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Abstract

Interfacial interactions among solid particles, gas bubbles and liquid drops play a
critical role in numerous interfacial phenomena and biophysical and industrial processes,
such as drug and gene delivery in biological systems, froth flotation and oil/water
separation in mining and oil extraction industry. Polymers, asphaltenes, bitumen, gas
bubbles, and liquid droplets are commonly involved in numerous engineering processes.
It is of both fundamental and practical importance to characterize the interfacial
interaction mechanisms of these species underlying the relevant industrial processes. In
this thesis, the surface forces among bubbles, hydrophobic polymers, asphaltenes and
bitumen in complex aqueous media have been directly quantified to reveal their

interaction mechanisms.

Polystyrene (PS) of different molecular weights have been used as model
hydrophobic polymers, and their interactions with air bubbles and oil droplets in aqueous
solutions have been investigated using the bubble probe atomic force microscope (AFM)
technique. The measured forces were analyzed by a theoretical model based on Reynolds
lubrication theory and augmented Young—Laplace equation by including the influence of
disjoining pressure. Despite the surfaces of PS of different molecular weights showing
similar hydrophobicity (i.e., water contact angle in the air), differences were detected in
the strength of their hydrophobic (HB) interactions with air bubbles and oil droplets. It is
found that molecular chain mobility plays an important role in surface hydrophobic
interactions and surface hydrophobicity. It is also found that the hydrophobic interactions
between PS and air bubbles or oil drops can be significantly suppressed due to the

presence of surface-active species such as surfactants in the aqueous solutions.
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The surface forces of air bubbles, asphaltenes and asphaltenes-toluene droplets in
various aqueous solutions have been quantified using an integrated thin film drainage
apparatus and bubble probe AFM. The effects of asphaltenes concentration, pH, salinity,
presence of Ca®" and surfactants have been investigated. In solutions of high salinity (i.e.,
100 mM NaCl), the HB interaction plays a critical role in the attachment of air bubbles
and asphaltenes surfaces or oil droplets, by overcoming the repulsive van der Waals
forces (VDW) and electrical double layer (EDL) interactions. Increasing the asphaltenes
concentration in oil droplets enhances their HB attraction with bubbles due to
strengthened asphaltenes adsorption and their aggregation at the interface of aqueous and
oil media. Increasing aqueous solution pH weakens the HB interaction as the asphaltenes-
toluene surfaces become more negatively charged and less hydrophobic under higher pH.
Under low salinity conditions (i.e., 1 mM NaCl), the strong repulsive EDL and VDW
interactions inhibit the bubble-oil droplet contact. Introducing Ca** ions and surfactants
leads to strong steric repulsion, preventing the contact of bubbles and asphaltene-oil

droplets.

The interaction forces between air bubbles and various bitumen surfaces in complex
aqueous media have also been systematically measured. AFM imaging results show that
the bitumen surfaces become rougher in aqueous solutions of high NaCl and CaCl;
concentrations and a strongly alkaline environment. Surface force measurements
demonstrate the impact of ionic strength, solution pH and presence of surfactants on the
bubble-bitumen interaction and attachment. In solutions of low salinity, the EDL
repulsion dominates the bubble-bitumen interaction and prevents the bubbles from

attaching to the bitumen surfaces, and such effects are further enhanced with increasing
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solution pH. Under high salinity conditions, the EDL interactions are significantly
suppressed, and the HB interaction overcomes the VDW repulsion, leading to the bubble-
bitumen attachment. Increasing the solution pH weakens the bubble-bitumen HB
attraction interaction. It is also found that the apparent HB interaction can be
strengthened with the addition of calcium ions, contributing to the bubble-bitumen
attachment. Interestingly, the addition of a small amount of surfactants to the aqueous
solutions suppresses the bubble-bitumen attachment, due to the weakened hydrophobic

interaction and interfacial steric interaction, even under high salinity conditions.

This thesis work has advanced the fundamental understanding of surface interaction
mechanisms among bubbles, hydrophobic polymers, asphaltenes, bitumen, and oil
droplets in complex aqueous solutions at the nanoscale. The results offer useful insights
on how to effectively modulate such interfacial interactions in oil production, water

treatment and other interfacial processes.
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CHAPTER 1. Introduction

1.1 Background

The colloidal interactions among bubbles, oil droplets, polymers, asphaltenes and bitumen
in aqueous media play important roles in many engineering processes such as mineral flotation,
bitumen extraction, oil/water separation, and wastewater treatment. Over the past few decades,
much effort has been devoted to investigating the physicochemical characteristics and interaction
behaviors of bubbles, oil droplets, polymers, asphaltenes and bitumen, which advanced the
knowledge to improve the controllability and performance of relevant engineering processes.

Nevertheless, there are still some challenging problems that remain to be solved.

Despite the petroleum industry’s significant technological developments for more than a
century, oil production processes still present challenging issues. For example, bitumen is
liberated and extracted from oil sands by 1) using warm water and then, through flotation and
froth treatment processes, achieving oil/water/solid separation in surface mining operation; or 2)
using high-temperature steam via in situ extraction (e.g., steam-assisted gravity drainage (SAGD)
recovery).!” During these extraction processes, one of the most common issues is the fouling of
organic and inorganic species on pipelines and other equipment. Such fouling issues can reduce
the efficiency of the production process and increase maintenance costs. Additionally, the
formation of stable oil-water emulsions causes problems during oil production, transportation,
and processing. Stable oil-water emulsions pose significant challenges in various stages of oil
production, including oil/water separation, process water cleaning, and tailings water treatment.
The presence of saline water in crude oil generally leads to corrosion, fouling, and other

operational issues in refining and processing equipment. Stable water-in-oil emulsions also



impact the quality of the final oil product. Inefficient separation of oil and water can lead to

environmental contamination and health hazards.

These challenging interfacial phenomena are mainly driven and influenced by the
molecular/surface forces of the various objects (e.g., different molecules, emulsion drops, and
mineral particles) interacting at the oil/water/solid/gas interfaces in the relevant petroleum
operations (Figure 1.1). Thus, characterizing and quantifying the intermolecular and surface
forces involved are critical for a complete understanding of these challenging interfacial issues
and of the underlying interfacial interaction mechanisms, which can facilitate the development of

new materials, effective chemicals, and improved technologies to solve these challenges in

relevant engineering processes.
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Figure 1.1. Schematic illustration of different interactions among various components (e.g.,

emulsion drops, mineral solids, gas bubbles, and chemical additives) at the water/oil/solid/gas



interfaces in selected petroleum operations (e.g., oil extraction, emulsion treatment, fouling and

antifouling phenomena, and water treatment).

1.1.1 Air bubble

Gas bubbles widely exist in nature and numerous industrial processes. The
physicochemical characteristics of bubbles such as large specific surface area, low density, and
hydrophobicity make them an ideal platform for developing colloidal and interfacial
technologies. Over the past century, much effort has been devoted to investigating the physical
and chemical characteristics of bubbles and the intermolecular and surface interactions involved
in bubble-containing systems. Many practical bubble-based technologies (BBTs) such as air
flotation have been developed and applied in engineering, biomedical, and material fields. The
physical characteristics and behaviors of bubbles play a key role in various BBTs. Firstly, the
bubble size could impact the characteristics, interaction behaviors, and lifetime of bubbles.
Different sizes and the related lifetime of the bubbles in liquid phase are summarized in Figure
1.2a. The macro bubble rise rapidly toward the liquid surface and burst to be the short lifetime
due to the buoyancy force and relatively low gas dissolution rate. With the features of rapidly
floating speed and not bring other impurities, the macro bubbles are commonly used in

fermenters, gas-liquid reactors, and ore-flotation equipment.* The pressure difference Ap

between gas phase of a bubble and bulk liquid phase is inversely related to the bubble size, as

given by the Young-Laplace equation.’

Ap=p,—p =— (1.1)



where p, and p, are the pressures of interior and exterior parts of the bubble, respectively, y is

surface tension of the liquid phase (usually water), and R is the radius of bubble.

For the micro bubbles and nanobubbles (NBs), the effect of buoyancy force is not very
significant, so their velocity in bulk liquid phase is generally slow. However, the high interior
pressure of these small bubbles contributes to a fast gas dissolution rate, which can cause them to
shrink and collapse in the bulk liquid phase.’® But some studies showed the nanobubbles could
exhibit ultra-long lifetime that could be up to one month in certain cases on the solid surface and
in bulk aqueous media.”° There are some hypotheses proposed to explain the reasons, the most
accepted opinion is that the adsorbed contaminants or surface-active species lower the Laplace
pressure and stable the bubbles.”> 111

The surface properties of bubbles dominate their behaviors in fluid media and play a key
role in practical applications. One of the most important properties of bubbles is surface
hydrophobicity. That is because the gas phase in bubbles is incapable of forming hydrogen bonds
with water molecules at the surface, and the water molecules near the bubble surface are prone to
reorientate and reconstruct an ordered structure with many dangling hydroxyl groups (—OH)
pointing at the bubble surface, as illustrated in Figure 1.2(b). Recently, nonlinear optical
technologies such as sum-frequency generation (SFG) spectroscopy have demonstrated the
existence of dangling —OH groups and ordered hydrogen bond networks near air bubble surfaces.
This provides direct experimental evidence to support theoretical studies and has improved our
understanding of the origin of bubble hydrophobicity.!%!? The hydrophobicity allows bubbles to

interact with other objects through hydrophobic (HB) interaction and perform specific tasks in

various engineering applications.'?



Another important property of the air bubbles is their surface charge, as shown in Figure
1.2(c), As mentioned above, the ordered water layers near bubble surfaces have many dangling —
OH groups, of which the charges pointing toward bubble surfaces are more likely negative,
therefore, the dipole moments of water molecules in the vicinity of bubbles could contribute to
their surface charges. Many previous studies proposed that the surface charges of bubbles might
arise from adsorption of OH" ions.!* The OH- ions arising from dissociation of water molecules
prefer to adsorb on bubble surfaces due to their small radius and high polarity. The charge
property of bubble is usually characterized by zeta potential, which is defined as the electrical
potential at slipping plane in the electric double layer (EDL) structure.'* According to the
classical Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, the zeta potential of bubble has
important influences on the bubble stability and interactions between bubbles and other objects,
playing a key role in many industrial processes, including flotation, bitumen extraction, and

wastewater treatment.!>10
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Figure 1.2. Schematics of (a) the relationship between size and lifetime of bubbles [Reproduced
and adapted with permission from T. Temesgen et al., Adv. Colloid Interface Sci. 246, 40-51
(2017).5 Copyright 2017 Elsevier], (b) the possible origin of hydrophobicity of bubble surface,

and (c) possible origins of surface charges of bubbles in water.

1.1.2 Hydrophobic Interactions

As motioned above, the hydrophobic nature of air bubbles allows them to attach to other

hydrophobic species in various engineering applications. Hydrophobic interaction plays an



important role in many industrial processes, biological and technological systems. Understanding
the fundamental hydrophobic interaction mechanisms provides potential approaches for
modulating relevant interfacial interactions in a variety of engineering applications.!”"” Much
effort has been devoted to investigating the surface forces between bubbles and other objects
(e.g., another bubble, oil droplet, particle, or flat surface). With the invention of atomic force
microscope (AFM) in 1986, different AFM techniques such as the colloidal probe AFM and
bubble probe AFM have been developed for quantifying colloidal forces.’® Due to the
hydrophobic nature of bubbles, bubble probe AFM is a powerful and ideal technique for
investigating the fundamental hydrophobic interaction mechanism. By measuring the forces
between bubbles and chemical-modified surfaces (e.g., mica, silica, and gold substrate), the
effects of solution salinity, surface micro-/nano-structure, and molecular-level heterogeneity of
surface hydrophobicity on the hydrophobic interaction have been investigated. By using this
technique, previous studies have systematically investigated the effects of surface-active
impurities,?! electrolytes,”> pH,?* and hydrodynamic conditions** on the interaction behaviors of
bubbles (e.g., deformation, coalescence) in complex aqueous environment. These studies showed
that varying the solution conditions could generally change the surface mobility of bubbles and

consequently affect their stability and the related hydrophobic interaction.

Surface functionalization has been widely applied to modify the surface properties of
different materials in many engineering applications, thus the hydrophobic interaction between
bubbles and these functionalized surfaces could be modulated. For example, chemical reagents
such as activators, collectors, and depressants have been widely used by the mining industry to
modify the surface hydrophobicity of selected mineral surfaces. It is noted that previous studies

have showed that the strength of HB interaction between air bubbles and hydrophobic surfaces



does not always follow a monotonic correlation with the surface hydrophobicity (i.e., water
contact angle), and tuning the surface nanoscale structures (e.g., surface chemistry, heterogeneity,

molecular mobility) provides a facile approach to modulate the HB interactions.

Polymers, especially hydrophobic polymer, are widely applied in various engineering and
bioengineering applications. However, the quantitative characterizations of the interactions
between air bubbles or oil droplets and hydrophobic polymers remain limited. Understanding the
interactions between hydrophobic polymers and deformable objects (e.g., gas bubbles, oil
droplets) and characterizing the effects of water chemistry, molecular weight of hydrophobic
polymers, and the presence of surfactant additives, is of both fundamental and practical

importance.

1.1.3 Emulsion treatment

Water-in-oil, oil-in-water, and even more complex (e.g., water-in-oil-in-water, oil-in-
water-in-oil) emulsions commonly exist in various petroleum production processes. Stable
emulsions are generally undesired in the petroleum industry, as they can cause technical
challenges such as difficulty separating oil and water, fouling, and corrosion issues (due to the
presence of ions such as Cl7). Understanding the interaction mechanisms of the emulsions in
petroleum production is of great importance for developing effective approaches for
demulsification and enhancing oil/water separation. Direct quantification of the
molecular/surface forces of the different objects involved in the emulsion interactions in
petroleum engineering has long been experimentally difficult, particularly at the molecular or

nanoscopic scale, and could not be achieved until advances were made in nanomechanical



technologies such as the surface forces apparatus (SFA) and AFM. The experimental difficulties
were mainly due to the complex chemical composition of crude oil, as well as the highly
deformable oil/water interfaces of the emulsions; it was very challenging to experimentally
correlate the forces, deformation of surfaces, and separation distance during emulsion
interactions. The development of the bubble/drop probe AFM technique and its coupling with
reflection interference contrast microscopy (RICM) have made it experimentally feasible to
simultaneously probe surface forces with better than nanonewton-scale resolution and measure
the spatiotemporal evolution (i.e., drainage dynamics) of confined thin liquid films down to
nanometer-scale thickness for the interactions of highly deformable emulsion drops and bubbles.
In this section, we provide some examples from our previous studies to show how the forces
involved in emulsion interactions can be quantified using the relevant nanomechanical

technologies.

1.1.4 Surface-active species

The stabilization and destabilization of emulsions in petroleum production are highly
relevant to the adsorption of interface-active species (e.g., natural surfactants, asphaltenes, and
fine solids) to oil/water interfaces resulted in a rigid interfacial film, which can significantly
change the interfacial properties (e.g., interfacial tension and interfacial rheology) and influence
the surface interactions of emulsion droplets. Which can cause many challenging issues such as
fouling phenomena and environmental concerns. Thus, characterizing the interaction forces
involved in the phenomena relevant to fouling/antifouling issues and water treatment is of great

significance.



The presence of surface-active species has great influence on the zeta potential of droplets.
Surface-active species prefer to adsorb on droplets surfaces, while their charged head groups
usually stay in aqueous phase and thus change the zeta potential of droplets.?> The adsorption of
negatively charged surface-active species generally makes the zeta optional of droplets more
negative; while the adsorption of positively charged surface-active species would cause an
opposite influence. Surface-active species can also modify the surface properties of other objects.
For example, polymer adsorption on mineral surfaces has been found to significantly affect
bubble-mineral interaction and attachment, which may suppress the gas flotation of mineral

particles adsorbed with hydrophilic polymers.

Asphaltenes are commonly accepted as a typical interface-active species that contributes to
the stabilization of emulsions in petroleum production. The drop probe AFM technique was used
to determine the interaction forces between two oil droplets and between two water-in-oil
droplets with and without asphaltenes in different aqueous solutions. The strong steric repulsive
force arising from the asphaltene films adsorbed at the oil/water interface could efficiently
suppress the coalescence behavior. To better understand the emulsion interactions, the
intermolecular interactions among the interface-active species (i.e., asphaltenes) at the oil/water
interfaces were also directly quantified using an SFA, and it found that the asphaltene
molecules/nanoaggregates had a stronger tendency to be in a swelling conformation in a
relatively good solvent (i.e., heptol with higher toluene fractions), which led to increased steric
repulsion between the opposing swelling asphaltene surfaces.?® In order to gain a comprehensive
understanding of emulsion interactions in petroleum production processes, it is crucial to
characterize the effects of various factors such as solution salinity, pH, type of ions, as well as

asphaltenes concentration and other interface-active compounds on these surface interactions.

10



1.1.5 Bitumen extraction

Depending on the geological conditions of the oil reservoirs and oil properties (e.g., light,
medium, or heavy oil), oil is extracted or recovered by the petroleum industry using various
methods. The oil sands industry has been extracting and producing bitumen by either using open-
pit mining technology for reserves up to 75 m deep—which consists of large-scale excavation,
crushing, mixing with warm water, hydro transport (liberation), flotation, and froth treatment
processes—or using in situ extraction methods such as the SAGD recovery method by injecting
high-temperature steam into oil sands deposits (mostly more than 200 m deep). As the warm-
water-based open-pit mining method results in challenging tailings water issues, the oil industry
has also explored the feasibility of other extraction technologies, such as non-aqueous extraction
methods involving organic solvents. In the water-based bitumen extraction processes, the
interactions among bitumen, mineral solids, air bubbles, and the surrounding fluid media (i.e.,
water and organic solvents) significantly determine the efficiency of the abovementioned large-
scale industrial interfacial processes. Thus, quantifying these interaction forces and
understanding the underlying interfacial interaction mechanisms are of both fundamental and
practical importance in developing more efficient and controllable oil-extraction processes and

technologies.

During bitumen aeration, or the so-called bitumen flotation process, liberated bitumen is
aerated to float to the upper region of the fluid, which is a very important step for collecting the
bitumen product and determining the bitumen recovery and product quality.? Hence, it is very
important to determine the interaction mechanisms among the air bubbles and bitumen under
various solution conditions and investigate the effects of environmental conditions. Over the past

11



few years, several studies have characterized the interaction forces involving bitumen,
asphaltenes, solid surfaces, and gas bubbles using SFA and AFM techniques.?’”?® These
quantitative measurements found that the interaction forces are strongly dependent on the

solution conditions (e.g., pH, salt type, and salinity in aqueous media) and organic solvent.?*2

1.2 Surface force measurements

Several nanomechanical tools have been developed for measuring intermolecular and
surface forces, such as the surface forces apparatus (SFA),*-7 [4-8], the atomic force
microscope (AFM),*” optical tweezer (OT),** the osmotic stress device,*’ and the force
balance.*! Among these techniques, the SFA and AFM have been widely applied to measure the
interaction forces of various molecules, particles, emulsion drops, gas bubbles, and substrates in
complex fluids from the molecular level to the nano- and micro-scales.? 2% 4*® Many studies
have contributed to the quantification of interaction forces among different species in crude oil,
such as asphaltenes, mineral particles, bitumen, air bubbles, and chemical additives (e.g.,
flocculants and antifoulants).? 3! 4> In this chapter, we briefly review the basics of the typical
interaction forces affecting different objects during oil production processes, the working
principles of two commonly used nanomechanical tools (i.e., SFA and AFM), and how we can
apply these nanomechanical tools to directly probe the interfacial forces in selected petroleum

production processes.
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1.2.1. Surface forces apparatus (SFA)

Since the classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory was reported in
the 1940s for describing the stability of colloids, many nanomechanical techniques have been
developed and widely applied to measure the molecular and surface forces of different
components, such as the SFA, AFM, and OT.*>337 The SFA technique was pioneered by Tabor,
Winterton, and Israelachvili in the late 1960s to early 1970s and was then modified and
significantly advanced by Israelachvili. Since the 1970s, Israelachvili and coworkers have
applied the SFA technique to quantify the physical forces (both normal and lateral forces) of a
wide range of materials and biological systems in vapors and complex fluid media.?>-36 42 38
Many non-covalent interactions (e.g., van der Waals (VDW), electrical double layer (EDL),
hydration, hydrophobic, cation-rt, and anion-m interactions) were first experimentally quantified
by using the SFA technique. 333 332333861 Figyre 1.3 provides an illustration of the setup for
surface force measurements between two curved surfaces using the SFA, which are mounted in a
crossed-cylinder configuration.®? A picture of an SFA2000 chamber is shown in Figure 1.3(a).
The SFA can be used to directly quantify the forces of two interacting surfaces in vapors, organic
media, or aqueous solution media that are correlated to the absolute separation distance.%® This
tool is particularly important for measuring the interaction forces of soft materials such as
biopolymers, polymers, surfactants, and petroleum materials (e.g., asphaltenes and bitumen). In
SFA measurements, the absolute separation distance and the surface deformation are determined
through an optical technique called multiple beam interferometry (MBI) by monitoring the
wavelength shifts of the fringes of equal chromatic order (FECO), as shown in Figures 1.3(b)
and (c), which is generally difficult to achieve using other force measurement techniques.®** The

normal forces are determined using Hooke’s law by monitoring the spring deflection based on
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the difference between the driven distance and the actual surface-surface separation change, as
monitored using the FECO patterns. Taking asphaltenes as an example, the SFA can be used to
measure the interactions between two asphaltene layers; between an asphaltene layer and a solid
substrate surface or different coatings; or the interaction force changes between two substrate
surfaces associated with the dynamic adsorption of asphaltenes from a solution medium, as
illustrated in Figure 1.3(d). Such experimental configurations can be directly adopted to measure

the forces of other substances (e.g., surfactants, polymers, bitumen, and nanoparticles).
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Figure 1.3. Illustration of the setup for surface force measurements between two curved surfaces
using the SFA. (a) Picture of a SFA2000 chamber. (b) Typical picture of the FECO fringes
obtained using MBI, corresponding to the interaction position when two curved surfaces are in
contact. (c) Schematic of the sample alignment and light path in a typical SFA measurement. (d)
Four commonly used experimental configurations for quantifying the forces of: asphaltenes
versus asphaltenes (asphaltenes are used as a model material for illustration); asphaltenes versus
a solid substrate; asphaltenes versus a coating; and two solid surfaces associated with the

dynamic adsorption of asphaltenes. Reproduced from Ref. %, with permission.
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1.2.2. Atomic force microscope (AFM)

AFM is another powerful nanomechanical tool that has been widely used for characterizing
the nanoscopic surface topographic features of various materials and for measuring the molecular
and surface forces in vapors or complex fluid media.>” % Figure 1.4 provides an illustration of
the working principles of the AFM. Various AFM probes have been used for imaging and force
measurements, including: a sharp tip, a colloid probe made by gluing a colloidal particle to a
tipless cantilever, and bubble and drop probes made by attaching a gas bubble or liquid droplet to
a tipless cantilever, as shown in Figure 1.4.4-46:675> The colloid probe enables the surface force
measurements of various particle materials (e.g., minerals, polymers, and cells). Furthermore, the
more recently developed bubble/drop probe techniques allow researchers to directly quantify the
interaction forces of highly deformable objects such as water-in-oil or oil-in-water emulsions and
the gas bubbles commonly present in petroleum production and other engineering processes.
Recently, Zeng and coworkers coupled the colloid/drop/bubble probe AFM technique with
reflective interferometry, achieving simultaneous measurements of surface forces and monitoring
of the nanoscopic spatiotemporal evolution of the confined thin liquid film of bubbles, drops,
colloids, and substrates.”” 7 When measuring the forces using an AFM, a sharp AFM tip or a
colloid/bubble/drop probe is placed on top of the desired sample and is then driven to approach
the sample until the cantilever reaches a desired deflection with a selected contact time. The
cantilever is then driven to move away from the sample to finish the approaching-separation
force measurement cycle.””””® The interaction forces are determined based on Hooke’s law by
monitoring the deformation of the AFM cantilever (acting as a force spring), using a quartered

photodiode to detect the laser reflection from the back side of the cantilever (Figure 1.4).”°
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Figure 1.4. (a) Schematic of a typical experiment setup for imaging surface topography at the
nanoscale or for force measurements using a sharp nano tip with an AFM. (b) Three commonly

used AFM probes. Reproduced from Ref. 79 with permission.

1.3 Theoretical model

Force-distance profiles obtained from experimental measurements using nanomechanical
tools generally need to be theoretically analyzed through colloidal interaction models, which
provide useful information on the properties of the interacting materials and their interaction
mechanisms. In a typical petroleum production process, many interaction forces—such as the
VDW, EDL, and hydrophobic interactions—can influence the interaction behaviors of the
different components involved.?® VDW and EDL interactions are generally depicted by the

classical Derjaguin-Landau—Verwey—Overbeek (DLVO) theory,’! which has been widely
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applied to analyze many colloidal and interfacial phenomena such as stability of colloidal
suspensions. VDW forces are widely present in various materials and engineering systems, and
the VDW forces of macroscopic objects of different geometries can be derived using the
Hamaker approach or, more rigorously, using the Lifshitz theory.?* 8! For the VDW interactions
of two planar surfaces, the VDW force per unit area (also known as the VDW disjoining pressure)
is given by Eq. (1.2), where An is the so-called Hamaker constant for two objects in a
surrounding medium (e.g., an aqueous solution) and h is their separation distance.

A
H“"W_ 6rzh’ (r,t) (1-2)

Another important interaction is the EDL force, which is strongly dependent on the salinity,
pH, ion type, pH of the aqueous media, and surface charge properties of the interacting objects.
For material systems of different geometries, the equations for the EDL interactions are in
different mathematical forms.®>8' The EDL forces of two parallel flat surfaces per unit area are
given by Eq. (1.3) and (1.4) for the constant potential and constant charge cases, respectively,””
81 where « is the inverse Debye length, & is the vacuum permittivity, € is the dielectric constant
of the aqueous solution, @1 and @ are the respective surface potentials of materials 1 and 2, and
o1 and o, are the respective surface charge densities of materials 1 and 2.3! For the interactions of
two curved surfaces, the VDW and EDL interactions are related to the interaction energy of two

parallel planar surfaces through the Derjaguin approximation.®’- 8!

28081(2 |:(e+r<h +e—rch)¢1¢2 _(¢12 +¢22 )J

( o _ ol )2

HEDL =

(constant potential case) (1.3)

2
[1,,, =—l[o,0,e™ +(c] +07)e™"] (constant charge case) (1.4)
£y
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For a symmetric configuration, the two surfaces are of the same material, and the above two

equations can be simplified to Eq. (1.5) and (1.6), respectively.

B 2e,6K°¢° [(e*"h +e)- 2}

EDL (e+1ch _ e—Kh )2

(constant potential case) (1.5)

20_26—1(11

[1,,, = [1 + 2e"“h} (constant charge case) (1.6)

&€

In the early 1980s, Israelachvili and Pashley experimentally quantified the hydrophobic
interactions of two hydrophobic surfaces in aqueous media via the self-assembly of two
surfactant monolayers using an SFA.>® In this work, the correlation between the hydrophobic
interaction force per unit surface area and the separation distance was proposed to be exponential,
given by Eq. (1.7) for two parallel planes, where Co is a constant (unit: N-m!) relevant to the
surface wettability of the objects, and Dy is the decay length of hydrophobic (HB) interaction.

__G _h(r.1)
I, = 2ﬂDoeXP( D, J (1.7)

For interactions involving highly deformable liquid droplets and gas bubbles, under the
influence of the interaction forces, the surfaces of droplets or bubbles readily deform while the
confined liquid film drains off between the objects. The Stokes—Reynolds—Young—Laplace
(SRYL) model, which couples the Stokes—Reynolds lubrication equation and the augmented
Young—Laplace equation, has been commonly used to analyze the interaction process and the
force results obtained.®?3 The Stokes—Reynolds lubrication equation, given by Eq. (1.8),34%
describes the thin liquid film drainage between two interacting surfaces, where h(r,t) is the

confined liquid film thickness, r is the distance between a selected position and the bubble
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central axis, t is time, p is the dynamic viscosity of the surrounding liquid, and p(r,t) is the

excessive hydrodynamic pressure in the confined liquid film (as compared with the bulk liquid).

Oh(r,t) _ 1 6[rh3 GP(N)J (1.8)

ot 12uror or

The augmented Young—Laplace equation describes the surface deformation of bubbles or
drops by including the effects of disjoining pressure. Eqgs. (1.9—-1.11) show the augmented
Young—Laplace equation for the interactions of gas bubbles or liquid droplets in different
configurations, where Ry is the bubble/drop radius, R, is the particle radius, Ry =

2(1/Rp1+1/Ry2) ! is the equivalent radius for bubble/drop 1 interacting with bubble/drop 2 with
radii Ry and Ry, respectively, y,, =2(1/y,, +1/y,,)”" is the equivalent interfacial tension for

bubble/drop 1 interacting with bubble/drop 2 with interfacial tension yp1 and 2 respectively, Ryp

= (1/Rp+1/Rp) L, v is the interfacial tension, and II[h(r,t)] is the total disjoining pressure.® 81> 87-88

Vb i(r ah(r,t)J _ 2 —p(r,t)—l_[[h(r,t)] (bubble/drop-bubble/drop)  (1.9)

2rorl or R,
% % (r oh g:,r)] _ ;_Z = p(r.t)=T1[ h(r.t)] (drop/bubble-plane) (1.10)
%%(r %] = ;—i -p (r, t) 11 [h (r, t):l (drop/bubble-spherical particle) (1.11)

The total disjoining pressure usually arises from different interactions such as the VDW,

EDL, HB, and steric interactions involved in the interacting systems, as shown in Eq. (12):

H[h(r’t):l=HVDW+HEDL+HHB+HSteric *... (1.12)
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The overall interaction forces can be described by Eq. (13)* [65]:
F(e)=2x["[ p(h(r.0)+I1(h(r,t))]-rdr (1.13)
1.4 Objectives

Air bubbles, hydrophobic polymers, asphaltenes, bitumen, and oil droplets are commonly
involved in various industrial processes, such as oil production and transportation, oil/water
separation, bitumen extraction, bitumen flotation, and wastewater treatment. The colloidal
interactions among these species drive the relevant interfacial phenomena in these industrial
operations. Quantitative characterization of the surface interactions will not only improve the
fundamental understanding of these interfacial phenomena, but also provide potential methods to
modulate the relevant colloidal interactions in these industrial processes. However, despite the
significant progress achieved over the past few decades, the quantification of the surface forces
among air bubbles, hydrophobic polymers, asphaltenes, bitumen, and oil droplets still remains

very limited.

The main objective of this proposed research is to reveal the fundamental interaction
mechanisms among bubbles, droplets, bitumen, asphaltenes, and hydrophobic polymers in
complex aqueous media. The effects of aqueous chemistry (e.g., pH, salinity, type of salts, and
presence of surfactants) on their surface interactions are systematically investigated. More

specifically, this thesis work has focused on the following three areas.

(1) Probing the interaction forces and characterizing the surface interaction mechanisms,

particularly hydrophobic interaction, between deformable air bubbles/oil drops and hydrophobic
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polymers in aqueous solutions of varying water chemistry. Polystyrene of different molecular

weights are used as model hydrophobic polymers.

(2) Quantifying the surface forces and interaction mechanisms of air bubbles, asphaltenes and
asphaltenes-toluene droplets in aqueous solutions. The effects of asphaltenes concentration, pH,
salinity, type of ions (e.g., Ca®" ions) and presence of surfactants on these surface interactions

will be systematically examined.

(3) Characterizing the surface interaction mechanisms between air bubbles and bitumen surfaces
in complex aqueous media. The influence of solution salinity, pH, addition of divalent salts and

surfactants on bubble-bitumen interactions will be systematically investigated.
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CHAPTER 2. Probing Hydrophobic Interactions between Polymer Surfaces

and Air Bubbles or Oil Droplets: Effects of Molecular Weight and Surfactants

2.1 Introduction

Hydrophobic interaction, also known as hydrophobic effect, generally describes the strong
attraction between hydrophobic moieties in aqueous media, which is not included in the classical
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory.'” 7> %92 Hydrophobic interaction is one
of the most important physical interactions in many water-based biological and technological

systems, and it plays a critical role in numerous interfacial phenomena in engineering

93-95 96-97

applications, such as self-assembly of surfactants and amphiphilic polymers, cell
manipulation,” protein purification,” drug and gene delivery,'® froth flotation,'! and oil/water
separation.'%>!% Polymers, deformable bubbles, and liquid droplets are commonly involved in
these engineering processes. Thus, it is of both fundamental and practical importance to unravel

the basic physical law underlying the hydrophobic interactions of polymers, gas bubbles, and

liquid droplets.

It is generally accepted that the hydrophobic moieties (or surfaces) are incapable of
forming hydrogen bonds with the adjacent water molecules, which results in relatively ordered
orientation of the water molecules near the hydrophobic moieties (or surfaces) and the decrease
in the overall entropy of the system.!”!” Consequently, the significant loss in entropy, which is
unfavorable from the thermodynamic consideration, pulls the hydrophobic moieties or surfaces
to cluster together and minimizes their surface area exposed to water, which is manifested as a
strong attraction.”® 19197 From this perspective, it has been increasingly acknowledged that the

hydrophobic interaction is an entropy-driven process closely related to the water structure effect
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(e.g., orientation, hydrogen bonding network) surrounding the hydrophobic substances, even
though the origin and nature of hydrophobic effects are still incompletely understood.!®® From
this point of view, the hydrophobic interaction could be potentially modulated by altering a

series of factors such as water chemistry and surface properties of hydrophobic materials.

Significant progress has been achieved on improving the fundamental understanding of
hydrophobic interaction over the last few decades. Much effort has been devoted to quantifying
the hydrophobic interactions between two hydrophobic surfaces in aqueous media, mainly using
nano-mechanical tools such as surface forces apparatus (SFA) and atomic force microscopy
(AFM).”% 97 The development of the bubble/drop probe AFM technique, coupled with
theoretical computation, has enabled the quantification of hydrophobic interaction involving
highly deformable objects including gas bubbles and oil droplets.”® ™ 1% Nevertheless, the range
and magnitude of the hydrophobic force differ a great deal in the experimental results obtained
from different material systems.!” Previous studies also showed that surface hydrophobicity,
which is commonly characterized by a water contact angle, may not be the only dominant
parameter determining hydrophobic interaction and that hydrophobic materials with unique
specificity in surface nanoscale structure and surface chemistry may exhibit different ranges of
hydrophobic interaction, leading to different degrees of a water structuring effect at the
interface.! Among the hydrophobic materials or surfaces investigated previously such as
monolayers of small surfactant-like molecules through physical self-assembly or chemical
grafting, hydrophobic polymers have received relatively much less attention for their
hydrophobic interaction, which, however, are widely used in diverse engineering applications. It

still remains unclear how the factors, such as water chemistry, molecular weight of polymers,

23



and the presence of surfactant additives, affect the interactions between hydrophobic polymers

and deformable objects (e.g., gas bubbles, oil droplets), which is the main focus of this work.

In this work, polystyrene (PS) of different molecular weights was chosen as the model
hydrophobic polymer. The interaction forces of smooth PS surfaces and air bubbles and oil
droplets (perfluorooctane (PFO) as a model oil) have been measured in aqueous solutions using
the bubble/drop probe AFM technique. A theoretical model based on the Reynolds lubrication
theory and augmented Young—Laplace equation was used to analyze the measured forces and the
contributions of various surface forces (e.g., van der Waals, electrical double layer, and
hydrophobic interactions) to the overall disjoining pressure. Three surface-active species
including cetyltrimethylammonium chloride (CTAC), Pluronic F-127, and sodium dodecyl
sulfate (SDS) were chosen as model surfactants. The effects of the presence of these surfactants
and ethanol to the aqueous solutions on the surface forces between PS and air bubbles or oil
droplets were also investigated. The results in this work have improved the fundamental
understanding of the hydrophobic interaction mechanism between hydrophobic polymers and
deformable air bubbles and oil droplets, with useful implications for modulating the interactions
of polymers, gas bubbles, and oil droplets and related interfacial phenomena in a wide range of

engineering processes.

2.2 Materials and Methods

2.2.1 Materials

Styrene (=99%) was purchased from Sigma-Aldrich, Canada. Polystyrene (PS) with

different molecular weights (MW 590, 810, 1110, 2330, 46300, 1000000, denoted as PS590,

PS810, PS1110, PS2330, PS46300, and PSIM, respectively) was purchased from Polymer

24



Source Inc., Canada. Perfluorooctane (PFO) was purchased from Sigma-Aldrich, Canada. NaCl
was provided by Fisher Scientific, Canada. Silicon wafers with silicon dioxide layers (S102/Si
wafers, S102 layer thickness ~ 500 nm) were obtained from Nano FAB, University of Alberta,
Canada. The PS solutions (0.5 wt %) were prepared by dissolving the corresponding polymers in
toluene (Fisher Scientific, 99.9%). The NaCl aqueous solutions were prepared by dissolving a
suitable amount of highest-purity anhydrous NaCl (Sigma-Aldrich, 99.999+%) in Milli-Q water

with a resistance of =18.2 MQ cm. Cetyltrimethylammonium chloride (CTAC) 25 wt %

aqueous solution was purchased from Sigma-Aldrich, Canada. Pluronic F-127 and sodium

dodecyl sulfate (SDS) powder were obtained from Sigma-Aldrich, Canada.

2.2.2 Preparation and Characterization of PS Surfaces.

In this work, PS solution was prepared by dissolving a desired PS sample in a good organic
solvent (i.e., toluene) (Fisher Scientific, 99.9%) at a concentration of 0.5 wt %. The PS surfaces
were prepared by spin-coating 2—3 drops of the PS solution on a silica substrate (1 X 1cm2) at
~2000 rpm. The prepared PS surfaces were stored under vacuum overnight to remove the
solvent prior to the characterizations. The fabricated PS surfaces were charactered by AFM
imaging using a Dimension Icon AFM with a silicon AFM tip (silicon nitride, nominal resonant
frequency ~ 150 kHz, nominal spring constant ~ 0.7 N/m) via the tapping mode. The surface
hydrophobicity was determined by measuring the static water contact angle using a sessile drop
method via a contact angle goniometer (ramé-hart instrument, Succasunna, NJ). For each PS
sample, six measurements were conducted on three independently prepared polymer surfaces to

ensure the data repeatability.
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2.2.3 Surface Force Measurements using the Bubble/Drop Probe Atomic Force Microscope

(AFM).

The bubble/drop probe AFM technique was applied to measure the interaction forces
between PS surfaces and air bubbles (Figure 2.1A) in aqueous solutions. The detailed
experimental setup for the bubble/drop probe AFM technique has been reported previously.”* 76
! Briefly, in a typical force measurement using the bubble/droplet probe AFM, the bottom glass
slide of a fluid cell was treated to be partially hydrophobic (with a static water contact angle
around 50°) by immersing in 10 mM octadecyltrichlorosilane (OTS) in toluene for ~10 s for
anchoring air bubbles or oil droplets. A customized tipless rectangular silicon AFM cantilever
(400 x 70 x 2 pm) with a circular patch of gold (radius of 32.5 um) was hydrophobized by
immersing in 10 mM dodecanethiol in ethanol overnight for easily picking up air bubbles or oil
droplets from the glass surface.!'” The spring constant of the cantilever was determined to be a
typical value of 0.3—0.4 N/m using the Hutter and Bechhoefer method.'!! The gas bubbles were
generated by carefully pumping a small amount of air through a custom-made ultrasharp glass
pipet into the aqueous solution. Oil droplets were generated on the glass slide using a similar
method. The bubble or drop probe was prepared by carefully lowering the hydrophobized AFM
cantilever to contact the bubble or oil droplet of suitable size and then elevating the bubble or oil
droplet from the glass surface. The interaction forces between the PS surfaces and bubbles or oil
droplets were measured by driving the air bubbles or oil droplets toward and away from the PS
surfaces by a piezo-actuator under a range of velocities from 1 to 30 pum/s. During a force
measurement, time variation of the cantilever deflection was recorded, which could be further

converted to forces using the spring constant based on Hooke’s law. The actual variation of the

cantilever-substrate separation with time was also recorded by the AFM software.
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Figure 2.1. (A) Experimental setup for measuring the interaction forces between bubble/droplet

and PS fabricated surface. (B) The molecular formula of three types of surface-active species.

A theoretical model based on the Reynolds lubrication theory and augmented
Young—Laplace equation (SRYL) was applied to analyze the measured force data and determine
the separation distance between deformable droplets or bubbles and the polymer surfaces during
force measurements in the schematic shown in Figure 2.1.'1%"1'6 Assuming tangentially immobile
hydrodynamic boundary conditions at the oil/water, air/water, and solid/water interfaces,’® 8 117

the thickness of the water film confined between the drop or bubble and the substrate surface can

be expressed by the Reynolds lubrication theory as shown in eq 2.1.

Oh(rt) _ 1 g[ﬂf 6p(r,t)j @1
ot 12 ur or or
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where A(7,¢) is the film thickness, r is the radical coordinate, #is the dynamic viscosity of water

and p(r,t) is the excessive hydrodynamic pressure relative to the bulk solution.

The droplet/bubble deformation during the surface interactions is correlated to the

hydrodynamic pressure, disjoining pressure, and Laplace pressure, as described by the

augmented Young—Laplace equation by including the effects of disjoining pressure.!'!’-!!8

y 0 ah(l’,t) 2y
L r——2 ==L —p(r,t)-11| h(r,t 2.2
r@r(r or R, p( ) [ ( ):I 2.2)
Here, y is the interfacial tension, Ry is the radius of the droplet/bubble and /7 is the overall

disjoining pressure due to surface forces.*’- 196 119-122

The overall disjoining pressure is contributed by various surface interactions such as the

van der Waals (vdW) interaction(/Zvpw), electrical double layer interaction (EDL), and

747 where

hydrophobic (HB) interaction, which are given by eqs 2.3, 2.4, and 2.5, respectively,
Apn is the Hamaker constant for air bubbles (or liquid droplets) interacting with polymer surfaces
in a liquid medium, «! is the Debye length, ¢1 and @2 are the surface potentials of air bubbles (or
liquid droplets) and polymer surfaces, respectively, Do is the decay length of the hydrophobic
interaction, and C is a constant (N/m) related to the static water contact angle 8 on the substrate

and interfacial tension shown in eq 2.6. 3% 123

A
HV"W_ 67zh3(r,t) @3)

26,68 [(em re o, _((pf +¢; )]

(e+xh _e—xh )2

HEDL =

(2.4)
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__ G (1)
[l = 2ﬂDOeXP( D, ] 2.5)

C =2my(1—cos0) (2.6)

The overall interaction force between an air bubble and a solid surface F(t) was calculated by

integrating the hydrodynamic pressure p and the disjoining pressure IT as follows 3% 113 124

F(t)=2x["[ p(h(r.t)+I1(h(r.1)) ] -rdr 2.7)
2.3 Results and Discussion

2.3.1 Characterization of PS Surfaces.

The PS surfaces were characterized by AFM imaging, and the topographic AFM images of
PS of different molecular weights (PS590, PS810, PS1110, PS2330, PS46300, and PS1M) are
shown in Figure 2.2A—F, respectively. The AFM images in air indicate that the fabricated PS
surfaces were very smooth, and the root-mean- square (rms) roughness ranges from about 0.15
nm—0.26 nm. Thus, the influence of surface roughness on the surface force measurements could

be neglected in this work.
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Figure 2.2. Topographic AFM images of PS surfaces of different molecular weights in air: (A)
PS590, (B) PS810, (C) PS1110, (D) PS2330, (E) PS46300, and (F) PS1M, which show the root-
mean-square (rms) roughness of 0.17, 0.26, 0.20, 0.20, 0.20, and 0.22 nm, respectively. The scan

size of the images was 5 um X 5 um.

The surface morphologies of the PS surfaces were also imaged in a 1 M NaCl aqueous
solution (the same solution conditions used in surface force measurements) in the tapping mode
using the PeakForce QNM technique of the Bruker ICON AFM. The topographic AFM images
of PS of different molecular weights (PS590, PS810, PS1110, PS2330, PS46300, and PS1M) are
shown in Figure 2.3A—F, respectively. The rms roughness of the PS590 and PS810 surfaces is
0.47 and 0.53 nm, respectively, and the rms roughness of the PS1110, PS2330, PS46300, and
PSIM surfaces is 0.27, 0.28, 0.24, and 0.29 nm, respectively. The AFM imaging results in

aqueous solutions show that the surface roughness of two PS surfaces of relatively lower MW
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(PS590 and PS810, with Tg lower than the room temperature 23 °C) slightly increased, while the
surface roughness of glassy polymers (PS1110, PS2330, PS46300, and PS1M) did not obviously
change, suggesting that the polymer surfaces were stable in the 1 M NaCl solutions. It is also
noted that the PeakForce QNM AFM imaging results in Figure 2.3 show that there were no
nanoscopic gas bubbles on all the PS surfaces, agreeing with our previous results that
nanobubbles would be present on PS surfaces in aqueous solutions of low salinity but would not
be noticeable on PS surfaces in aqueous solutions of high salinity.®"> 2% 125 The AFM imaging
results further indicate that the possible substrate-supported nanobubbles on the surface force
measurements between PS surfaces and air bubbles or oil droplets in NaCl solutions of high

salinity (i.e., 1 M) can be neglected in this work.

C
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Height Sensor 1.0 um Height Sensor 1.0 pm Height Sensor 1.0 ym

Figure 2.3. Topographic AFM images of PS surfaces of six different molecular weights ina 1 M

NaCl solution. (A) PS590, (B) PS810, (C) PS1110, (D) PS2330, (E) PS46300, and (F) PSIM,
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which show the rms roughness of 0.47, 0.53, 0.27, 0.28, 0.24, and 0.29 nm, respectively. The

scan size of the images was 5 um x 5 pm.

The optical images of water contact angles on PS590, PS810, PS1110, PS2330, PS46300,
and PS1M surfaces in air are shown in Figure 2.4A—F, respectively. All the fabricated PS
surfaces show a static water contact angle of ~90°, indicating that these PS surfaces of different

molecular weights show similar surface wettability.

A PS590 PS810 PS1110
89.4°+ 1.5° 90.1° £ 1.5° 90.3"+1.5°
PS2330 PS46300 PS1IM

90.6" £ 1.5° 90.4° +1.5° 90.6" +1.5°

A A O

Figure 2.4. Optical images of static water contact angles on PS surfaces of different molecular

weights (PS590, PS810, PS1110, PS2330, PS46300, and PS1M) in air.

2.3.2 Surface Forces between PS and Air Bubbles or PFO Droplets.

2.3.2.1 The Effect of Polymer Molecular Weight.

The interaction forces between PS surfaces of different molecular weights and air bubbles
or droplets of a model oil PFO have been measured using the bubble/drop probe AFM technique,
and the influence of the addition of surfactants and ethanol (miscible with water but with lower

molecular polarity) to the aqueous solution on the surface forces has also been investigated. In
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this work, the salinity conditions of all the aqueous solutions were fixed at 1 M NaCl, which was
mainly based on the following considerations. (1) The Debye length for the electrical double
layer (EDL) interaction in 1 M NacCl is less than 1 nm, and the EDL would be significantly
suppressed so the role of hydrophobic interaction in the overall surface forces could be clearly
highlighted. (2) Both our previous studies and the AFM imaging results in this work show that
no nanobubbles could be noticed on the PS surfaces in 1 M NaCl, which eliminate the influence
of surface nanobubbles on the intrinsic hydrophobic interaction between PS and air bubbles or
oil droplets.®!> 12% 125 Thus, the measured surface forces arise from the intrinsic interactions

between PS surfaces and air bubbles or oil droplets.

Figure 2.5A—C shows the representative force profiles between air bubbles and low
molecular weight PS surfaces (i.e., PS810, PS2330) and a high molecular weight PS surface (i.e.,
PS46300) in a 1 M NaCl solution, respectively. The interaction force profiles for the PS590,
PS1110, and PSIM cases are shown in Figure S2.1A—-C, respectively. During these force
measurements, the EDL interaction was significantly suppressed by the high salinity aqueous
solution conditions, and thus only the VDW interaction and other possible non-DLVO forces
contribute to their interactions. It is noted that the VDW interaction between air bubbles and PS
surfaces in aqueous solutions is repulsive. When the air bubble was driven close to the fabricated
PS substrate, the repulsive forces were first measured as shown in all the force profiles in Figure
2.5 and Figure S2.1, which were mainly due to the repulsive VDW interaction and possible
hydrodynamic interaction. After a certain critical repulsion was reached, the air bubbles jumped
into contact with the PS surfaces (so-called jump-in behaviors) in the force measurements for all
the PS surfaces. Since the VDW forces and possible hydrodynamic interaction were repulsive

when the bubbles approached the PS surfaces, such jump-in behaviors were believed to arise
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from the attractive hydrophobic interaction between the air bubbles and PS surfaces. It is noted
that the driving velocity of the bubble probe during force measurements was fixed at 1 um/s, so
the hydrodynamic interactions could be neglected, as compared to other surface interactions
involved.”® °! According to eq 2.3 for the VDW interactions, all the cases of PS surfaces with
different molecular weights would experience the same repulsive VDW forces with air bubbles
in aqueous solutions. The force profiles in Figure 2.5 were analyzed using the SRYL model, and
the decay length of the hydrophobic interaction Do was fitted to be about 0.67, 0.73, and 0.73 nm
for PS810, PS2330, and PS46300, respectively. Similar analysis was applied to the force profiles
in Figure S2.1, which gave the fitted decay length of the hydrophobic interaction DO ~ 0.67,
0.73, and 0.75 nm for PS590, PS1110, and PS1M, respectively. Interestingly, the above results
indicate that PS590 and PS810 show similar strength of the hydrophobic interaction with air
bubbles, while they show a slightly weaker hydrophobic interaction than that of PS1110, PS2330,
PS46300, and PSIM. The PS1110, PS2330, PS46300, and PS1M surfaces possess a similar
hydrophobic interaction with air bubbles. The evolution of the bubble profiles during the
approaching process in the PS-bubble force measurements for the PS810, PS2330, and PS46300
cases was also shown in Figure 2.5D—F, respectively. Right before the “jump-in” behaviors, the
minimal separation distance of the confined thin water film of the three cases was determined to
be 6.3, 7.4, and 7.4 nm, respectively. For the PS2330 and PS46300 cases, a pimple shape was
observed in the center region of the bubbles right before jumping into contact with the PS

surfaces, and similar drop profiles were also observed for the PS1110 and PS1M cases.

The disjoining pressure profiles due to the various surface forces (e.g., VDW, hydrophobic
interactions (HB)) for the PS810, PS2330, and PS46300 cases are also shown in Figure 2.5G—I,

respectively. The results indicate that the disjoining pressure due to the hydrophobic attraction

34



ITu overcomes the repulsive VDW interaction (Ilvpw), which is the driving interaction for the
bubble attachment to hydrophobic polystyrene. At a certain critical separation (hmin), the
attractive overall disjoining pressure just exceeded the Laplace pressure inside the air bubble,

and the bubble would jump into contact with the PS surface.
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Figure 2.5. (A-C) Interaction force curves measured between air bubbles and PS surfaces of
different molecular weights: (A) PS810 (bubble radius RO = 59 um), (B) PS2330 (RO = 69 um),
and (C) PS46300 (RO = 69 um). Open symbols are the experimentally measured data, and the red
curves are the theoretical fitting results based on the SRYL model. (D-F) Evolution of the

bubble profiles during the bubble-PS approaching process where the red curve denotes the
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bubble profiles at the minimal separation before the “jump-in” behavior. (G—I) Disjoining
pressure profiles due to different surface interactions (i.e., VDW and HB) for the (G) PS810, (H)

PS2330, and (I) PS46300 cases, respectively.

When a PFO oil droplet approaches hydrophobic PS surfaces in aqueous solutions of high
salinity, their interaction behaviors are very similar to those between an air bubble and PS
surfaces. The interaction force profiles between PFO droplets and PS810 and PS2330 ina 1 M
NaCl solution are shown in Figure 2.6A, B, respectively. The jump-in behavior was also
observed during the approaching process of the two cases, which was mainly driven by the
attractive hydrophobic interaction, by overcoming the repulsive VDW interaction. The decay
length of hydrophobic interaction was determined to be Do ~ 0.62 nm during the PFO-PS810
interaction, which is slightly smaller than that of the PFO-PS2330 case with Do ~ 0.69 nm.
Figure 2.6C, D shows the evolution of the PFO droplet profiles during the approaching process
for the PS810 and PS2330 cases, respectively, which shows that the minimal separation before
the jump-in behavior for the two cases was 5.7 and 6.5 nm, respectively. At such critical
separation distances, the pimple shape in the center region of the bubble could develop, induced
by the attractive hydrophobic interaction between the oil drop and the hydrophobic polymer
surfaces. Figure 2.6E, F shows the disjoining pressure profiles due to the VDW and hydrophobic
interactions between PFO droplets and PS810 and PS2330 surfaces, respectively, during their
approaching process. At the critical separation (hmin), the overall attractive disjoining pressure
exceeded the Laplace pressure inside the PFO droplet, leading to the attachment of the oil droplet
and PS surface. The force profiles and evolution of the oil drop profiles during the interactions
between PFO droplets and PS surfaces of other molecular weights (PS590, PS1110, PS46300,

and PSIM) are shown in Figure S2.2. PS590 showed similar interaction behavior as PS810,
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while PS1110, PS46300, and PS1M showed similar interaction behaviors as PS2330. Overall,
PS590 and PS810 showed slightly weaker hydrophobic interaction with PFO droplets, as

compared to PS1110, PS2330, PS46300, and PSIM.
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Figure 2.6. (A,B) Interaction force curves measured between model oil droplet (PFO droplet)
and PS surfaces of different molecular weights: (A) PS810 (droplet radius RO = 65 pum) and (B)

PS2330 (RO = 59 pum). Open symbols are the experimentally measured force data, and the red

37



curves are the theoretical computation results based on the SRYL model. (C,D) Evolution of the
oil droplet profiles during the PS-drop approaching process for (C) PS810 and (D) PS2330, and
the red curve denotes the bubble profile at the minimal separation right before “jump in”
phenomena. (E,F) Disjoining pressure profiles arisen due to the different surface forces (i.e.,

VDW and HB) involved in the interactions of PFO droplets with (E) PS810 and (F) PS2330.

As shown in Table S2.1, the glass transition temperature Tg of PS590 and PS810 is —45 °C
and —2 °C, respectively. At room temperature (23 °C), PS590 and PS810 are viscous liquids. The
Tg of PS1110, PS2330, PS46300, and PS1M is higher than the room temperature, and they are in
the glassy solid state at room temperature.!?6'?® The measured water contact angles of the PS
surfaces are almost the same, showing the same surface wettability. Interestingly, in aqueous
solutions of high salinity, the direct surface force measurements in this work demonstrate that
PS590 and PS810 show slightly weaker hydrophobic interactions with air bubbles and PFO
droplets as compared to the glassy PS1110, PS2330, PS46300, and PS1M. Such slightly weaker
hydrophobic interactions of viscous PS of low molecular weights could be likely contributed by
the following factors. (1) The viscous PS of low molecular weight displays more flexible chain
mobility than that of glassy PS with high molecular weight. (2) The PS590 and PS810 surfaces
show the increased rms roughness in 1 M NaCl as compared to that in air which might be due to
the cation-m interaction between relatively flexible PS590 and PS810 chains at the polymer/water
interface and the Na+ ions in the aqueous solution, while the surface roughness of the glassy PS
surface does not obviously change. These two factors could potentially cause a weakened water
structuring/ordering effect of the water molecules close to viscous PS surfaces of low molecular
weights, thus leading to the slightly weaker hydrophobic interactions with air bubbles and oil

droplets compared to the glassy PS of high molecular weights.
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2.3.2.2 The Effect of Solvent.

In many practical applications, water is mixed with another solvent of lower polarity such
as ethanol as the fluid media for the relevant industrial processes. Thus, it is of both fundamental
and practical importance to understand how the presence of another miscible solvent (with water)
influences the interactions between deformable objects such as air bubbles and hydrophobic
polymers. In this work, ethanol was chosen as a model solvent and mixed with water. It is noted
that the solubility of salt in a water—ethanol mixture decreases with increasing ethanol content.
The solubility of NaCl in pure ethanol and pure water is 0.65 g/L (~11 mM) and 360 g/L (~6.15
M), respectively, at room temperature.'?’ In this work, the surface forces between the air bubble
and PS1M were measured in water and a water—ethanol mixture (with 10 vol % ethanol), with
the NaCl concentration fixed at 1 M, and the force profiles are shown in Figure 2.7A,B,
respectively. During the force measurement, jump-in behavior was observed, mainly driven by
the attractive hydrophobic interaction by overcoming the repulsive VDW force. The decay
length of the hydrophobic interaction was found to be Do ~ 0.68 nm for the PFO-PS1M case in 1
M NaCl with 10% ethanol, which was smaller than that for the bubble-PS1M case in a 1 M NaCl
solution without ethanol (Do ~ 0.75 nm). This result indicates that the hydrophobic interaction
between the air bubble and PS1M in the pure 1 M NaCl aqueous solution is stronger than that in
the 1 M NaCl aqueous solution with 10 vol % ethanol. The evolution of the bubble profiles
during the approaching process for the case without ethanol and the case with 10 vol % ethanol
is shown in Figure 2.8C, D, respectively. The minimal separation before the jump-in behavior for
the two cases was 7.4 and 6.3 nm, respectively. The profiles of the disjoining pressure arisen
from the different surface forces involved (i.e., VDW, HB) for the two cases are shown in Figure

2.8E, F, respectively. These results indicate that when the overall attractive disjoining pressure
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exceeds the Laplace pressure inside the bubble, the bubble would jump into contact with the PS
surfaces in both cases, and the HB disjoining pressure for the pure 1 M NaCl case is stronger
than that for the case with the addition of 10 vol % ethanol. The presence of 10 vol % ethanol in
the aqueous solution could possibly weaken the hydrogen bonding network and
structuring/ordering of the water molecules close to the PS surface, thus weakening the

hydrophobic interaction with the air bubbles.

12 12
o Measured force o Measured force
A 104 Fitting result B 10 Fitting result
= g] PSIM-Bubble , =8 PS1M-Bubble _
c °] 1MNacl Jump-in % 1 10% ethanol of 1 M NaCl Jump-in
o 64 D=075:0.020m = & D,=0.68 +0.02nm
G; -
g4 8 41
o S
w2 w2
0-

00 02 04 06 08 00 01 02 03 04 05

Time, t (s i
C 100 (s) 100 Time, t (s)
Air bubble Air bubble
"
(']
c
4
= =
L =]
£ E 0
= PS1M Substrate i PS1M Substrate
w._20 T T r T T -20 - v T T T
3 -2 A 0 1 2 3 3 -2 A1 0 1 2 3
~ Radius, r (um) = Radius, r (um)
g ° g ©
= 4] —— Vdw = 4 —— Vdw
EI:.. 1 - - -HB F:l.4 w5 HB
g 2 — — -Vdw+HB £ 2 - — -Vdw+HB
7] / 7] /
0 0. P e S 0 0‘ e
g " h_=7.4nm < o =63
g;_z_ :,}' min ' * :_2. :.}' min_ 2" nm
£ 4l y Laplace pressure Wi y Laplace pressure
= ! 5 i
& BTt T A R —
a 0 S5_ 1 15 20 25 30 § 0 5 10 15 20 25 30

Separation, h (nm) Separation, h (nm)

Figure 2.7. (A) Interaction force curves measured between an air bubble (bubble radius RO = 69
pm) and the PSIM surface in a 1 M NaCl solution. (B) Interaction force curves measured
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between an air bubble (RO = 63 um) and the PS1M surface in a 1 M NaCl solution with 10 vol %
ethanol. Open symbols stand for the experimentally measured force data, and the red curves are
the theoretical calculation results based on the SRYL model. (C,D) Evolution of the bubble
profiles during the PS-bubble approaching process for the two cases, and the red curve denotes
the bubble profile at the minimal separation right before the “jump in” phenomena. (E,F)
Disjoining pressure profiles arisen due to the different surface forces (i.e., VDW and HB)
involved in the interactions between PS1M surfaces and air bubbles in (E) a 1 M NaCl aqueous

solution and (F) a I M NaCl aqueous solution with 10 vol % ethanol.

2.3.2.3 The Effect of Surfactants.

Surface-active species widely exist in aqueous media in engineering processes, which can
significantly influence the surface properties (e.g., hydrophobicity, surface charges) of gas
bubbles and liquid droplets, thus influencing the interaction behaviors of these deformable
objects with other substrates. In this work, three surface-active species including CTAC,
Pluronic F-127, and SDS were chosen as model surfactants to investigate the effect of the
surfactants on the hydrophobic interaction between bubbles (or oil droplets) and PS surfaces via
direct force measurements using the bubble/drop probe AFM technique. The molecular
structures of these three surfactants are shown in Figure 2.1B. During the force measurements,
the approaching velocity of the bubble/drop probe was set at 1 um/s, and the maximum load
force was fixed at 35 nN. During the interaction between air bubbles (or PFO droplets) and the
PSIM surface in a 1 M NaCl solution (Figure 2.7, Figure S2.2), the jump-in behavior and
attachment of PS-bubble (or PS-oil droplet) were observed. In contrast, Figure 2.8A, C, E shows
the interaction force profiles measured between air bubbles and PSIM surfaces in a 1 M NaCl

solution with the addition of 0.3 mM CTAC, 0.3 mM FC-127, and 1 mM SDS, respectively.
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Figure 2.8B, D, F shows the interaction force profiles between PFO droplets and PS1M surfaces
in a 1 M NaCl solution in the presence of 0.3 mM CTAC, 0.3 mM FC-127, and 1 mM SDS,
respectively. The results in Figure 2.8 demonstrate that with the addition of the three types of
surfactants (i.e., CTAC, Pluronic F-127, and SDS), only pure repulsion was detected between
PS1M surfaces and air bubbles or PFO droplets, and no jump-in behavior and PS-bubble (or PS-
oil droplet) attachment were observed. During the above interaction force measurements, the
EDL repulsion was significantly suppressed under high salinity conditions (1 M NaCl), thus the
VDW forces and hydrophobic interaction play important roles in the surface forces between the
PS1M surfaces and air bubbles or PFO droplets. Without the surface-active species, the attractive
hydrophobic interaction was sufficiently strong and could overcome the repulsive VDW force to
drive the air bubble or oil droplet to jump into contact with the PS surfaces (Figure 2.7, Figure
S2.2). Interestingly, in contrast, the addition of CTAC, FC-127, or SDS to the aqueous solution
could completely suppress the attachment of the hydrophobic polymer and air bubbles or oil
droplets. These surface-active species could adsorb to the surfaces of the air bubble or oil droplet
and PS surfaces, and the interfacial film of these adsorbed surface-active species could lead to an
additional strong steric repulsion that would prevent the attachment of the bubbles or oil droplets

and the PS surfaces, as detected in the AFM force measurements in Figure 2.8.
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Figure 2.8. Interaction force profiles measured between air bubbles (bubble radius RO = 69 um)
and PS1M surfaces in 1 M NaCl with different surfactants: (A) 0.3 mM CTAC, (C) 0.3 mM FC-
127, and (E) 1 mM SDS. Interaction force profiles between PFO droplets (drop radius RO = 63

pm) and PS1M surfaces in 1 M NaCl with different surfactants: (B) 0.3 mM CTAC, (D) 0.3 mM
FC-127, and (F) 1 mM SDS.

2.3.2.4 The Effect of Approaching Velocity (Hydrodynamic Conditions).

Hydrodynamic conditions play an important role in many colloidal and interfacial

phenomena. The above force measurements were all conducted at low driving velocity of the
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bubble/drop probe, in which the hydrodynamic pressure could be neglected compared with the
other interactions involved. In this work, the effect of hydrodynamic conditions on the measured
surface forces was investigated by varying the driving velocity of the bubble/drop probe. Figure
2.9A shows the force profiles measured between air bubbles and PS1M in 1 M NaCl at different
driving velocities of 5, 10, and 30 um/s. With an increasing approaching velocity of the air
bubbles from 5 um/s to 30 um/s, strong repulsion needs to be overcome before the bubbles could
jump into contact with the PSIM surfaces. Thus, the repulsive hydrodynamic pressure places an
additional resistance to impede the attachment of bubbles and hydrophobic polymers, while the
hydrophobic interaction between air bubbles and PSIM surfaces is sufficiently strong to
overcome the repulsive VDW and hydrophobic interactions to achieve the bubble-polymer

attachment.
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Figure 2.9. Interaction force profiles measured (A) between air bubbles (bubble radius R0 = 65

um) and PS1M surfaces in 1 M NaCl (without surfactants), (B) between air bubbles (bubble
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radius RO = 69 um) and PS1M surfaces, and (C) between PFO droplets (drop radius RO =71 um)

and PS1M surfaces at different interaction velocities in a 1 M NaCl solution with 0.3 mM CTAC.

The interaction forces of PS1M and air bubbles or PFO droplets in 1 M NaCl with 0.3 mM
CTAC solution were also measured under different approaching velocities (i.e., 5, 10, 15, 30
um/s) of the bubble/drop probe, as shown in Figure 2.9B,C. Compared with the results with an
approaching velocity of 1 pum/s (Figure 2.8), it can be seen that increasing the approaching
velocity of the bubbles and oil droplets could not lead to the bubble/drop attachment to the
hydrophobic polymer surfaces. It is noted that obvious adhesion was detected during the
separation process, and the adhesion became stronger under higher driving velocity. Such
adhesion detected during the separation process of the bubble/droplet from the hydrophobic
polymer surfaces was due to a so-called hydrodynamic suction effect, which was not caused by
the bubble/droplet- polymer adhesive contact. The above results indicate that in addition to
surface forces, hydrodynamic interactions play an important role in influencing the interactions

between polymers and deformable gas bubbles or liquid droplets.

2.4 Conclusions

In this work, the interaction forces between a model hydrophobic polymer, polystyrene of
different molecular weights, and air bubbles or oil droplets in aqueous solutions have been
systematically characterized for the first time. A high salinity condition (1 M NaCl) was used to
eliminate the presence and effect of possible nanobubbles on the PS surfaces and suppress the
electrical double layer interaction to clearly highlight the role of the hydrophobic interaction in
the overall surface interactions. The effects of polymer molecular weight, solvent (i.e., addition

of ethanol to water), the presence of surface-active species (surfactants), and hydrodynamic
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conditions were investigated. The direct force measurements and theoretical calculations, based
on the Reynolds lubrication theory and augmented Young—Laplace equation by including the
effect of disjoining pressure, reveal the critical roles of the surface forces and hydrodynamic
interactions in the interactions between hydrophobic PS surfaces and deformable
bubbles/droplets. PS surfaces of different molecular weights possess the same surface
hydrophobicity. It was found that the PS590 and PS810 showed slightly weaker hydrophobic
interactions with air bubbles or PFO droplets, compared to PS of higher molecular weight (i.e.,
PS1110, PS2330, PS46300, and PS1M). Such slightly weaker hydrophobic interaction of viscous
PS of low molecular weights is possibly due to (1) more flexible chain mobility of PS with low
molecular weight in the viscous state at room temperature (i.e., PS590 and PS810) and (2)
increased surface roughness of PS590 and PS810 surfaces in 1 M NaCl as compared to that of
the PS surfaces of higher molecular weight (i.e., PS1110, PS2330, PS46300, and PS1M). It was
found that the hydrophobic interaction between PSIM and air bubbles in a 1 M NaCl aqueous
solution with 10 vol % ethanol was weaker than that in the pure aqueous solution. The above
effects (e.g., molecular weights of polymers, addition of miscible solvent of lower polarity to
water) on the hydrophobic interactions are most likely achieved by influencing the
structuring/ordering of water molecules close to the hydrophobic surfaces. The addition of three
types of surfactants (i.e., CTAC, FC-127, or SDS) to the aqueous media was able to completely
suppress the attachment of the hydrophobic polymer and air bubbles or oil droplets, which was
most likely caused by the additional steric repulsion due to the adsorbed surface-active species at
various bubble/polymer/oil interfaces. It was also found that, in addition to the various surface
forces, hydrodynamic conditions also significantly influence the interactions of hydrophobic

polymers and deformable objects (bubbles, droplets). The higher the approaching velocity of
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bubbles or oil droplets to the polymer surfaces, the stronger the hydrodynamic repulsion, which
could work jointly with the surface forces (e.g., VDW, EDL, and HB interactions) to influence
the related colloidal and interfacial phenomena. Our results have improved the fundamental
understanding of the interaction mechanisms between hydrophobic polymer surfaces and highly
deformable bubbles or oil droplets. This work provides useful implications on developing
effective approaches for modulating the related colloidal interactions in various engineering
applications by tuning the solution chemistry, surface properties of substrates, or hydrodynamic

conditions.

2.5 Supporting Infromation

2.5.1 The glass transition temperature (Tg) of PS with different molecular weights.

Table S2.1.The glass transition temperature (Tg) of PS with different molecular weights. '3%-132
Polymer MW and
polydispersity (Mw/Mn) Glass transition temperature, Tg (°C)

PS 590 (< 1.1) ~ 46
PS 810 (<1.12) )

PS 1110 (<1.12) ~32

PS 2330 (< 1.1) ~ 69

PS 46300 (<1.03) ~ 88
PS IM (< 1.1) ~107
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2.5.2 Interaction force curves
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Figure S2.1. (A, C, E) Interaction force curves measured between air bubbles and PS surfaces of
different molecular weights: (A) PS590 (bubble radius Ro = 65 um), (C) PS1110 (Ro= 64 pum),
and (E) PSIM (Ro = 69 um). Open symbols are the experimentally measured data and the red

curves are the theoretical fitting results based on the SRYL model. (B, D, F) Evolution of the
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bubble profiles during the bubble-PS approaching process where the red curve denotes the

bubble profiles at the minimal separation before “jump in” behavior.
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Figure S2.2. (A, C, E, G) Interaction force curves measured between PFO droplet and PS
surfaces of different molecular weights: (A) PS590 (radius Ro = 63 pm), (C) PS1110 (Ro= 62
um), (E) PS46300 (Ro = 69 um), and (G) PSIM (Ro = 70 um). Open symbols are the
experimentally measured data and the red curves are the theoretical fitting results based on the
SRYL model. (B, D, F, H) Evolution of the droplet profiles during the PFO-PS approaching
process where the red curve denotes the bubble profiles at the minimal separation before “jump

in” behavior.
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CHAPTER 3. Surface Interaction Mechanisms of Air Bubbles,
Asphaltenes and QOil Drops in Aqueous Solutions with Implications for

Interfacial Engineering Processes

3.1 Introduction

Asphaltenes are frequently present in crude oils and many oil-based products, as
one of the most problematic components. Asphaltenes are known as a solubility class,
with good solubility in aromatic solvents such as toluene but poor solubility in alkane
solvents like heptane or pentane. Asphaltenes commonly adsorb to oil/water/solid
interfaces in various engineering processes, which alters their characteristics such as
oil/water interfacial tension and surface wettability of minerals.!3*13® The wetting
property of mineral surfaces and the formation and destabilization of oil-water emulsions
significantly impact oil production processes. Thus, the adsorption of interface-active
species (e.g., asphaltenes) to the oil/water/solid interfaces and their interfacial interactions

79.109.139-142 \which is crucial to industrial processes such as

have attracted much attention,
bitumen extraction in both a fundamental and practical sense,** '** froth flotation,'**
oil/water separation, and water treatment.'®>1%> 145 The interfacial activities of
asphaltenes are generally attributed to the presence of heteroatoms (i.e., N, O, and S) and
associated polar groups (e.g., carboxyl).!*1® The presence of interface-active
asphaltenes can significantly influence the interaction forces of solid particles, water-oil
emulsion drops, chemical additives and bubbles involved in various engineering

processes, which are further impacted by the aqueous conditions such as salinity, ion type

and pH.’ 151"13% Froth flotation has been widely applied for solid/oil/water separation
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processes to remove undesired solid or liquid components (e.g., asphaltene-coated
minerals or oil residues), mainly driven by the forces among gas bubbles, solid particles,
oil drops or organic species in the surrounding fluid media. '3 Therefore, it is critical to
quantify the surface forces of air bubbles and oil-contaminated solids or oil droplets

containing interface-active species like asphaltenes.

Over the past two decades, various nanomechanical tools such as surface forces
apparatus (SFA) and atomic force microscope (AFM) have been applied to measure the
intermolecular forces of systems involving asphaltenes and asphaltene-model-compounds
in various fluid media.?!-3% 44 88.136-161 The SFA technique was employed to quantitatively
characterize the surface forces of asphaltenes in both organic and aqueous media, which
demonstrated that asphaltenes modified the wettability of mineral surfaces and that the
solution salinity and pH affected the interactions forces of asphaltenes.?®: 3132 Colloidal
probe AFM was used to measure the surface forces of asphaltenes and silica in aqueous
media, and the results showed that the surface charge characteristics of silica were
modified due to the adsorption of asphaltenes.'”! Another AFM technique, so-called
drop/bubble probe AFM, has been used to quantify how oil droplets interacted in aqueous
media or water droplets interacted in oil media, or a liquid drop interacted with a solid
substrate when the systems contained asphaltenes; these measurements are directly linked
to how emulsions with asphaltenes interact in complicated fluid media as well as their

stabilization mechanism at the nanoscale.® 15

Nevertheless, the quantitative
understanding of the interactions among gas bubbles, asphaltenes and emulsion droplets

with asphaltenes remains very limited.
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In this research, the surface forces of air bubbles and asphaltenes in various water
solutions have been characterized by employing an integrated thin film drainage
apparatus (ITFDA), and the forces of air bubbles and oil droplets with asphaltenes in
aqueous solutions have been quantified through a bubble probe AFM technique. The
effects of solution salinity, pH, type of ions, asphaltenes concentration and interface-
active species like surfactants on these surface interactions were also investigated. The
experimentally obtained surface force results were theoretically analyzed using a model
on the basis of expanded Young-Laplace equation and Reynolds lubrication theory. This
study has advanced the fundamental understandings of bubble-asphaltenes and bubble-oil
drop interaction mechanisms, with useful implications for bubbles and emulsion
interactions in various chemical, environmental and petroleum engineering processes

such as oil/water/solid separation and oily water treatment.

3.2 Materials and Methods

3.2.1 Materials

The asphaltenes used in this research were separated from Athabasca bitumen using
a method reported previously.?® Salts including sodium chloride and calcium chloride,
ACS reagent grade, were obtained from Fisher Scientific. Silicon wafers with a layer of
about 500 nm silicon dioxide were provided by the NanoFAB, University of Alberta.

Milli-Q water with a resistivity of =18.2 MQ-cm was used to make aqueous solutions.

Hydrochloric acid and sodium hydroxide (both are ACS reagent grade) were provided by

Fisher Scientific for adjusting aqueous pH. Sodium dodecyl sulphate (SDS) powder and
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cetyltrimethylammonium chloride (CTAC, 25 wt % in water) were provided by Sigma-
Aldrich, Canada.

3.2.2 Preparation of Asphaltene Surface

In this work, asphaltenes were first dissolved in toluene at various concentrations,
and the asphaltenes-in-toluene solutions were sonicated for 20 minutes. The asphaltenes
solutions were then filtered using 0.2 um PTFE membrane. Asphaltenes surfaces were
prepared by spin-coating 100 ppm asphaltenes solution on silica substrate at 2000 rpm for
40 s to prepare uniform films. The prepared asphaltenes films were stored under vacuum
for over 12 hours to remove residual toluene.

3.2.3 Air Bubble-Asphaltenes Surface Force Measurements using Integrated Thin

Film Drainage Apparatus (ITFDA)

In order to characterize the interactions of air bubbles and asphaltenes, the surface
forces of air bubbles and asphaltenes surfaces under various aqueous solution conditions
were measured via an ITFDA. The typical experimental procedure for measuring the
forces between an air bubble and a flat substrate using an ITFDA is illustrated in Fig.
3.1A. Briefly, an air bubble was produced using a gastight syringe and attached to a glass
capillary tube with inner radius 0.74 + 0.05 mm submerged in a glass cell containing the
desired aqueous solution. The flat substrate sample was fixed on the sample holder which
was supported by a bimorph cantilever. When the bubble approached the sample surface
driven by a motorized actuator, the forces experienced by the sample substrate would
cause the deflection of the bimorph with piezoelectric property, leading to an electrical
potential response which was further translated into the force information between the air

bubble and substrate based on a pre-calibrated relation of force and electrical potential
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response of the bimorph. The interaction cycle of the bubble and substrate surface was
monitored using a camera. In a typical measurement, a bubble was moved to approach a
flat asphaltenes surface at a speed of 100 um/s until contact, and the bimorph spring
detected almost negligible signal (Figure 3.1B(1)). Then the air bubble was driven to
further press against the asphaltenes surface till a desired position was reached, and the
bimorph spring simultaneously detects the forces through the electrical potential signals
(Figure 3.1B(2)). The air bubble was kept in contact with the asphaltenes surface at the
desired position for 5 s; during this period, the force of two interacting surfaces was
constant (Figure 3.1B(3)). The bubble was then retracted from the asphaltenes surface at
a speed of 100 um/s, and the interaction forces decreased and turned from repulsive to
attractive (from positive to negative values), while the bubble was elongated
consequently as visualized from the camera (Figure 3.1B(4)). When the driven force
exceeded some critical value, the bubble would suddenly detach from the asphaltenes

surface (Figure 3.1B(5)), and then its surface adhesion force was determined.
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Figure 3.1. (A) Schematic of typical experimental setup for measuring the forces when
an air bubble interacts with a flat substrate surface (sample) using an integrated thin film
drainage apparatus (ITFDA). (B) Schematics of a typical experiment protocol of

measuring the bubble-substrate interaction forces.

3.2.4 Zeta Potential Measurements

A Malvern Zetasizer Nano ZSP device was used to determine the zeta potential
values of toluene droplets with different concentrations of asphaltenes suspended in
aqueous media. The toluene-in-water emulsion suspensions were obtained by introducing
0.5 mL of asphaltenes-in-toluene solutions (of various asphaltenes concentrations) to 10

mL NacCl solution, which was tightly sealed and then under sonication for 20 min.

3.2.5 Air Bubble-Oil Drop Surface Force measurements via AFM

A bubble probe AFM technique, based on an Asylum Research MFP-3D AFM
system supported on a Nikon Ti-U inverted microscope, was employed to measure the
interaction forces between air bubbles and toluene droplets containing asphaltenes across
an aqueous solution medium. Figure 3.2 shows the illustration of a typical experimental
configuration for measuring surface forces using a bubble probe AFM technique. In a
typical bubble/drop force experiment, the bottom glass slide of a fluid cell was immersed
in 10 mM octadecyltrichlorosilane (OTS) in toluene for a short time (e.g., 10 s) to
achieve a water contact angle of 30° to 50°, which was used to anchor air bubbles and
toluene droplets. Air bubbles or toluene droplets were obtained by purging air or toluene

using an ultrasharp glass capillary into a desired aqueous medium and then immobilized
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on hydrophobized glass surface in the fluid cell. A custom-made tipless silicon cantilever
(rectangular shape: 400 um x 70 um x 2 um) was used for preparing the bubble probe,
and its end carried a round patch (radius 32.5 um) deposited with 30 nm gold film which
was hydrophobized by immersion in 10 mM 1-decanethiol-in-ethanol solution for over 12
hours so it would have higher surface hydrophobicity than the glass substrate to picking
up air bubble.”* The spring constant of the AFM cantilever was calibrated using the
Hutter method.!!! A bubble probe was prepared by driving the tipless cantilever to get
close to and then attach a suitable bubble (radius 35—90 pum) supported on the glass
substrate, and then to carefully lift the bubble as illustrated in Figure 3.2B. All the surface
force tests were carried out under a fixed driving speed (i.e., 1 pm/s) to reduce the effect
of hydrodynamic interaction, and the highest compression load was 10 nN.”* The changes
of surface forces with time and the cantilever displacement were recorded by the Asylum
Research software as further theoretically analyzed using a model below.

It is noted that in this study, our main focus was to characterize the interactions of
air bubbles, asphaltenes and asphaltenes-toluene droplets in aqueous media. To ensure
that our measurements were conducted under conditions that were representative of the
quasi-equilibrium state, we aged the asphaltenes surfaces and asphaltene-toluene droplets
in desired aqueous solutions for a certain time (i.e., 20 min) before conducting the surface
force measurements. In this work, for each experimental condition, all force
measurements were repeated at least three times using three independently prepared
samples of air bubbles, asphaltenes surfaces, or asphaltenes-toluene droplets to ensure

data reproducibility.
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Figure 3.2. (A) Illustration of representative experiment configuration for measuring the
forces of a bubble and a toluene droplet containing asphaltenes by employing the bubble
probe AFM technique. (B) A picture showing an air bubble probe (radius ~53 um). (C)
[lustration of confined water film profile with between an air bubble (radius ;) and a
toluene droplet (radius 72) with gap distance thickness A(7, ¢) which varies with time t and

radial coordinate r.

3.2.6 Theoretical Model for Analyzing the Surface Forces

The experimentally measured force data using AFM was theoretically analyzed
using a Stokes-Reynolds-Young-Laplace (SRYL) model based on Reynolds lubrication
theory and extended Young-Laplace equation by taking account of the disjoining pressure
effects.””’* 162 Assuming the interface of bubble and droplet with the surrounding fluid
has immobile hydrodynamic boundary condition, the dynamic drainage process and
change of confined water film thickness /4(7, ¢) between bubble and toluene droplet can

be analyzed using the Reynolds lubrication equation (i.e., eq 3.1),3% 84 87. 163
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where u is viscosity of the liquid medium, /(7, ¢) is the bubble-droplet distance or liquid
film thickness, » is the separation between a selected location and the central axis as
illustrated in Figure 3.2C, ¢ is time, and p(7, t) is the excessive hydrodynamic pressure
within the confined aqueous film as compared to the bulk liquid medium. Previous
studies have shown that when asphaltenes are present in the oil phase suspended in an
aqueous phase, asphaltenes tend to build up a viscoelastic “protective” layer at the
oil/water interface because of their strong intermolecular attraction and self-aggregation
which stabilizes the emulsion droplets.2® 140164 Therefore, when air bubbles interact with
an oil droplet containing asphaltenes, the surface deformation of the bubble will be much
more significant than the asphaltene-toluene drop, in other words, the asphaltene-toluene
drop could be approximately considered as a relatively “rigid particle” compared to the
air bubble. The bubble surface deformation is correlated to the Laplace pressure within
the bubble, hydrodynamic pressure p(r, ), and overall disjoining pressure I/ via the

extended Young-Laplace equation as shown in eq 3.2,36 163

o Oh(r,t 2

where y is the air/water surface tension, R,=(1/7+1/7,)" is the harmonic mean of
bubble radius r1 and droplet radius r2, p(r, t) is the hydrodynamic pressure, and

H[h(r,t)] is the overall disjoining pressure. The overall disjoining pressure /7 arises

from various surface interactions such as electrostatic double layer (EDL), van der Waals

(VDW), and hydrophobic (HB) interactions, as shown in eq 3.3,7% 1%

58



T1[ 2 (r,t) | =T, + Ty + 1T+ (3.3)

where ITvpw, [Iepr, and Iy are the disjoining pressures arising from the VDW, EDL,
and HB forces, respectively. ITvpw and I1gpr are two ubiquitous interactions in the DLVO
theory for colloidal systems. IIvpw arises from the VDW interaction and can be given by

eq 3.4,

A
Mo = 67zh3(r,t) 34)

where Ay is the Hamaker constant that can be calculated based on the Lifshitz theory.

The Hamaker constant for materials 1 and 2 interacting in medium 3, Aj32, can be

estimated using an approximated expression shown in Eq 3.5.7

3 e —& |l &g, —¢ 3hv ("12_"32)(”12_”‘32)
A, =2k S8 || 225 | 2 (3.5)
roar (wsj(eﬁ«%j 82 [l )l ) | ) (2 2

where kg is the Boltzmann constant, 7" is thermodynamic temperature, 4, is Planck's
constant, ve is the electronic absorption frequency, i is the dielectric constant of
material 7, and n; is the refractive index of the material i. The Hamaker constant for the

air bubble-water-toluene (with asphaltenes) system was estimated as -1.28x107%J

using the parameters in Table S3.1, suggesting the VDW interaction is repulsive.”*

The EDL interaction is mostly influenced by charge characteristics of surfaces and
electrolyte condition of the aqueous solutions.!®® For the asymmetric air bubble-water-

toluene (with asphaltenes) system, the ITgpL is given by eq 3.6,'66-1¢7

26,68 [(em +e™) 00, (02 + 93 )]
I = —xh)\2
(e+xh —e Kh)

(3.6)
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where 1/x is the Debye length and 1/x =(2p,e’ / g,ck,T)™"* (for the 1:1 salt case); po is

the ion number density in the aqueous solution; ¢ and @2 are the surface potentials of the
air bubble and toluene droplet (with asphaltenes), respectively; e is the elementary charge,
€0 is the vacuum permittivity and ¢ is the dielectric constant of the liquid medium.

The disjoining pressure arising from hydrophobic interaction for the bubble-water-oil

droplet system is given by eq 3.7,7

Il =- S exp(__h(’”,l‘)J (3.7

27D, D,

where Co is a constant and C, /27 = i + ¥ oitwater) ~ ¥ (oit-air) and Dy is the length

air—water)

characteristic decay length of hydrophobic interaction. Y air—water) is 72.8 mN/m at 20°C.

The interfacial tension Y ) and Y (oit—air) in the time frame of AFM force

oil—water
measurements were determined by interfacial tension measurements.

The total interaction force F(t) is determined using eq 3.8 based on the Derjaguin

approximation.86’ 113, 117, 124

F(t):2ﬂT[p(r,t)+H(h(r,t))]rdr (3.8)

0

3.3 Results and Discussion

3.3.1 Asphaltene Surfaces.

AFM was used to image the topographic characteristics of the asphaltenes surfaces,
and a typical AFM image of asphaltenes surfaces is displayed in Figure S3.1. The root-

mean-square (rms) roughness was determined as 0.30 nm, indicating that the prepared
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asphaltenes surfaces were smooth, thus the surface roughness of asphaltenes had
negligible effect on the surface force measurements using ITFDA. The water contact
angle on the asphaltenes surfaces in air showing the static water drop was found to be

~100°, as shown in Figure S3.1B, indicating the asphaltenes surface is hydrophobic.

3.3.2 Air Bubble-Asphaltenes Surface Force Measurements using ITFDA

An ITFDA was applied to characterize the forces of air bubbles interacting with
asphaltenes surfaces in an aqueous medium, and the effects of solution chemistry (e.g.,
salt concentration, pH) were investigated. Figure 3.3A shows the snapshots of air bubbles
interacting with asphaltenes surfaces under various aqueous solution conditions captured
at the different stages (as illustrated in Figure 3.1) in the ITFDA tests. The dynamic
interaction processes are displayed in the Supplementary Video S3.1-S3.4. It was found
from Video S3.1 and S3.2 that at low salt concentration condition (i.e., | mM NaCl, pH
5.6 and pH 10), no obvious “jump in” behavior was observed and the air bubble was
deformed when it was pressed against the asphaltenes surfaces; in contrast, when the salt
concentration was relatively high (i.e., 100 mM NaCl, pH 5.6 and pH 10, Video S3.3 and
S3.4), an obvious “jump in” behavior (viz., the bubble jumped to attach the asphaltenes
surface to form the air-water-asphaltenes three phase contact ) was observed. It was also
found that the air bubbles were stretched during the retraction processes (Figure 3.3A,
Video S3.1-S3.4) which was more obvious for the high salinity cases, indicating the
strong bubble-asphaltenes adhesion. Figure 3.3B-D displays the force measurement
results for air bubbles interacting with asphaltenes surfaces in (B) 1 mM NacCl at pH 5.6,

(C) 100 mM NaCl at pH 5.6, (D) I mM NacCl at pH 10 and (E) 100 mM NaCl at pH 10,
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respectively. The surface forces measured under the different aqueous solution conditions
show similar profiles. When the air bubbles were driven to approach the asphaltenes
surfaces, no obvious force was detected by the bimorph. With the surface separation
decreased till bubble-asphaltenes contact, the air bubbles were pressed against the
asphaltenes surfaces, and repulsive forces were detected. When the air bubbles were kept
under the maximum repulsion for 5 s, the repulsion forces remained almost constant.
During the retraction process, the repulsive forces gradually decreased and changed to
attraction which was accompanied with the stretching of the air bubbles (Figure 3.3A,
Video S3.1-S3.4), because of the capillary bridge built between the deformed bubbles and
asphaltenes surfaces. The adhesion forces were determined when the “jump out” behavior
was observed. In an aqueous solution with low salt concentration (i.e., 1 mM NacCl), the
adhesion force was measured to be ~0.20+0.02 mN at both pH 5.6 and pH 10, and the
solution pH did not show significant influence. In contrast, when the salt concentration
was relatively high (i.e., 100 mM NacCl), the adhesion force was increased to ~0.35+0.02
mN, yet the pH again did not have significant influence. The adhesion force measured
under high salinity conditions was higher than that under low salinity conditions, which
was mainly attributed to the suppressed EDL repulsion in aqueous solutions with high

salinity.
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Figure 3.3. (A) Pictures of air bubbles interacting with asphaltene surfaces under various
aqueous solution conditions in different stages of the ITFDA tests. (B-E) Force curves
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measured during the interaction of a bubble (radius =1.9 mm) with an asphaltenes surface
in different aqueous solutions: (B) 1 mM NacCl at pH 5.6, (C) 100 mM NaCl at pH 5.6,

(D) 1 mM NacCl at pH 10, and (E) 100 mM NaCl at pH 10.

3.3.3 Surface Forces between Air Bubbles and Oil Droplets containing Asphaltenes

3.3.3.1 The Effects of Asphaltenes Concentration and Aqueous Solution
Salinity

The bubble probe AFM technique was applied to quantify the forces of air bubbles
interacting with oil droplets (i.e., toluene) in the absence and presence of different
concentrations of asphaltenes under various aqueous solution conditions. The salt
concentration was set at either 1 mM NaCl or 100 mM NaCl. The surface forces of
bubbles and bare toluene droplets were first measured in an aqueous solution of 1 mM
NaCl or 100 mM NaCl at pH 5.6, and the force curves are displayed in the Supporting
Information Figure S3.2. Only repulsive forces were detected under both aqueous
solution conditions. It is noted that the van der Waals interactions for air bubbles-water-
toluene were repulsive. In 1 mM NaCl at pH 5.6, both the bubble and toluene drop
surfaces were negatively charged, so that EDL force was repulsive. While in 100 mM
NaCl, the EDL was much compressed (with a Debye length ~0.96 nm), and the EDL
force could be neglected. Thus, the repulsive VDW interaction under both low and high
salt concentration conditions and the repulsive EDL forces in low-salinity solution

dominate the air bubble-water-toluene droplet interaction, preventing the surface contact.
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Figure 3.4. Experimentally measured force curves of air bubbles and asphaltenes-toluene
droplets with (A) 10 ppm asphaltenes (bubble radius r1 = 56 um, oil droplet radius > = 52
pm), and (B) 100 ppm asphaltenes (bubble radius r; = 43 pum, oil droplet radius r> = 50
um) in 100 mM NacCl solution at pH 5.6 using the bubble probe AFM technique. Open

symbols present the experimental results, and the solid red curves display the
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theoretically fitted data. (C-D) The surface profiles of bubbles and oil droplets at the
“jump in” positions during their approach when measuring the forces of air bubbles and
asphaltenes-toluene drops containing (C) 10 ppm and (D) 100 ppm asphaltenes, where
the blue curves denote the bubble profiles and yellow curves illustrate the droplet profiles
at the minimum separation hmin. (E—F) Disjoining pressure curves arising from various
surface interactions (i.e., HB and VDW) for the (E) 10 ppm and (F) 100 ppm asphaltenes

Casces.

Figure 3.4 shows the interaction behaviors of air bubbles and asphaltenes-toluene
droplets in aqueous solutions with relatively high salt concentration. In Figure 3.4A, the
bubble had a radius r1 = 56 um, and oil droplet radius was r> = 52 um which contained 10
ppm asphaltenes. In Figure 3.4B, the bubble radius was r; = 43 pm and the oil droplet
radius was r2 = 50 pm which contained 100 ppm asphaltenes. Interestingly, different from
the bare toluene droplet case (Figure S3.2), when 10 ppm or 100 ppm asphaltenes were
present in the toluene droplets, after overcoming a weak repulsion force, the air bubble
was observed to jump and attach to the asphaltenes-toluene droplet (referred as “jump-in”
behavior). Because of the low driving speed 1 pum/s applied to the bubble probe, the
effect of hydrodynamic forces was negligible.!*® The EDL interactions were also greatly
suppressed in the aqueous solution of high salt concentration (i.e., 100 mM NaCl). The
weak repulsion before the “jump-in” was mainly attributed to the repulsive VDW
interactions, and the "jump-in” behavior must be driven by some attractive interactions. It
is well known that asphaltenes are hydrophobic in nature (asphaltenes surface has water

contact angle ~100° as shown in Figure S3.1) and asphaltenes adsorb to the oil/water
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interface to build up a viscoelastic interfacial layer which inhibits emulsion coalescence.
Thus, the hydrophobic attraction of the air bubbles and asphaltenes-toluene droplets was
proposed to drive the “jump-in” behaviors. The experimental force results were fitted
based on the SRYL model by including the disjoining pressure (see Figure 3.4A and
3.4B), and the hydrophobic interaction was found to show a decay length of Do ~0.83 nm
and 1.40 nm for the bubble-oil droplet case with 10 ppm and 100 ppm asphaltenes,
respectively. The bubble and drop profiles at the critical “jump in” positions during the
force measurements of air bubbles and asphaltenes-oil drops with 10 ppm and 100 ppm
asphaltenes are shown in Figure 3.4C and 3.4D, respectively. The minimum separation
distance hmin of the confined thin water film was determined to be 7.4 and 14.0 nm for the
10 ppm and 100 ppm asphaltenes cases, respectively. Figure 3.4E and 3.4F display the
disjoining pressure results arising from the different surface interactions (e.g., VDW, HB)
for the 10 ppm and 100 ppm asphaltenes cases, respectively. These results demonstrate
that (1) the addition of asphaltenes could enhance the hydrophobic attraction of air
bubbles with asphaltenes-toluene droplets that was stronger than the VDW repulsion and
led to “jump in” behaviors and surface contact of the two interacting objects in 100 mM
NaCl, and (2) the hydrophobic attraction Ilug became stronger with increasing
asphaltenes concentration from 10 ppm to 100 ppm. As reported previously,?® 14092, 164
with increasing asphaltenes concentration, more asphaltenes could adsorb to the oil/water
interface which enhanced their self-aggregation at the oil/water interface, forming more
“rigid” films to protect the emulsion droplets. These behaviors could contribute to the
enhanced hydrophobic interaction of oil droplets with air bubbles as detected in surface

force measurements shown in Figure 3.4.
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The effects of salt concentration on the interaction forces of bubbles and
asphaltenes-toluene droplets have also been investigated. Figure 3.5A and 3.5B display
the interaction force results between air bubbles and oil droplets containing asphaltenes
concentration of 10 and 100 ppm, respectively, in I mM NaCl solution at pH 5.6. Only
purely repulsive forces were detected under the low salinity condition as can be seen
from Figure 3.5, and there was no attachment between air bubbles and asphaltenes-
toluene droplets with either 10 or 100 ppm asphaltenes. Under the condition of low salt
concentration (i.e., 1 mM NaCl, with Debye length ~9.6 nm), the EDL repulsion plays an
important role in their bubble-oil droplets interactions. As discussed above, the VDW
forces were also repulsive. Thus, the repulsive VDW forces and the long-range repulsive
EDL interactions in low salinity solution could compete with the hydrophobic attraction
(with the same HB decay length as that shown in Figure 3.5) between air bubbles and
asphaltenes-toluene droplets, which inhibit their surface contact.

The force profiles in Figure 3.5A and 3.5B have been fitted using the SRYL
theoretical model, and the surface potential of air bubbles was -25.0 mV in 1 mM NacCl at
pH 5.6.7% 18 By fitting the measured force data (open symbols) using the SRYL model
(red curves), the surface potentials of the oil droplets containing 10 and 100 ppm
asphaltenes were determined as -45.0£5 mV and -65.0+5 mV, respectively, in 1 mM
NaCl at pH 5.6, close to the zeta potential values (Table S3.2). The oil/water interface
became more negatively charged when the asphaltenes concentration in the oil phase
increased, which agreed with the literature.®® The repulsive EDL forces of air bubbles and
asphaltenes-toluene droplets were strengthened by increasing the asphaltenes

concentration. Figure 3.5C and 3.5D show the profiles of the confined aqueous solution
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films between the air bubbles and the asphaltenes-toluene droplets under the maximum
loading force (i.e., 10 nN) applied. The minimum aqueous film thickness hmin Was
determined to be 13.6 and 22.7 nm for the 10 ppm and 100 ppm asphaltenes cases,
respectively, due to the competition among the repulsive VDW interaction (ITvpw),
repulsive EDL interaction (ITgpL) and the attractive HB interaction (Ilug). The
corresponding disjoining pressure profiles (ITvpw, [IepL and ITug) due to the three types
of surface interactions are also shown in Figure 3.5E and 3.5F for the 10 ppm and 100

ppm cases, respectively.
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Figure 3.5. (A—C) Interaction force results for air bubbles interacting with asphaltenes-
toluene droplets with (A) 10 ppm asphaltenes (bubble radius r; = 63 pm, oil droplet
radius r» = 64 um) and (B) 100 ppm asphaltenes (bubble radius r; = 43 pm, oil drop
radius r» = 50 pm) in 1 mM NaCl solution (pH 5.6) using the bubble probe AFM
technique. Open symbols refer to the experimental results, and the theoretical calculation

results are shown in red curves. (C—D) Profile of air bubbles and asphaltenes-toluene
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drops under the maximum loading force during surface approach for oil drops containing
(C) 10 ppm and (D) 100 ppm asphaltenes, where the blue curves denote the bubble
profiles and yellow curves illustrate the droplet profiles at the minimum separation hmin.
(E—F) Disjoining pressure results arising from various surface forces (i.e., VDW, EDL

and HB) for the (E) 10 ppm and (F) 100 ppm asphaltenes cases.

3.3.3.2 The Effect of Solution pH

The surface forces of air bubbles with oil droplets with 100 ppm asphaltenes under
different pH conditions (i.e., pH 4, 7 and 10) were measured using the bubble probe AFM
technique. Two salinity conditions were tested, i.e., | mM and 100 mM NaCl. Figure
3.6A, 3.6B and 3.6C show the measured surface force profiles in 100 mM NacCl solutions
of pH 4, 7 and 10, respectively. In aqueous solutions of high salt concentration (i.e., 100
mM NacCl). the EDL interactions of air bubbles and oil droplets with 100 ppm asphaltene
were greatly suppressed and became very short-ranged. The air bubbles were driven to
interact with the asphaltenes-toluene droplets at 1 um/s, and the hydrodynamic forces
could be negligible as compared with other interactions. Therefore, the overall interaction
forces were mainly dominated by the repulsive VDW force and attractive HB interactions.
The experimentally measured interaction force profiles and theoretical calculation data
using the theoretical model (Equations 3.1-3.3) are displayed as open circle symbols and
solid red curves in Figure 3.6A-C, respectively. The surface force results show that after
overcoming a critical repulsive force, jump-in behaviors were detected when air bubbles
approached asphaltenes-toluene droplets for all the three pH cases, indicating bubble-oil
droplet surface contact was achieved. The jump-in behaviors mainly resulted from the

HB attraction that overcame the VDW repulsion. By analyzing the force curves based on
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the theoretical model (Equations 1-3), the hydrophobic interaction showed a decay length
Do, fitted as ~1.46, 1.32, and 0.9 nm under pH 4, pH 7 and pH 10, respectively. The
results indicate that increasing the hydrophobic attraction between the air bubbles and
toluene droplets with 100 ppm asphaltenes could be weakened by increasing the aqueous
pH. With increasing solution pH, polar groups containing heteroatoms (e.g., O, N, S)
such as -COOH on asphaltenes molecules at the oil/water interface tend to face the
aqueous phase and their dissociation makes the oil/water interface negatively charged,
which in turn makes the asphaltenes-toluene droplet surfaces less hydrophobic, thus

weakening the hydrophobic attraction with air bubbles.

The corresponding bubble and droplet profiles right before the “jump in” during the
approaching process are shown in Figure 3.6D-F for the pH 4, 7 and 10 cases,
respectively. The minimum separation distance hmin between air bubbles and asphaltenes-
toluene droplets before “jump in” was determined to be 13.8 nm, 13.4 nm, and 9.0 nm at
pH 4, 7 and 10, respectively. At the critical gap distance hmin, the total disjoining pressure
was attractive which became higher than the Laplace pressure inside the bubble, causing
the jump-in and contact of the air bubble to the apshaltenes-toluene droplet. The profiles
of various disjoining pressure arising from the VDW and HB forces under the three
different pH conditions are displayed in Figure 3.6G-I, confirming that attractive HB

interaction became weakened with the hmin reduced when the pH increased.
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Figure 3.6. (A—C) Surface force results for air bubbles interacting with droplets of
toluene-asphaltenes (100 ppm) in 100 mM NaCl with various pH conditions: (A) pH 4
(bubble radius r1 = 58 um, droplet radius r> = 54 um), (B) pH 7 (bubble radius ri = 56 um,
droplet radius r» = 52 um), and (C) pH 10 (bubble radius r1 = 58 um, droplet radius > =
51 um). Experimental results are shown in open symbols, and theoretical calculation
results are shown in red curves. (D—F) Bubble and oil drop profiles at the minimum
separation distance hmin right before “jump-in” in 100 mM NaCl with (D) pH 4, (E) pH 7
and (F) pH 10, where the blue curves denote the bubble profile and yellow curves refer to
the droplet profiles at the minimum separation. (G—I) Disjoining pressure profiles arising

from various VDW and HB interactions under (G) pH 4, (H) pH 7, and (I) pH 10.
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Figure 3.7A-C show the surface force profiles of air bubbles interacting with
toluene droplets with 100 ppm asphaltenes in 1 mM NaCl solution at pH 4, pH 7, and pH
10, respectively. No jump-in behaviors could be detected, which was mainly due to the
repulsive EDL forces and VDW forces that overcame the attractive HB interactions.
Analysis using the theoretical model (Equations 3.1-3.3) showed that the fitted surface
potentials of oil droplets with 100 ppm asphaltenes in 1 mM NacCl at pH 4, pH 7, and pH
10 were -53 £ 5 mV, -68 £ 5 mV, and -90 £ 5 mV, respectively, close to the zeta
potential values shown in Table S3.2. The thin water films between air bubbles and oil
droplets under the maximum load (i.e., 10 nN) display profiles for the three pH cases in
Figure 3.7D-F. The minimum separation distances hmin of the three cases were
determined to be 18.3 nm, 24.2 nm, and 29.1 nm, respectively, at which the Laplace
pressure was balanced by the overall disjoining pressure (Ilvpw + Ilgpr + Ilug). Figure
3.7G-I show the calculated disjoining pressure results (i.e., Ilvpw, I1epL and I1ug) arising
from the VDW, EDL and HB interactions at pH 4, 7 and 10, respectively. As pH
increased, the asphaltenes-toluene droplet became more negatively charged, leading to a
strengthened repulsive EDL interaction; meanwhile the HB interaction decreased with
increasing pH in 1 mM NaCl. Thus, the overall disjoining pressure became more
repulsive at higher pH, resulting in thicker confined thin water film at higher pH with no

bubble-oil drop attachment.
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Figure 3.7. (A—C) Surface force results for air bubbles interacting with toluene-
asphaltenes (100 ppm) droplets in 1 mM NaCl at various pH: (A) pH 4 (bubble radius 11
= 62 pm, droplet radius r> = 55 um), (B) pH 7 (bubble radius r; = 63 um, droplet radius 2
= 52 um), and (C) pH 10 (bubble radius r1 = 55 pum, droplet radius r» = 56 pm).
Experiment results are shown in open symbols, and theoretical calculations using the
model (Equations 1-3) are displayed in the red curves. (D—F) Profiles of confined
aqueous solution films under the maximum load of 10 nN during the bubble-droplet
approaching process in mM NaCl at (D) pH 4, (E) pH 7 and (F) pH 10, of which the blue
curve presents gas bubble profiles and yellow curve shows liquid droplet shapes at the

minimum separation. (G—I) Disjoining pressure results arising from VDW, EDL and HB



3.3.3.3 Effects of Ca2* ions

Ca?" ions are commonly present in aqueous solutions in various engineering
processes. It is important to also investigate how calcium ions affect the interactions
between air bubbles and asphaltenes-toluene droplets. Figure 3.8A and 3.8B display the
surface force results of air bubbles interacting with toluene-asphaltenes (100 ppm) in
aqueous solutions with 100 mM NacCl at pH 5.6 and the addition of 1 and 10 mM CaCl,,
respectively. Jump-in and surface attachment behaviors were observed when the applied
force load reached ~2.5 and 2.6 nN in aqueous solutions with 100 mM NaCl and
additional 1 mM and 10 mM CaCl,, respectively. within comparison with the results for
air bubbles and toluene-asphaltenes (100 ppm) droplets in 100 mM NaCl without Ca?",
the critical forces needed for the adhesive “jump in behavior” with the addition of Ca**
ions are stronger. The interactions of Ca?" ions with the polar moieties of asphaltenes
such as carboxyl groups could impact the conformation of asphaltenes molecules and
aggregates adsorbed at the oil/water interface and the interfacial properties.'! 10170 By
analyzing the force results using the theoretical model (Equations 3.1-3.3), the
hydrophobic interaction showed a decay length Do ~0.54 and 0.52 nm for the 1 and 10
mM CaCl, cases, respectively. The results suggest that increasing Ca*>* ion concentration
led to more aggregation of the interfacial asphaltenes, which decreased the amount of
hydrophobic moieties of the asphaltenes facing the aqueous phase, leading to weaker
hydrophobic attraction of bubbles and asphaltenes-toluene droplets. The corresponding
shapes of bubbles and asphaltenes-toluene droplets right before jump-in during the

approaching process were shown in Figure 3.8C and 3.8D with the minimum separation
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distances determined as 5.4 and 5.1 nm respectively for the 1 and 10 mM CaCl; cases. At
such a critical distance, the hydrophobic attraction of air bubbles and asphaltenes-toluene
droplet overcame the repulsive VDW force, which drove the two objects to jump into
contact. The corresponding disjoining pressure results arising from the VDW and HB
interactions for the cases of 1 and 10 mM CaCl, are presented respectively in Figure
3.8E-F. It should be noted that the aggregation and conformation changes of the
interfacial asphaltenes induced by Ca®" ions also led to repulsive steric interactions
between the air bubbles and asphaltenes-toluene droplets, contributing to the stronger
repulsion in Figure 3.8A and 3.8B, as compared with the case without Ca** ions in Figure
3.4B. Such complex steric interactions were included in the above theoretical analysis
and the SRYL model, as no steric interaction model is suitable for the above complex
interfacial interaction. Thus, it is noted that the decay lengths of the HB interactions in
Figure 3.8A and 3.8B were underestimated and in practice, the attractive HB interactions
overcame the VDW and steric repulsion to drive adhesive contact of air bubbles and

asphaltenes-toluene droplets in 100 mM NaCl with 1 or 10 mM CaCl..
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Figure 3.8. (A—B) Interaction force results for air bubbles interacting with asphaltenes-
toluene droplet (100 ppm) in 100 mM NaCl with (A) 1 mM CacCl, (bubble radius r; = 50
um, droplet radius r2 = 49 pm), and (B) 10 mM CaCl; (bubble radius r1 = 56 um, droplet
radius r2 = 52 um). The experimental results are presented as open symbols and the
theoretical calculations are displayed as red curves using the model shown in Equations
1-3. (C—D) The local shapes of air bubbles approaching asphaltenes-toluene droplets at
the minimum separation right before the two objects jumped into contact, where the blue
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curves denote the bubble profiles and yellow curves present the droplet profiles in
aqueous solutions of 100 mM NaCl with the addition of (C) 1 mM and (D) 10 mM CacClo.
(E—F) Disjoining pressure results arising from VDW and HB interactions for the (E) 1

mM CaCl; and (F) 10 mM CaCl; cases, respectively.

3.3.3.4 The Effect of Surfactants

Interface-active species can influence the surface properties of the gas bubbles and
liquid droplets, thus affecting their behaviors in industrial processes. In this research, two
common interface-active chemicals, CTAC, and SDS, were applied as examples of
surfactants to examine the influence surfactants have on the interactions of gas bubbles
and liquid droplets. The forces for air bubbles interacting with droplets made of 100 ppm
asphaltenes in toluene were examined in an aqueous solution of 100 mM NaCl and 1 mM
CaCl; utilizing the bubble-probe atomic force microscope technique. Upon addition of
the cationic surfactant CTAC and the anionic surfactant SDS, the jump-in and surface
contact behaviors of bubbles and asphaltenes-toluene droplets were suppressed as shown
in Figure 3.9A and 3.9B, with only repulsive forces detected. Without the interface-active
CTAC and SDS, the hydrophobic attraction of bubbles with asphaltenes-toluene droplets
overcame the VDW repulsion to cause the two surfaces to jump into contact (Figure
3.8A). In contrast, by introducing CTAC and SDS, the surfactant molecules were able to
attach to the bubble/water and oil/water interfaces, resulting in increased steric repulsion

that hindered the air bubbles from attaching oil droplets.
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Figure 3.9. Surface force results for air bubbles interacting with asphaltenes-toluene (100
ppm) droplet in aqueous solutions of 100 mM NaCl and 1 mM CacCl; with the addition of
surfactants: (A) 0.2 mM CTAC (bubble radius r1 = 69 um, droplet radius r> = 62 pm), and
(B) 0.2 mM SDS (bubble radius ri = 65 pum, droplet radius r» = 63 pum). During the
interaction, the driving speed of the cantilever was chosen as 1 um/s, and the upper limit

of the load was set at 10 nanonewtons.

3.4 Conclusions

This study has quantitatively characterized the surface forces of air bubbles with
asphaltenes or asphaltene-oil droplets in aqueous media. The effects of concentrations of
asphaltenes and salts, aqueous pH, divalent cations and the surfactants were examined, as
illustrated in Figure S3. The results based on ITFDA force measurements show that high
salinity condition enhances the adhesion between bubbles and asphaltenes because of the
significantly suppressed EDL interaction, and their surface attachment was mainly driven
by hydrophobic attraction by overcoming the repulsive hydrodynamic, VDW and EDL

interactions. In AFM force measurements, the influence of hydrodynamic interaction was
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negligible due to the low driving velocity of air bubbles applied, and the results also
showed that the high salinity condition facilitated the attachment of air bubbles and
asphaltene-oil droplets in aqueous media and further demonstrated the critical role of
hydrophobic interaction in their surface attachment, agreeing with the ITFDA data. It is
also demonstrated that higher asphaltenes concentration in the oil droplets strengthens its
hydrophobic attraction with air bubbles, leading to their surface contact. Under low
salinity condition (i.e., 1 mM NaCl), the EDL and VDW repulsion dominates the bubble-
oil interactions, preventing the bubble-oil attachment. In contrast, when the salt
concentration is high, the repulsive EDL forces are greatly reduced, and the hydrophobic
attraction drove the bubbles to attach to asphaltene-toluene droplets. Increasing solution
pH from pH 4 to pH 10 makes both the air bubbles and asphaltenes-toluene droplets more
negatively charged, which enhances the EDL repulsion and weakens the HB attraction,
with no surface attachment observed under low salinity condition. The addition of
divalent cations such as Ca®>" weakens the hydrophobic attraction of bubbles with
asphaltenes-toluene droplets, as the Ca®" ions induce alterations of conformation and
clustering of interfacial asphaltenes. The inclusion of surfactant species (such as CTAC
and SDS) in the aqueous solutions inhibits adhesion of air bubbles with asphaltenes-
toluene droplets, which is attributed to the strong steric interaction caused by the
interfacial adsorption of surfactant molecules.

Different from many previous studies mainly via optical observations, [5, 19, 58]
this work has employed direct force measurements to reveal the underlying mechanisms
how air bubbles, asphaltenes and oil droplets with asphaltenes interact in complex

aqueous media. The findings offer useful insights for modulating interactions among gas
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bubbles, particles and droplets involved in interfacial processes relevant to various
engineering operations, such as froth flotation, oil extraction, and oily water treatment. It
should be noted that the water chemistry in many industrial operations is generally very
complex, containing many oil/water/solid interface-active species, organic residues and
solid particles, which are conducted under non-ambient conditions.!>!"'>* More effort is
needed in future studies on uncovering how environmental conditions impact the

interfacial interactions.'#7- 164

3.5 Supporting Infromation

LL

Height Sensor 1.0 pm

Figure S3.1. (A) Topographic AFM image of asphaltenes surface in air. The image size

was 5 um x 5 um. (B) A picture of static water contact angle on asphaltenes surface.
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Figure S3.2. Interaction force curves measured between air bubbles and pure toluene
droplet in aqueous solutions with (A) 1 mM NaCl (bubble radius »; = 51 pm, droplet
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Figure S3.3. Illustration of the surface interactions of gas bubbles with oil droplets in a
complex aqueous medium when interface-active oil components and surfactants are

present.
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Table S3.1. The dielectric constant ¢ and refractive index n of air, water’®, and toluene'”!

at 20°C.
Dielectric constant, € Refractive index, n
Air 1 1
Water 80 1.3333
toluene 2.38 1.4969

Table S3.2. Comparison of measured zeta potential values and theoretically fitted surface
potential values of oil droplet.

Asphaltenes measured zeta | Fitted surface | Air bubble zeta
concn solution condition potential potential potential used  for
(ppm) (mV) (mV) fitting (mV)7> 168
0 1 mM NacCl, pH=5.6 -33.0+4 -34.0£5 -25.0
10 1 mM NaCl, pH=5.6 -46.0+3 -45.0£5 -25.0
100 1 mM NacCl, pH=5.6 -63.0+3 -65.0£5 -25.0
100 1 mM NacCl, pH=4.0 -50.143 -53.0+5 -12.0
100 1 mM NaCl, pH=7.0 -65.243 -68.0+5 -33.0
100 1 mM NacCl, pH=10.0 -88.343 -90.0+5 -43.0

Video S1. The dynamic interaction video of an air bubble and asphaltenes surface in 1

mM NaCl, pH 5.6 solution during the ITFDA test.

Video S2. The dynamic interaction video of an air bubble and asphaltenes surface in 1

mM NaCl, pH 10 solution during the ITFDA test.

Video S3. The dynamic interaction video of an air bubble and asphaltenes surface in 100

mM NaCl, pH 5.6 solution during the ITFDA tests.

Video S4. The dynamic interaction video of an air bubble and asphaltenes surface in 100

mM NaCl, pH 10 solution during the ITFDA tests.
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CHAPTER 4. Probing the Surface Forces between Air Bubbles and

Bitumen via Direct Force Measurements: Effects of Aqueous Chemistry

4.1 Introduction

Air bubbles are ubiquitous in aqueous solutions and have some interesting
characteristics including large surface area, low density, and hydrophobic nature,!”?
which enable bubbles to selectively adsorb to specific materials (e.g., positively charged

or hydrophobic species) in aqueous media. "> !73-17* Therefore, bubbles have been used in

175-177 01

a broad spectrum of engineering applications, such as bitumen froth flotation,

179 100, 180
t,

surface cleaning,!”® wastewater treatmen and drug/gene delivery. In these
applications, the surface attachment between air bubbles and target materials plays a
critical role in selective separation, which is mainly dominated by their interfacial
interaction forces. In aqueous solutions, the interfacial interaction forces between two
objects act on their surfaces via disjoining pressures, which arise from the molecular
interactions across the thin water films between the objects. The disjoining pressure
strongly depends on the separation distance between the objects and the composition of
the surrounding aqueous media. The overall forces on the objects is determined by the
balance between the disjoining pressures and the hydrodynamic pressure, significantly
influencing the interaction behavior of these objects in aqueous solutions, such as their
surface attachment or detachment.!8!"!83 Hence, characterizing and comprehending the

interface interaction behaviors of bubbles and material surfaces in different fluid media

during specific processes holds crucial practical and fundamental significance.
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In oil sands industry, surface mining is employed to extract bitumen from oil sands
deposits with the buried depth < 75 m. Warm water is used to extract bitumen from oil
sands ores. In this technology, bitumen is liberated from oil sand ores and captured by air
bubbles in aqueous media, forming bitumen froth. The surface forces of air bubbles and
bitumen across the aqueous media have significant impacts on the recovery and quality of
bitumen.> ¥+185 Therefore, characterizing and understanding these surface forces is
essential for modulating and optimizing the interfacial processes in bitumen extraction.
Significant progress has been made in recent years towards understanding the air bubble-
bitumen interaction behavior and the thin film drainage process under different water
chemistry conditions.??3% 186187 Many studies have been conducted to investigate the
interaction forces of various surfaces in aqueous solutions, primarily using
nanomechanical technologies such as the atomic force microscope (AFM) and surface
forces apparatus (SFA).27-2% 188190 A combination of the bubble/drop probe AFM
technique and theoretical computation has been employed for studying the interactions of
deformable objects, such as gas bubbles and emulsion droplets, with other objects.”® ™ 1%
The interaction process and force measurement results are frequently analyzed using a
theoretical model that relies on Reynolds lubrication theory and augmented Young-
Laplace equation.®*8! The surface forces and dynamic thin film drainage process during
the interfacial interactions involving deformable bubbles/droplets can be experimentally
monitored using the bubble/drop probe AFM technique, and then theoretically analyzed
using the theoretical model. Surface forces resulting from van der Waals and electric
double layer interactions, commonly referred to as Derjaguin-Landau-Vervey-Overbeek

(DLVO) forces, hydrophobic and other interactions, among air/water/oil/solid interfaces
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can be precisely quantified using the nanomechanical tools.!? 163 183 Previous studies
show that interfacial processes, where bitumen and asphaltenes (the heaviest fraction of
bitumen) are involved, are significantly influenced by surrounding fluid and
environmental conditions, such as pH and salinity in aqueous solutions, organic solvent,
and temperature, as illustrated in Figure 1A.2°-32 However, the impact of water chemistry
factors on the interactions occurring between air bubbles and bitumen surfaces has not
been well understood and quantified.

In this work, two different bitumen samples from northern Alberta have been
systematically characterized using the Dean-Stark method, thermogravimetric analysis
(TGA), elemental (CHNS) analysis, and Fourier transformation infrared spectroscopy
(FTIR). The bitumen surface energy was characterized via contact angle measurements
using three probe liquids, and AFM imaging was used to investigate the surface
morphology of bitumen in different aqueous solutions (varying ionic concentration and
solution pH). The bubble-bitumen surface forces in aqueous solutions of varying salinity,
pH, type of ions and surfactants have been quantified. The force measurement results
were subjected to analysis using a theoretical model founded on Reynolds lubrication
theory and augmented Young-Laplace equation. The study has improved the basic
understanding of how bubbles and bitumen interact on a nanoscale level in complex
water-based solutions. The findings offer valuable insights for controlling the interactions

of gas bubbles and liquid droplets in many relevant industrial processes.
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Figure 4.1. Schematics of (A) warm water-based bitumen extraction process in which the
interactions among air bubbles, bitumen and solids in aqueous solutions of varying pH,
salts and surfactants play a critical role, and (B) experimental setup of using the bubble
probe AFM force to measure the interaction forces between air bubbles and bitumen

surfaces in aqueous solutions.

4.2 Materials and Methods

4.2.1 Materials

Two types of Athabasca bitumen samples were collected from northern Alberta.
Sodium chloride (NaCl, ACS reagent grade), calcium chloride (CaCl,, ACS reagent
grade), hydrochloric acid (HCI, ACS reagent grade), toluene (> 99.5%), and sodium
hydroxide (NaOH, ACS reagent grade) were purchased from Fisher Scientific. Sodium
dodecyl sulfate (SDS), diiodomethane, and diethylene glycol were provided by Sigma-

Aldrich, Canada. All chemicals were used as received without further purification. All
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aqueous solutions were prepared using Milli-Q water with a resistivity =18.2 MQ.cm.

4.2.2 Characterization of Bitumen

The composition and properties of two Athabasca bitumen samples used in this work
were characterization using Dean-Stark method, thermogravimetric analysis (TGA),
elemental (CHNS-O) analysis, and Fourier transform infrared spectroscopy - attenuated
total reflectance (FTIR-ATR). The Dean-Stark apparatus was used to determine the water,
bitumen, and solids contents in the oil sands sample. TGA analysis (TA instrument Q500)
was conducted in the temperature range of 25-200°C with a heating rate of 5°C-min’!
under nitrogen gas flow (60.0 mL min'), and the weight loss of bitumen samples was
recorded as a function of time (or temperature). Additionally, the primary elemental
composition (i.e., C, H, N, S, O) of bitumen samples was measured using a CHNS-O
Flash2000 Elemental Analyzer (Thermo Fisher Scientific).

4.2.3 Preparation and Characterization of Bitumen Surfaces

To study the surface forces between bitumen and air bubbles in aqueous solutions,
bitumen-coated surfaces were prepared using spin coating method using the two bitumen
samples. Briefly, bitumen sample was dissolved in toluene to obtain a concentration of 3
mg/mL, then the mixture was centrifuged at 7000 rpm for 30 minutes to remove possible
solids. The bitumen in toluene solution was filtered with a PTFE membrane (pore size of
~0.2 um) and used to prepare bitumen thin films coated on silicon wafer substrates via
spin coating method. The as-prepared bitumen surfaces were kept under vacuum
overnight (>12 hours) to removal residual toluene prior to further tests.

The zeta potential of bitumen surface in aqueous solution was estimated by

measuring the zeta potential of bitumen-in-toluene droplets in aqueous solutions. Briefly,
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the bitumen-in-toluene solution after filtration was dispersed in NaCl aqueous solution
under sonication to obtain an oil-in-water emulsion, and the emulsion was then used for
zeta potential measurement using a Zetasizer Nano ZSP device (Malvern Instruments,
UK). The surface energies of as-prepared bitumen surfaces were determined using three-
probe-liquid method '*!"'2, Diiodomethane, water, and ethylene glycol were used as the
three probing liquids, and their contact angles on the bitumen surface were measured by a
goniometer using sessile drop technique. The surface energy of bitumen was calculated
based on the relationship between surface energies and contact angles of probe liquids on
the bitumen surface, and the detailed calculation procedure was provided in the
Supporting Information (SI). The surface morphology and roughness of bitumen surfaces
in air and in aqueous solutions were characterized by AFM imaging using the tapping
mode (MFP-3D AFM, Asylum Research, Santa Barbara, CA, USA). The surface
chemical properties of bitumen surfaces were characterized by Fourier transform infrared
(FTIR) spectroscopy.

4.2.4 AFM Force Measurements

The interaction forces between air bubbles and bitumen surfaces in aqueous
solutions were directly measured using the bubble probe AFM technique (see Figure
4.1B). In a typical force measurement using the bubble probe AFM, an air bubble with a
diameter of ~50 um was anchored on the free end of the customized tipless rectangular
silicon AFM probe (400x70x2 um?). There was a circular gold patch (radius of ~32.5
um) at the free end of tipless AFM probe, which was hydrophobized using 1-decanethiol
for stable bubble attachment in aqueous solutions.”>’* The tipless AFM probe acted as a

force spring, calibrated as 0.3-0.4 N/m using the method proposed by Hutter and
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Bechhoefer.!!! In force measurements, the bubble probe was driven to approach the
desired substrate surface till reaching a specific load, and then it was driven towards and
retracted away from the surface. In this work, bubble probe was driven at 1 um/s so the
hydrodynamic effect played a negligible role. During the force measurements, the
deflection of AFM cantilevers, induced by bubble-bitumen interaction forces, was
monitored in real time by an optical lever system, and the interaction forces was obtained

using Hooke’s law and captured through piezo displacement (or time).

4.2.5 Theoretical Model.

The interaction forces obtained from bubble probe AFM measurements were
analyzed using a theoretical model based on Stokes-Reynolds-Young-Laplace (SRYL)
model with the inclusion of disjoining pressure, which could provide useful information
about the deformation of air bubbles and separation distance between the bubbles and
bitumen surfaces during their surface interactions and force measurements.!'!? 114-116. 193
The dynamic drainage of confined thin water film between air bubbles and bitumen

surfaces can be analyzed using Reynolds lubrication theory. Assuming that both

bubble/water and bitumen/water interfaces have non-slip boundary conditions, the

dynamic drainage process of confined water layer is described by Equation 4.1 194195,
ohr) _ 1 of s ap(r1) @
ot 12 ur or or

where A(r,t) is the film thickness, » is the radial distance to the axis of the bubble, u
denotes dynamic viscosity of water, p(r,t) represents the additional hydrodynamic

pressure inside the thin water film compared to the bulk aqueous medium.

Air bubbles can be readily deformed during the interactions with flat substrates (i.e.,
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bitumen coated on silicon wafer) in the force measurements due to external pressures
such as hydrodynamic pressure and disjoining pressure. This process is generally given

by the augmented Young-Laplace equation,'**1®*] as shown in Equation 4.2,

where y is the surface tension of aqueous solution, R denotes the radius of the bubble

probe, [] denotes the disjoining pressure caused by air bubble-bitumen surface forces.*”

106, 119122 Several surface interactions, such as hydrophobic interaction, van der Waals
(VDW) interaction, and the electric double layer (EDL) interaction contribute to the

overall disjoining pressure, which are expressed as Equations 4.3 to 4.5, respectively,>*

123,196 74,79

_M] (4.3)

I 4 (4.4)
oW 67rh3(r,t)

26,6 | (™ + ™ ) g0, — (7 + 03 )| (%)

(e+Kh _eﬂch )2

where I1,,, I1,,, , and I1,,, are the disjoining pressures induced by hydrophobic,

HEDL =

VDW, and EDL interactions, respectively, C,is a constant value related to the static

water contact angle @, on bitumen surface and C=2xy (l—cos QW), D, is a

characteristic decay length of hydrophobic interaction, 4y denotes the Hamaker constant

between air bubble and bitumen surface across the aqueous solution, « is the reciprocal of
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Debye length, &y is the vacuum permittivity, ¢ is the dielectric constant of the aqueous
solution, ¢; and ¢, are the surface potentials of air bubble and bitumen surface in the
aqueous solution, respectively. The total interaction forces of an air bubble and bitumen
surface are determined by integrating the overall external pressure (i.e., hydrodynamic
pressure and disjoining pressure) along the air bubble surface according to the Derjaguin

approximation, as shown in Equation 4.6, 83124193

F(t) = 27ZJ.: [p(h(r,t)) +H(h(r,t))] -rdr

4.3 Results and Discussion

(4.6)

4.3.1 Properties of Athabasca Bitumen Samples

The water, solid, and bitumen contents of the two Athabasca bitumen samples from
northern Alberta were determined using the Dean-Stark method and the results are
summarized in Table 4.1. Although the two Athabasca bitumen samples have the same
solids content (~0.1 wt%), the bitumen sample 1 has a much higher water content (18.6
wt%) than the bitumen sample 2. The bitumen contents of the two bitumen samples were
determined to be 80.3 wt% and 96.8 wt%, respectively. The relatively high-water content
in bitumen sample 1 was also confirmed by TGA and elemental analysis results. As
shown in Figure 4.2, when the temperature was increased to 100°C, the bitumen sample 1
experienced an obvious mass loss (~ 20 wt%) that could be attributed to the evaporation
of water or volatile components, while bitumen sample 2 only showed a slight mass loss.
Table 4.2 displays the elemental analysis results of the two bitumen samples. Notably, the
bitumen sample 1 has more hydrogen and oxygen yet less carbon elements as compared

to the bitumen sample 2, which could be ascribed to the high-water content and low
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bitumen content of bitumen sample 1.

Table 4.1. Composition of the two Athabasca bitumen samples

Composition Bitumen sample 1 Bitumen sample 2

Solids (wt%) 0.1 0.1

Water (wt%) 18.6 0.6
Bitumen (wt%) 80.3 96.8

Table 4.2. Elemental analysis results of the two Athabasca bitumen samples.

Elemental composition Bitumen sample 1 Bitumen sample 2
(wt%)
Nitrogen 0.36+0.01 0.44+0.03
Carbon 69.26+0.47 83.26+0.11
Hydrogen 10.83+0.11 10.72+0.07
Sulfur 3.65+0.07 4.70+0.09
Oxygen 12.70+0.78 0.81+0.05
100-
S
2]
3
- 80
)
£
=l
é’ — Bitumen sample 1
60- —— Bitumen sample 2

40 80 120 160 200
Temperature (°C)

Figure 4.2. TGA results of the two Athabasca bitumen samples.
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4.3.2 Characterization of Bitumen Surfaces

The surface energies of the two bitumen samples were characterized using the three-
probe-liquid method (see Table S4.1 in the Supporting Information). The experimental
details of the three-probe-liquid method are shown in the Supporting Information. Van
Oss et al. reported that the surface energy (y) has two primary components: Lifshitz-vdW
component (y-V) and Lewis acid-base component (y*2, including electron acceptor y*
and electron donor y°).!!1°2 The surface energy components of the three probing liquids
(i.e., diilodomethane, water, and diethylene Glycol) are shown in Table S4.1. Table S4.1
shows a larger contact angle of the polar probe liquid (e.g., water) on bitumen surfaces
compared to that of the nonpolar probe liquid (e.g., dilodomethane), which indicates the

hydrophobic nature of bitumen surfaces. The surface energies of the two types of bitumen

surfaces (7, and J,) were determined to be 44.42 mJ/m? and 45.23 mJ/m?, respectively.
Notably, the free energies of Lifshitz-vdW ( AG.”,_, ) and Lewis acid-base

interactions (AG7”, ,) between the air bubble and bitumen surfaces across aqueous

solutions can be calculated based on the results of three-probe-liquid tests by using

Equations 4.7 and 4.8 and the data in Table S4.1, 1°!-192

AijVW—B = 2\/7/V§/W (\/7§W - \/7/V€/W ) 47

AGY, =2[\/ﬁ(\/g_\/g)+\/g(\/g_%)} (4.8)

where the subscripts 4, B, or W stand for air, bitumen, and water, respectively. The

positive value of AG’",_, indicates that the VDW interaction is repulsive, which prevents
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the air bubbles from attaching to the bitumen surface in water. The negative value of

AGY", . denotes an attractive interaction, such as hydrophobic interaction, that induces

the attachment of air and bitumen in water. The Lifshitz-vdW AG.”, . values for the

surfaces of bitumen 1 and 2 were calculated to be 17.4 and 18.95 mJ/m?, respectively,

suggesting that the repulsive vdW interactions between air bubbles and the two bitumen
surfaces inhibit their attachment. However, the Lewis acid-base interactions (AG/”, ,)

between air bubbles and surfaces of bitumen 1 and 2 were determined to be -82.94 and -
92.9 mJ/m?, respectively. The calculated negative Lewis acid-base interactions indicate
the presence of strong attraction (e.g., hydrophobic interaction) between air bubbles and
bitumen surfaces in aqueous solutions, which could contribute to their surface attachment.

Figure 4.3 illustrates the FTIR spectrum of the two bitumen surfaces, which show
similar profiles. The absorption peak at 1705-1725 cm™! can be attributed to the stretching
vibration of C=0 groups (such as ketone structure groups), and the peak at 1380-1465
cm’! belongs to the stretching vibration of C-H bonds (e.g., -CHs, -CH,).!"”” The
absorption peak between 1000 cm™! and 1100 cm™! mainly corresponds to the S=O
stretching vibration (and also possibly C-N stretching vibration) due to the relatively high
sulfur content and low nitrogen content of the two types of bitumen (Table 4.2). The 900-
995 ¢cm™' peak most likely corresponds to C-H bending. The FTIR spectra further
confirms the presence of hetero atoms (e.g., N, S) and polar functional groups in both

bitumen samples.
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Figure 4.3. FTIR spectra of the two bitumen surfaces.

The wettability and morphology of bitumen surfaces were characterized using
goniometer and AFM imaging, respectively. Figure 4.4 illustrates the water contact angle
and AFM images of the two bitumen surfaces in air. The average static water contact
angles of bitumen 1 and bitumen 2 surfaces were determined as 96.8°+0.6° and 100.6°
+0.8°, respectively. The root-mean-square (RMS) roughness of two bitumen surfaces
were found to be ~0.31 nm and ~0.27 nm, respectively. These results indicate that the two

bitumen surfaces prepared via spin-coating were hydrophobic and very smooth.
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Figure 4.4. Image of static water contact angle and the AFM images of (A) Bitumen 1

surface and (B) Bitumen 2 surface. The scan size of the images was 5 um x 5 pm.

The morphologies of two bitumen surfaces under different water chemistry
conditions (i.e., ionic strength, pH) haves been investigated. As shown in Figure 4.5, the
bitumen surfaces become much rougher in aqueous solution compared to those in air and
show some features that are consistent with other types of bitumen surfaces reported
previously.'3% 18 Both types of bitumen surfaces were submerged in aqueous solutions
for at least 60 minutes prior to imaging, while the morphology did not show obvious
change with further increase in the submerging time.

In 1 mM NaCl, when the aqueous pH was raised from pH 5.8 to 9, bitumen 1
surface showed a slightly increased RMS roughness (i.e., increasing from 0.51 to 0.56 nm,
see Figure 4.5A and 4.5B); and for bitumen 2 surface, the roughness increased slightly
from 0.62 to 0.68 nm (Figure 4.5E and 4.5F). Bitumen generally contains many natural
interface-active species with polar functional groups (e.g., -COOH) which can
deprotonate under alkaline environment.?%° So, the increased roughness of the
bitumen/water interface as the pH rises, possibly ascribed to the dissociation of protons
from polar functional groups and change of molecule conformations. In 100 mM NaCl
solution, this roughening phenomenon of bitumen surfaces with increasing solution pH is
more pronounced (see Figure 4.5C, 4.5D, 4.5G, and 4.5H, which show RMS roughness
0.92 nm, 2.18 nm, 1.05 nm, 1.54 nm, respectively). The primary reason for the lager
surface roughness under high-salinity conditions is the decrease in electrostatic repulsion
between the polar moieties present on the molecules or aggregates of bitumen. The

slightly different roughness of the two bitumen surfaces could be linked to the different
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amount of various polar groups contained in the two bitumen samples.
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Figure 4.5. AFM images of the bitumen 1 surface in (A) 1 mM NaCl at pH 5., (B) 1 mM
NaCl at pH 9, (C) 100 mM NaCl at pH 5.8, and (D) 100 mM NacCl at pH 9; and AFM
images of the bitumen 2 surface in (E) 1 mM NaCl at pH 5.8, (F) 1 mM NaCl at pH 9, (G)

100 mM NaCl at pH 5.8, and (H) 100 mM NaCl at pH 9.

4.3.3 Bubble Probe AFM Force Measurement

4.3.3.1 Effects of pH

The surface forces of air bubbles and the two bitumen surfaces in different water
solutions (i.e., varying pH, ionic strength, ion types) have been characterized using a
bubble probe AFM technology. In this study, the pH of the aqueous solutions was fixed at
pH 5.8 or pH 9, and the salinity was fixed at 1 mM or 100 mM NaCl to investigate the
influence of pH and salt concentration. It is noted that pH 5.8 was the natural pH of the
NacCl solutions and pH 9 is close to pH conditions (generally pH 8 to 10) used in bitumen

flotation in oil sands production. Figure 4.6 illustrates the surface force profiles between
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air bubbles and two bitumen surfaces in 100 mM NaCl solution at pH 5.8. For both
bitumen samples, abrupt “jump-in” behaviors were observed during bubble approaching
process after overcoming the repulsion force of ~7.5 nN (Figure 4.6A) and ~7.1 nN
(Figure 4.6D), respectively, which indicate the attachment of air bubbles to the bitumen
surfaces. For this air-water-bitumen system, the Hamaker constant ( 4,,) was calculated
to be —1.8 x 1072° J,”° which indicates the vdW interaction was repulsive between air

bubbles and bitumen surfaces across water and agrees with the results on free energies of
Lifshitz-vdW (AGS", ,) in section 4.3.2. Considering that both air bubbles and bitumen

surfaces are negatively charged in the aqueous solution, their EDL interaction is also
repulsive, though the EDL interaction is significantly suppressed under high-salinity
conditions (Debye length of ~0.96 nm in 100 mM NaCl). Since the surfaces of both air
bubbles and bitumen are hydrophobic, it is reasonable to infer that their attractive
hydrophobic interaction significantly influences the bubble-bitumen attachment behavior.
The bubble-bitumen interaction force curves were fitted using the SRYL model, and the
characteristic length of hydrophobic interaction decay Dy of bitumen 1 and bitumen 2 was
determined to be about 0.97 nm and 1.0 nm, respectively. The evolution of bubble
profiles during force measurements are illustrated in Figure 4.6B and 4.6E for bitumen 1
and bitumen 2, respectively. The minimum separation distances between the bubbles and
bitumen surfaces before ‘jump-in’ occurrence were determined to be 9.6 nm and 10.0 nm
for bitumen 1 and 2, respectively. The related profiles of disjoining pressures for the two
cases are shown in Figure 4.6C and 4.6F. Due to the diminished EDL interaction and the
repulsive van der Waals interaction in 100 mM NaCl, the primary factor governing the

overall interaction is the attractive hydrophobic interaction, which triggers the attachment
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of the air bubbles onto the bitumen surfaces. Although the two bitumen surfaces have
slightly different surface chemistry, the strength and range of bubble-bitumen

hydrophobic interactions in these two cases are almost the same.
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Figure 4.6. Representative force profiles, air bubble profiles and disjoining pressure
results of air bubbles interacting with (A-C) Bitumen 1 surface (bubble radius R, = 50 pm)
and (D-E) Bitumen 2 surface (bubble radius Ry = 52 um) in 100 mM NacCl solution at pH
5.8. Black open symbols represent experiment data, and red solid curves illustrate
theoretical calculations based on the SRYL model. (B) and (E) The evolution of bubble
profiles during force measurement with the red curve showing the bubble shape at the
minimum separation distance immediately preceding “jump in” behavior. (C) and (F) The

related disjoining pressure results induced by VDW and HB interactions.

The interaction forces between air bubbles and the two bitumen samples have been

quantified under high salinity and high pH conditions, and the results are shown in Figure
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4.7. Figure 4.7A and 4.7D illustrate the typical force profile of air bubbles and the
surfaces of bitumen 1 and bitumen 2 in a solution containing 100 mM NaCl at pH 9.0,
respectively. As the aqueous solution pH increased from pH 5.8 to 9, the jump-in
behavior could still be observed and the interactions between bubbles and bitumen
surfaces were dominated by the attractive hydrophobic interaction. According to the
theoretical analysis, the hydrophobic interaction decay length Dy for the bitumen 1 and
bitumen 2 surfaces were determined to be 0.88 nm and 0.89 nm, respectively, which were
less than those under pH 5.8 condition. The results indicate that the bubble-bitumen
hydrophobic interaction was weakened with increasing aqueous solution pH. The critical
separation distances before the jump-in behavior were determined to be 8.6 nm for
bitumen 1 and 8.8 nm for bitumen 2 (Figure 4.7B and 4.7E), which were smaller than
those under pH 5.8 condition. The decreased critical separation distance also indicates the
weakened hydrophobic attraction in alkaline solution. These results also agree with
previous studies which showed that the water contact angle of bitumen surface decreases
when the aqueous solution pH increases.'” It is noteworthy that the hydrophobic
interaction results from the entropic effect caused by the disruption of the hydrogen
bonding network of water molecules that are in proximity to the hydrophobic surfaces or
moieties.'” 7> 2% With increasing solution pH, some polar groups (e.g., carboxyl and
phenolic groups) in bitumen (particularly the interface-active fractions such as
asphaltenes) are deprotonated, which changes the wettability of bitumen surfaces and
consequently affects the strength and range of hydrophobic interaction.? 47> 85 201 The
calculated disjoining pressure profiles due to VDW and HB interactions between air

bubbles and bitumen surfaces in 100 mM NacCl at pH 9 are illustrated in Figure 4.7C and

102



Figure 4.7F for bitumen 1 and bitumen 2, respectively. The hydrophobic attraction
overcame the VDW repulsion at a critical separation distance (/min), inducing the bubbles

to come into contact with the bitumen surfaces.
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Figure 4.7. Representative force profiles, air bubble profiles and disjoining pressure
results of air bubbles interacting with (A-C) bitumen 1 surface (bubble radius Ry = 56 pm)
and (D-F) bitumen 2 surface (radius of bubble Ry = 51 um) in 100 mM NaCl solution at
pH 9. Black open symbols represent experiment measured results, and red solid lines
illustrate theoretical fitting results based on the SRYL model. (B) and (E) The evolution
of air bubble profiles in the force measurements, with the red curves show the bubble
profile at minimum separation. (C) and (F) calculated disjoining pressure results arising

from VDW and HB interactions.
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4.3.3.2 Effect of Ion Strength

The interaction forces between air bubbles and the two bitumen samples have been also
quantified under low salt concentration (i.e., 1 mM NaCl) to investigate the effect of ionic
strength, and the results for two pH cases (i.e., pH 5.8, pH 9.0) are shown in Figure 4.7
and Figure 4.8. Figure 4.8A and 4.8D illustrate the representative surface force profiles
between air bubbles and the surfaces of bitumen 1 and bitumen 2 in 1 mM NaCl at pH 5.8,
respectively. Interestingly, there was no jump-in phenomenon detected, which could be
ascribed to the strong and long-range EDL repulsion for bubble-bitumen under the low
salinity condition. By using the SRYL model, the surface potentials of bitumen 1 and
bitumen 2 in 1 mM NaCl at pH 5.8 were determined to be -45.0 £ 5.0 mV and -59.0 £ 5.0
mV, respectively, which were close to the measured zeta potential values of the two
bitumen samples (Table 4.3). Figure 4.8B and 4.8E illustrate the profiles of air bubbles
that were interacting with bitumen 1 and bitumen 2 surfaces, respectively, under the
maximum load (30 nN). The minimal separation for the two cases were determined to be
19.6 and 23.6 nm for the bitumen 1 and bitumen 2 cases, respectively. Figure 4.8C and
4.8F illustrate the disjoining pressure profiles that arise from the various surface forces

(i.e., VDW, hydrophobic, and EDL interactions) involved in the two cases.
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Figure 4.8. Representative force curves, air bubble profiles and disjoining pressure

results of air bubbles interacting with (A-C) bitumen 1 surface (bubble radius R, =51 pum)

and (D-F) bitumen 2 surface (bubble radius Ry = 55 pum) in 1 mM NacCl solution at pH 5.8.

Black open symbols represent experiment results and red solid curves illustrate

theoretical calculations based on the SRYL model. (B) and (E) The bubble profiles in the

force measurement under the maximum force load applied (i.e., 30 nN). (C) and (F)

Disjoining pressure results arise from various surface interactions (i.e., VDW, EDL and

HB interactions).

Table 4.3. Comparison and summary of measured zeta potential results and theoretically

determined surface potential values of bitumen surfaces and air bubbles.

1 mM NaCl pH 5.8

I mM NaCl pH 9

Bitumen 1

Measured zeta potential (mV)
Fitted surface potential (mV)

-42.0+0.2
-45.0+5.0

Bitumen 2

Measured zeta potential (mV)
Fitted surface potential (mV)

-57.4+£0.4
-59.0+£5.0

Air bubble'®®

Zeta potential =(mV)

-35.0

-61.9+£0.3
-65.0£5.0
-69.2+0.3
-72.0£5.0

-50.0
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In ImM NaCl alkaline aqueous solution (pH 9.0), the jump-in behavior of air
bubbles was not observed as shown in Figure 4.9, and fitted surface potentials of the
bitumen 1 and bitumen 2 surfaces were determined to be -65.0 + 5.0 mV and -72.0 + 5.0
mV, respectively, by using the SRYL model. The minimal separation for the two cases
were determined to be 27.8 and 29.5 nm for the bitumen 1 and bitumen 2 cases,
respectively (Figure 4.9B and 4.9E). The more negative surface potentials of bitumen and
bubble surfaces strengthened the EDL repulsion in the bubble-water-bitumen system,
which resulted in the increased minimum separation distance between the air bubbles and
bitumen surfaces under the maximum load (see Figure 4.9B and 4.9E). Such results are
most likely caused by the following factors: 1) increasing adsorption amount of
hydroxide ion on the air bubbles and bitumen surfaces in alkaline solution, and 2)
dissociation of protons of polar groups (e.g., carboxyl, phenolic groups) of surface-active
species in bitumen. As shown in Figure 4.9B and 4.9E, the central region of the air
bubble surfaces was flattened under the applied load force, which is due to the balance
between the overall repulsive disjoining pressure and the Laplace pressure. The profiles
of calculated disjoining pressures between air bubbles and the surfaces of bitumen 1 and
bitumen 2 in 1 mM NaCl solution are illustrated in Figure 4.9C and 4.9F, respectively.
The results show that the repulsive EDL interactions play a key role in the bubble-water-
bitumen system under the low salinity condition and dominate the behavior of air bubbles

during the force measurement process.
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Figure 4.9. Representative force profiles, air bubble profiles and disjoining pressure
results of air bubbles interacting with (A-C) Bitumen 1 surface (bubble radius Ry = 63 um)
and (D-F) Bitumen 2 surface (bubble radius Ry = 67 um) in 1 mM NacCl solution at pH 9.
Black open symbols represent experiment results and red solid curves illustrate
theoretical calculations based on the SRYL model. (B) and (E) The bubble profiles during
the approaching process under the maximum force load of 30 nN. (C) and (F) Disjoining
pressure profiles induced by various surface interactions (i.e., VDW, EDL and HB

interactions).

4.3.3.3 Effect of Calcium Ion

Calcium ion is one of the most common cations in produced water in oil sands
production and other engineering processes, which has significant impacts on the bitumen

extraction process. Therefore, in this work, the effect of Ca®" ion on the interactions
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between air bubbles and bitumen surfaces has been investigated. The AFM imaging
results in Figure 4.10A and 4.10B illustrate the surface morphologies of the bitumen 1
and bitumen 2 in the aqueous solution containing 100 mM NaCl and 1 mM CaCl, at pH
5.8. With the addition of 1 mM Ca?*, the morphologies of bitumen 1 and bitumen 2
surfaces became much rougher with many large aggregates, and the RMS roughness was
determined to be 5.3 nm and 6.5 nm, respectively. It is most likely that Ca*>* ions have a
strong interaction with certain polar groups (e.g., -COOH) of surface-active species in

bitumen which causes the formation of large aggregates on the bitumen surfaces.

Height Sensor 400.0 nm

Figure 4.10. AFM images of (A) Bitumen 1 surface and (B) Bitumen 2 surface in 100

mM NaCl with 1 mM CacCl; solution at pH 5.8.

The effect of calcium ions on the interaction forces of air bubbles and the two types
of bitumen has been quantified, and the results are shown in Figure 4.11. The
representative force profiles between air bubble and the surfaces of bitumen 1 and
bitumen 2 in the aqueous solution containing 100 mM NaCl and 1 mM CaCl, at pH 5.8
were shown in Figure 4.11A and 4.11D, respectively. A “jump-in” behavior was observed
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during approaching process for both bitumen 1 and bitumen 2 surfaces, and the maximum
repulsive forces before the “jump in” behavior were measured to be ~4.3 nN and ~4.1 nN,
respectively. The decay length of hydrophobic interactions was determined to be ~1.28
nm and ~1.38 nm for bitumen 1 and bitumen 2 surfaces, respectively, by using the SRYL
model. The critical central separations between the air bubbles and the two bitumen
surfaces just before bubble jump-in behavior were calculated to be 12.8 and 13.6 nm,
respectively (see Figure 4.11B and 4.11E). In the aqueous solution containing 100 mM
NaCl and 1 mM CaCl,, the hydrophobic interactions between air bubbles and bitumen
surfaces are stronger than those in 100 mM NacCl solution (Figure 4.6A and 4.6D). The
enhanced hydrophobic interaction was possibly attributed to the bridging effect of Ca**
between carboxyl groups of interface-active species in bitumen, thus increasing the
surface roughness (Figure 4.10) and exposing more hydrophobic moieties at the
bitumen/water interface. Figure 4.11C and 4.11F illustrate the computed disjoining
pressure results for bubble-bitumen in the aqueous solution containing 100 mM NaCl and
1 mM CaCl; at pH 5.8, which indicate that the attractive hydrophobic interaction plays a

dominant role in the bubble attachment to the bitumen surfaces.
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Figure 4.11. Interaction force curves, revolution of air bubble profiles and disjoining
pressure results determined when air bubbles interact with (A-C) bitumen 1 surface
(bubble radius Ry = 65 pm) and (D-F) bitumen 2 surface (bubble radius Ry = 62 um) in
100 mM NaCl +1 mM CaCl: solution at pH 5.8. Black open symbol represent measured
experiment results, and red solid curves stand for theoretical fitting results in (A) and (D).
The changes in air bubble shape as the bubbles approach bitumen surfaces prior to jump-
in, with the red lines indicating the profiles at the minimum separation distance just
before the jump-in event (B, E). Disjoining pressure profiles caused by VDW and HB

interactions (C, F).

4.3.3.4 Effect of Surfactant

It has been widely accepted that natural surface-active species play a key role in water-
based bitumen extraction process, which modify the surface properties of bubbles,

bitumen, and mineral solids (e.g., surface charge, wettability) and consequently affect the
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interactions forces in this engineering system. In this work, to investigate the impact of
surfactants on the bubble-bitumen interactions in various solutions, AFM coupled with a
bubble probe was employed to directly quantify the forces involved, and sodium dodecyl
sulfate (SDS) was selected as a representative surfactant. For ease of comparison, 100
mM NaCl solution was used as the control background solution. Figure 4.12A-C and
Figure D-F show the measured surface forces between air bubbles and the surfaces of
bitumen 1 and bitumen 2, respectively, under the following solution conditions: (A,
D)100 mM NaCl + 1 mM SDS at pH 9, (B, E) 100 mM NaCl + 1 mM SDS at pH 5.8,
and (C, F) 100 mM NaCl +1 mM CaCl; + 1 mM SDS at pH 5.8. In contrast to the SDS-
free cases (see Figure 4.6, 4.7 and 4.11), the jump-in behavior of air bubbles disappeared
during force measurements in aqueous solutions containing 1 mM SDS. The results and
this change were mainly attributed to the adsorption of SDS molecules at both the air
bubble/water and bitumen/water interfaces. The adsorbed SDS molecules lowered the
hydrophobicity of air bubbles and bitumen surfaces, which consequently weakened their
HB interaction, while the HB attraction was the driving force for the jump-in
phenomenon. Additionally, the adsorption of SDS molecules could also introduce an
additional steric repulsion between the air bubbles and bitumen surfaces, which also
inhibits the jump-in behavior. It is noted that the impacts of pH and Ca** ions were not
obvious in aqueous solutions containing the surfactant SDS, because the surface
properties of bitumen and bubbles were mainly determined by the adsorbed SDS

molecules.

111



A 100 mM NaCl+SDS B 30/ 100 mM NaCksDS C 30100 mM NaCl+1 mM CaCl,+SDS
A3O' Bubble-Bitumen 1§ —_ Bubble-Bitumen 1 —~ 7~ 1 Bubble-Bitumen 1g
= pH9 Z pH5.8 =z pH5.8
S £ ) v=1umis £ 5 v=1umis
TR T TR
o o o
©10; o 10 o 104
(<) (<] o
e T (e
01 0 0
o 2 4 6 8 10 0 2 4 6 8 0 2 4 6 8 10
Time, t (s) Time, t (s) Time, t (s)
100 mM NaCl+SDS 100 mM NaCl+SDS, F 100 mM NaCl+1 mM CaCl,+SDS
D 301 Bubble-Bitumen2 | E 301 Bubble-Bitumen 2 g A30 Bubble-Bitumen 28 z
E pH 9 — pH5.8 Z pH5.8
£ oo V= Tumis Z | v=1umes £,0v=11mis
-~ TH
|.|._ w p
810 @ 10 010
= o o
(o) e
s (] ! (TR | :
0 b w o - 0
0 2 4 6 8 0 2 _ 4 6 8 o 2 4 6 & 10
Time, t(s) Time, t (s) Time, t (s)

Figure 4.12. Representative surface force curves of air bubbles and the surfaces of (A-C)
bitumen 1 in (A) 100 mM NaCl + 1 mM SDS solution at pH 9 ( bubble radius R, = 56
um), (B) 100 mM NaCl + 1 mM SDS solution at pH 5.8 (bubble radius Ry = 53 um), and
(C) 100 mM NaCl +1 mM CaCl> + 1 mM SDS solution at pH 5.8 (bubble radius Ry = 59
um). Representative force curves of air bubbles and the surfaces of (D-F) bitumen 2 in (D)
100 mM NaCl + 1 mM SDS solution at pH 9 (bubble radius Ry = 55 pm), (E) 100 mM
NaCl + 1 mM SDS solution at pH 5.8 ( bubble radius Ry = 58 pm), and (F) 100 mM NaCl

+1 mM CaCl; + 1 mM SDS solution at pH 5.8 (bubble radius R, = 60 pum).

4.4 Conclusions

In this work, two Athabasca bitumen samples collected from northern Alberta were
characterized using various techniques. The surface forces of air bubbles and the two

types of bitumen in various aqueous solutions were quantified via force measurements.
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The influences of different factors, such as ionic strength, type of ions, pH, and addition
of surfactant, on the interaction forces in bubble-bitumen system were systematically
studied. The surface morphologies of both types of bitumen appears rougher with some
distinct aggregation domains under high salt concentration and/or high pH conditions.
During AFM force measurements, ‘jump-in’ behaviors of air bubbles to both bitumen
surfaces were observed under high salinity conditions, which was mainly driven by the
attractive hydrophobic interaction between the bubbles and bitumen surfaces. The
hydrophobic interaction of air bubbles with bitumen 2 was found to be slightly stronger
than that of the bitumen 1 case under the same solution conditions, due to their minor
difference in surface hydrophobicity. In contrast, the repulsive EDL and VDW forces of
bubble-bitumen for both cases were stronger than the hydrophobic interaction; thus, the
jump-in event was not detected, and thin aqueous solution films of some critical thickness
could be confined between the bubbles and bitumen surfaces during the approach process,
which inhibits the intimate contact and attachment between the bubbles and bitumen.

The force measurement results indicate that solution pH and presence of calcium
ions affect the bubble-bitumen surface forces by modulating their surface properties.
Higher pH conditions could make the bitumen surfaces less hydrophobic, thus leading to
weakened bubble-bitumen hydrophobic attraction. In contrast, Ca?" ions could cause
conformation rearrangement and aggregation of interface-active species of bitumen
through their interactions with certain polar groups (e.g., -COOH) to expose more
hydrophobic domains at the bitumen/water interface, as confirmed by AFM imaging,
resulting in strengthened bubble-bitumen hydrophobic attraction. Interestingly, even

under high salinity conditions, introducing a small quantity of surfactant such as sodium
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dodecyl sulfate to the aqueous media could inhibit the attachment of air bubbles and
bitumen, mainly attributed to the enhanced steric repulsion and reduced hydrophobic
attraction. Such effects of surfactants on the bubble-bitumen forces are much more
significant than that of solution pH and Ca?*. This study has improved our understanding
of the nanoscale surface interaction mechanisms of bitumen and air bubbles in complex
aqueous media. The findings offer valuable insights into the manipulation of related
interfacial interactions that involve deformable air bubbles in various industrial processes,

including oil production, wastewater treatment, and froth flotation.

4.5 Supporting Information

4.5.1 Three-probe-liquid method
Van Oss et al. reported that the surface energy () of has two primary components:
Lifshitz-vdW component (""" ) and Lewis acid-base component ( »**, including electron

acceptor 7" and electron donor ¥~ ), as shown in Equation S4.1:

7:7/LW+7/AB:7/LW+2 /7/+7— (S4.1)
Based on Equation S4.1, we have the relationship between surface energies and contact

angle (0) of probe liquid on the bitumen surface, as shown in Equation S4.2:

7, (cos@+1) = (\/7§W7LLW+\/7§72+\/7§72) $42)

Where subscripts B and L refer to bitumen surface and probe liquid, respectively.
According to Equation S4.2, we can determine the surface energy of the bitumen surfaces

by measuring the contact angles of three different liquids with known surface energy
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components. Therefore, the contact angles of three probing liquids (i.e., dilodomethane,

water, and ethylene glycol) on the bitumen surface were measured by a goniometer

(Ramé-Hart Instrument Co., NJ, USA) using sessile drop technique. The reported average

contact angle for the two bitumen surfaces was tested by utilizing the same kind of

liquids and three different testing locations. By using Equation S4.3, we can calculate the

surface energy components of bitumen surfaces, and the results are summarized in Table

S4.1.

|-
NS

-1
\/771 711 (cos6, +1)

V1, (cosd, +1)
7,5 (cos6; +1)

(S4.3)

Table S4.1. Surface Energy Components (mJ/m?) of Three Probing Liquids Reported in

the Literature, '°!'*2 Measured Contact Angle Values (°) of Three Probing Liquids

(Diiodomethane, Water, and Diethylene Glycol) on Two Bitumen Surfaces, and
Calculated Surface Energy Components (mJ/m?) of Two Bitumen.
Measured Measured
vV v’ Y AP Y contact contact
angle angle
(Bitumen 1) | (Bitumen 2)
Diiodomethane 50.60 | 0.00 | 0.00 | 0.00 |50.80 | 33.6+1.8 28.4+1.6
Water 21.80 | 25.50 | 25.50 | 51.00 | 72.80 | 97.3%1.3 100.6+1.5
Diethylene glycol 29.00 | 1.92 |47.00 | 19.00 | 48.00 | 72.9+1.2 69.7+1.1
Bitumen 42.70 | 0.67 | 1.15 | 1.75 |44.42
1(calculated)
Bitumen 4487 | 0.37 | 0.09 | 0.36 |45.23
2(calculated)
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CHAPTER 5 Conclusions and Future Work

5.1 Major Conclusions and Contributions

Interfacial interactions among gas bubbles, solid particles and liquid drops drive numerous
interfacial phenomena and biophysical and industrial processes, such as drug and gene delivery
in bioengineering, bitumen flotation, oil/water separation, and water treatment. In this thesis
work, the interfacial forces and interaction mechanisms between deformable air bubbles/oil
drops and hydrophobic polymers, between air bubbles and asphaltenes or asphaltenes-toluene
droplets, as well as between air bubbles and bitumen surfaces under complex aqueous solution
conditions have been systematically quantified by using nanomechanical technologies. The
effects of aqueous chemistry (e.g., ion type, ion concentration, pH, surfactants) and
hydrodynamic conditions (i.e., interaction velocities) on their surface interactions have also been
systematically investigated. This thesis work has significantly enhanced the fundamental
understanding of the nanoscale surface interaction mechanisms between hydrophobic polymers,
asphaltenes, bitumen, oil droplets, and gas bubbles in complex aqueous solutions. The research is
entirely original, and the results in this thesis provide valuable insights into the effective
modulation of interfacial interactions in various interfacial processes, such as oily water

treatment, oil production and other interfacial processes.

The major conclusions and original contributions are listed below:

(1) The interaction forces between a model hydrophobic polymer (i.e., polystyrene of
different molecular weights) and air bubbles or oil droplets in aqueous solutions have
been systematically characterized and quantified for the first time. The effects of polymer

molecular weight, solvent (i.e., addition of ethanol to water), the presence of surface-
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active species (surfactants), and hydrodynamic conditions have been systematically
investigated. PS surfaces of different molecular weights possess the same surface
hydrophobicity. It was found that the PS of low molecular weight (i.e., PS590 and PS810)
showed slightly weaker hydrophobic interactions with air bubbles or oil droplets, as
compared to glassy PS of higher molecular weight (i.e., PS1110, PS2330, PS46300 and
PS1IM). The slightly weaker hydrophobic interaction of viscous PS of low molecular
weights is likely due to (i) more flexible chain mobility of PS with low molecular weight
in the viscous state at room temperature (i.e., PS590 and PS810) and (ii) increased
surface roughness of PS590 and PS810 surfaces in 1 M NaCl as compared to that of the
PS surfaces of higher molecular weight. The hydrophobic interaction between PS and air
bubbles in 1 M NaCl aqueous solution with 10 vol % ethanol was weaker than that in the
pure aqueous solution. Such effects on the hydrophobic interactions are possibly achieved
by influencing the structuring/ordering of water molecules close to the hydrophobic
polymer surfaces by tuning the surface chain mobility and surface roughness of polymers.
The addition of three types of surfactants (i.e., CTAC, FC-127, or SDS) to the aqueous
media was able to completely suppress the attachment of the hydrophobic polymer and
air bubbles or oil droplets, which was most likely caused by the additional steric
repulsion due to the adsorbed surface-active species at various bubble/ polymer/oil
interfaces. It was also found that, in addition to the various surface forces, hydrodynamic
conditions also significantly influence the interactions of hydrophobic polymers and
deformable objects (i.e., bubbles, droplets). The higher the approaching velocity of
bubbles or oil droplets to the polymer surfaces, the stronger the hydrodynamic repulsion,

which could work jointly with the surface forces (e.g., VDW, EDL, and HB interactions)
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2)

to influence the related colloidal and interfacial phenomena. These results have improved
the fundamental understanding of the interaction mechanisms between hydrophobic
polymer surfaces and highly deformable bubbles or oil droplets. This part of the work
also provides useful implications on developing effective approaches for modulating the
related colloidal interactions in various engineering applications by tuning the solution

chemistry, surface properties of substrates or hydrodynamic conditions.

In the second part of the thesis work, surface forces of air bubbles with asphaltenes or
asphaltene-oil droplets in aqueous media have been quantitatively characterized. The
effects of various factors, such as the concentrations of asphaltenes and salts, aqueous pH,
divalent cations and the surfactants were examined. The results demonstrate that the
adhesion between bubbles and asphaltenes is enhanced under the high salt condition,
mainly due to significantly suppressed EDL interaction. Interestingly, solution pH has
limited effect on the adhesion. It is also demonstrated that higher asphaltenes
concentration in the oil droplets strengthens its hydrophobic attraction with air bubbles,
leading to their surface contact. However, under low salinity condition (i.e., 1 mM NaCl),
the EDL and VDW repulsion dominates the bubble-oil interactions, preventing the
bubble-oil attachment. In contrast, high salt concentrations reduce the repulsive EDL
forces, and the hydrophobic attraction drove the bubbles to attach to asphaltene-toluene
droplets. Increasing the solution pH from pH 4 to pH 10 results in both air bubbles and
asphaltenes-toluene droplets becoming more negatively charged, enhancing the EDL
repulsion and weakening the HB attraction, with no surface attachment observed under
low salinity conditions. It is also found that the addition of divalent cations such as Ca?"

weakens the hydrophobic attraction of bubbles and asphaltenes-toluene droplets, as the
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Ca®" ions induce conformational changes and clustering of interfacial asphaltenes.
Introducing surfactant species (such as CTAC and SDS) to the aqueous solutions inhibits
the adhesion of air bubbles with asphaltenes-toluene droplets, which is because of the
strong steric interaction caused by interfacial adsorption of surfactant molecules.

(3)  In the third part of the thesis work, two different bitumen samples from north Alberta have
been systematically characterized using the Dean-Stark method, thermogravimetric
analysis, Elemental Analysis, and Fourier transformation infrared spectroscopy. The
interaction forces between air bubbles and two types of Athabasca bitumen samples in
aqueous media with varying pH, salinity, type of cations and surfactants have been
directly measured by using a bubble probe atomic force microscope (AFM) technique. It
was found based on AFM imaging that the bitumen surfaces become rougher when
exposed to high concentrations of NaCl and CaCl, or alkaline environments. Surface
force results reveal that ionic strength, solution pH, and the presence of surfactants
significantly influence the interaction and attachment behaviors between bubbles and
bitumen. It is found that a theoretical model based on Reynolds lubrication theory and
augmented Young-Laplace equation, with the inclusion of disjoining pressure, could
provide an accurate description of the force results. In solutions of low salinity (e.g., 1
mM NaCl), electric double layer (EDL) repulsion dominates the bubble-bitumen
interaction, preventing attachment of the bubbles to bitumen surfaces, and such effects
are further enhanced by increasing solution pH. Under high salinity conditions, the EDL
interactions are significantly suppressed, and the hydrophobic interaction becomes
dominant, which overcomes the van der Waals repulsion and causes bubble-bitumen

attachment. Increasing the solution pH weakens the hydrophobic interaction, while the
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addition of calcium ions strengthens the hydrophobic interaction which enhances the
bubble-bitumen attachment. Interestingly, even under high salinity conditions, the
addition of a small amount of surfactants to the aqueous media can suppress bubble-
bitumen attachment, mainly due to weakened hydrophobic interaction and raised steric
interaction. This work provides valuable nanoscale insights into the surface interaction
mechanisms of bubbles and bitumen in complex aqueous media, with practical
implications for manipulating related interfacial interactions in bitumen production, water

treatment, and other industrial processes.

5.2 Prospects

In this study, we have improved the fundamental understanding of the nanoscale surface
interaction mechanisms among air bubbles, oil droplets, hydrophobic polymers, bitumen, and
asphaltenes in complex aqueous solutions. The research findings provide valuable insights for
modulating related interfacial interactions in many industrial processes such as oil production
and wastewater treatment. All these experimental measurements were conducted under ambient
conditions. However, in practical applications, bubbles generally interact with other bubbles and
objects (e.g., particles, emulsion droplets, cells) in complex fluids, often under harsh
environmental conditions (e.g., high temperature, high pressure). Many of the nanomechanical
technologies do not allow measurements under such harsh environmental conditions. Future
studies in this field may focus on several areas to further advance the characterization and
modulation of surface interactions among gas bubbles, oil droplets and solid particles/surfaces

(e.g., bitumen, polymers), as listed below.
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2)

€)

(4)

Developing more effective bubble/drop manipulation methods to achieve precise control
of bubble/drop behaviors and their surface interactions.

Conducting experimental measurements under more complex fluid conditions (e.g., water
chemistry, solvent conditions, interface-active species) which are close to practical
industrial fluid chemistries.

Developing nanomechanical technologies that allow surface force measurements under
harsh environmental conditions (e.g., high temperature, high pressure, strong
hydrodynamics), which are close to the environmental conditions in many industrial
operations.

Applying non-linear optical technique such as sum frequency generation vibrational
spectroscopy to characterize the solid/fluid/gas interfacial properties, and correlating such

molecular information to the surface force results and various interfacial phenomena.
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