Millipore deionized) with a specific resistivity greater than 18.2 MQ-cm.

Before force measurement, a custom-made glass pipette with an ultra-sharp 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 octadecyltrichlorosilane (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 radius Ry of 60-100 um) was
picked up with a custom-made rectangular tipless cantilever (400 x 70 x 2 pm) to form
an AFM bubble probe, as shown in Figure 3.S1. The tipless cantilever has a circular
patch of gold (diameter 65 um, thickness 30 nm) at the end, which was strongly
hydrophobized in 10 mM dedcanethiol solultion in absolute ethanol overnight to facilitate
secure and precise anchoring of the air bubble. The spring constant of the unloaded
cantilever was determined using the Hutter and Bechhoefer thermal tune method®’. The
effective spring constant of the loaded cantilever was validated using force data for
bubble-hydrophilic 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 cantilever-loaded air 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 air bubble was controlled by a
piezo-actuator of the AFM. Time variation of the cantilever deflection was recoded for

each measurement, which could be converted to forces via the spring constant. The actual
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variation of the cantilever-substrate separation, X(7), with time ¢, 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 with bubble radius of 60 pum.

Hydrophobization of mica surfaces

Freshly peeled mica surfaces were hydrophobized by exposing to OTS vapor at room
temperature (23 °C) under vacuum. Different surface hydrophobicity, characterized by
the contact angle £, made a sessile drop on the surface, measured through the water, was
achieved by varying the exposure time. A 1-hour treatment typically leads to a water
contact angle of 45° and 48-72 hours treatment can lead to a water contact angle of 90°.
Before each experiment, the hydrophobized mica surfaces were rinsed with toluene,
ethanol and Milli-Q 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 showed rms roughness of ~0.3 nm.

Theoretical model
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The Stokes-Reynolds-Young-Laplace model* * ®® reported before was applied to
describe the interaction between air bubble and solid surfaces. Reynolds lubrication
theory with immobile boundary condition at both air/water and solid/water interfaces was
applied to model the hydrodynamic drainage of the nanoscale water film of thickness,

h(r,t) between the air bubble and solid surface,

oh__1 Q(r}ﬁa—pj (S1)
ot 12ur or or

where u is the dynamic viscosity of water, p(7,f) is the hydrodynamic pressure. The
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 surface in response to the hydrodynamic pressure
p(r,t) and the disjoining pressure I1(4(r,¢)) is described by the augmented Young-Laplace

equation

o oh 2
Z_(r_j:—y—p—n , ($2)
ror\ or

where y is the air-water interfacial tension, Ry is the bubble radius.

The interaction force F(¢) is calculated by integrating over p(r,¢) and I1(A(r,f)
F(t)=2rx j:[ p(r,t) +TI(h(r,1))]rdr

(S

3)

The equations were solved in a suitable region (0, 7max), Where the local separation
h(r,t) at r > rmax was sufficiently large so that the contribution of disjoining pressure

could be neglected.®® Hence, the interaction force can be calculated as
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F(t)=2rx jo [p(r,£) + T1(h(r,0))]rdr + 27 jf p(r,tyrdr (S4)

In general, the first integral on the right side of Equation (S4) makes the dominant
contribution to the calculated force and the impact of the second integral is rather small.
In our calculation, the value of rn.x was also checked to ensure the calculated force was
independent on its exact value.

The boundary conditions for A(r,f) and p(r.f) at r = 0 are 6h/0or=0 and op/or =0.
The actual variation of cantilever displacement X(#) was incorporated in a boundary

condition, equation S5, which took in account the deformation of the air bubble during

interaction and the pinned contact area of the air bubble on the cantilever *> -
Oh(r, 1) _ dX(t) N dF(t) | 2zy - lln(l +cos 9) | T (S5)
Ot dt  2mydt| K 2 \l-cos@ 2R,

Here K is the spring constant of the cantilever, 6 is the contact angle of the air bubble

on cantilever. The hydrodynamic pressure p(r,f) decays as r* at » —> o0, leading to the
boundary condition »(8p/or)+4p =0 at r =7, . The initial condition for %(r,f) follows

the undeformed spherical bubble shape.

The equations above were solved numerically with MATLAB after being non-

dimensionalized with the scaling parameters: &, = R,Ca"” , r.=RCd" , p.=y/R,,

.= ,uCa_l/z, where Ca= V' /y is the capillary number and V' is the nominal drive

velocity. Details of the numerical method are reported previously.

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

58, 595, 6

theory that includes the effects of electromagnetic retardation. Denoting the air

bubble, solid surface and aqueous solution as 1, 2 and 3, the VDW disjoining pressure

[ypw(h) between two half spaces at separation / can be calculated as:
_ kT & sp 30O 2 “x -1 - T -1
IT,,, (h)=I1,,,,(h) _F 283 & jp AAe ™ =1) +(AirAre ™ =1)" |dp
n=l1 1
(S6)
— kT T 2 2 -1
Myo(h) == PP+ (A, — 1) dp
0

(S7)

-+ pe./ = + . 2
Ai:w’Aizsl p,Siz gi/83—1—|—p2

s, —pe, | & S, —p

1

) —E /_pz+1(251(0)+p6‘3(0)]£ /p_2+K252(0)+p83(0)JeXp(2Wh)

" P 5, (0) = pey(0) | p7 + 7 2,(0) = pey(0)

x = 2p&es/?hfc, &, =2mnkgT/h, & = &(i&,)

where ¢ is the speed of light in vacuum, kg is the Boltzmann constant, 7" is the
temperature, (2mh) is the Planck’s constant, &, =&, (i) is the dielectric permittivity,
and x ' is the Debye length. Due to screening by high salt concentration in this study, the
effects of zero frequency (n = 0) term I1,,,,,(#) was highly suppressed. The dielectric

permittivity of water at imaginary frequencies was taken from previous report’ ? and the
dielectric permittivity of mica was constructed from Cauchy plot data taken from the

literature®’.
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RICM image analysis

Monochromatic green light with wavelength A = 546.1 nm was used for RICM
imaging. The RICM interference patterns were obtained by a Nikon Ti-U inverted
microscope and were recorded with a video camera. The obtained images were processed

with the ImageJ software (National Institutes of Health, USA).

Air Bubble

Subtrate

Objective

Figure 3.S2. Schematic model of non-planar RICM image formation
Construction of film thickness profile from RICM interference patterns was achieved
by an improved mathematical approach™ that can accurately reconstruct convex object
with arbitrary shape by approximating its surface as an ensemble of wedges, as shown in
Figure 3.52. According to the non-planar model, in a system with single interference
layer (Figure 3.S3), the light intensity at position x due to interference of light rays /; and

> can be calculated as
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2
1) =1, + 1, + 2T T, cos| 22| 2nh(x,) 250 |, 5 (S8)
A cos(a +6;)

where o is the inclination angle of the air/water interface at x = x,, O is the reflective
angle at the air/water interface, s(x,) is the thin film thickness at r = x4, A = 546.1 nm is
the light wavelength, n; = 1.333 is the refractive index of water and ¢ is a phase shift due
to reflection, which is 0 here since the refractive index of air is less than that of water.

According to geometry, x and x, could be related as

x, =x—h(x,)tan(a +6,) (S9)

A bijective mapping between x and x, in the interference region has been established
and reported including the non-planar effects and effects of illumination and detection
zones. To construct the film thickness profile, the Equation S8 is rewritten and a height

value /" is first expressed as

B = h(x) cos’ (@) _ My o (A_—I(x)j (S10)
““cos(a+06,) =« B

where A = (Imax + Imin)/2, B = (Imax - Imin)/2, Ahf =A/4n,. Ah_/f characterizes the

height difference between two consecutive fringes. It is noted that in the case of planar
parallel interfaces and normal incident light, #” = A(x,). Then the inclination angle a and

the measured increments of A4* and Ax can be related as

AR"

sin(a) cos(6,) =

(S11)
in an individual wedge (note the object is approximated as an ensemble of wedges).
With the Equations S9-S11, the inclination angles o and reflective angles Or in the
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interference region can be accurately retrieved by associating Ak" and Ax, and thus a
mapping between position x and a (and 0r) can be constructed.
Then two different but complementary methods were applied for analyzing the light

intensity data. For positions larger than the first extremum, where interference fringes
exist, Ax is taken as the distance between the consecutive fringes and A4” = Ahf . For

the positions inside the first extremum, the light intensity were analysed and transformed
so that the Ax is constant and the Ah” was calculated based on Equation S10. To achieve
high resolution, a and 6k is defined as a function of x and Equation S9 is transformed to a
first-order ordinary differential equation as

dx

d): +x,F(x)=G(x)
d(tan(a+6y,))/ dx

F(x)=-

> (S12)
tan(a +6,) +tan" (a + 6, ) tan o

_ tan(a +6,) —xd(tan(a + 6,)) / dx
tan(a + 6, )+ tan’ (o + 6, ) tan &

G(x)

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

54,70, 71

profile of the thin film. It is noted that the above more rigorous calculation and a

simplified approach with assumption of planar parallel interfaces’' > 7!

actually provide
very similar results in 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 Figure 3.S3. For the interaction of a bubble and hydrophoized mica surface,

the maximum light intensity /max, Which indicates zero separation, was measured after
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bubble attachment. For interaction with hydrophilic mica surface, I is not directly
available since there is always a thin water film trapped between the air bubble and the
mica surface. The /.« in this case was obtained by scaling the experiment light intensity
values to the variation of intensity with height which is calculated theoretically for

stratified planar structures >,

160+

1504

140

Intensity

3004

Film thickness,
]
3

4 6 8 10
Radius, r (um)

o
N -

Figure 3.S3. The conversion of the RICM interference pattern to the thin film
profile. (A) Profile of light intensity. The open circle symbols are local intensity values
and the dark green line has been drawn to guide the eye. The inset shows the interference

pattern and the light green line shows the location of the drawn light intensity. (B)
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Calculated thin film profile from the intensity pattern where the open circular symbols
are RICM experiment results and solid red line is the theoretical prediction from the

Stokes-Reynolds-Young-Laplace model.

AFM images of mica and hydrophobized mica surfaces in 500 mM NaCl

pm

: 1000

1 500
0
-500
-1000

0.0 0.2 04 06 08 1.0
pm

Figure 3.S4. AFM images of (A) freshly cleaved mica (B) mica-OTS-45 and (C)

A B

pm
pm

mica-OTS-90 surfaces in 500 mM NaCl.

Interference fringe patterns of thin water film between air bubble and

hydrophobized mica surfaces during interaction corresponding to Figure 3 in the

main text

72



--A
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t=060s t=0.72s t=0.78s

t=048s

Figure 3.S5. Interference fringe patterns of thin water film between air bubble and
(A) mica-OTS-45 and (B) mica-OTS-90 surfaces during interaction of Figure 3 in the
main text.

Interaction between air bubble and hydrophilic mica surface at 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. Figure 3.S6 shows the interaction between an air bubble with
radius of 98 um and hydrophilic mica surface, with a velocity of 10 um/s. Compared with
the force curve in Figure 2A (in the main text), the interaction force with higher velocity
shows a much larger attraction during retraction due to the stronger hydrodynamic
suction effects since the water has to be drawn back into the thin film. The RICM data
and theoretical results of the evolution of the thin water film shown in Figure 3.S6B
indicated that the central part of the liquid film continues thinning even after retraction
starts, which is a result of hydrodynamic suction effect, indicating bubble attachment

could also occur during retracting due to this thinning behaviour.
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Figure 3.S6. Interaction between an air bubble and hydrophilic mica in 500 mM
NaCl solution. The bubble radius is 98 um. The nominal driving velocity of bubble is 10
um/s. (A) Variation of the measured force with time measured with the AFM (open
circles) and theoretical predictions (line). (B) The film profile deduced from RICM (open
circle) and theoretical predictions (solid lines). The arrows indicate the driving direction
of the air bubble.

Functional Form of Hydrophobic Interaction

An acceptable functional form of hydrophobic interaction should be able to predict
the measured interaction forces and film profiles under all experimental condition. In
addition to the exponential form (Equation 1 in main text) of hydrophobic interaction, we
have also considered a decaying power of the form

_ny(l—cosb,) ( D, y

I1,,(h) =—dW,,(h)/ dh =
u(h) u (h) D, hiD,

(S13)
In this form, both the decay length Dy and the power law index n need to be

determined. We found that this power law form for I1x(/) cannot provide agreement with
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experimental results at all velocities. For example, as shown in Figure 3.S7A, a decay
length Dy = 1 nm and n = 4 could provide a good fit to the experimental force data
between an air bubble and mica-OTS-90 surface at nominal velocity v =1 pm/s including
the point of bubble attachment. However, the same parameters for ITy(%) would give an
incorrect bubble attachment time at a nominal velocity of v = 30 um/s (Figure 3.S7B).
With a decay length fixed at Dy = 1 nm (Figure 3.S7A), power law form with n = 3
predicted a much earlier attachment, representing a much stronger hydrophobic
interaction; whereas the form with n = 5 predicted a delayed attachment. The power law

form therefore cannot provide quantitative match with the experiment results.

8 60
o Experiment A o Experiment B
n=3 n=4
59 n=4 404 Exponential
= —n=5 E
> Exponential £ Mica-OTS-90
W 44 w
5 Mica-OTS-90 - 201 SO0 M Mac
2 500 mM NaCl o Bheds g
o] _ = R =65 um
L 24 v=1umis e 0 o
R,=81um 0 -
0 4 s , . r 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 for hydrophobic interaction. (A) Comparison between exponential form
and power law form with varying » and Dy = 1 nm, in the case of interaction between an
air bubble (Ry = 81 pm) and mica-OTS-90 surface at nominal velocity v = 1 pum/s; (B)

Comparison between exponential form and power law form with » =4 and Dy = 1 nm, in
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the case of interaction between an air bubble (Ry) = 65 um) and mica-OTS-90 surface at

nominal velocity v = 30 pum/s.
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Chapter 4 Interaction Mechanism of Oil-in-Water
Emulsions with Asphaltenes Determined using Droplet

Probe AFM

4.1. Introduction

Formation and stabilization of emulsions with adsorbed interface-active 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 extraction, ™ synthesis of nano/micro-particles with novel structures,*’ controllable
and programmable drug and gene delivery.*'’ Thermodynamically, amphiphilic
molecules can readily adsorb onto the oil/water interface, altering the properties of the
interface (e.g. interfacial tension) and changing the surface interactions between the
emulsion droplets in the suspending fluid.''* The stability of emulsion droplets is highly
dependent on their surface interactions and interfacial properties. Generally, attractive
interactions such as van der Waals (VDW) interaction and bridging adhesion due to the
presence of polymer flocculants can lead to coagulation and coalescence of the emulsion
droplets; while repulsive interactions, such as electrical double layer (EDL) repulsion (in
aqueous media) and steric repulsion due to the presence of interface-active materials can

3: 131397 Therefore, quantitative understanding of the

enhance the emulsion stability.
surfaces interactions at oil/water interface with/without adsorbed interface-active

molecules will help elucidate the stabilization mechanisms of the emulsions. However,

quantification 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 accurate manipulation of droplet motion and precise
interpretation of the measured force-distance data.'® "’

Stable water-in-oil (W/O) and oil-in-water (O/W) emulsions are generally undesired
because they cause challenging issues in production of conventional crude oil and oil
sands.” > 2> Emulsified water droplets of several tens of micrometers are commonly
encountered in the naphtha-diluted bitumen froth extracted from oil sands using a water-
based extraction method.> 2% *!>*%° These emulsified water droplets are extremely stable
against coalescence and can cause serious processing problems to downstream
equipment, e.g. fouling and corrosion in heat exchangers, pipelines and upgrading
equipment.’*”?” On the other hand, bitumen droplets in the form of O/W emulsions can
appear in processes such as bitumen extraction and flotation.” 2! To achieve higher
bitumen recovery efficiency, larger bitumen drops are preferred which have relatively
high collision 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, undesired O/W and W/O emulsions can significantly increase the operating
cost in oil production.

Adsorption of natural interface-active components in crude oil and bitumen onto
oil/water interface has been reported to be a major stabilization mechanism of W/O and
O/W emulsions, in which asphaltenes are generally accepted to play an important role.”*
21. 2427, 323% Agphaltenes commonly exist in crude oil and bitumen products as the

heaviest components, defined operationally as a solubility class that are soluble in
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aromatic solvents (e.g. toluene) but precipitate in paraffinic solvents (e.g. pentane,
heptane).””>** This solubility-based definition suggests that asphaltenes do not consist
of a well-defined group of chemicals, but a complex mixture of molecules. Nevertheless,
asphaltenes extracted from different oil samples have been reported to share similar
colloidal behaviors and surface properties. Several theoretical models such as the Yen-
Mullins model have been proposed to explain the molecular and colloidal properties of
asphaltenes.””” 3> Generally, asphaltene molecules are considered to consist of
condensed polyaromatic rings and peripheral alkane chains containing a considerable
amount of polar functional groups including both acids (e.g. carboxyl groups) and bases

. 2 -
(e.g. amino groups),”’**3¢

which render asphaltene molecules interface active. Therefore,
the asphaltenes molecules are able to adsorb and build up at oil/water interface, altering
the interfacial properties such as interfacial tension, interfacial elasticity and viscosity,>”
0 which thereby influence the interactions between the emulsified droplets. Therefore, a
quantitative understanding of the interactions between oil droplets in presence of
asphaltenes, under various aqueous solution conditions (e.g. pH, salinity and the presence
of multivalent ions like Ca’"), is of vital importance to elucidate the stabilization
mechanism of these O/W emulsions.***”3%#!

Experimental tools, such as atomic force microscopy (AFM), surface forces apparatus
(SFA), and micropipette have been applied to investigate the molecular interactions of
asphaltenes, polyaromatic surfactants (as asphaltene model compounds) and their impacts

on emulsion stability.?* %+

Direct force measurements using AFM and SFA showed
strong steric repulsion between asphaltene films coated on mica or silica surfaces in

toluene, which was believed to play an important role in preventing water droplets from
87



coalescence and stabilizing W/O emulsion.”” *** These previous studies have provided
useful information regarding the molecular interactions of asphaltenes under different
solvent conditions. However, all the quantitative force results reported have used
immobilized asphaltene films coated on solid substrates, and direct force measurements
between two emulsion droplets with asphaltenes adsorbed at the oil/water interface is not
available, which is directly related to the stabilization mechanism of the emulsions.
Recently, bubble/droplet probe AFM technique has been developed and applied for
direct force measurements between two deformable bubbles/droplets and between a
bubble/droplet and a solid surface, and various surface interactions involved (e.g.
electrostatic double layer interaction, hydrophobic interaction, structural force) have been
precisely quantified.'® '> '® 1% 3956 Ap air bubble or oil droplet anchored on a tipless
cantilever was driven to interact with another droplet or a solid surface, and the
interaction force was measured by detecting deflection of the cantilever. The surface
force involved during bubble/droplet interaction can be quantitatively reconstructed by
fitting the measured force curves with a theoretical model based on Reynolds lubrication

19, 46-48, 53, 56

theory and augmented Young-Laplace equation, whose validity has been

verified by simultaneously measuring the force and the separation using AFM coupled
with reflection interference contrast microscopy (RICM).

In this study, the droplet probe AFM technique was utilized for the first time to directly
measure the interaction forces between two oil droplets in the presence of asphaltenes in
various aqueous solutions, which were then analyzed with the theoretical model

aforementioned. This work provides a useful approach to quantify the interaction

behaviors of emulsified oil droplets with asphaltenes adsorbed at the oil/water interface,
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and the results give insights into the stabilization mechanisms of the O/W emulsions due

to asphaltenes.

4.2. Experiment and Theoretical Model

4.2.1. Materials

Crude oil sample was supplied by Shell. Heptane (HPLC grade, Fisher), toluene
(HPLC grade, Fisher) and methylene chloride (HPLC grade, Fisher) were used as
received. Sodium chloride (NaCl) and calcium chloride (CaCl,) with highest purity were
purchased from Fisher Scientific. Milli-Q water (Millipore deionized) with a resistance of

= 18.2 MQ-cm was used to prepare the aqueous solutions. Hydrochloric acid (HC1, ACS

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

used to adjust the pH of the solutions.

4.2.2. Separation of asphaltenes and preparation of asphaltenes solution.
Asphaltenes sample was separated from the crude oil sample using ASTM IP143
procedure.’® Briefly, crude oil was mixed with heptane at a ratio of 1:30 (g/ml) and then
refluxed under stirring for 1 hour. After reflux, the mixture was cooled in fridge for 2.5
hours for precipitation of asphaltenes. The mixture was then filtered to obtain the raw
asphaltenes, which was then extracted with heptane for 1 h using a Soxhlet extractor to
fully remove the heptane-soluble components. Methylene chloride was then used to
extract the asphaltenes from the remaining filtrate. The obtained asphaltene in methylene

chloride solution was concentrated and then dried under pure nitrogen flow to get the dry
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pure asphaltenes sample. The separated asphaltenes samples were carefully sealed and
stored in fridge to avoid oxidation.

To prepare asphaltene solutions, a certain amount of asphaltenes were dissolved in
toluene and the solutions were sonicated for 30 min to fully dissolve the asphaltenes. The
prepared solutions were then sealed and stored in fridge to avoid solvent evaporation and
asphaltenes oxidation. The asphaltenes solutions were sonicated for 30 min prior to each

use.

4.2.3. Interfacial tension measurement

Interfacial tension between asphaltenes in toluene solution and different aqueous
solutions was measured using drop shape method with a pendent drop tensiometer
(Ramé-Hart, USA). For toluene drops in 1 mM and 100 mM NaCl solutions, an
interfacial tension of 35.5 = 0.2 mN/m was measured, indicating purity of the
toluene/water system. In presence of asphaltenes, the interfacial tension was measured to
decrease with time, the same as previously reported results.*® The interfacial tension was
found to reach equilibrium after 30 min and the values of interfacial tension at

equilibrium were taken in the theoretical analysis of the surface force results.

4.2.4 Zeta potential measurement

Zeta potentials of oil droplets in different aqueous conditions were measured using
Zetasizer Nano ZSP (Malvern Instruments, UK). Oil-in-water 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 stable emulsion.
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4.2.5 AFM measurement

Force measurement between two oil droplets was conducted using a MFP-3D AFM
system (Asylum Research, Santa Barbara, CA) coupled with a Nikon Ti-U inverted
microscope. Oil droplets were generated and immobilized on the glass substrate of an
AFM fluid cell using a controlled de-wetting method as reported previously.”' A custom-
made rectangular silicon AFM cantilever (400x70%2 um) was used to pick up an oil
droplet to create an oil droplet probe. The tipless cantilever has a circular gold patch on
one end, which is hydrophobized with 1-dodecanethiol for secure anchoring of the oil
droplet.* ** The cantilever-anchored oil droplet was then placed above another oil
droplet of similar size to conduct force measurement. The two droplets were carefully
aligned using the inverted microscope to ensure head-on collision. A schematic of typical
experiment setup using the droplet probe AFM technique is shown in Figure 4.1.

Force measurement was conducted by driving the cantilever-anchored oil droplet
towards the opposing oil drop on the substrate by lowering the cantilever for a certain
distance and then lifting the cantilever up. All force measurements were done with
velocity of 1 pmy/s to minimize the effects of hydrodynamic force.**** For experiments in
the presence of asphaltenes, force measurements were conducted 30 min after generation
of oil droplet for adsorption of asphaltenes onto oil/water interface, in consistency with
the interfacial tension measurement. The interaction force was measured by detecting the
deflection of the cantilever, whose spring constant was calibrated using Hutter’s method
before loading of the oil droplet.”> The measured force F and displacement of the
cantilever AX were recorded by AFM software, and were used later 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 emulsion drops.

Qil drop
| herty
Qil drop

Figure 4.1. Schematic of experiment setup of measuring interaction force between two
oil droplets of radii R, and R, in aqueous solutions using droplet probe AFM technique.
The inset shows the schematic of the thin water film with thickness /4(r, t) confined

between two oil droplets, where ¢ is time and 7 is the radial coordinate.

4.2.6 Theoretical model

A theoretical model based on Reynolds lubrication theory and Young-Laplace equation
was used for AFM results analysis.*> *** ***” The local deformation of the interacting
droplets due to the Laplace pressure inside the droplets, hydrodynamic pressure p, and

disjoining pressure /7 can be described by the augmented Young-Laplace equation:

y O Oh) 2y
L 2Ly 1
2r 8r[r8rj p-ll M
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where y is the interfacial tension, R is the harmonic mean of the two droplet radii R, and
R», p is hydrodynamic pressure and /7 is disjoining pressure due to surface forces. The
disjoining pressure I/ generally can arise from electrostatic double layer (EDL)
interaction, van der Waals (VDW) interaction, hydrophobic interaction, steric interaction

12, 14,42, 4 . L 12
and so on.'>'**** The disjoining pressure due to VDW interaction is calculated as

HVDW [A(r,0)]=— (2)

" H
6xh’ (r,t)
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,

[, [h(r.0)] = 64k, p, tanh’ (1 20) expl—h(r. )] (3)

where x is the inverse of the Debye length, ¢ is the surface potential of the oil/water
interface, p. is the number density of ions in water, and e is the fundamental charge of an
electron. The x can be calculated as

Kk=02p,e" | g,ck,T)" (4)
where ¢ is the vacuum permittivity and ¢ is the dielectric constant of the medium. The
overall interaction force F(7) can be calculated by integrating p(r,t) and I1(4(r,¢)) based on

Derjaguin approximation as shown in equation 5.
F(t)=2x [ [p(r,t)+TIh(r, t))}rdr (5)

The dynamic drainage of confined thin water film with thickness 4 between the oil

droplets is described by Reynolds lubrication theory:

%: ! 2(,%38_19) (6)
ot 12uror or
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where u is viscosity of the aqueous solution. Immobile boundary condition at oil/water
interface was assumed here, which is consistent with recent reports.'* **** More details

about the theoretical model can be found in recent reports.'> >4

4.3 Results and Discussion

4.3.4 Interaction between oil droplets in 1 mM NaCl

Figure 4.2 shows the measured force curves between two toluene droplets with
different concentration of asphaltenes in 1 mM NaCl. All the experiment results (blue
squares) can be well fitted with the theoretical model (black lines). For interaction
between pure toluene droplets, as shown in Figure 4.2A, when the cantilever-anchored
droplet approached closely to the opposing drop on the substrate, a strong repulsive force
was measured, which is mainly attributed to hydrodynamic interaction and EDL
repulsion. When the cantilever was under retraction and the two droplets were in
separation, the repulsive force gradually decreased until an attractive maximum was
reached, which was also from hydrodynamic origin, so-called “hydrodynamic suction”
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 microscope. This observation is consistent with DLVO theory and previous
studies.'” " According to DLVO theory, in 1 mM NaCl, the Debye length is calculated to
be 9.6 nm and the repulsive EDL force between two interfaces dominates the surface
interaction, inhibiting coalescence of the two oil droplets. The aforementioned theoretical
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 be 0.98x107° J on the basis of the Lifshitz Theory by taking
the refractive indices and dielectric constants of toluene and water.'” The absolute value

of the surface potential of the toluene droplets in 1 mM NaCl was fitted to be -35 = 5

mV, which is consistent with the reported values.”® >*

In contrast to solid particles, the
interfacial energetics of deformable oil droplets is governed by interfacial tension and
thus the droplets can deform in response to external forces.'”* Figure 4.2D shows the
calculated profile of the thin water film confined between the two oil droplets at
maximum force load. The flattened central part of the droplets indicates the Laplace
pressure inside the droplets is balanced by EDL repulsion (where the hydrodynamic
pressure is negligible due to the low approaching velocity). The central separation was

calculated to be 30 nm, where the EDL disjoining pressure was about 790 Pa, equal to the

Laplace pressure inside the droplets.

Table 4.1. Comparison of measured zeta potential values and theoretically fitted surface

potential values of oil droplet

Asphaltenes Solution condition Measured zeta Fitted surface
concentration potential (mV) potential (mV)
0 mg/L ImM NaCl pH = 5.6 30+ 3 -35+5
10 mg/L ImM NaCl pH = 5.6 53 £ 2 50 £ 5
100 mg/L 1 mM NaClpH = 5.6 -88 £ 3 -85 +5
10 mg/L 1 mM NaCl pH =3 -10 £ 3 -15£5
10 mg/L 1 mM NaCl pH =10 -62 £ 2 -60 £ 5
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Figure 4.2. Force curves (A-C) 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 NacCl solution (pH~5.6). The symbols
are experiment results and the black solid lines are theoretical fitting results. The nominal
velocity is 1 pum/s. The radii of the droplets are 89, 60 and 50 um for A, B and C,

respectively.

Interaction force curves between toluene droplets in the presence of 10 mg/L and 100
mg/L asphaltenes are shown in Figure 4.2B and 4.2C respectively. Similar to 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 theoretical model shows that the surface
potential of the oil droplets changed from -35 £ 5 mV of pure toluene to -50 + 5 and -85
+ 5 mV, with the addition of 10 mg/L and 100 mg/L asphaltenes, respectively. These

fitted values are close to the measured zeta potentials listed in Table 4.1. The 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 from 30 nm for pure toluene (Figure 4.2D) to 33 nm for 10 mg/L asphaltenes
(Figure 4.2E) and 40 nm for 100 mg/L asphaltenes (Figure 4.2F), indicating stronger
EDL repulsion with higher asphaltenes concentrations. The strong EDL repulsion can
prevent the oil droplets from getting close and thus help stabilize the emulsions. It 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 demonstrates that 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 between toluene droplets with different asphaltenes
concentration at different nominal velocity (5 wm/s and 10 pm/s) and force load are
shown in Figure 3. The fitted results are the same as those obtained at low velocity (1
um/s), demonstrating that the true properties of the emulsion droplets are reflected by the
fitted parameters.

Asphaltenes are known to be surface active and are able to adsorb onto the oil/water
interface, changing the interfacial properties. Here, the interfacial tension between 1 mM
NaCl and toluene with 0 mg/L, 10 mg/L, and 100 mg/L asphaltenes was measured to be
35.5, 34.0, and 32.0 mN/m, respectively, in agreement with the reported studies that the

212733 1t is also demonstrated here that

asphaltenes can lower the interfacial tension.
adsorbed asphaltenes molecules at oil/water interface can enhance the 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 asphaltenes and
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.
Figure 4.3 shows the calculated disjoining pressure profiles between two toluene droplets
with addition of different concentrations of asphaltenes in 1 mM NaCl, which clearly
demonstrate that the addition of asphaltenes significantly strengthens the repulsion
between the oil droplets, preventing the drop coalescence and enhancing the emulsion

stability.
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Figure 4.3. Calculated disjoining pressure profiles between two toluene droplets with 0

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

4.3.5 Interaction between oil droplets in 100 mM NaCl solution
Figure 4.4A shows measured force curve between two pure toluene droplets in 100 mM

NaCl. Different from the force curve shown in Figure 4.2A, a sudden jump-in behavior
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was observed when the measured force reached about 0.6 nN, indicating coalescence
between the two toluene droplets, which was also verified by the inverted microscopy.
The coalescence was induced mainly by the attractive VDW force between the two

1314 1t was found here that in the theoretical calculation the attractive

toluene droplets.
VDW interaction was sufficient to induce the coalescence between the droplets and no
additional hydrophobic interaction was needed for predicting droplet coalescence, which
agreed with previous study on interactions between air bubbles and oil droplets.” '* The
mechanism for these phenomena is likely that the hydrophobic attraction between the oil
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 was -1380 Pa (attractive).
The results for two toluene drops interacting in high salt concentration (i.e. 100 mM NaCl)

in Figure 4.4A and Figure 4.4D agree with the fact that addition of electrolytes generally

destabilizes O/W emulsions.
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Figure 4.4. Force curves (A-C) and calculated droplet profile at maximum force load (D-
F) of interactions 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 100 mM NaCl solution. The symbols are
experiment results and the black solid lines are theoretical fitting results. The arrow in A
indicates coalescence of the oil droplets. The nominal velocity is 1 pm/s. The radii of the

droplets are 52, 40 and 75 um for A, B and C, respectively.

However, with the addition 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
Figure 4.4B and 4.4C. Both force curves show no jump-in behavior as observed in Figure
4.4A. Since the EDL force 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 measured between two asphaltenes layers in organic solvents is steric-
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origin and could be described by the Alexander de Gennes (AdG) model for polymer
brushes." *' Although water is not a good solvent for asphaltenes and the interfacial
asphaltenes in water cannot 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 repulsion.’" *’
Herein, the AdG model 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 polymers:** >’

kT|(2LY" (nY"
I . ~—| | = - —
steric (h) S3 |:( A j (2L] for h<2L (3)

where Il....(h) 1s the repulsive pressure due to steric interaction, s is the mean distance
between anchoring sites of the asphaltene molecules at the interface, L is the length of the
brush, 7 is the temperature, and & is Boltzmann constant.

Here, s was taken as 3 nm based on a previous report.' By incorporating the AdG steric
interaction into the disjoining pressure in the theoretical model, the measured force
curves could be reasonably fitted, with L fitted to be 3 = 1 nm for both cases with
asphaltene concentration of 10 and 100 mg/L respectively. The fitted chain length is
reasonable compared with the previously reported size of asphaltenes molecules at the

. . 27, 32
oil/water interface,””

indicating the repulsion between the oil droplets could be
explained by steric interaction described by the AdG model. The calculated droplet
profiles at maximum force load are shown in Figure 4.4E and 4.4F, which show thin

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

repulsion.
101



It was noticed that when the two oil droplets were separated, jump-out behaviors,
indicating interfacial adhesion between the droplets, were occasionally observed. These
phenomena suggest that the impacts of the interfacial asphaltenes molecules are much
more complex than simple steric repulsion described by the AdG model. As shown in
Figure 4.4E and 4.4F, the thickness of the confined water film between two toluene
droplets was calculated to be ~6 nm, which was about twice 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 electrostatic interaction between the cationic and anionic
polar groups on the asphaltenes molecules and the contact/interdigitation/interpenetration
of hydrophobic moieties of the opposing asphaltenes molecules or asphaltenes aggregates

at the oil/water interfaces.””*% >

4.3.6 Effects of pH

The pH of the aqueous solution 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 the surface potential of the oil/water interface.** > The
effects of pH on the interactions between two toluene droplets containing 10 mg/L
asphaltenes in 1 mM NaCl solution are shown Figure 4.5. Due to the EDL repulsion in
aqueous solution with low salt concentration, the oil droplets were stable against each
other, and no coalescence was observed from both force curves and optical microscope.
The fitted surface potential of the oil droplets is -15 + 5 and -60 £ 5 mV at pH 3 and pH

10, respectively, which are also comparable to the measured zeta potential in Table 4.1.
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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 groups 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/L

asphatenes in ImM 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

um/s. The radii of the droplets are 56 and 55 um for A and C, respectively.

4.4.4. Effects of Ca**
Ca’" ion has been reported to interact with the functional polar groups of asphaltenes
molecules which can affect the properties and conformations of asphaltene molecules

) ) 18, 23, 31
adsorbed at oil/water interface.'® 2 3

Figure 4.6A and 4.6B show the measured
interaction force curves between two toluene droplets containing 100 mg/L asphaltenes in
100 mM NaCl solution, with addition of 1 mM and 10 mM CaCl,, respectively. Figure
4.4 shows that the interfacial asphaltenes molecules could inhibit coalescence of the
droplets in 100 mM NaCl solution due to steric repulsion. However, in Figure 4.6,
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 CaCl,, respectively. The critical
force loads required for coalescence in the presence of CaCl, in Figure 4.6 are much
stronger than that (~0.6 nN) between two pure toluene droplets of similar size in 100 mM
NaCl (Figure 4.4A), suggesting that the addition of CaCl, could lead to conformation
changes and aggregation of the asphaltenes adsorbed at oil/water interface mainly due to
the interaction between Ca®" ions and the carboxyl groups on asphaltene molecules,***°
thus alleviating the steric effects and allowing droplet coalescence. Another possible
reason could be the ion bridging effects between Ca”" ions and the carboxyl groups on

asphaltenes. The lower critical force load required for coalescence in Figure 4.6B, as

compared to that in Figure 4.6A, further demonstrates that higher concentration of Ca®"
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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

asphaltenes in 100 mM NaCl with an addition of (A) 1 mM CaCl, and (B) 10 mM CaCl,.

The arrows indicate coalescence between two oil droplets. The nominal velocity is 1

um/s. The radii of the droplets are 49 um and 54 pm for A and B, respectively.
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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 two model 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 between the emulsion droplets were analyzed using a theoretical
model based on the Reynolds lubrication theory and Young-Laplace equation by
including the influence of disjoining pressure due to surface forces. The measured forces
between two bare oil droplets could be 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 stability of 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 Figure 4.7.
Adsorbed asphaltene 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 emulsion. Lower pH could lead to less
negative surface potential of the oil/water interface and weaken the repulsion between the
oil droplets. Addition of divalent ions (Ca*") was found to induce coalescence between
the oil droplets, which could be a potential method to destabilize the O/W emulsion 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 mechanism of O/W
emulsions due to asphaltenes in oil production and water treatment. This method can be
extended to other 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 Water-in-Oil Emulsion due

to Asphaltenes

5.1. Introduction

Emulsions are essential components of many industrial and biological processes, "
such as production of conventional petroleum and oil sands,”* fabrication of advanced
materials with complex structures’’ and drug delivery in pharmaceutical and
bioengineering fields.® Thermodynamically, liquid droplets dispersed in another
immiscible fluid can readily coalesce with each other, and thereby the mixture will

undergo rapid phase separation. Interface-active materials, including surfactants,’

10, 11 2 13, 14

lipids, amphiphilic polymers,'? or bi-wetting nano- and micro-particles, are
commonly added to create an energy barrier against droplet coalescence, stabilizing 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 repulsion) between emulsion droplets.'*'! By
controlling the physicochemical properties of the interface-active materials, the functions
and behaviors of emulsion droplets can be manipulated, and emulsions with novel
complex structures, such as Janus droplets and multiple emulsions,"> can be fabricated.
A systematic understanding of the interaction mechanisms of emulsion droplets with

adsorbed interface-active materials is of both fundamental and practical importance,

which can facilitate precise manipulation of the emulsion systems.
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Extremely stable water-in-oil (W/O) emulsions are commonly encountered in
production of crude oil and oil sands. These emulsions are generally undesirable and
required to be destabilized before sending for downstream processing, because the
presence of ions (e.g. Cl) solids and interfacial compounds in the emulsions can cause
severe corrosion and fouling problems.'”’ It is believed that the adsorbed natural
interface-active components, e.g. asphaltenes, at the oil/water interface, play an important
role in the stabilization of the W/O emulsions.” '*2° Asphaltenes are the heaviest
component in crude oil, defined as a solubility class that is soluble in aromatic solvents

(e.g. toluene) but insoluble in aliphatic solvents (e.g. heptane).*" **

Although the exact
chemical compositions still remain unclear, asphaltenes have been proposed to consist of
condensed polyaromatic rings with peripheral aliphatic chains and functional polar
groups, which render asphaltenes interfacially active.”’** Asphaltenes were reported to
reversibly adsorb onto oil/water interface in the form of monomers, aggregates and

clusters,”?’ forming a protective layer around water droplet which provides robust

mechanical strength to impede coalescence of the water droplets.'® '™ ?® It has been

17, 29 30, 31

reported that the environmental conditions (e.g. solvent type, temperature,

presence of stabilizer’” ¥

) could significantly change interaction behaviors of W/O
emulsion droplets with asphaltenes. Generally, strong repulsion between water droplets
corresponds to enhanced W/O emulsion stability; while interfacial adhesion can result in
droplet agglomeration and flocculation.” 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 mechanisms between asphaltenes or asphaltene model compounds in
different organic solvents or aqueous media have been studied using many experiment
tools, such as surface forces apparatus (SFA) and atomic force microscopy (AFM).**?
The interaction forces between asphaltene surfaces were found to be repulsive in good
solvent toluene, which gradually changed to adhesion with increasing the content of a
poor alkane solvent (e.g. heptane) in the organic medium.*> ***° These force results
imply that the interaction between adsorbed asphaltenes at water/oil interfaces plays an
important role in stabilizing the W/O emulsions. Nevertheless, in these previous studies,
the asphaltenes were immobilized on a solid substrate, which might not show the same
behaviors as at water/oil interface. Direct measurement of the interaction forces of
asphaltenes at water/oil interface has never been reported, and their impact on the
interaction between W/O emulsion droplets remains unclear. Recently, direct force
measurements involving highly deformable air bubble or droplets have been achieved
using a bubble/droplet probe AFM technique.*' ™ This technique provides a very useful
tool for quantitative understanding of the interaction mechanism at deformable water/oil
interfaces and its correlation to stability mechanism of different emulsion systems.*’*® In
our previous study, the droplet probe AFM was applied to study the impacts of interfacial
asphaltenes on the interaction between oil droplets in aqueous media, which could be
stabilized through electrical double layer repulsion under low salinity condition with
more pronounced steric repulsion effects under high salinity conditions.*’

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

measure the interaction forces between water droplets in different oil solvents with

interfacially adsorbed asphaltenes. This study has quantified the interactions between
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W/O droplets with absorbed interfacially active asphaltenes, and provides new insights
into the stabilization mechanism of the W/O emulsions. This versatile and useful

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

5.2. Experiment

5.2.1. Materials

The asphaltenes used in this work was extracted from crude oil sample provided by
Shell based on a well-established standard procedure reported previously.”® Asphaltenes
in toluene solutions were prepared by dissolving a desired amount of extracted
asphaltenes in toluene (HPLC, Fisher). The mixtures were then sonicated for 30 min to
completely dissolve the asphaltenes. The prepared asphaltene solutions were tightly
sealed and stored in fridge to avoid asphaltene oxidation and solvent evaporation. Prior to
each force measurement experiment, the asphaltene solutions were sonicated for another
30 min. Heptol solvents, mixture of toluene and heptane, were prepared by mixing
toluene and heptane (HPLC, Fisher) with certain volume ratio. Milli-Q water (Millipore
deionized) with a resistance >18.2 MQ-cm was used. Octadecyltrichlorosilane (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, CA) integrated on an
inverted microscope system (Nikon Ti-U) was applied to directly measure the interaction

forces between two water droplets. For each measurement, water droplets were injected
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into an AFM fluid cell containing asphaltenes in toluene solution using a custom-made
ultra-sharp glass pipette. Because the density of water is higher than that of toluene and
heptane, the water droplets will spontaneously settle down and immobilize on the glass
substrate. The glass substrate of the fluid cell was strongly hydrophobized by immersing
in I mM OTS in toluene solution for ~2 hours to gain a water contact angle of ~ 90° to
facilitate easy lifting of water droplet. It was noted that the water droplets would spread
on the glass substrate of low hydrophobicity, which made it difficult to pick up a water
droplet to generate a water droplet probe. The water droplets were aged in asphaltene
solution for a certain time, and the aging time was 5 min unless specified separately.
Afterwards, the asphaltene solution was exchanged with a large amount of pure toluene
to completely wash off the free asphaltenes in the solution. Then, the interactions
between the water droplets were measured with asphaltenes adsorbed at water/oil
interfaces. For force measurements in heptols, the toluene was then exchanged with
heptol before tests.

Custom-made tipless rectangular silicon AFM cantilever (400x70x2 pm) was mildly
hydrophobized by immersing in 1 mM OTS in toluene solution for ~ 30 s to gain a water
contact angle of ~ 45°. Then, the mildly hydrophobized cantilever was used to pick up a
water droplet to generate a water droplet probe (denoted as upper water droplet). The
spring constant of the cantilever was calibrated using Hutter’s thermal method before
loading the water droplet.”’ The upper water droplet was then placed above another
droplet of similar size on the substrate (denoted as lower water droplet) for force
measurements. A schematic illustration of the force measurement setup is shown in

Figure 5.1A. Figure 5.1B and Figure 5.1C show a typical optical picture of an upper or
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lower water droplet. The two water droplets were then carefully aligned to maintain head-
on collision for each force measurement. The upper water droplet was brought down
towards the lower one till a desired maximum load force was applied or two water
droplets coalesced, and then the cantilever was lifted up to separate the two droplets. For
each experiment condition, interaction forces between at least 10 different pairs of water
droplets were measured. To investigate the effects of contact time, two water droplets
were kept in contact under the maximum load force for a certain time before they were
separated. The interaction forces were determined via the Hooke’s law by detecting the
deflection of the cantilever as recorded in the AFM software. The driving velocity of the

upper water droplet was kept at 1 pm/s to minimize the hydrodynamic effects.

)

Interfacial ': e

asphaltenes \

Organic
solvent

Figure 5.1. (A) Schematic of experiment setup of measuring force between two water

droplets in an organic solvent using droplet probe AFM technique; optical pictures of (B)
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water droplet anchored on AFM tipless cantilever and (C) water droplet immobilized on a

substrate. The scale bar in (B) and (C) is 100 pm.

5.3. Results and discussion

5.3.1. Effects of asphaltenes concentration

Figures 5.2A-E show the measured force curves between two water droplets in toluene
after 5 min aging in asphaltene solutions with concentration of 0, 10, 50, 100, and 500
mg/L, respectively. The symbols are the measured force data and the arrows indicate the
movement of the water droplets (e.g. approaching, coalescence, or separation). Here, for
each measurement, the upper water droplet was brought towards the lower droplet by
lowering the cantilever until a maximum load force of ~2 nN or droplet coalescence was
detected. Figure 5.2A shows the interaction force between two water droplets without
interfacial asphaltenes in pure toluene. The measured forces during approach were
slightly repulsive (positive values) due to the weak hydrodynamic repulsion. When the
force reached about 0.16 nN, the interaction force suddenly turned attractive and “jump-
in” behavior was observed, indicating coalescence between the two water droplets. From
the inverted optical microscope, it could be directly observed that the upper water droplet
detached from the cantilever and coalesced with the lower one, forming a single larger
drop. In pure toluene, only the van der Waals attraction between the water droplets
contributes to their surface forces. According to the Lifshitz theory, the Hamaker constant

—21

between water surfaces in toluene is calculated to be 9.72x10"J, which suggests that

the van der Waals attraction is strongly attractive to induce droplet coalescence. The
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force results (Figure 5.2A) agree with the commonly observed phenomenon that W/O
emulsions without stabilizer are generally unstable and can readily undergo rapid

destabilization.

0.30

24 ¢ 4
025 A \ B 2 ¢
gl Toluene A\ 10 mg/L J R 50 mg/L
" Coalescence 14 ﬁ’f:uﬁ
E 0.15 \ E % é 04 \D —
g 0.10 % g ol P . — g <A
w 0.054 fa.?ﬁgﬂ s Eﬁ f w Jump out
mféggmu o o ) % | Jump out 24
0.004 %@ﬁ%\:&ﬁﬁ?@#@% % oy
-0.05 T T T T T T T T T T T 34— T T T T T
-0.2 0.0 02 0.4 0.6 08 1.0 -04 -02 00 0.2 04 0.6 0.8 -0.2 0.0 0.2 04 06 0.8 1.0
Piezo displacement (um) Piezo displacement (um) Piezo displacement (um)
21 D 5 ‘ilg E
1{ % 100 mg/L mq?\ 500 mg/L
.. L]
z 0 g z4] =
= = 5
; 14 %ﬁh ;’ D":'S“
o Jump out o d;;m
£ -24 £ o Sy —
-3 2 ””qilJ Jump out
44— . r T T T -1 T T T T T T
-02 00 0.2 0.4 0.6 08 1.0 -04 -02 00 0.2 0.4 06 0.8
Piezo displacement (um) Piezo displacement (um)

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/L. The arrows show the movement of the water droplet

on the cantilever.

Figures 5.2B-5.2E show the force curves between two water droplets in toluene after 5
min aging in asphaltene solutions, which exhibit distinct behaviors from that without
asphaltenes (Figure 5.2A). For all the cases, the water droplets were stable against each
other, and no “jump-in” or coalescence were observed under a maximum load of 2 nN, as

also verified by the inverted optical microscope. Strong repulsion was measured when
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two water droplets were brought closer, which was most likely attributed to the steric
repulsion between swollen interfacial asphaltenes in toluene, as consistent with
previously reported force measurements between solid-supported asphaltene surfaces
using SFA and AFM.> ** Such observed stability of water droplets due to adsorbed
asphaltenes at oil/water interfaces are consistent with the long-believed fact that
asphaltenes can effectively stabilize the W/O emulsions. On the other hand, it was
interesting to note that all the force curves in Figures 5.2B-5.2E showed “jump-out”
behaviors when the water droplets were separated, which suggested interfacial adhesion
between them. The interfacial adhesion measured during separation could be mostly
attributed to the interpenetration and local aggregation of the adsorbed asphaltene
molecules at water/oil interfaces. It has been widely reported that asphaltenes tend to
aggregate even in good solvents (e.g. toluene), through complex intermolecular
interactions such as -7 stacking, acid-base interaction, and hydrogen bonding.”>?® As a
result, when two water droplets were brought into proximity, the confined asphaltene
molecules between the water/oil interfaces would contact and interpenetrate with each
other, leading to interfacial adhesion between the water droplets.'® It should be noted that
in previous force measurements using AFM and SFA, pure steric repulsion was mostly
detected between asphaltene surfaces in toluene, and interfacial adhesion was only
detected when a poor solvent like heptane was added.’ ** Here, the adhesion between
water droplets in toluene due to interfacial asphaltenes molecules was demonstrated and
quantified for the first time, which indicates that the impact of asphaltenes on interaction
of W/O emulsions would be different from that between solid-supported asphaltene

layers in toluene. Such interaction difference is most likely due to the mobility difference
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of the asphaltenes molecules absorbed 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 substrate, and 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
droplets 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. Figure 5.3A 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
loads Fax. With increasing the Fiax from 1 to 4 nN, higher adhesion can be measured
between water droplets. Figures 3B and 3C summarize the effects of maximum force load
and contact time, respectively, on the measured adhesion between water droplets. For
water drops aged in solutions with relatively low asphaltene concentrations (<100 mg/L),
the measured adhesion F,4/R significantly increases with maximum force load (e.g. from
0.049 mN/m to 0.093 mN/m for the case aged in 100 mg/L asphaltenes). When higher
Fax was applied, the contact area between the two water droplets would be enlarged and
more asphaltene molecules would be able to contact, interact and aggregate across the
contact interface due to their intermolecular interactions (e.g., m-m stacking, acid-base
interaction, and hydrogen bonding), enhancing the interfacial adhesion. However, for the
case aged in solution of high asphaltene concentration (i.e. 500 mg/L), the impact of

maximum force load was evidently less significant (viz. F,¢/R changes only slightly from
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0.010 mN/m to 0.015 mN/m with Fi, increasing from 1 to 4 nN). Under high asphaltene
concentration condition, asphaltene molecules tend to form large aggregates 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 Figure 5.3B.

Figure 3B also summarized the effects of asphaltene concentration on the normalized
interfacial adhesion between water droplets. The measured adhesion force was
normalized with the mean radius R = 2R |R»/(R,+R>) of the two interacting water droplets
of radii R; and R,. 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 force Fn.x =2 nN, the measured adhesion
increased from 0.016 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 asphaltenes. This concentration-dependent adhesion
was most likely attributed to the different aggregation states of asphaltenes under
different concentration conditions. As the asphaltene concentration increases, the
asphaltene molecules can aggregate from monomer to nanoaggregates and then further to
clusters.”> 3 When the concentration is relatively low (<100 mg/L), the interfacial
asphaltene molecules would not be strongly 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 droplets aged in high asphaltene concentration (i.e.
125



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 penetration 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 under Fp.x on
adhesion. Longer contact time resulted 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 water 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 aging in asphaltene solutions of different concentrations.
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5.3.2. Effects of aging time

Aging is a significant factor affecting the aggregation state of asphaltenes and the
properties of water/oil interface.'>>® During aging process, it has been well demonstrated
that the asphaltenes can undergo continuous aggregation both in bulk solution and at
water/oil.”® Interfacial rheology measurements have also demonstrated that the elastic
modulus of the water/oil interface with aspahltenes gradually increases with aging time,
corresponding to more rigid water/oil interface and stabilized W/O emulsions.'® Thin
liquid film drainage experiments also found that the oil film with asphaltenes confined
between water/oil interfaces became thicker and more rigid with increasing aging time.>
>3-3% Figure 4 shows the measured force curve between two water droplets in toluene after
15 min aging in 50 mg/L asphaltene solution, and the shape of the force curve shows
irregular shape and the adhesive force between water droplets during separation is
drastically reduced as compared to the force curve (with 5 min aging in 50 mg/L
asphaltene solution) in Figure 5.2C. From the inverted optical microscope, it could be
observed that the aged water droplets were attached with lots of tiny water droplets and
small particles (Figure 5.4 inset) which were likely large aggregates or clusters of
asphaltenes.”® Previous thin liquid film study showed that the diameter of asphaltene

18, 54
> In

aggregates or clusters at water/oil interface could be as large as about 7.5-12 pm.
contrast, the interface of the water droplets aged in the same asphaltene concentration for
5 min was clean and such large aggregates were not present as shown in Figure 5.1.
Therefore, when these “clean” water droplets were brought close, the two water/oil

interfaces could relatively easily achieve intimate contact to facilitate the interpenetration

and adhesive interaction (e.g. m-m stacking) of the opposing asphaltene molecules at the
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contact interface. In contrast, when two longer aged water droplets were brought close,
these small particles at water/oil interfaces could provide steric barriers against intimate
contact of the two water droplets, inhibiting effective attractive interaction between the
interfacial asphaltenes and thereby diminishing the interfacial adhesion. Such weakened
interfacial adhesion result with longer aging time is in agreement with previously
reported emulsion stability tests that emulsions with longer aging time are more stable

than freshly prepared ones.”>>®
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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 solution. The radii of the water droplets are ~ 60 um. The

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 above force results all focus on head-on collision between water droplets. In many

engineering processes, dynamic flows may induce lateral shearing between W/O
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emulsion droplets in collision, which may disrupt the protective coating formed by the
interfacial asphaltenes, resulting in coalescence of the water droplets.”’ Figure 5 shows
sequential photos of two water droplets in contact in toluene, aged for 5 min in 10 mg/L
asphaltene solutions, of which the lower water droplet was laterally dragged by
supporting substrate to qualitatively illustrate the effect of later shearing on the stability
of W/O emulsions. First, two water droplets were brought in contact and compressed by
lowering the cantilever (Figure 5.5A). No coalescence occurred, which confirmed the
effective protecting effects of interfacial asphaltenes. Then the bottom substrate was
moved laterally. It was observed that the lower water droplet anchored on the substrate
remained adhered to the upper drop on the cantilever, attributed to the strong interfacial
adhesion measured between the two droplets (Figure 5.5B). However, after several times
of dragging and shearing, the protective effects of asphaltene coating was disrupted and
the two water droplets suddenly coalesced into a larger one (Figure 5.5C). Detailed video
of the interaction between the two water droplets under laterally shearing is given in
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 the coalesced droplet was lifted up away from the substrate (Figure 5.5D). This non-
spherical shape of the coalesced water droplet demonstrated the rigid and more solid-like
properties of protective coating formed by interfacial asphaltenes. These results
qualitatively demonstrate the protective effects of interfacial asphaltenes on the water
droplets and the feasibility to disrupt the protective coating by lateral shearing to
destabilize the W/O emulsions, as consistent with our recent report on freely suspending

W/O emulsions using an in-house-built computer-controlled 4-mill fluidic device.’®
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Figure 5.5. Sequential pictures for interactions between two water droplets under

S Coalescence

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; (D) the coalesced water

droplet showing non-spherical 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 class, asphaltenes can dissolve in
aromatic solvents (e.g. toluene) while precipitate in aliphatic solvents (e.g. heptane).
Addition of a poor solvent heptane to toluene is expected to affect the interactions of
asphaltene molecules at the water/oil interface, eventually impacting the interactions of

W/O emulsion droplets.? 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.

Figures 5.6 and 5.7 show the measured force curves between two water droplets (after
5 min aging in asphaltene solution with concentration of 10 mg/L (Figure 5.6A-5.6D) and
50 mg/L (Figure 5.7A-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 with increasing the
heptane content in heptol (Figure 5.6A-5.6C). While in pure heptane the two water
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droplets became unstable and readily coalesced when brought close (Figure 5.6D). Figure
5.8 shows that the normalized adhesion F,s/R between water droplets increases
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 interaction force during
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, although the droplets still
remained stable against coalescence. In pure heptane, however, the two water droplets
readily coalesced with each other, demonstrated by the sudden “jump-in” behavior shown
in Figure 5.6D. The measured strong attraction was most likely attributed 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 observed (Figure 5.7A-5.7D), as
summarized in Figure 5.8. The measured adhesion F,¢/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 (Figure 5.8). Coalescence between water droplets was also observed in pure

heptane (Figure 5.7D).
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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 vol% toluene, 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 interface.

29,32

For the two cases (10 mg/L and 50

mg/L asphaltenes) shown in Figure 5.8, 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 mobility at the 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 relatively higher mobility for interpenetration and
aggregation at the contact interface of the two droplets, contributing to the adhesion
measured. For the 10 mg/L asphaltenes case, when two water droplets were brought into
contact, addition of heptane enhanced the solvophobic 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 interface, and aggregation 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 thereby the adhesion 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 for the first time to directly
measure the interaction forces between W/O emulsion droplets in organic solvents with
interfacially adsorbed asphaltenes. The AFM force results revealed that bare water
droplets could readily coalesce in oil, while strong steric repulsion due to extended
asphaltene chains at oil/water interface could effectively stabilize the droplets and inhibit
coalescence. Adsorbed asphaltenes also led to interfacial adhesion between water
droplets during their separation, which were mainly attributed to the interpenetration and
aggregation of interfacial asphaltene molecules at the contact interface of the droplets.
The adhesion strength was largely influenced by asphaltene concentration of the organic
solution where the W/O emulsions were aged, aging time, maximum force load, contact
time, and solvent type. For low asphaltene concentration cases, the adhesion increased
with increasing asphaltenes concentration (< 100 mg/L), but it significantly decreased at
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relatively high asphaltenes concentration (e.g. 500 mg/L). Addition of poor solvent (e.g.
heptane) could enhance the interfacial adhesion at relatively low asphaltenes
concentration, but could weaken the adhesion at relatively high asphaltenes concentration.
Lateral shearing was shown to be able to disrupt the protective asphaltene layer and
induce coalescence between water droplets. This work has precisely quantified the
interactions between W/O emulsion droplets with interfacially adsorbed asphaltenes, and
the results provide useful implications into the stabilization mechanisms of W/O
emulsions in oil production. The findings also provide useful information regarding the
interaction behaviors and properties of W/O emulsion 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 by water flooding,'” hot-water-based
bitumen extraction,"® 3D printing,” ® oil/water separation,” '° surface coating and
cleaning and many others.''" It has been previously demonstrated that the wettability of
a solid surface is largely determined by the thickness and stability of the water film
confined between the surface and the oil, and a thick and stable water film corresponds to
the water-wet surface while an unstable water film will lead to contact between oil and
surface."*!” Intrinsically, the thickness and stability of the confined water film are
determined by the surface force between the oil and the surface across the water film.
Typically, strong long-ranged electrical double layer (EDL) repulsion can sustain a thick

3,17-19

and stable water layer, while attractive hydrophobic and van der Waals (VDW) will

lead to rupture of the water layer and attachment of oil on the solid surface.?’?*
Therefore, direct quantitative measurement of these surface forces and the interaction
mechanism in oil/water/solid systems will facilitate fundamental understanding and
practical prediction of the wettability of solid surfaces under complex solution conditions.

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

. . . . )
effects on oil recovery has long been a challenging issue for engineers and researchers.”
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#3726 T practice, these three phases involved are usually composed of complex chemical
mixtures of many components, and their physicochemical properties are influenced by a
convoluted interplay among several effects (e.g. temperature, pressure, adsorption of
interfacially active components).”’*’ Of all the components in crude oil, asphaltenes,
practically defined as a solubility class that is soluble in aromatic solvents (e.g. toluene)
but not in aliphatic solvents (e.g. heptane), is believed to be major cause of most critical
issues encountered in oil production.’® *°** With the combination of hydrophobic
polyaromatic cores and hydrophilic functional polar groups (e.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 system.>**?’ Adsorption of asphaltenes
on solid surface was reported to change the wettability of the surface,”*****° and that
on oil/water interface could change the interfacial properties such as interfacial tension,
surface potential and so on.* *> 3" 3% On 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 system.> 2> *!:** Therefore, a 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 predict their 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 medium using various

nanomechanical tools, including surface force apparatus (SFA), atomic force microscopy
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(AFM), etc.” **° Measurement between asphaltenes-coated silica and bare silica surface
in aqueous solutions using AFM showed that the adsorbed asphaltenes could alter the
surface potential of the silica surface, which also varied with the salinity and pH of the
solution.**> 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 brine.” ** 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 systems.> ** ***° This
technique was utilized 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 scale.”*

In this work, droplet probe AFM technique was 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 surface hydrophobicity were investigated. The
results provide 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 mechanism from nanoscopic scale.

6.2. Experiment and Theoretical Model
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6.2.1. Materials

Toluene (HPLC grade), heptane (HPLC grade), and methylene chloride (HPLC
grade) were purchased from Fisher and used as received. Highest-purity sodium chloride
(NaCl) and calcium chloride (CaCl,) were purchased from Fisher Scientific. Brine

solutions were prepared using Milli-Q water (Millipore deionized) with a resistance of =

18.2 MQ-cm.

6.2.2. Asphaltenes extraction and preparation of asphaltenes solution.

The asphaltenes samples were extracted from crude oil sample supplied by Shell
using a previously reported standard ASTM IP143 procedure.”*° Firstly a certain amount
of crude oil was refluxed with heptane at a ratio of 1:30 (g/ml) under stirring for 1 hour.
Afterwards the crude oil and heptane mixture was cooled in fridge for 2.5 hours for
asphaltenes precipitation. Raw asphaltenes was collected by filtering the mixture, and
was then Soxhlet-extracted with heptane for 1 h to fully remove the heptane-soluble non-
asphaltenes components. After extraction with heptane, the remaining filtrate was
dissolved with methylene chloride (DCM) to obtain asphaltenes in DCM solution. The
solution was then concentrated and dried under ultra-pure nitrogen flow to get pure
asphaltenes.

To prepare asphaltene solutions, a certain amount of asphaltenes were dissolved in
toluene or 1:1 heptol (mixture of heptane and toluene with volume ratio of 1:1). The
solutions were then sonicated for 30min. After preparation, the solutions were tightly

sealed with Teflon tape and stored in fridge to minimize solvent evaporation and
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asphaltenes oxidation. Before each experiment, the asphaltenes solutions were re-

sonicated for 30 min for full dispersion of asphaltenes.

6.2.3. Interfacial tension measurement

A pendent drop tensiometer (Ramé-Hart, USA) was applied to measure the
interfacial tension between asphaltenes solution and different aqueous solutions by
analyzing and fitting the drop shape. The interfacial tension between a toluene drop and
pure water was measured to be of 35.5 £ 0.2 mN/m, suggesting purity of the
toluene/water system. For measurement of asphaltenes solutions, the interfacial tension
was found to gradually decrease with time and reached equilibrium after about 30 min,
which agreed with our previous reports.” These values at equilibrium were used for

theoretical analysis of the force results measured using droplet probe AFM.

6.2.4. Preparation of hydrophilic and hydrophobic mica surfaces

Freshly cleaved mica surface was used as model hydrophilic solid surface for 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 previously reported vapor
deposition method.”’ Briefly, freshly prepared mica 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, ethanol, and Milli-Q

water prior to force measurements
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6.2.5. Droplet probe AFM measurement

Figure 6.1 shows a schematic of direct measurement of the interaction between an oil
droplet and a solid surface using droplet probe AFM. Experiments were done using an
MFP-3D AFM system (Asylum Research, Santa Barbara, CA) mounted on a Nikon Ti-U
inverted microscopy. For each experiment, a controlled de-wetting method was applied
to generate and immobilize oil droplets on the glass disk of an AFM fluid cell, and mica
surfaces were then placed into the fluid cell after oil droplets generation.> '®°' An oil
droplet probe was created by picking up an oil droplet with a custom-made rectangular
tipless AFM cantilever (400x70%2 um) made of silicon. The oil droplet was firmly
immobilized on a circular gold patch on the end of the tipless cantilever. The gold patch
was hydrophobized with 1-dodecanethiol for safe anchor of the hydrophobic oil droplet.
Afterwards, the oil droplet probe was moved upon a mica surface, and then force
measurement was done by lowering the cantilever for a certain distance and then lifting
up. The nominal velocity of the cantilever was chosen to be 1 um/s to minimize the
hydrodynamic interaction. For experiments with asphaltenes, interaction forces were
measured after 30 min following oil droplet generation, which was consistent with the
interfacial tension measurement. The spring constant of the force-sensing cantilever was
calibrated using Hutter’s method prior to loading of the oil droplet.’* The evolution of the
measured force F with time ¢ and displacement of the cantilever AX were recorded by a

computer for analysis using a theoretical model.
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Qil drop

Figure 6.1. Experiment setup of measuring interaction force between an oil droplet of
radii R and a solid surface in aqueous solutions using droplet probe AFM. The inset
shows the thin water film with thickness 4(r, f) confined between the oil droplet and the

solid surface.

6.2.6. Theoretical model

The force data measured using droplet probe AFM was analyzed using a theoretical
model, which was based on Reynolds lubrication theory and Young-Laplace equation.’*"
> Reynolds lubrication theory describes the dynamic evolution of the thin water film

with thickness 4 confined between the oil droplet and the solid surface:

%: ! E(rﬁa—pj (1)
ot 12uror or

where u is viscosity of water and p is hydrodynamic pressure. Non-slip boundary
condition at both water/oil and water/solid interfaces was applied in this study according

to recent reports.
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The augmented Young-Laplace equation describes the deformation of the oil droplet
due to the balancing between the Laplace pressure, hydrodynamic pressure p, and

disjoining pressure /7

y O 8hj 2y
L === —p-T1 2
2r ar(rar P @)

where y is the interfacial tension of oil/water interface, and R is the radius of the oil
droplet. The disjoining pressure I/ can be due to various surface interactions including
electrical double layer (EDL) interaction, van der Waals (VDW) interaction, hydrophobic
interaction, and so on. The disjoining pressure arising from VDW interaction can be
calculated as'?

AH
6rzh’

I, [A(r,0)]=— 3)

where Ay is the Hamaker constant. And the disjoining pressure due to EDL interaction

between the oil droplet and the solid surface in brine solutions is calculated as

2¢e, K7 e+Kh+e‘Kh —(0* + &
TR Gt LS o
(e™ —e™)
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where ¢, and ¢ are the surface potential of the oil/water interface and water/solid
interface respectively, & is the vacuum permittivity, ¢ is the dielectric constant of the
medium, e is the fundamental charge and p, is the number density of ions in water.

The interaction force F(f) can be calculated by integrating both p and II(%)) over r

based on Derjaguin approximation.

F(t)=2n j:[ p(r,t) +TI(h)Jrdr (6)

152



6.3. Results and Discussion

6.3.1. Interaction between oil droplet and hydrophilic mica in 1 mM NaCl
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 in Figure 6.2. Positive values of measured force refer to repulsive force,
and negative values indicate attraction. The arrows represent the movement of the toluene
droplet during force measurement. As shown in Figure 6.2A, strong repulsion was
measured when a pure toluene droplet was driven to approach a mica surface, until a
maximal repulsion of ~ 40 nN was measured. Afterwards, the toluene droplet was
retracted from the mica surface and the repulsive force gradually decreased until a weak
attraction was measured, attributed to “hydrodynamic suction” effect. During force
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 interface and
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 length can be
calculated to be 9.6 nm, and the surface potentials of toluene/water interface can be
adopted from previous reports to be -35 + 5 mV.? The Hamaker constant for the VDW

interaction between the toluene droplet and the mica surface in water can be calculated to

be 1.36x107°J using Lifshitz theory by considering the refractive indices and dielectric

constants of toluene, mica, and water.'* The positive value suggests that the VDW
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interaction is attractive. With these parameters, the aforementioned theoretical model was
applied to fit the measured force results and also to fit the surface potential of mica. It can
be seen that the measured force results (green symbols) can be well fitted using the
theoretical model (black curve), and the surface potential of mica is fitted to be -70 + 8
mV, which is in agreement with previously reported value.’®>” Figure 6.2D shows the
calculated profile of the toluene droplet at maximum force load. The central region of the
toluene droplet is flattened due to the balance between the Laplace pressure inside the
toluene droplet and the external EDL repulsion. The thickness of the water film was
calculated to be 32.9 nm, indicating that the EDL repulsion sustained 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 (A-C) and calculated droplet profile at maximum force load (D-
F) of interaction between a toluene droplet and a hydrophilic mica surface 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
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solution with natural pH of ~5.6. The green symbols represent experiment data and the
black lines are fitting results calculated using theoretical model. The nominal velocity is 1

um/s. The radii of the droplets are 60, 50 and 48 pum for A, B and C, respectively.

The measured force results with presence of 10 mg/L and 100 mgL asphaltenes in
toluene are also shown as green symbols in Figure 6.2B and 6.2C. The interfacial tension
between 1 mM NaCl and toluene with addition of 0, 10, and 100 m/L asphaltenes was
measured to be 35.5, 34.0 and 32.0 mN/m. The theoretical model was also used to
calculate the interaction force curves (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 10 and 100 mg/L asphaltenes respectively).® The
excellent agreement between the measured force data and calculated results verified
validity of the fitted surface potential of mica, and suggested the interaction mechanism
involved could be well explained by the theoretical model. The more negative surface
potential with addition of asphaltenes was reported to be due to adsorption of asphaltenes
at the toluene/water interface, which could further strengthen the EDL repulsion between
the toluene droplet and the mica surface and sustain a thicker water film. The calculated
profiles of toluene droplets at 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 compared to that of the pure toluene. The calculated
profile of disjoining pressure of the toluene/water/mica system is also shown in Figure

6.3. It is evident that the EDL repulsion plays the critical role in sustaining water film and

155



inhibiting attachment of the toluene droplet. And increasing asphaltenes concentration in

oil droplet can strengthen the EDL repulsion and lead to thicker confined water film.
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Figure 6.3. Calculated profiles of disjoining pressure between a toluene droplet with 0

(orange), 10 (green) and 100 mg/L (blue) asphaltenes and a hydrophilic mica surface in 1

mM NacCl.

The interaction forces between 1:1 heptol (i.e. mixture of heptane and toluene) droplet

and mica surface in 1 mM NaCl with presence of 0, 10, and 100 mg/L asphaltenes were

also investigated to study the solvent effects on the interaction. Addition of heptane, a

poor solvent of asphaltenes, is expected to destabilize the asphaltenes in the oil phase and

force more asphaltenes to migrate to the oil/water interface. The interfacial tension

between water and heptol with addition of 0, 10, and 100 mg/L asphaltenes was measured

to be 40.1, 39.2 and 37.0 mN/m using drop-shape tensiometer. The fitted surface
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potential of mica was incorporated in the theoretical model to fit the measured force
results and the surface potential of heptol/water interface. In 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 to be -37 = 4 mV, which was close to
that of toluene droplet. With addition of 10 and 100 mg/L asphaltenes, the surface
potential became -60 = 5 and -92 £ 7 respectively. The change of surface potential at
heptol/water interface is slight larger than that at toluene/water interface, which can be
attributed to more asphaltenes adsorbed at the interface due 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 (A-C) and calculated droplet profile at maximum force load (D-
F) of interactions between a heptol droplet and a hydrophilic mica surface 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
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solution with natural pH of ~ 5.6. The green symbols are experiment results and the black
solid lines are fitting results calculated using theoretical model. The nominal velocity is 1

um/s. The radii of the droplets are 60, 48 and 55 pum for A, B and C, respectively.

6.3.2. Interaction between oil droplet and hydrophilic mica in 100 mM NaCl

Figure 6.5A shows measured force results between a pure toluene droplet and a
hydrophilic mica surface in 100 mM NaCl. A weak jump-in behavior, i.e. a sudden
decrease of the measured force, was detected 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, and then 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 left on 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
attachment 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 Figure 6.5A. It should be noted that the mica surface is highly hydrated in
water, and the hydrated ions have been known to cause short-ranged repulsion between
mica surfaces in water.’® 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 after observed
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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 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 and 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 um/s. The radii of the droplets are 50, 45, 55, 80 and 75 um for A ~ E,

respectively.

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

weak adhesive force of ~5 nN, indicated by the sudden jump-out behavior, was measured
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when the toluene droplet was retracted from the mica surface. When more asphaltenes
was added (100 mg/L), the force results became similar to those in Figure 6.4 and no
adhesion was measured during retraction. The effects of solvent type were also studied.
From Figure 6.5D and 6.5E, it can be seen that even addition of low concentration of
asphaltenes (10 mg/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 reported 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 slight
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 compared to toluene, even
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 successfully fitted the interaction force curve
between two toluene droplets in water with presence of asphaltenes by incorporating the
AdG model into the aforementioned theoretical model.”*** The steric repulsion in the

AdG model can be described as
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9/4 3/4
IT,.(h)= ];—ZWK%] —(%j :l for D<2L (7)
where 0 is the characteristic length, s is the mean distance between anchoring sites of the
asphaltene, T is the temperature, and k is Boltzmann constant.

Here we use the AdG model to tentatively calculate the measured force curves in
Figure 6.5E~6.5G. By using s ~ 3 nm and 6 ~ 3 nm adapted from literature,’ the
calculated force curve agreed reasonably well with the measured force curve for 100
mg/L asphaltenes in toluene, indicating the AdG model could satisfactorily describe the
steric repulsion induced by asphaltenes. Slightly larger 6 ~ 3.2 and 3.4 nm was used for
the case of 10 and 100 mg/L asphaltenes in heptol to better fit the force curves. The slight
increment in 0 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 merely the steric

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 100 mM NaCl
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 surfaces. The green squares in Figure 6.6A show the measured force
results between a pure toluene droplet and a hydrophobized mica surface in 100 mM
NaCl. A sudden and rapid jump-in 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 surface shown in Figure 6.5A. After jump-in, 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 of these phenomena suggested strong adhesion of the toluene
droplet on the hydrophobized mica surface. Since EDL interaction is highly suppressed in
100 mM NaCl and the VDW interaction is only weakly attractive to induce weak
attachment as shown in Figure 6.5A, the rapid attachment and strong adhesion between
the toluene droplet and hydrophobized mica surface are expected to be induced by the

strong hydrophobic attraction here.
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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 NaCl with natural pH ~ 5.6. The green symbols
are experiment results and the black solid lines are theoretical fitting results. The nominal
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velocity is 1 um/s. The radii of the droplets are 45, 55, 45, 42 and 44 um for A ~ E,

respectively.

A previously reported exponential equation for hydrophobic interaction potential in
asymmetric systems involving deformable surfaces (e.g. air bubble, liquid droplet) was
incorporated within the theoretical model to calculate the interaction force between a

toluene droplet and a hydrophobized mica surface, which was described as***°

W,z(h)=—y(1—cos8, )exp(—h/D,) (8)
where 6, is the static water contact angle on the surface in oil, and Dy is the
characteristic decay length. And hence the disjoining pressure due to hydrophobic
interaction can be calculated as

IT,,(h)=—y(1—cos8,)/ D, exp(=h/ D,,) 9)
Here, the water contact angle on hydrophobized mica surface in toluene was measured to
be ~120° using a goniometer and the characteristic length Dy was adapted from previous
reports to be 1 nm. The calculated force curve was found to agree quite well with the
measured force data, confirming the determining role of hydrophobic interaction in
attachment of toluene droplet.

The impacts of asphaltenes on the interactions between oil droplets and
hydrophobized mica surfaces were shown in Figure 6.6B~6.6E. With addition of 10 and
100 mg/L asphaltenes, both force curves in Figure 6.6B and 6.6C showed sudden jump-in
behaviors when the force reached about 1.5 nN, similar to that in Figure 6.6A. The

calculated force curves using theoretical model incorporating impacts of hydrophobic
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interaction were in good agreement with measured force results. In previous sections,
asphaltenes was found to lead to steric repulsion to inhibit attachment of toluene droplet
onto hydrophilic mica surface in 100 mM NaCl. However, the similarity between the
force curves with and without asphaltenes in toluene shown in Figure 6.6A~6.6C
indicates the hydrophobic attraction dominates over the other surface forces, and induces
oil droplet attachment on hydrophobized mica surfaces. Figures 6.6D and 6.6E show the
interaction of heptol droplets with addition of 10 and 100 mg/L asphaltenes. It was
interesting to note that weak jump-in was first detected after a slight repulsion, and a
second severe jump-in were measured after a second linear increment of interaction force.
This double jump-in behavior might be due to the steric hindrance of more asphaltenes
and asphaltenes aggregates at the heptol/water interface. It is known that asphaltenes can
form more aggregates in presence of heptane, leading to stronger steric hindrance.
Therefore, when the heptol droplet approaches the surface, the hydrophobic asphaltene
aggregates may first attach to the surface, corresponding to the first jump-in. The
attached asphaltenes aggregates can provide some steric repulsion preventing further
approach of heptol droplet, leading to the increase of interaction force after the first
jump-in. Thereafter, the heptol droplet is further compressed towards the surface, and the
hydrophobic attraction finally triggers full attachment of the heptol droplet on the

hydrophobized mica surface.
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6.4. Conclusion

In this work, the interaction mechanism between model oil droplets (i.e. toluene
and heptol) and mica surfaces in presence of asphaltenes was investigated using droplet
probe AFM, implicating the wetting mechanisms of oil on solid surfaces in presence of
adsorbed asphaltenes at oil/water interface. A theoretical model based on the Reynolds
lubrication theory and Young-Laplace equation with consideration of the influence of
disjoining pressure due to surface forces was applied to analyze the measured AFM force
results. The results between pure oil droplets and bare hydrophilic mica surfaces can be
well described by the classical DLVO theory. Adsorption of asphaltenes at oil/water
interface was found to result in more negative surface potential of oil droplet and also
induce steric repulsion, both of which contributed to a stable water film between oil
droplets and hydrophilic mica surfaces, inhibiting oil droplet attachment in water with
both low and high salinity. Addition of heptane leads to more adsorption of asphaltenes at
the interface and strengthens the EDL repulsion and steric repulsion. Attractive
hydrophobic interaction between oil droplet and hydrophobized mica surface can
overcome the steric hindrance due to interfacial asphaltenes, and induce strong
attachment and adhesion of oil droplet. Our results provided nanomechanical insights into
the impacts of asphaltenes on the interaction mechanisms between oil droplets and solid
surfaces, which can further explain the wetting mechanisms of oil/water/solid systems in

oil production and water treatment.
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Chapter 7 Conclusions and Future Work

7.1. Major conclusions

In this study, novel droplet probe AFM technique and theoretical model based on
Reynolds lubrication theory and the augmented Young-Laplace equation were developed
and applied to directly measure the interaction mechanisms involving deformable
droplets and air bubbles, with significant implication in many engineering processes. The
droplet probe AFM was coupled with RICM, for the first time, to measure the interaction
forces between air bubbles and mica surfaces of different hydrophobicity and
synchronously visualize spatiotemporal evolution of the thin drainage process during the
interactions. The interaction force and thin film drainage results measured by AFM-
RICM were in perfect agreement with the theoretical model, indicating the essential
physics behind the interaction between air bubble and solid surfaces could be elucidated.
A stable thin water film was found to be sustained by repulsive VDW interaction between
air bubble and hydrophilic mica surface, while air bubble attachment was observed on
hydrophobized mica surfaces with water contact angle 6, = 45° and 90° in 0.5 M NaCl.
The attachment of the air bubble under various dynamic conditions was found to be
quantitatively predicted by the theoretical model incorporating an exponential equation
with the form of Wy(h) = —y (1- cos68,) exp(—h/Dy) for the hydrophobic interaction in the
air/water/hydrophobized mica system. The decay length Dy was fitted to be ~1 nm, equal
to the reported value for solid hydrophobic systems.

The droplet probe AFM technique was applied to directly measure interaction

between oil droplets in aqueous solutions in presence of asphaltenes, corresponding to the
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stabilization mechanisms of O/W emulsions due to adsorption of asphaltenes at oil/water
interface. Analyzed using the theoretical model, the AFM force results demonstrated that
the interaction and surface forces between two pure oil droplets can well described by the
DLVO theory. For oil droplets with adsorbed asphaltenes at oil/water interface, however,
additional steric force should be added in the overall surface force to describe the
measured force results. The coalescence behavior of oil droplets is largely determined by
salt concentration, pH, ion type, and asphaltenes concentration. The surface potential of
oil droplets was found to be more negative with adsorbed asphaltenes, which effectively
strengthened the EDL repulsion between the oil droplets and inhibited oil droplet
coalescence. Both of the enhanced EDL repulsion and the steric repulsion contributed to
the stabilization of the O/W emulsions. Less negative surface potential and weaker EDL
repulsion were measured at lower pH. Coalescence between oil droplets was found in
presence of divalent ions (e.g. Ca®"), which could be due to the bridging interaction
between the divalent ions and the carboxyl groups on asphaltenes.

Measured force results between water droplets in oil demonstrated the important role
of asphaltenes in stabilizing W/O emulsions. Without interfacial asphaltenes, the pure
water droplets could readily coalesce with each other, exhibiting slight repulsion due
hydrodynamic interaction. Adsorption of asphaltenes at the oil/water interface induced
strong steric repulsion between water droplets, effectively inhibiting droplet coalescence
and stabilizing the emulsion. Lateral shearing between water droplets was revealed to
disrupt the protective effect of the interfacial asphaltenes layer leading to coalescence
between water droplets. Moreover, interfacial adhesion was measured between water

droplets during separation, which was most likely attributed to the aggregation and
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bridging interaction between interfacial asphaltene molecules. The magnitude of the
measured adhesion initially strengthened with increasing asphaltenes concentration, but
drastically decreases after the asphaltenes concentration exceeded a certain value (near
CNAC). Adding poor solvent like heptane was found to promote the adhesion when
asphaltenes concentration was low, but the opposite trend was found at high asphaltenes
concentration. Force results between water droplets with adsorbed asphaltenes in heptane
showed strong solvophobic attraction during approach and could readily coalescence.
Interaction results between oil droplets (i.e. toluene and heptol) and mica surfaces
measured using droplet probe AFM demonstrated that surface forces between pure oil
droplets and bare mica surfaces can be explained by the DLVO theory. Interfacially
adsorbed asphaltenes resulted in more negative surface potential of oil droplets and
induced steric repulsion, supporting water films between oil droplet and mica surface and
inhibiting oil droplet attachment. More negative surface potential was found with
addition of poor solvent heptane. Hydrophobic attraction was found to dominate over the

steric hindrance of asphaltenes and induce oil droplet attachment.

7.2. Original contributions

This work provided the first feasible method for direct synchronous and quantitative
measurement of interaction force and thin film drainage process between an air bubble
and solid surfaces. This method together with the theoretical model contributed to the
understanding of the intrinsic physics behind the interaction between deformable droplets

and solid surfaces. The experiment on the interaction between air bubbles and mica
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surface with varying hydrophobicity demonstrated the hydrophobic attraction within the
system, and an exponential form of hydrophobic attraction was proposed for the first time

for the asymmetric air/water/solid systems.

Application of the droplet probe AFM in the interaction of emulsion droplets (i.e. oil
droplets in water and water droplets in oil) in presence of asphaltenes provided important
contribution to uncovering the molecular interaction mechanisms of asphaltenes at the
real oil/water interfaces and the stabilization mechanisms of O/W and W/O due to
asphaltenes, which could not be achieved conventional techniques. The results of oil
droplets in oil revealed that more asphaltenes changed the surface potential of oil droplets
to be more negative and asphaltenes induced steric repulsion at oil/water interfaces. The
stability of oil droplets was found to be influenced by asphaltenes concentration and
water chemistry. Force results between water droplets in oil with adsorbed asphaltenes at
oil/water interface demonstrated that the asphaltenes not only stabilized the water
droplets, but also led to strong interfacial adhesion between droplets. This adhesion was
found to vary in a wide range depending on the asphaltenes concentration, aging time and
solvent type. Lateral shearing was also demonstrated to be a possible method to
destabilize the water droplets. Measurements between oil droplets and mica surface in
water showed that the asphaltenes could prevent oil droplet attachment on hydrophilic
mica surface by strengthening the EDL repulsion and inducing steric repulsion, but
hydrophobic attraction strong attracted oil droplet to attach onto the hydrophobized mica

surfaces.
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Our work applied the unique droplet probe AFM to understand the interaction
mechanisms involving deformable droplets and air bubbles, and contributed to the
understanding of the molecular interaction mechanisms of asphaltenes at the real
oil/water interface, which was not feasible for other conventional techniques. The novel
experiment technique developed in this work can also be applied to many other industrial

or scientific systems to understand their inherent interaction mechanisms.

7.3. Suggestions for future work

(1) The hydrophobic interaction of deformable oil droplets and air bubbles can be more
explored. It is recommended that interaction between air bubbles and much more
hydrophobic surfaces, including hydrophobic polymers (e.g. polystyrene, poly(methyl
methacrylate)), self-assembled monolayers (e.g. thiols in gold surface) be investigated.
More parameters like salt concentrations, ion types, pH, and temperature can be studied
to fully understand the hydrophobic interaction within the systems.

(2) To better elucidate the stabilization mechanisms of real O/W emulsion, experiments
of interaction between real emulsion droplets are recommended. Moreover, more salt
concentration and ion types can be studied. And the effects high asphaltenes
concentration can also be an interesting topic.

(3) For the interaction between water droplets in oil, the impacts water chemistry, such as
ion effects and pH, should be further investigated. Fine solid particles can also be added
into the emulsion systems to study its synergistic effects with asphaltenes. Moreover,

sub-fractions of asphaltenes can be individually studied to understand their unique
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impacts on stabilization on the W/O emulsions. Finally, the impacts of other components
from crude oil products, such as resin, naphthenic acids, can also be further studied.

(4) With all the stabilization mechanisms understood, novel techniques to destabilize the
emulsions with asphaltenes can be developed. And the mechanisms of the destabilizer

can be directly studied using the same technique.
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