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Abstract

Interactions involving deformable bubbles/oil droplets play a critical role in many
industrial applications. Understanding the dynamic thin film drainage process and interaction
forces involving deformable bubbles/oil droplets and solid surfaces in the oil sands extraction
process is of great importance fundamentally and practically. However, due to the complexity of
bitumen, dynamic interactions involving bitumen are not fully understood. In this study, the bubble
probe atomic force apparatus (AFM) technique and the dynamic force apparatus (DFA) were
applied to study the interaction forces and film drainage process respectively, including bubble-
bitumen interaction and bitumen-solid interaction. A theoretical model was developed to describe
the interaction forces and also the film drainage process under different water chemistries. In
addition, the mechanism of chemicals modifying the bitumen/water interfaces was also

investigated.

The effect of a novel secondary processing aid, sodium citrate (NazCit), on bitumen
aeration was investigated. The bubble probe AFM technique was applied for direct measurement
of the interaction between an air bubble and a bitumen coated silica wafer. It has been found that
the pure NasCit solution could prevent bubble-bitumen attachment due to the strongly more
negatively charged bitumen/water and air/water interfaces. However, in the presence of Ca*", the
addition of Na3Cit would not prevent bubble-bitumen attachment when the solution ionic strength
is high enough. The Stokes-Reynolds-Young-Laplace model was successfully implemented,
predicting the interaction forces under all conditions. It proved that the competition between the

electrostatic double layer (EDL) repulsion and the hydrophobic (HB) attraction was the main
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reason that controlled the bubble-bitumen attachment. A stability map was established to reveal
the attachment between bubble and bitumen in different water chemistries to guide the industrial

applications.

An investigation was conducted to reveal the mechanism of how Na3Cit modifies the
bitumen/water interface and affects the zeta potential. The results showed that the chemicals that
could form complexes or precipitates with metal cations, including Na3Cit, EDTA, and Na;HPOs,
could lead to a more negatively charged bitumen surface compared with NaCl at pH 8.5. Through
analyzing the metal content in the aqueous phase, we proved that ligands promoted the release of
metal ions from bitumen, which recovered the negative charges of natural surfactants. Meanwhile,
the ligands were capable of adsorbing on bitumen surfaces through outer-sphere and inner-sphere

complexation, thus making the bitumen/water interface more negatively charged.

The DFA was applied to study the effect of viscosity on the dynamic film drainage process
of: (1) silicone oil interaction with a hydrophilic mica surface and (2) bitumen drop interaction
with a hydrophobic silica surface. In system (1), we illustrated that the competition between the
viscous normal stress and the Laplace pressure controlled the film drainage process between a very

viscous oil drop and a mica surface. The initial height of dimple formation was well captured by a

derived analytical formula, h; = O.SR\/ Cas/(1+ 2Cag), which holds for a wide range of drop
capillary numbers. It has been proved that the viscous effect needs to be taken into consideration
when Cay; > 0.1 (Cay, drop capillary number). By applying this formula in system (2), the effect
of solvent addition, approach velocity, and temperature on the film drainage process between a
bitumen with high viscosity and a hydrophobic silica surface were studied. The results proved that
the solvent addition and temperature did not affect the initial stage of dimple formation, and the

viscosity was the dominant controlling factor. The formula could also predict the initial height of
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dimple formation in this complicated bitumen system with a hydrophobic surface. In addition, the
attachment time of bitumen onto the hydrophobic surface was found to affect by approaching

velocity, interfacial tension, and bitumen viscosity.

By applying the two techniques, a systematic study on the dynamic interaction between
various components involved in the oil sands extraction process was performed. The effect of the
water chemistry, oil viscosity, approach velocity, and surface hydrophobicity on the drainage
dynamics of thin liquid films and surface forces provided fundamental insights into the interaction
mechanisms of air bubble/oil drops and solid surfaces. It also provided fundamental understanding
for the industrial processes (such as oil sands extraction process, 3D-printing, wastewater

treatment and so on) in which oil drops with high viscosity are involved.
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Chapter 1 Introduction



1.1 Background and motivation

Canada is the fourth largest crude oil producer globally, and 96% of the proven crude oil
reserves in Canada are in the oil sands. To recover bitumen from oil sands ores, the open-pit mining
process followed by hot water extraction is widely used in the Canadian oil sands industry. Open-
pit mining technology can be applied for shallow deposits, with an overburden height of less than
70 m. The mined oil sands are crushed and mixed with hot water and primary processing aid
(usually caustic, NaOH) to form a slurry. The slurry is then fed into a hydrotransport slurry
pipeline, where bitumen is liberated from sand and subsequent bitumen coalescence and aeration
takes place. This slurry then enters a primary separation vessel and the aerated bitumen at the top
of the primary separation vessel is collected as the bitumen froth that contains roughly 60 wt.%
bitumen, 30 wt.% water and 10 wt.% solids. Un-aerated bitumen droplets that remain in the slurry
are further collected by induced air flotation or tailing oil vessels. After that, the collected bitumen

froth is deaerated and sent to the froth treatment unit.

In the hydrotransport stage, the traveling velocity of the aqueous solution can be as high as
meters per second, the relative velocity between different components is within the range of
millimeters per second. The interaction between deformable droplets or bubbles and solid surfaces
in aqueous solutions is of great importance in order to improve the oil sands extraction process.
The dynamic drainage of the thin liquid film between an air bubble/oil drop and a solid surface is
usually the main physical step that controls the attachment efficiency. When air bubble/oil drop
approaches another air bubble/oil drop or solid surface, the film drainage process can be
generalized into three stages. First, the air bubble/oil droplet approaches the solid surface under
external forces (for example, buoyance force) and the air bubble/oil droplet remains spherical at

this stage. As the air bubble/oil drop keeps approaching the solid surface, the air bubble/oil drop



starts to deform and form a dimple when the hydrodynamic pressure in the liquid film is
comparable to the pressure inside the air bubble/oil drop. As the liquid drains out, the final stability
of the liquid film is determined by the disjoining pressure considering surface forces, including

van der Waals (vdW), electrostatic double layer (EDL), hydrophobic (HB) forces, and so on.

In the past decades, two groups of techniques had been applied to study the interaction
between air bubbles/oil drops and solid surfaces. The first group directly measures the interaction
force between an air bubbles/oil drop and a solid surface. By applying the bubble/drop probe
atomic force apparatus (AFM), the interaction force between the deformable bubble/drop and solid
surface can be obtained as a function of distance under static conditions. The second group of
technique concerned both the film geometry and the interaction force. By applying the recently
developed dynamic force apparatus (DFA), the spatiotemporal film thickness and the time
dependent interaction force between an air bubble/oil drop and a solid surface under hydrodynamic

conditions can be investigated.

In clean systems, the interaction forces and bubble/droplet geometric deformations, being
investigated for decades, can be well captured by the Stokes-Reynolds-Young-Laplace model.
However, the system involving bitumen and different chemical aids in the aqueous solution
applied in the industry (including cations, primary and secondary processing aids) are more
complicated compared with clean systems. For example, bitumen is a high viscosity heavy oil and
the majority of the studies barely focus on the effect of viscosity on the dynamic film drainage. In
addition, the surface property at the bitumen/water interface varies a lot at different positions of
the interface. The electrolyte in the aqueous phase could possibly have some reaction with the
components in bitumen, thus modifying the properties at the bitumen/water interface and

influencing the interaction forces. The chemical aids additive to the oil sands extraction process



would also have a great effect on the properties of interfaces, whose effects on the dynamic
interactions between various components remain unclear. Therefore, a complete understanding of
the dynamic film drainage process and also the surface forces involving bitumen or modeled oil
drop which has similar properties to bitumen in different aqueous solutions is of great importance

to provide guidance for the industry.

1.2 Objective and scope of this thesis

The objective of this thesis is to fully understand the dynamic interaction between solid
surface and air bubble/oil drop in complicated water chemistry and provide valuable insights from

the fundamental perspective in the oil sands extraction process.

In Chapter 3, the effect of a novel secondary processing aid, sodium citrate, on the interaction
force between an air bubble and a bitumen coated silica surface has been investigated using the
AFM. Sodium citrate, recently applied in the oil sands extraction process, was found to
significantly increase bitumen recovery and froth quality. The effect of pure electrolyte, including
NaCl, CaCl,, and NazCit on the interaction between bubble and bitumen was investigated. Other
than that, the combined effect of CaCl, and NazCit was also studied, in order to simulate the
industrial environment. The Stokes-Reynolds-Young-Laplace (SRYL) model was used to fit the
experimental data. A stability map, indicating the attachment and non-attachment regions between
bubble and bitumen, was also established to provide guidance for industrial application on the

chemical conditions for bubble-bitumen attachment.

In Chapter 4, the possible reason for the modification of the electrical properties at the
bitumen/water interface by sodium citrate was investigated. Four different electrolytes, including

NaCl, Na;SO4, EDTA and Na,HPOy4, were selected to be compared with sodium citrate. ICP-MS,



QCMD, and FTIR experiments were conducted to test the reaction between metal ions in bitumen
and added ligands. The mechanism of how Na3Cit and other selected ligands affect the surface

charges of bitumen surfaces has been proved in this study.

In Chapter 5, the effect of the viscosity on the dynamic film drainage process between a very
viscous silicone oil and a hydrophilic mica surface was investigated. By considering an extra
pressure inside the oil drop, an analytical formula was developed which can successfully predict
the height of dimple formation at a wide range of capillary numbers of the drop. In addition, our
study clearly illustrated that the competition between the viscous normal stress and the Laplace

pressure controlled the whole film drainage process.

In Chapter 6, the dynamic film drainage process between a bitumen drop with different
viscosity and a hydrophobic silica surface was studied and the previous developed model was used
to provide a theoretical explanation of experimental phenomenon in this complex system. The
complexity of the bitumen composition, solvent addition, temperature, and the aging effect did not
affect the prediction of the height of the first dimple occurrence, but had a great influence on the

attachment time between bitumen and hydrophobic silica surface.

1.3 Structure of this thesis

This thesis includes 7 Chapters. Chapter 3, 5 and 6 are published papers, Chapter 4 is a

submitted paper. The content of each chapter is summarized below:

Chapter 1 provides a brief introduction of the background information and motivation, objective

and scope, and the structure of this thesis.



Chapter 2 is a detailed literature review of the oil sands extraction process, the experimental
methods applied in the investigation of dynamic film drainage and surface force measurement, and
the Stokes-Reynolds-Young-Laplace model. The main remaining questions in this project are also

discussed.

Chapter 3 studies the interaction forces between an air bubble and a bitumen surface. The effect
of the secondary processing aid, sodium citrate, and its combined effect with CaCl, on the
interaction forces has been investigated. The mechanisms on sodium citrate and cations
manipulating the attachment between bubble and bitumen are well explained. This chapter has

been published:

Tianzi Bai, James S. Grundy, Rogerio Manica, Mingda Li and Qingxia Liu. “Controlling the
Interaction Forces between an Air bubble and Oil with Divalent Cations and Sodium Citrate.” The

Journal of Physical Chemistry C, 124, 17622-17631 (2020).

Chapter 4 discusses the possible reason of the ligands, including Na;Cit, EDTA, and Na;HPOs,
on the modification of the electrical properties at the bitumen/water interface. The metal content
released from bitumen to aqueous solution and the adsorption of chemical aids to bitumen/water

interface were studied to support our assumption.

Tianzi Bai, Bailin Xiang, Mingda Li, Rogerio Manica and Qingxia Liu. “Role of Sodium Citrate
on the Zeta Potential of Bitumen: Interactions between Bitumen Metal Content and Ligands.”

Submitted to Colloids and Surface A: Physicochemical and Engineering Aspects.

Chapter 5 investigates the film drainage process between a very viscous oil drop and a mica
surface. The oil viscosity ranging from 0.001-100 Pa-s was investigated. Considering an extra

pressure inside the oil drop, viscous normal stress, a modified Stokes-Reynolds-Young-Laplace



model has been developed and an analytical formula was derived that can well predict the height
of the first dimple occurrence under a wide range of drop capillary number (Ca,). This chapter

has been published:

Tianzi Bai, Rogerio Manica, Bo Liu, Evert Klaseboer, Zhenghe Xu and Qingxia Liu. “Water Film
Drainage between a Very Viscous Oil Drop and a Mica Surface.” Physical Review Letters, 127,

124503 (2021).

Chapter 6 illustrates the impact of bitumen viscosity on the initial film drainage process and the
attachment time between bitumen drop and a hydrophobic silica wafer. The effect of solvent
addition, approach velocity, and temperature has been studied. It reveals that the viscosity is the
dominate factor when the bitumen viscosity is much high than that of the surrounding solution.

This chapter has been published:

Tianzi Bai, Rogerio Manica and Qingxia Liu. “Effect of Viscosity on the Thin Film Drainage

between Bitumen and a Hydrophobic Silica Wafer.” Energy and Fuels (2022).

Chapter 7 summarizes the conclusions of this thesis and presents the possible future research

plans.

Appendix contains additional figures and calculations for the thesis.



Chapter 2 Literature Review



2.1 Oil sands extraction process

The Clark hot water extraction process was patented by Clark in the 1920s, which is the first
method applied the commercial oil sands industry for bitumen extraction.! After decades of
improvement, warm water is used nowadays to replace the hot water in order to save energy.? The
schematic of the water-based bitumen extraction process is shown in Figure 2-1.3 Firstly, the oil
sands is mined from the open-pit mine using shovels and trucks, then crushed for size reduction.
The oil sands are mixed with process water with the addition of different processing aids (usually
caustic, NaOH) to form a slurry, and the slurry is introduced into the hydrotransport pipeline,
where the bitumen liberation and bitumen aeration take place. Bitumen liberation is the process of
the recession and detachment of bitumen from the solid surface. Bitumen film would first start
thinning and form pin-holes on the solid surface in the surrounding warm water. After that, the
bitumen film ruptures, gradually form droplets, and eventually detach from the solid surface under
hydrodynamic forces.* Bitumen aeration is the process in which bitumen-air bubble aggregation
or air bubble engulfed by bitumen followed by the recovery of the floated bitumen droplets from
the slurry. The density of bitumen is almost the same as water, which causes the formation of
suspension of bitumen droplets in water solution without the bubble attachment or engulfment.
Aeration reduces the apparent bitumen density and allows the aerated bitumen to float to the top
of the slurry. The slurry temperature is varied from 35°C to 75°C. This slurry then enters into a
primary separation vessel and the aerated bitumen at the top is collected to form the bitumen froth
that contains roughly 60 wt.% bitumen, 30 wt.% water and 10 wt.% solids.®> Un-aerated bitumen
droplets that remain in the slurry are further collected by induced air flotation or tailing oil vessels.
After that, the collected bitumen froth is deaerated and sent to the froth treatment unit. Solvent

addition, including naphtha and paraffin, can facilitate the removal of water and solids from



bitumen froth. Partial precipitation of asphaltene occurs when a paraffinic solvent is used at a high
solvent to bitumen ratio. The formation of asphaltene aggregates can trap the water and solid which
greatly enhances gravity separation.’ The tailings, which are at the bottom of the primary
separation vessel are fed into the tailing pond for solid-liquid separation. The water from the
tailings pond is recycled and reused in the bitumen extraction process.’ The recycled water usually
contains different kinds of multivalent cations (e.g. calcium, magnesium, and ammonia), anions
(e.g. bicarbonate and sulfate), and organic compounds including surfactant (e.g. naphthenic acid

and humic acid) and non-surfactant (i.e. toluene, asphaltene, and benzene).

Many studies have proved the important role of the interaction between air bubbles, bitumen
drops, and solid particles on determining bitumen extraction efficiency and bitumen recovery.” !!
In the bitumen liberation step, the most important interaction is between bitumen and sand. A
stronger repulsive force facilitates the bitumen detachment from the silica surface, thus increasing
the bitumen liberation efficiency.® Numerous interactions are involved in the bitumen flotation
step. The dynamic interaction between an air bubble and bitumen drop determines the chance of
collision and attachment between them, directly affect the bitumen aeration efficiency, while the
interactions between bubble and solid and/or bitumen and solid could also indirectly affect the
bitumen froth quality. For example, the hydrophobic solid surface could attach to the air bubbles
and bitumen drops, thus increasing the solid content in the bitumen product.!>!* In addition, the
coalescence between two bitumen droplets is desirable in bitumen flotation due to the larger

bitumen drop size facilitating bubble attachment to the bitumen surface.>!!"1*

When the deformable air bubble/bitumen drop approaches another air bubble/bitumen drop
or solid surface, the air bubble/bitumen drop will become flat when at low approach velocity or

reverse the surface curvature (which is called “dimple formation™) at a higher approach velocity.
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This can be explained by the hydrodynamic pressure and/or the disjoining pressure counterbalance
or be higher than the pressure inside the air bubble/oil drop.!® The height at the first dimple
occurrence is highly dependent on the approaching velocity, air bubble/bitumen drop size, and
interfacial tension. It has been found that a higher approach velocity, bigger droplets size and a
smaller interfacial tension would lead to a higher dimple height, which would possibly result in a
longer film lifetime.!®!® After the first dimple occurrence, the film thickness at the center point
remains the same, while the film thickness at the barrier rim keeps decreasing, resulting in a more
and more pronounced dimple. A bigger dimple would trap a larger amount of liquid and also the
impurities in the liquid film, which could significantly decrease the bitumen froth quality. As the
water drains out, the thickness of the center point further decreases. The film drainage rate and the
final state of the liquid film (a stable or ruptured film and the thickness of the final film), are
determined by the surface forces.!” The typical surface forces that need to be taken into
consideration are van der Waals (vdW), electrical double layer (EDL), and hydrophobic (HB)
forces. At the industrial operation pH range, the zeta potentials of air bubbles, solid surfaces, and
bitumen drops are negative, leading to a repulsive EDL force.?’ 2 If the solid is hydrophilic, the
strong repulsive EDL interaction would lead to a stable water film, prevents the attachment and/
or coagulation between different components. If the solid is hydrophobic, the attractive
hydrophobic force would induce the film to rupture at a critical thickness. The whole dynamic thin
film drainage process, including the first dimple occurrence, the following film drainage process,
and the formation of the final state of the film, determines the oil sands extraction efficiency.
Therefore, a comprehensive understanding of the interactions between different components in the
oil sands extraction process, especially under the dynamic conditions and the industrial-like

conditions, is essential.
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Figure 2-1 Schematic of water-based bitumen extraction process from oil sands (replotted from

Masliyah et al.).”

2.2 Experimental Methods

2.2.1 Atomic force microscope

The atomic force microscopy (AFM) has been widely applied to directly measure the

interaction forces in a wide range of colloidal systems. The interaction forces were converted from

the cantilever deflection, which obeys Hooke’s law.?* The cantilever was driven towards the

bottom object until a fixed maximum loading force was reached, at which point the cantilever was

retracted. The interaction force as a function of displacement was recorded and further analyzed

using MATLAB software.
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AFM with colloidal cantilever techniques, which has been firstly used in 1994, could be
applied to measure the interaction forces between different colloidal particles and solid
surfaces/deformable drops.?* The colloidal cantilever techniques have been widely applied to
measure the interaction forces between different components involved in the oil sands extraction
process. The interaction between two silica surfaces and silica and a bitumen surface can be
investigated in different electrolyte solutions by applying a rigid silica sphere probe.®*>?> In
addition, the interaction between two bitumen surfaces can be achieved by using a dip coated
hydrophobized silica probe in a bitumen solution.” The interaction forces as a function of
separation can be well predicted by the extended DLVO theory. Other than those, clay particles or
other mineral particles can also be glued onto the tipless cantilever to study the interaction between
clay particles and bitumen surface, which is crucial in slime coating.?® It has been found that the
addition of cations and the increasing ionic strength of the aqueous solution would decrease the
repulsive force between the surfaces. The air bubble/oil drop could be immobilized on the bottom
hydrophobic surface in order the measure the interaction between the top particle and bubble/oil
drop, as shown in Figure 2-2a.!° The hydrophobic particle could induce the particle penetration
onto the bubble/oil drop while the hydrophilic particle would prevent the attachment and form a

stable water film. The interaction forces cannot be predicted by the SYRL model, due to the

irregular shape of the particles.

The newly developed droplet probe AFM technique could be utilized to precisely
investigate the interaction involving a deformable air bubble/oil drop. In this technique, a tipless
cantilever with a gold patch was hydrophobized so that an air bubble/oil drop with a radius of 50-
100 pum can be anchored onto it, functioning as the probe tip. Due to the smooth surface of the air

bubble/oil drop and the large contact area of the tested surface, a more reliable and reproducible
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result could be obtained compared with the colloidal probe AFM technique. Coupled with the
established Stokes-Reynolds-Young-Laplace model, which took the disjoining pressure from
surface forces and the deformation of air bubble/oil drop during interaction into consideration, the
force-time profile and the spontaneous film thickness between air bubble/oil drop and surface
could be precisely predicted.!>?” The drop probe AFM technique coupled with the SRYL model
has been applied to investigate the interaction mechanism between two identical air bubbles/oil

2831 and between an air bubble/oil drop and a solid surface.?®?!23% A schematic of the

drops,
experiment for measuring the interaction force between two air bubbles is shown in Figure 2-2b.
This technique has been widely applied in many industrial systems, including mineral flotation

process,*? oil sands extraction process,” %2222 food emulsions stability** and so on, to control

the interaction between deformable droplets and different components to improve the efficiency.

The drop probe AFM technique has been widely applied in the oil sands extraction process.
To improve the bitumen aeration efficiency, the interaction between an air bubble and a bitumen

1.2° and Bai et

coated silica wafer has been investigated in complex water chemistry by Xie et a
al.?! The experimental setup is shown in Figure 2-2c. It has been proved that the hydrophobic force
between the air bubble and bitumen is the only attractive force that could induce the bubble-
bitumen attachment. In addition, the effect of the novel secondary process aid, sodium citrate, has
been proved cannot prevent the bubble-bitumen attachment in the presence of calcium ion at high
ionic strength. The stability of the emulsified water or oil droplets has also been studied, which is
crucial for increasing the bitumen content in and removing water from bitumen froth. Studies by
Chen et al. proved that the adsorption of asphaltene at the oil/water interfaces would lead to an

increasing EDL repulsion force and the steric repulsion, thus stabilizing the oil in water emulsion.>!

While for the water in oil emulsion, the steric repulsion generated by the adsorbed asphaltene layer
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is the main reason that stabilizes the emulsion. However, the lateral shearing could induce water

coalescence in asphaltene solution due to the disrupted asphaltene coating. *°
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Figure 2-2 (a) Schematic figure of the experiment for measuring interaction forces between a
silica particle and a surface air bubble.** (b) Optical microscopy image of a cantilever with an
attached air bubble interacting with another surface air bubble.”® (c) Schematic diagram of
bubble probe AFM technique for measuring interaction forces between an air bubble and a

bitumen surface.?®*!

2.2.2 Thin film interferometry method

The evaluation of the profile of the thin water film confined between two surfaces can be
observed using the thin film interferometry method. By shining a light with a known wavelength

on the thin liquid film, the light would reflect from both interfaces and change the intensity of the
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recorded light to obtain fringes, from which we could obtain the film thickness profile using the

following Eq. with nanometer accuracy.* =’

1(t) — Lpin i (27‘mh(t)>

T (2-1)

Imax - Imin

where [ is the light intensity and I,,,,, and I,,;;,, are the maximum and minimum light intensities,

respectively. The light wavelength is 4 and the refractive indices of the liquid is ».

The Scheludko cell was designed applying the above method to directly observe the
dynamic film drainage process between an air bubble and a solid surface. The schematic diagram
of the Scheludko cell is shown in Figure 2-3a. The thin liquid film is formed by sucking out the
liquid from a biconcave meniscus inside a capillary tube and the approaching speed of the top
interface could be controlled by the suction rate.*® The bottom object can be a drop or a solid
surface. The light was shined through the thin liquid film from the bottom. In addition, by coupling
the AFM and a reflection interference contrast microscopy (RICM), the interaction between an air
bubble and mica surfaces with different hydrophobicity and the spatiotemporal film thickness was
measured at the same time. The excellent agreement between the experimental value and the
theoretical calculation was reached at a low bubble approach velocity within the micrometer

range.>

In AFM, the air bubble/oil drop barely deforms and the dynamic interaction is negligible
due to its low approach velocity range (<100 um/s). Similarly, using the Scheludko cell method,
the hydrodynamic conditions are also confined within low Reynolds number regime (Re =
2pRV /1, < 1072, where R is the bubble/drop radius, u,, and p are the viscosity and density of

aqueous phase, respectively). While the rising bubble method leads the film drainage dynamics to

16



fall in high Reynolds number regime (Re > 50).3° The dynamic force apparatus (DFA) partially
filled the intermediate Reynolds number regime and could achieve a higher Reynolds number from
0.027 to 37.75 by controlling the approach velocity from 0.01 to 10 mm/s. The time dependent
interaction force and also spatiotemporal film thickness could be measured at the same time by
applying this novel instrument.*’ The schematic diagram of the DFA is shown in Figure 2-3b. A
stainless steel chamber filled with the target solution was placed on the stage of the inverted
Axiovert 100 Carl Zeiss microscope. The top bubble/oil drop is generated by a capillary orifice
with a radius of a millimeter. The speaker diaphragm coupled with a motorized actuator
(THORLABS, Z825B) controlled the movement of the capillary. The size and the initial position
of the top bubble/oil drop were monitored by a side view charged-coupled device (CCD) camera.
For the measurement between two air bubbles or two oil drops, the two bubbles/oil drops were
carefully aligned and monitored by the inverted microscope in order to realize a head-to-head
collision. The substrate was attached to a bimorph cantilever (force resolution 0.1 uN, 10,000 force
points collected per second) that was used as the force sensor during the experiment to measure
the interaction force when the bubble/drop was approached or retracted from the bottom interface.
A halogen lamp (Hal 100, Zeiss) was used to shine the light on the bottom and top interfaces for
the interference fringes, which were recorded using a high-speed video camera (Photron SA4, 60-

500,000 fps), as shown in Figure 2-3c.

Zhang et al. applied the dynamic force apparatus to investigate the dynamics of the water
film drainage process between an air bubble and a hydrophilic or hydrophobic solid surface.!®!7#!
Experimental results and the theoretical modeling reveal the significant impact on the

hydrodynamic boundary conditions at both air/water and solid/water interfaces.!”*! The DFA was

also used to investigate the film drainage process between two air bubbles by Liu et al., which
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proved that smaller surface bubbles lead to a faster coalescence due to the asymmetric film
drainage at some stage.*? In addition, Liu et al. also provided a fundamental explanation of the
reason of bubble coalescence time varying over 3 orders of magnitude.** Ivanova et al. firstly
applied this instrument in the oil sands extraction process, to investigate the effect of the adsorption
of asphaltene at water/oil interface on the film drainage process between a water drop and a
hydrophobic or hydrophilic solid surface.'® This study has very important implications on the

emulsion stability in bitumen froth and could help the industry to improve bitumen froth quality.

(a) (b) Speaker (c)
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Figure 2-3 (a) Schematic for the “Scheludko” cell.’” (b) Schematic diagram for the dynamic

force apparatus.”’ (c) A snapshot for the observed fringes.
2.3 Stokes-Reynolds-Young-Laplace model

The Stokes-Reynolds-Young-Laplace (SRYL) model is used to model the film flow between
the air bubble/oil drop and a solid surface. The pressure difference between the film region and
the bulk solution is the driving force that controlled the film drainage process. For simplification,
the axisymmetric film drainage is assumed in the following calculation. Lubrication theory is
introduced to capture the film drainage dynamics by considering the pressure distribution and the

surface deformation. The Young—Laplace equation is used to describe the drop profile. The
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schematic illustration of the interaction between an air bubble/oil drop and a solid surface in the

cylindrical coordinate system is shown in Figure 2-4a.

(a) (b) ‘s
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Pr Ih(r,t) )“

7 TN

14

—Rp (C)
Immobile
Air/Oil
Surface Immobile

Figure 2-4 (a) Schematic illustration for air bubble/oil drop interacting with a solid surface and
definition of parameters. (b) Enlargement of gray circle and definition of coordinate. (c)

Schematic illustration for immobile-immobile boundary conditions.

2.3.1 Lubrication theory

The lubrication theory is simplified from the full Navier-Stokes equation to describe the
liquid drainage process from thin film trapped between the deformable surface and solid surface.
Three assumptions are made to permit the quantitative analysis of the film thickness h(r, t) using
the lubrication theory. Firstly, liquid flow is nearly unidirectional. Secondly, the fluid inertia in the
film regime is negligible, which could be proved by the Reynolds number of the film flow Rey <
1 (Rey = phVy/p,,, where p~103 kg/m? is the density of water, hy~1 pum is the film thickness,
V¢ is the velocity at the air or oil/water interface and p,, ~1073 Pa-s is the viscosity of water).

Thirdly, the interaction of two interfaces happens in a region of small radius @ (a < R) and of a
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small thickness 4 (h < a), as shown in Figure 2-4b. Within the axisymmetric film, we consider
the velocity field inside the thin film from both » and z-direction u(r, z,t) and v(r, z,t), and
according to the first assumption, v << u. Under the steady state and the incompressible flow

condition, the Navier-Stokes equation in the z and r-direction can be simplified to:

op 0%u

or  Maz2 (2-2)
dp
& =0 (2-3)

where L is the viscosity of the continuous medium and p is the pressure field inside the thin film.
In this scenario, the continuity equation can also be simplified to:

10(ru) v
r or dz

0 (2-4)

By integrating Eq (2-2) from the bottom surface (z = 0) to the top surface (z = h(r,t)), together
with the boundary conditions at the solid/water and air or oil/water interface, we could obtain the

film thinning rate as a function of the pressure.

The hydrodynamic boundary conditions at both solid/water and air or oil/water interfaces
have been studied for several decades. Both no-slip and Navier-slip boundary conditions can be
applied at the solid/water interface. In the no-slip boundary condition, the velocity of the layer of
the liquid next to the solid surface is equal to the velocity of the solid surface. The physical origin
of this boundary condition can be explained by the trapping of liquid molecules inside the pocket
of the solid surface and has been demonstrated and accepted for numerous experiments and

calculations.** However, some researchers recently doubted the applicability of the no-slip
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boundary condition at some hydrophobic solid/water interfaces, claiming the Navier-slip boundary
condition was more appropriate. This could be explained by the less attractive force between liquid
molecular and solid surface leading to a fluid molecular slippery at the solid/water interface.*!:4>46
The boundary condition at the air/water interface or oil/water interface of oil with comparable
viscosity with water should be fully mobile in clean water. However, a tiny amount of surfactant
or impurities in the water would transfer the boundary condition from mobile to fully immobile.*’”~
4 In our study, we considered the immobile boundary condition at both solid/water and the surface
velocity U = 0 (as shown in Figure 2-4c), which has been applied in numerous studies, to

obtain: 15,16,21,47,50

Oh(r,t) 1 a<rh3ap(r.t)> (2-5)

ot 12uror or
where A(r, t) is the film thickness between two interfaces, 7 is the radial coordinate, ¢ is the time

and p(r, ¢) is the hydrodynamic pressure inside the water film..

2.3.2 Young-Laplace equation

The deformation of the air or oil/water interface caused by the combined effect of
hydrodynamic and disjoining pressures was described by the augmented Young-Laplace equation,
which assumes an equilibrium drop profile in response to the hydrodynamic pressure at any time.
This assumption is satisfied due to the capillary waves of velocity (~1 m/s) being much higher
than the characteristic approach velocities of air bubble/oil drop (up to 0.1 m/s). The augmented
Young-Laplace equation is written as:

yB(@h)_ _ 2y N 2.6
—o\T 3, ) =Pn P =7 p(r,t) (2-6)
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In the above equation, the left hand side describes the curvature of the deformable surface where
v is the interfacial tension. The right hand side is the pressure difference across the interface. For
most of the conditions, the pressure difference consists of Laplace pressure 2y /R, hydrodynamic
pressure p(r, t) and disjoining pressure I1. However, for some specific conditions, if the approach
velocity of the air bubble/oil drop exceeds a certain value, extra stagnation pressure inside the
deformable drop needs to be taken into consideration.’! The three terms on the right hand side
control different stages of the film drainage process. The Laplace pressure leads to a spherical
shape of the air bubble/oil drop when they are far away from the surface. When the air bubble/oil
drop is approaching to the surface, the hydrodynamic pressure inside the film increases, resulting
in a flattened surface. If the hydrodynamic pressure exceed the Laplace pressure, a dimple would
form. The disjoining pressure determine the formation of a stable film or film rupture, which arises

from the surface force by considering the extended DLVO theory.

2.3.3 Disjoining pressure

The disjoining pressure strongly affected the thin film drainage process, especially the film
drainage rate and the final state of the thin film.>>*® The disjoining pressure is contributed from
the surface forces, by mainly considering the van der Waals (vdW), electrostatic double layer

(EDL), and hydrophobic interaction (HB) forces according to the extended DLVO theory:

T = Mygw + Hgpy, + Hpp (2-7)

For the interactions involving hydrophilic surfaces, the contribution from the hydrophobic
interaction in the disjoining pressure becomes negligible. The disjoining pressure due to the vdW

interaction I, 4y, (h(7, t)) can be calculated:
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Myaw (h(r, 1)) = — (2-8)

6mh3

where 4 is the Hamaker constant.

The disjoining pressure contributed from the EDL force is derived by solving the Poisson-
Boltzmann (PB) equation. For the surface potentials below 50-80 mV, a linear PB equation by
either assuming the constant charge or constant potential boundary conditions could be applied.>*
Studies had proved that the linear PB equation assuming constant potential boundary condition
can describe the interactions between bubble and bitumen, bitumen and silica very well.»?° The
disjoining pressure due to EDL interaction assuming constant potential boundary condition for

asymmetric systems can be calculated as:>*>°

260kt + e~ MYy, — (9,2 + ., 2
l-[EDL(h(r’ t)) =— [ (e+1ch — el_ici)z ( : - )] (2'9)

where ¥; and ¥, are the surface potentials of two interacting objects, respectively. The Debye

length 1 of the EDL force can be calculated as:

N[ =

egoksT
-1 0B
= — 2-10
" (Zinioezziz) ( )

where &, is the permittivity of vacuum, ¢ is the dielectric constant of the medium, n;q is bulk
concentration of electrolyte i and Z; is the valence of ion i. For surface potentials higher than 80

mV, an accurate EDL interaction could be obtained by directly solving the non-linear PB equation.

The hydrophobic force is prove to be decaying exponentially with distance,’® and can be

calculated as:*3

23



h
e Do = ——r DO (2'11)

s (h(r, ) = = 21D, D,

where D, is the decay length of the hydrophobic interaction.

2.3.4 Initial and boundary conditions

The numerical solution of the Stokes-Reynolds-Y oung-Laplace requires suitable initial and

boundary conditions. The initial film thickness is given by:

2

r
h(r,0) = ho + o= (2-12)

where h,, is the initial separation between the center of air bubble/oil drop and solid surface.

We considered an axisymmetric system here, and a finite domain 0 < r < 13,4, Was
selected to calculate the film profile, where r = 0 is the center point of the film while r = 75, is
a carefully selected place outside the interaction.?’ Firstly, due to the axisymmetry, we can impose
the conditions at » = 0:

oh Op
—=—= 2-13
or or ( )
At T = Ty, from the lubrication theory, the film thickness varies with a quadratic dependence in

r, contributing to a pressure that decays like r~*. This asymptotic behavior of the pressure can be

expressed as:

dp
—+4p = 2-14
rar +4p =0 ( )

The final boundary condition at r = 7;,,, is to specify how the air bubble/oil drop is

moved. There can be various forms of this boundary condition, depending on the experimental
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system. For the bubble/drop-solid interaction, considering the approach velocity of bubble/drop

and the deformation of the bubble/drop, the boundary condition can be expressed as:

et =y - S (oo (3 +50) @19
With pinned three-phase contact line, we have:
B(O) =1+ %log (%) (2-16)
With a constant angle 8, we have:
BO) = 1 +=log (M) _ (;> (2-17)
2 1—cos@ 2+ cosH

where 0 is the angle the bubble/drop make at the surface. The interaction force is calculated by
integrating the excess hydrodynamic pressure and the disjoining pressure from the center to

infinity based on the Derjaguin approximation:
F(t)=2m j [P(r,t) + I(R(r,0)]rdr (2-18)
0

2.4 Remaining questions

Although the surface force measurement and the thin film interferometry method has been
widely applied in the oil sands extraction process to investigate the interaction mechanisms among
bitumen, air bubble, sand, and clay particles. However, there are still some remaining questions

unsolved, which will be reviewed in this section.
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2.4.1 A novel secondary processing aid

The water-based bitumen oil sands extraction process is often conducted in a weakly
alkaline environment. Inorganic bases, such as sodium hydroxide, are good process aids for the
bitumen extraction process.”’” However, it has been shown that adding sodium hydroxide only
slightly enhances the extraction of poor-processing ores. Schramm et al. found that the bitumen
recovery of poor processing ore could only reach an average level when a high dosage of sodium
hydroxide was added.’® Therefore, many researchers studied the usage of different chemical aids
to increase the bitumen recovery from poor-processing ore that do not exhibit detrimental effects

on the environment.*%-°

Recently, sodium citrate was used as a secondary processing aid and was applied in the
water-based bitumen extraction combined with sodium hydroxide. It has been found that the
combination of sodium hydroxide and sodium citrate can significantly increase the bitumen
recovery and froth quality not only from good processing ore but also from the poor processing
ore.®” Sodium citrate is a non-toxic and environmentally friendly chemical. Compared with the
traditional caustic, the usage of sodium citrate had a minimal detrimental effect on oil sand
processing and would not result in environmental pollution. Successful application of sodium
citrate in the oil sands industry not only reduced the usage of caustic but also enhanced the

processability of poor ore.

However, the mechanism of how sodium citrate enhanced the oil sand extraction still
remains unclear. Xiang et al. found that adding sodium hydroxide and sodium citrate together
could decrease the zeta potential of both bitumen droplets and silica particles compared with
adding sodium hydroxide and sodium citrate alone. The increase in negative surface charges of

both silica and bitumen would lead to an increase of the repulsive electrostatic double-layer force,
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thus reducing the adhesion force between bitumen and silica. This would significantly enhance
bitumen liberation.?? Other than that, the addition of sodium citrate would also facilitate the
bitumen receding from the silica surface, which also proves the enhancement of bitumen liberation
in the presence of citrate.®! In addition, it was found that citrate depressed the effect of divalent
ions such as Ca*" and Mg?", which was due to the chelating reactions between citrate and divalent
ions. Gan et al. found that adding citrate into the solution with the presence of multivalent ions
could prevent the coagulation between some particles (kaolinite) and oil (bitumen).>® This
finding indicated that citrate has some effect on preventing bitumen slime coating in the oil sands
extraction process, which could facilitate the attachment between bitumen and air bubble. Wang
et al. studied the effect of citrate on the flotation of quartz with a sodium oleate collector in the
presence of Ca** and pointed out that the depression mechanism of citrate was mainly attributed
to two aspects. The first aspect was that citrate can desorb the Ca** adsorbed on quartz. The second
aspect was that the chelating reaction between citrate and the adsorbed Ca®" can block the

subsequent adsorption of sodium oleate on quartz.®

The effect of citrate on bitumen liberation and slime coating has been widely explored.
However, the effect of citrate in combination with sodium hydroxide on bitumen aeration also
lacks study. In addition, it is widely known that bitumen would exhibit a more negative zeta
potential in citrate solution at alkaline conditions. However, the reason why citrate can change

those surface properties is still not fully understood.

2.4.2 Viscosity and interfacial elasticity of bitumen

Bitumen is a form of petroleum in oil sands ore which has a high molar mass and extreme
viscosity, which contains thousands of hydrocarbon components. Based on the solubility

characteristics, bitumen can be separated into different classes. Asphaltenes are defined as the
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fractions in bitumen that are soluble in aromatic solvents but insoluble in paraffinic solvents. The
fractions that are soluble in n-pentane are referred to as maltenes, which can be further separated
into the following fractions: saturates, aromatics and resin. The complex chemical structure

provides specific properties of bitumen.

The viscosity of different source of bitumen can range from 100-1000 Pa‘s at room
temperature and standard atmospheric pressure.®>~¢7 It has been found that the viscosity of bitumen
is highly dependent on the chemical composition, especially the asphaltene content.®® The
increasing asphaltene content could significantly increase bitumen viscosity at low temperatures.
In addition, the viscosity of bitumen is also sensitive to solvent addition and temperature.®>* In
some macroscopic experiments, it has been proved that the bitumen viscosity influence both
bitumen liberation and aeration.®>’° A decrease in bitumen viscosity would increase the rate of
bitumen liberation and also facilitate the bubble-bitumen attachment.!’®> In the industrial
application, a relatively high temperature is applied for better extraction efficiency. However, the
effect of the viscosity is barely taken into consideration while investigating the thin film drainage
process or the surface force measurement in the system involving bitumen. The solvent diluted
bitumen or asphaltene drops were usually used to study the dynamic film drainage process,'®"!
while a bitumen-coated surface was applied in the surface force measurement.”®2%2? In those cases,

compared with the real industrial system, the effect of bitumen viscosity has not been focused on,

which might have a strong effect on the dynamic interaction.

Other than the bulk viscosity of bitumen, it has been proved that a mechanically strong,
viscoelastic, and rigid interfacial film would form at the bitumen/water interface, which would be
able to resist bitumen droplet coalescence.”> Many “bulk” studies showed that increased interfacial

rigidity is a crucial factor for keeping the bitumen in water emulsion stability.”* Some studies using
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asphaltene solutions or diluted bitumen also proved that the adsorption of asphaltene at the
interface is the reason preventing droplet coalescence. As a good solvent for asphaltene, the
adsorbed asphaltene at the toluene/water interface would not only increase the EDL repulsion but
also create the steric repulsion between the surfaces, thus increasing the repulsive force between
two asphaltene drops and preventing coalescence.’! Using an asphaltene model compound, the
existence of a steric layer, revealing a rigid cortical structure at the oil/water interface, has been
observed experimentally and quantitatively characterized wusing the crumpling ratio
measurement.”*”> It showed that increasing asphaltene concentration and aging time would
significantly increase the crumpling ratio for O/W emulsion, thus increasing the oil droplet
coalescence time.”* In addition, by applying the interferometry method, the precipitated asphaltene
particles and/or asphaltene-resin aggregates have been observed at the asphaltene in heptol/water
interface and prevent the thin film drainage process.”! For the W/O system, the thin film drainage
and interaction forces between two asphaltene drops in water cannot be predicted by the SRYL
model due to the non-Newtonian film formed at the interface.”®’” However, the general
understanding of the emulsion stabilization mechanism is available from the “diluted system”.
Limited knowledge is available on the thin film drainage by considering both the interfacial film

and the bulk viscosity.

2.4.3 Hydrophobic interaction

The hydrophobic interaction is an attraction between two nominally hydrophobic surfaces.
The hydrophobic surface cannot form hydrogen bonds with the surrounding water molecules. The
water molecules rearrange themselves by pointing the “dangling” —OH groups with hydrogen
atoms to the surface.’® This hydrogen bond depletion hindered the reorientation of water molecular

dipole and resulted in the occurrence of a persistent dipole pair, giving rise to a structured water
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shell around the hydrophobic surface.”” The coalescence of two hydrophobic surfaces in water
could break the structured shell and increase the water configuration entropy near the hydrophobic
surface, leading to an attractive force between two hydrophobic surfaces.®® This is the origin of
the “intrinsic” hydrophobic interaction. This kind of hydrophobic force is usually short ranged,
with the decay length within the range of 0.3-1 nm, depending on the molecular structure of the

hydrophobic surfaces.’!8?

Some long-ranged hydrophobic forces have also been proposed in the previous study and
were explained by several mechanisms. The first mechanism mistakenly includes some additional
forces in the hydrophobic force measurement. Meyer et al. observed a long-ranged hydrophobic
force between two neutrally charged hydrophobic surfaces that can be explained by the
electrostatic attraction between positively and negatively charged micrometer-sized regions on the
surface. The oppositely charged regions counterbalance each other, resulting in an overall neutral
surface.® Tsao et al. claimed that the electrical field originated from the in-plane polarized domain
of the ordered carbon chains is the reason for the long-range attraction force in their observation.3*
Other than the electrostatic interaction, the cavitation and capillary bridging from the presence of
surface nanobubbles could also be the reason for the observation of the long-range “hydrophobic
force”.338¢ The works in Yoon’s group claimed that the long-range hydrophobic force was caused
by the structure change of water molecule between hydrophobic surfaces, and can be calculated

by an extra term in the DLVO theory.5”

The bitumen surface is highly charged, and the zeta potential can vary significantly with
pH, the electrolyte type and concentration in the solution, which can be explained by the
accumulation of the functional groups on the bitumen/water interface. This phenomenon makes

bitumen to possess a hydrophilic character. However, in the system involving bitumen, a

30



hydrophobic force is always taken into consideration while modeling the interaction forces
between the bitumen surface and another hydrophobic surface. Studies have found that the surface
charge of the bitumen varies significantly across the bitumen surface, indicating the non-uniform
distribution of polar groups.®*° The hydrophobic sites, such as those in asphaltenes, also exist on
the bitumen/water interface to contribute to the hydrophobic behavior of bitumen. It has been
proved that the decay length of the hydrophobic force between an air bubble and a bitumen surface

is around 1 nm, which is a reasonable decay length of the “intrinsic” hydrophobic force.?*?!

2.4.4 Pressure difference between deformable drop and surrounding solution

In the SRYL model, the Young-Laplace equation describes the droplet profile in response
to the pressure difference across the interface. As a result of the interfacial tension, the pressure
difference between the inside and outside of a curved surface is named the “Laplace pressure”.
However, some studies found that the formation of a “dimple” (an inversion of the curvature of
the aqueous film appears at some stage) in the thin film drainage process is a result of interfacial
tension, gravity, fluid inertial, and the viscous normal stress.’!?! It has been proved that an extra
pressure difference across the interface contributed from gravity and fluid inertial need to be taken
into consideration when the Weber and E6vds numbers satisfy W, = 1 + E, (W, = p;,RV?/y,
pin 18 the density of the bubble/drop, R is the radius, V' is the approaching velocity and y is the

interfacial tension. E, = p;,gR?/y, where g is the acceleration of gravity).’!
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Chapter 3 Controlling the Interaction Forces
between an Air Bubble and Oil with Divalent

Cations and Sodium Citrate
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Abstract

Manipulating the interaction forces between an air bubble and oil is of great importance in
many industrial processes, such as oil sands extraction. Recently, sodium citrate has been applied
in the hot-water extraction process to improve the recovery of bitumen from mined oil sands. In
this study, bubble probe atomic force microscopy was used to directly investigate the effect of
NasCit on the interaction force between an air bubble and a bitumen surface in different water
chemistries. The experimental forces were compared with the Stokes-Reynolds-Young-Laplace
film drainage model considering contributions from surface forces, and the theoretical calculation
indicated that competition between the electrostatic double layer (EDL) force and the hydrophobic
force determined the bubble-bitumen attachment. In pure electrolyte solution at pH 8.5, it was
observed that the ionic strength required to induce bubble-bitumen attachment followed CaCl, <
NaCl < NasCit. The zeta potentials of both the air bubble and bitumen surfaces increased in
magnitude in the same order, indicating that the stability in sodium citrate was caused by EDL
repulsion. In the presence of CaCl,, the addition of Na3Cit changed both bitumen zeta potential
and Debye length, modulating the EDL interaction and affecting bubble bitumen attachment
behavior. By performing a series of experiments containing both CaCl, and NasCit, a stability map
was produced. Compared to sodium citrate alone, the copresence of CaCl, and Na3Cit facilitated
bubble-bitumen attachment. Once the CaCl, concentration exceeded 5 mM, bubble-bitumen
attachment always happened, regardless of the Na3Cit concentration. The findings provide insight
on how NasCit, in combination with CaCl,, affects bubble-bitumen attachment and offer valuable
information on controlling the interaction force between the air bubble and bitumen by adjusting

the water chemistry.
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3.1 Introduction

The interaction between air bubbles and oil droplets is of critical importance to many

2 and oil sands

established industrial and environmental processes, such as mineral flotation’
extraction.> The coagulation of air bubbles with oil droplets is thermodynamically favorable,
enabling the collection of heavy oil droplets or oil-engulfed mineral particles from an aqueous
medium by aeration.>*? The attachment efficiency between an air bubble and an oil droplet directly
determines the mineral or oil recovery, making it a crucial factor in froth flotation.> However,
microscopically, an energy barrier exists between an air bubble and an oil droplet in aqueous
solution that can hinder their attachment.>”® This energy barrier can be calculated using the
extended DLVO (EDLVO) theory®*** in which van der Waals (vdW),” electrostatic double layer
(EDL),”® and hydrophobic (HB) forces all contribute.’® The EDL force is highly affected by water

20

chemistry, including solution pH,!>%%%°7 electrolyte concentration,®?° multivalent ion

concentration,® and surfactants.!” In many systems, the hydrophobic attraction is the main driving

force for the attachment of the air bubble to oil droplets.**°

Oil sands comprise the largest oil reserves in Canada. Bitumen, a highly viscous oil with a
density near that of water, is currently extracted from mined oil sands using a water-based
extraction process.’ In this process, the oil sands are added to warm, alkaline water that helps
liberate the bitumen from sand grains; the bitumen is then aerated by either entrained or introduced
air bubbles, causing the bitumen to float while the sand sinks. Chemical aids, primarily sodium
hydroxide, are introduced into the water-based oil sand production process to enhance the bitumen
extraction performance.’’>*® Recently, a novel secondary processing aid, sodium citrate, was
found to significantly increase the bitumen recovery and froth quality when used in combination

with sodium hydroxide in the oil sand extraction process.®® Sodium citrate can chelate with
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adsorbed multivalent ions or desorb multivalent ions from the bitumen surface, which both result
in more negatively charged bitumen surfaces, enhance bitumen liberation, and prevent bitumen-
clay aggregation.?>®*% According to the EDLVO theory, the higher charge exhibited by the
bitumen surface in the presence of sodium citrate would increase the EDL repulsion between air
bubbles and bitumen, thus increasing the energy barrier and decreasing the bubble-bitumen
attachment probability and flotation rate. This research seeks to control the interaction between

the air bubble and bitumen by modifying the water chemistry and sodium citrate concentration.

The aim of this study is to investigate the effect of sodium citrate on bubble-bitumen
attachment in combination with sodium hydroxide and calcium chloride using bubble-probe
atomic force microscopy (AFM). This technique has been applied to study the interaction
mechanism between deformable oil drops®'*? and air bubbles.?®¥-*> We employee the Stokes-
Reynolds-Young-Laplace (SRYL) model®’ to evaluate the contribution of different surface forces,
including vdW, EDL, and HB, under different water chemistry (e.g., ionic strength, electrolyte) to
further elucidate the factors controlling the bubble—bitumen interaction. The SRYL model can
provide relevant nanoscale information including quantitatively understanding the combined
effect of hydrodynamics, surface forces, and drop deformation on the interaction in different drop
or bubble systems.?®3!73353 Qur research could provide guidance for the industry on the selection

of the appropriate operational concentrations of different chemical aids.

3.2 Experimental section

3.2.1 Materials

The vacuum distillation unit (VDU) feed bitumen provided by Syncrude Canada, Ltd. was

used in this study. The substrate used in the AFM force measurement was prepared by treating a
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silica wafer (NanoFAB, CA) with octadecyltrichlorosilane (OTS) (=96% purity, Sigma-Aldrich).
Ethanol (for high-performance liquid chromatography, Acros Organics), 1-dodecanethiol (>98%,
Sigma), sodium dodecyl sulfate (SDS, 99% purity, Sigma), and toluene (99.8% purity, Sigma)
were used without any purification. Sodium chloride (NaCl, ACS grade, Fisher Scientific) and
calcium chloride dihydrate (CaCl2-2H>0O, ACS grade, Fisher Scientific) were roasted in an oven
at 600 °C for 8 h before use to remove organic contaminants. All aqueous solutions were prepared
using Milli-Q water with a resistivity of 18.2 MQ-cm deionized by a Barnstead Nanopure system
(Thermo Fisher Scientific). Hydrochloric acid (HCl, ACS reagent grade) and sodium hydroxide
(NaOH, ACS reagent grade) purchased form Fisher Scientific were diluted to 1 N and used to

adjust the solution pH.

3.2.2 Preparation of the bitumen surface

Silica wafers were first cut into 12 mm x 12 mm pieces and then sonicated in a 2 wt %
SDS solution for 10 min. The silica wafer was then sonicated in Milli-Q water for 10 min, dried
with a stream of nitrogen gas, and treated with UV/ozone for 10 min to ensure adequate
hydroxylation of the silica surface and remove the trace amount of organic contaminants on the
surface. The cleaned silica wafer was then immersed in an OTS in toluene (0.1 vol %) solution for
30 s. After that, the treated silica wafer was rinsed with toluene and dried with nitrogen gas. This
process resulted in a slightly hydrophobic (water contact angle around 80°) surface. The
hydrophobic silica wafer ensured a stable thin layer of bitumen on the surface throughout the

experiment.

To prepare the bitumen layer on the hydrophobic silica wafer, diluted bitumen solution was
prepared by adding bitumen into toluene at a concentration of 3 mg/mL. The diluted bitumen

solution was then centrifuged 5 times at 20 000 g for 15 min to remove fine solids. After that, the
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supernatant was filtered through a PTFE membrane (0.2 um). A spin coater (Laurell WS-400A-
6NPP/Lite) was used to prepare a thin layer of bitumen on the hydrophobic silica wafer. About 4
drops of filtered, diluted bitumen was added onto the substrate spinning at a velocity of 2000 rpm
for 50 s to ensure uniform coverage on the substrate. Then, the substrate was rotated at 4500 rpm
for an additional 40 s to remove the excess solvent. Finally, the bitumen-coated silica wafer was
dried in a dust-free chamber overnight at room temperature to remove the remaining trace of

toluene.

3.2.3 Zeta potential measurement

Diluted bitumen was prepared at a 1:4 mass ratio of bitumen:toluene and centrifuged at 10
000 g for 15 min to remove fine solids. Then, 1 mL of the diluted bitumen was added into 40 mL
of the target aqueous solution and heated to 85 °C for 40 min to evaporate the toluene. The bitumen
was assumed to be free of fine solids and solvent. Then, 40 mL of bitumen emulsion was generated

by a Model 550 sonic dismembrator (Fisher) for 15 min at an amplitude of 70%.

For the zeta potential measurement, 2 mL of the bitumen emulsion was added into 100 mL
of the target solution. A Brookhaven ZetaPALS was used to determine the electrophoretic mobility
of bitumen droplets at 22 °C. The zeta potential was calculated from the electrophoretic mobility
using the Smoluchowski equation. The effective diameter of the bitumen droplets was measured
with the ZetaPALS to be around 1.5 pm, and the ionic strengths of the solutions used in this study
were >10 mM. Therefore, the Debye length, 1/x, was less than 3.04 nm, and ka >> 1, meaning the
Smoluchowski equation could be used to calculate the zeta potential from electrophoretic mobility
measurements.”® The zeta potential of each sample was measured with 10 runs of 5 cycles each.

The standard deviation for each sample was within £5 mV.
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It is worth noting that the ionic strength and aqueous speciation under all conditions were
calculated using the Visual MINTEQ 3.1 program,'® and it was assumed that no significant
amount of ions were removed from or adsorbed to the bitumen surface. In addition, all solution

conditions were determined to be undersaturated with respect to calcium citrate.

3.2.4 Force measurement

The interaction force between an air bubble and the bitumen surface was measured using
a bubble tip MFP-3D AFM system (Asylum Research, Santa Barbara, CA) coupled with a Carl
Zeiss Axiovert 200 inverted microscope. A schematic of the experimental setup is shown in Figure
3-1. By controlling the distance between the cantilever and the substrate, shown as X(t) in Figure
3-1, the interaction force between the air bubble and surface was recorded from the cantilever

deflection, which obeys Hooke’s law, through laser beam reflection.

To prepare a bubble tip, a glass slide was first rinsed in a 10 mM OTS in toluene solution
for 10 s to form a slightly hydrophobic surface. The water contact angle of the glass slide was
about 30°-40°, which is enough to immobilize a small air bubble. A custom-made, ultrasharp glass
pipet was used to generate the air bubble in the aqueous solution within the AFM fluid cell and
attach it to the slightly hydrophobic glass slide. A rectangular silicon AFM cantilever (L x W x H:
400 pm x 70 um X% 2 pm) with a circular gold patch (diameter 65 um, thickness 30 nm) was used
to anchor the air bubble. The cantilever was immersed in 10 mM dodecanethiol in absolute ethanol
overnight to hydrophobize the circular gold patch. The spring constant of the cantilever was
measured using the Hutter and Bechhoefer thermal tune method, and the spring constant was about
0.2-0.3 N/m.*® Immediately prior to force measurement, the bubble tip probe was formed by

contacting the gold patch on the cantilever with an air bubble attached to the slightly hydrophobic
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glass slide. The cantilever was then retracted, and the air bubble was transferred from the glass

slide to the cantilever tip.

To investigate the interaction between the air bubble and the bitumen surface, the AFM
bubble tip was placed above the bitumen surface. The cantilever was driven toward the bitumen
surface until a fixed maximum loading force was reached, at which point the cantilever was
retracted. The interfacial tension of the air bubble was measured in the presence of the bitumen
surface, and it remained constant over 1 h, the maximum length of any experiment (see the
Appendix A). The driving velocity of the cantilever was set at 1 um/s to minimize hydrodynamic
effects. The force versus displacement curves were plotted in the Asylum software (Igor Pro,
WaveMetrics, Inc., USA) and MATLAB. Force measurements were performed at least five times
for each aqueous condition using different bitumen surfaces with different air bubbles at different
positions on the bitumen surfaces to confirm reproducibility. The bubble was observed before and
after the experiments following a procedure that was adopted from Vakarelski et al.?® to confirm
that the bubble size remained the same within the experimental time frame. Furthermore, replicated
force curves did not significantly change over time, further indicating the bubble size stability (see

the Appendix A).
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Figure 3-1 Schematic diagram of the AFM experimental setup. A bubble is anchored to an AFM
tip that is driven toward the bitumen surface. 0 is the water contact angle of the circular gold
patch on the cantilever. The interaction force is extracted by the deflection of the cantilever as a

function of displacement, which is the change of X(t) over time.

3.3 Result and discussion

In this section, we report experimentally determined zeta potentials of bitumen, provide
force measurements between a bubble and a bitumen surface using AFM, and compare the
experimental force data with the SRYL model. Finally, we construct a stability map of bubble-

bitumen interactions under different water chemistry.

3.3.1 Bitumen zeta potential

The zeta potential of bitumen droplets in pure aqueous NaCl, CaCl, and NazCit solutions
at pH 8.5 is shown in Figure 3-2A. Bitumen droplets were negatively charged under all
experimental conditions. The negative charge originates from the organic molecules within

bitumen that contain many functional groups including carboxyls, amines, sulfonates, and sulfates,
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among others.’®!°! In alkaline solution, these surface-active components will transfer to the
bitumen surface with the polar functional groups facing aqueous solution. According to the
ionizable surface group model (ISG), the surface charge on the bitumen surface originates from
the dissociation of functional groups, including carboxyl group and amine groups among others.
Assuming a large carboxyl content, bitumen in solutions of alkaline pH would carry negative
charge due to the dissociation of the carboxyl group.’®°%7 It is worth noting that the direct
identification of these surface functional groups is hard to achieve due to the complexity of
bitumen. Although the functional group content of bulk bitumen can be estimated through
analytical methods such as total acid number (TAN) ! titration and FTIR,!%!% analytical
identification of surface functional groups is severely complicated by the dynamic interaction of
bitumen with the aqueous phase. Some researchers have used adsorption of Ni** and other metallic
cations to quantify the surface carboxyl group density of particles and surfaces with known
structure.!%> However, the complexity of the bitumen phase makes it difficult to identify the surface

functional groups using methods such as these.

The magnitude of the zeta potential decreased with increasing NaCl concentrations from
increased screening of the negative charge by sodium ions.®” The calculated charge at the Stern
plane showed a similar trend with the zeta potential as shown in the Appendix A. Bitumen droplets
exhibited significantly more negative zeta potential in sodium citrate solutions under all
concentrations tested with a minimum zeta potential of about =130 mV observed in 1 mM sodium
citrate. The corresponding charge at the Stern plane was calculated to be —0.0576 C/m? (Appendix
A), which was much higher than that in NaCl solution. At concentrations greater than 1 mM
sodium citrate, the magnitude of the zeta potential of bitumen droplets slightly decreased due to

the increase of sodium concentration and associated screening ability. This phenomenon has also
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1,2 which is likely due to the removal of naturally occurring multivalent

been found by Xiang et a
metal ions from the bitumen surface by citrate. The zeta potential of the bitumen droplets leveled
off at approximately —116 mV when the sodium citrate concentration was increased to about 12
mM. However, the magnitude of charge at the Stern plane kept increasing as the sodium citrate

concentration increased. This is because more surface charge is required to have the same zeta

potential in higher electrolyte solutions.!'%

Zeta potentials of bitumen droplets in all tested concentrations of CaCl, were less negative
compared to NaCl and NazCit. In addition, the calculated charges at the Stern plane of bitumen
droplets in CaCl; solution were all less than those in NaCl solution. This is possibly due to specific
adsorption of calcium ions on the carboxyl groups on the bitumen surface.”*> Chow et al. used the
ISG model to calculate the mobility of the bitumen droplets in CaCl, solution at various
concentrations and pH values using dissociation constants for RCOOCa” and RCOOH from the
literature and Gouy-Chapman theory. The good correlation between the theoretical calculation and
the experimental data indicated that the reaction between carboxyl groups on the bitumen surface
and Ca?" reduces the negative charge on the bitumen surface. Their theoretical calculation also fits
well with our experimental data.'”” With increasing CaCl, concentration, the bitumen zeta
potential slightly increased, which was likely caused by increased screening from Ca®" near the

bitumen surface.

Figure 3-2B shows the bitumen zeta potential in 4 mM CaCl, with various NasCit
concentrations. When increasing the NazCit concentration from 0.17 to 3.4 mM, the zeta potential
of bitumen droplet became more negative, from approximately —40 mV to roughly —80 mV. This
is caused by the decreasing free Ca>" concentration in the bulk solution with increasing citrate

concentration. However, a further increase of Na3Cit concentration caused the zeta potential to
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become less negative, possibly due to the reduced marginal chelating effect of citrate and the high

concentration of Na™.
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Figure 3-2 Zeta potential of bitumen droplets at pH 8.5 in (A) pure electrolyte solution with
different concentration and (B) 4 mM CaCl; with different concentrations of NasCit. The solid

lines between dots are a guide to the eye.

3.3.2 Bubble-bitumen interaction in pure electrolyte solutions at pH 8.5

The interaction forces between an air bubble and bitumen surface in Na3Cit, NaCl, and
CaCl; solutions at pH 8.5 as determined by bubble probe AFM are presented in the following
subsections. During the discussion, Stern potential refers to the potential of bubble or bitumen
surfaces from fitting of the SRYL model to experimental AFM force curves. Zeta potential values

were determined from the electrophoretic mobility of suspensions using a ZetaPALS instrument.

3.3.2.1 NasCit.
No bubble-bitumen attachment occurred in 5 mM NasCit solution with the maximum load
force set to 20 nN, as shown in Figure 3-3A. The measured force showed strong repulsion during

the bubble approach to the bitumen surface until the maximum loading force was reached. During
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the retraction, the repulsive force decreased gradually, followed by a weak attraction which was
caused by the hydrodynamic suction effect. The experimental data showed good agreement with
the theoretical model when considering contributions of vdW, EDL, and HB forces to the
disjoining pressure. From the SRYL fit, the minimum separation distance between the bubble and
bitumen was approximately 13 nm, at which point the Laplace pressure inside the air bubble
balanced the disjoining pressure. The contribution of each force to the disjoining pressure is plotted
in Figure 3-3B. The Hamaker constant for air bubble and bitumen interacting across water was
taken from the literature as —1.8 x 1072° J, which led to a repulsive vdW force between the air
bubble and bitumen.?** In 5 mM Na;Cit, the Debye length was calculated to be 1.8 nm, and the
zeta potentials of both the air bubble (see the Appendix A) and bitumen (Figure 3-2A) were
negative. This resulted in a strong EDL repulsion between the air bubble and bitumen. The Stern
potentials of the air/ water interface and bitumen/water interface were ¥, = —65mV and ¥ =
—120 mV, which were consistent with the experimental zeta potentials. The only attractive force
between the air bubble and bitumen was determined to be the hydrophobic interaction as the
contact angle of the air bubble on the bitumen surface was around 92°.'* 2> However, in 5 mM
NasCit at pH 8.5, the hydrophobic force was too short ranged to trigger bubble-bitumen

attachment, and the repulsive EDL force was still the dominant force.

The bitumen surface is highly charged due to the functional groups at the bitumen/water
interface, which would make it seem bitumen should have a hydrophilic character. However,
previous research found that the roughness of the bitumen surface increased in electrolyte solution,
which was attribute to exposed hydrophobic sites.?’ Lin et al. and Drelich et al. found that the

89,90

surface charge of bitumen varied significantly across the bitumen surface,”” which also indicated

that the polar functional groups did not uniformly cover the bitumen surface. These studies suggest
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that, although the bitumen surface is covered with charged functional groups, nonpolar groups

(such as those in asphaltene) also exist at the bitumen/water interface and contribute to the

hydrophobic behavior of bitumen.

30 20 v
5 mM Na,Cit, pH = 8.5 R (I B
= '
-‘I’A=—65i10mv &15, !
W, =-120x10mV == |
e ) = .
204 A N lh
2 &) 10‘ b
E 2 \
9 o 5l Laplace
[&] — i
5101 - o i = 13 1M pressure
£ 0 o T Ve—
S | Il
) == I]
ah o -5 ]_lvdW
] EDL
' | | | . | 10 | ' | | | | l I.—IHB
0.0 04 0.8 1.2 1.6 0 10 20 30 40 50
Time (s) Seperation, h (nm)

Figure 3-3 (A) Comparison of experimental interaction force and theoretical calculation

between the air bubble and bitumen surface in 5 mM NasCit. Blue circles represent experimental

data while the red line represents the theoretical calculation. (B) Calculated disjoining pressure

contribution in 5 mM NasCit. The force measurements were conducted at pH = 8.5, and the

bubble approach velocity was V = 1 um/s. The bubble radius was R = 80 yum.

3.3.2.2 NaCl

Figure 3-4 shows the interaction between the bubble and bitumen at different NaCl

concentrations at pH 8.5. No attachment was found in 10 mM NacCl solution up to 20 nN loading

force, as shown in Figure 3-4A. The zeta potential of the bitumen droplet in 10 mM NaCl at pH

8.5 was measured to be —65 £ 7 mV. The Stern potentials of the air/water interface and

bitumen/water interface were —45 and —72 mV, respectively, which were consistent with the

experimental data (see the Appendix A for the bubble zeta potential). Conversely, the force curve
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obtained in 15 mM NaCl showed a slightly repulsive force when the bubble approached the
bitumen surface, followed by a sudden “jumpin” when the measured force reached ~6 nN, as

shown in Figure 3-4B, which indicated the attachment of the bubble to the bitumen surface.

The overall disjoining pressure in 10 and 15 mM NacCl is shown in Figure 3-4C. The
disjoining pressure in 10 mM NaCl solution exceeded the Laplace pressure. The air bubble could
not move closer to the bitumen surface than 17 nm, at which point the Laplace pressure inside the
air bubble balanced the disjoining pressure. However, in 15 mM NaCl, the disjoining pressure
between air bubble and bitumen surface never exceeded the Laplace pressure, and the thin water
film ruptured at the point when jump-in happened. The critical film thickness of rupture was
calculated to be around 10 nm (see the Appendix A for the contribution from each force).
Compared to 10 mM NaCl, the ionic strength of 15 mM NaCl is greater, which decreases the
Debye length and the distance at which the EDL force becomes important. In 15 mM NaCl, the
Debye length is decreased enough to allow the hydrophobic attraction to dominate and induce
bubble-bitumen attachment. The decay length of the hydrophobic force was calculated to be
around 1.08 nm, which was consistent with the hydrophobic decay length reported in the

literature.?°

A 15 mM NaCl solution has roughly the same free Na* concentration and about half the
ionic strength of a 5 mM NazCit solution. Thus, bubble-bitumen attachment happened at lower
ionic strength in NaCl solution even though the sodium ion concentrations were the same for these
two cases. The observed stability in 5 mM NasCit is likely due to the strong negatively charged
bitumen surface in the presence of citrate leading to a much stronger EDL repulsion at a separation

around 10 nm, which prevents bubble-bitumen attachment.

46



3.3.23 CaCh

Different cations, including monovalent (Na*, K¥) and divalent (Ca**, Mg*") ions, are
always present in process water during oil sand extraction. Divalent cations were found to strongly
influence bitumen aeration.®** In order to understand the effect of divalent ion on the interaction
between the air bubble and bitumen, AFM force curves were obtained using a bubble probe in
CaCl; at pH 8.5, as shown in Figure 3-5. Strong repulsion between the bubble and bitumen was
found in 3 mM CaCl; solution, as shown in Figure 3-5A. The fitted Stern potentials of the air
bubble and bitumen were —30 £+ 5 and —40 + 5 mV, respectively, the latter being consistent with
the zeta potential of bitumen droplets from experimental measurements (—43 £+ 3 mV). Fits of the
experimental data to the SRYL model showed the EDL repulsion controlled the overall disjoining
pressure, exceeding the Laplace pressure and preventing the rupture of the water film between the
air bubble and the bitumen surface, as shown in Figure 3-5C. The calculated confined water film
thickness of 15 nm between the air bubble and bitumen surface in 3 mM CacCl, was slightly thinner
than in 10 mM NacCl, even though the ionic strength was lower. This was due to the reduced EDL
repulsion force between the air bubble and bitumen surface in 3 mM CaCl, solution (see the

Appendix A) from the reduced bitumen zeta potential (Figure 3-2A)

The jump-in behavior observed in 15 mM NaCl was also found in 4 mM CaCl,, as shown
in Figure 3-5B, but it occurred at a lower ionic strength in the presence of Ca?*. The reduced EDL
repulsion allowed the hydrophobic attraction to become dominant at a separation distance of
approximately 10 nm (Figure A8). Therefore, the overall disjoining pressure never exceeded the
Laplace pressure, and the water film between the air bubble and the bitumen surface ruptured at a

separation around 11 nm, as shown in Figure 3-5C.
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Figure 3-4 Interaction force between air bubble and bitumen surface versus time in (4) 10 mM
NaCl and (B) 15 mM NaCl. Blue circles represent experimental data while the red lines
represent the theoretical calculation. (C) Calculated disjoining pressures in 10 mM NaCl and 15
mM NaCl. The force measurement was conducted at pH = 8.5, and the bubble approach velocity
was V = 1 um/s. Experimental values used for SRYL fitting were y = 72.8 mN/m for air/water

interfacial tension and bubble radii of R = 84 um for 10 mM NaCl and R = 85 um for 15 mM

NaCl.
30 8 4
3mM CaCl,, pH =85 A 4 mM CaCl,, pH = 8.5 Bl - c
¥,=-30+5mV 5|Po=12£0.1m <
Y=-405mV A 1 <
B AN Laplace
20 ! = =
2 9' 24 pressure h"““ 15nm
c -
~ w0
8 o
810 5
Attachment | £ o
S,
h]
o
01 ——3mM CaCl,
, ) ——4mM CaCl,
0.0 04 08 12 16 00 0.2 04 06 08 0 10 20 30
Time (s) Time (s)

Separation, h (nm)

Figure 3-5 Comparison of experimental interaction force and theoretical calculation between
the air bubble and bitumen surface in (A) 3 mM CaCl; and (B) 4 mM CaCl>. Blue circles
represent experimental data while the red lines represent the theoretical calculation. (C)

Calculated disjoining pressure in 3 and 4 mM CaCl,. The force measurements were conducted at
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pH = 8.5, and the bubble approach velocity was V = 1 um/s. The bubble radii were R = 81 um

for 3 mM CaCl; and R = 84 um for 4 mM CaCl>.

3.3.2.4 Combined effect of Na3Cit and CaClz on bubble-bitumen interaction

Since citrate is a strong chelator of calcium and many other multivalent cations, the
addition of NazCit could significantly change the ionic makeup of process water. To study how
citrate affects interaction forces between the bitumen and air bubble, various amounts of Na3Cit
were added in 4 mM CaCl,, which was the lowest CaCl, concentration that triggered bubble-
bitumen attachment in this study. In the first set of experiments, 0.17, 2.3, and 4 mM Na3zCit were
separately added to 4 mM CaCl, solution, and the pH of the solution was fixed at 8.5. The
interaction forces determined via AFM are shown in Figure 3-6. With the addition of 0.17 mM
NasCit, the aforementioned jump-in behavior occurred, as shown in Figure 3-6A. The air bubble
attached onto the bitumen surface when the force reached about 6.8 nN. When the concentration
of citrate was increased to 2.3 mM, the jump-in behavior disappeared, and the air bubble did not
attach to the bitumen surface when the set force reached 20 nN, as shown in Figure 3-6B. However,
when the Na3Cit concentration was increased to 4 mM (Figure 3-6C), the jump-in behavior was

again observed when the air bubble-bitumen interaction reached a load force of ~7.7 nN.

To understand this phenomenon, the EDL pressure and the overall disjoining pressure as a
function of separation were calculated using the experimentally determined bitumen zeta potentials
shown in Figure 3-2B. The calculated disjoining pressures are shown in Figure 3-7. Compared to
4 mM CaCl, with no added citrate, the addition of 0.17 mM Na3Cit only slightly decreased the
zeta potential from around —36 mV to around —40 mV, and the ionic strength remained the same.
The EDL repulsion between the air bubble and the bitumen surface increased slightly, but it was

not strong enough to balance the hydrophobic force and prevent bubble-bitumen attachment. When
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the addition of Na3Cit was increased to 2.3 mM, the magnitude of the zeta potential of the bitumen
surface increased to approximately —55 mV. Due to chelation, the ionic strength, and thus EDL
screening length, was approximately the same as the 4 mM CaCl, solution. The EDL repulsion,
increased from the larger zeta potential magnitude, became strong enough to prevent bubble-
bitumen attachment, as shown in Figure 3-7A. By increasing the concentration of Na3Cit to 4 mM,
the magnitude of the zeta potential of the bitumen surface increased further to approximately —70
mV. However, the ionic strength of the solution also increased from 12 mM to around 15 mM,
which reduced the Debye length from 2.8 to 2.48 nm. The reduced influence distance of the EDL
force into solution allowed the HB force to once again become the dominant force and induce

bubble-bitumen attachment, as was seen for the 4 mM CaCl, + 0.17 mM Na3Cit mixture.

The overall disjoining pressures of the three mixtures are shown in Figure 3-7B. The
disjoining pressure of the solution in the copresence of 4 mM CaCl; and 2.3 mM Na3Cit exceeded
the Laplace pressure due to the strong EDL repulsion and stabilized the film at a thickness of
around 14.5 nm. For the mixtures containing 0.17 mM Na3;Cit and 4 mM Na;Cit, the slightly
reduced zeta potential and the reduced Debye length, respectively, allowed the hydrophobic
attraction to become dominant, thus reducing the overall disjoining pressure. The disjoining
pressure of these two conditions never exceeded the Laplace pressure, which led to the
bubble—bitumen attachment when the separation distance was approximately 10 nm. The previous
experiments utilized mixtures of CaCl, and NasCit so the Ca®" ions were already chelated when
the solution was introduced into the AFM cell. Another experiment was conducted to first immerse
the spin-coated bitumen surface in 2.5 mL of 4 mM CaCl; solution for 15 min and then add 2.3
mM NazCit for an additional 15 min to study whether similar results were achieved when the

calcium ions were already adsorbed on the bitumen surface. The experimental result (Appendix A
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Figure A9) also revealed nonattachment between the air bubble and bitumen surface at 20 nN
maximum loading force. Agreement of the experimental results when citrate was added before and
after loading of the bitumen surface with calcium suggests citrate can lead to stabilization of the
air bubble and bitumen through a mechanism proposed by Wang et al.®* Citrate would either desorb

the Ca®" or coadsorb with Ca®" to block the subsequent attachment between the air bubble and

bitumen.
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Figure 3-6 Comparison of experimental interaction force and theoretical calculation between
the air bubble and bitumen surface in (A) 4 mM CaClz + 0.17 mM NasCit, (B) 4 mM CaCl; + 2.3
mM Na;Cit, and (C) 4 mM CaClz + 4 mM NasCit. Blue circles represent experimental data

while the red lines represent the theoretical calculation.
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Figure 3-7(A) Calculated EDL pressure contribution to the overall disjoining pressure of one
pure solution and three mixtures: 4 mM CaCl> + 0 mM NasCit, 4 mM CaCl> + 0.17 mM NasCit,
4 mM CaCl; + 2.3 mM Na;sCit, and 4 mM CaCl, + 4 mM NasCit. Inset: Zoom in of the red
square. The axis labels of the inset are the same as that of (4). (B) Calculated overall disjoining
pressure of the one pure solution and three mixtures: 4 mM CaCl; + 0 mM NasCit, 4 mM CaCl;
+ 0.17 mM NasCit, 4 mM CaCl; + 2.3 mM Na;sCit, and 4 mM CaCl; + 4 mM NasCit. The legend
in (A) is the same as that in (B). The bubble radii of the pure solution and the three mixtures
were R = 84 um for 0 mM NasCit, R = 85 um for 0.17 mM NasCit, R = 78 um for 2.3 mM

NasCit, and R = 81 um for 4 mM Na;Cit.

3.3.3 Stability map

Based on the previous results, we performed a series of experiments to construct a stability
map, which is plotted in Figure 3-8, representing the regions of attachment and nonattachment
between the air bubble and the bitumen surface. Three parameters, including the CaCl,
concentration, NazCit concentration, and ionic strength, were considered, and all the experiments

were conducted at pH 8.5. The nonattachment region represents stable interactions between the air
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bubble and the bitumen surface when the load force reached 20 nN. The attachment region
represents conditions in which the water film between the air bubble and bitumen surface ruptured
and induced the air bubble to jump onto the bitumen surface. The bubble radii in this AFM study
were within the range of 70-90 um, and the bubble approach velocity was 1 um/s. It is worth noting
that the bubble radii in the actual oil sands extraction process are 0.25-1 mm, which is bigger than
the bubble size used in this experiments.!?*!® For systems involving larger bubble radii, the
attachment region would somewhat shift to the right due to the decrease in the Laplace pressure.
The darker shaded area between the dashed lines, estimated using the SRYL model, represents that
either attachment or nonattachment could happen due to the variation of bubble radii. The region
where calcium citrate tetrahydrate and calcium citrate hexahydrate are oversaturated was
calculated via Visual MINTEQ. Values of log Ksp used for the tetrahydrate and hexahydrate forms
were —17.81'"%and —18.01,'!! respectively. Note that the Ksp value for calcium citrate hexahydrate
was calculated from data published in the reference and assuming an association constant of log
Kc =4.87 for the CaCit™ complex, which is within the range of well accepted values. Based on the
speciation calculations, no calcium citrate precipitate would form under all experimental

conditions.

As seen in Figure 3-8, pure sodium citrate could prevent bubble-bitumen attachment even
when the ionic strength was relatively high (around 30 mM). However, the copresence of CaCl,
and NasCit dramatically decreased the critical ionic strength that induced bubble—bitumen
attachment from around 30 mM to around 20 mM. In addition, this critical ionic strength decreased
with increasing CaCl» concentration. When the concentrations of both CaCl, (<3 mM) and NazCit
(<5 mM) were low, the low solution ionic strength and the long-range EDL repulsion always

prevented bubble-bitumen attachment. At the critical point of 4 mM CaCl,, only a certain amount
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of Na3Cit prevented the bubble-bitumen attachment. When the CaCl, concentration exceeded 5
mM, bubble-bitumen attachment always happened. The stability map showed that pure NasCit
would significantly prevent the bubble-bitumen attachment, and zeta potential results indicate that
this is due to a large zeta potential and associated EDL repulsion. However, in the presence of
CaCl; and at high salinity, similar to oil sands processing water, adding sodium citrate had little

effect on the bubble-bitumen attachment until the concentration of Na3Cit approached that of

CaCl,.
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Figure 3-8 Stability map of the interaction between the air bubble and bitumen surface. All the
experiments were conducted at pH 8.5. The shaded area separating the attachment and

nonattachment regions was calculated using the SRYL model within experimental error.

3.4 Conclusions

In this study, we investigated the specific ion effects of Ca*" and Cit>~ on the interaction
between an air bubble and a bitumen-coated silica surface. A bubble probe AFM technique was

employed to directly measure the interaction force between the air bubble and bitumen in a variety
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of electrolyte types and concentrations. The SRYL model was applied to compare the experimental
data with theory. In low-salinity solutions, the bitumen surface was strongly negatively charged,
and the EDL repulsion prevented bubble-bitumen attachment. Increasing the solution salinity and
increasing divalent ion concentration decreased the magnitude of the zeta potential of the bitumen
droplet, reducing the EDL repulsion between the air bubble and bitumen and inducing bubble-
bitumen attachment. Sodium citrate reduced the probability of bubble-bitumen attachment at a
given ionic strength by making the bitumen surface more negatively charged. However, the
stability map revealed that at high salinity, the copresence of Ca** and sodium citrate only had a
little effect on the bubble-bitumen attachment, which was proved to be beneficial for the oil sand
extraction process. This study provided valuable information on the effect of the secondary
processing aid, sodium citrate, on the interaction forces between the air bubble and bitumen
surface. In addition, this study showed that the SRYL model utilizing EDLVO theory can be used
in conjunction with experimentally determined zeta potential data to predict what solution
chemistries will be favorable for bubble-bitumen attachment and therefore for bitumen recovery

by aeration.
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Chapter 4 Role of Sodium Citrate on the Zeta
Potential of Bitumen: Interactions between

Bitumen Metal Content and Ligands
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Abstract

Sodium citrate (Na3Cit) has been proved to significantly increase the negative charges on
bitumen surfaces, which enhances bitumen liberation and prevents slime coating. The citrate ion,
which carries three negative charges with chelating ability, is expected to be related to the
increased negative charges. Therefore, to understand the effect of Na3Cit on the zeta potential of
bitumen, experimental results were compared with sodium chloride (NaCl), EDTA, sodium
phosphate (Na;HPOs), and sodium sulphate (Na>SO4). Similar to Na3Cit, adding EDTA and
NaHPO4 resulted in a more negatively charged bitumen surface. However, increasing the

concentration of Na;SO4 led to less negatively charged bitumen surfaces, a trend similar to NaCl.

To further understand the mechanism of how NasCit, EDTA and Na;HPOj4 change the zeta
potential of bitumen surfaces, ICP-MS was used to analyze their ability to remove metal ions from
bitumen to the aqueous phase. Meanwhile, QCM-D and FTIR were applied to study their
adsorption on bitumen surfaces. A strong ability for NazCit and EDTA to transfer metal cations
from bitumen to the aqueous solution was observed. However, the concentration of metal ions
released by Na,HPO4 was much smaller than expected. Moreover, all three anions could adsorb
on the bitumen surface through mainly outer-sphere complexation and minor inner-sphere
complexation. Our study proved that removing metal ions from bitumen and the adsorption onto
the bitumen surface were the dominant reasons why chemicals such as Na3Cit modified the zeta

potential at the bitumen/water interface.
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4.1 Introduction

The electrokinetic properties of bitumen/water interfaces are highly important in the sub-
steps involved in the oil sands extraction process, indicating the magnitude of the repulsion in the
colloidal system. It was reported that the more negatively charged bitumen surface decreases the
adhesion and increases the long-range repulsive forces between bitumen and silica surface,
facilitating the bitumen liberation.®?*!'2 In addition, the increased surface charge at the
bitumen/water interface could prevent the heterocoagulation between bitumen and clay particles,
thus increasing the bitumen recovery and froth quality.?! However, it also increases the repulsive
force between bitumen and air bubble, which could have a detrimental effect on the bitumen

aeration.?"!13

In the traditional oil sands extraction process, sodium hydroxide (NaOH) is applied in
process water to improve bitumen recovery.’” It is believed that the organic acids and asphaltene
contained in bitumen could transfer to the bitumen/water interface, and such a process can be
promoted with the addition of NaOH.>*?¢!4 The deprotonation of the functional groups present in
those surface-active components, i.e. carboxyl groups, is the origin of the negative charges on the
bitumen/water interface.!'* Recently, sodium citrate (NasCit) has been successfully used in the oil
sands extraction process as a secondary process aid combined with NaOH, significantly increasing
the bitumen recovery and froth quality.!!> One of the landmark contributions is that the combined
addition of Na3Cit and NaOH makes the bitumen/water interface more negatively charged than
using NaOH alone.?"?>% Surprisingly, the application of NasCit had a minor effect on adjusting

the solution pH, while it still increased the negative charges on bitumen/water interfaces.>?
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The fundamental mechanism of Na3Cit modifying the bitumen/water interface and affecting

the zeta potential remains unknown. Based on the literature, several assumptions can be proposed.

Bitumen from oil sands contains a certain amount of metal ions such as Ca, Mg, Fe, Al, V,
and so on.!”! Metals can form bridging between different bitumen components through donor
metal bridging and carboxylate group metal bridging.!!® In this way, the metal ions could de-
activate the polar groups on the bitumen/water interface and suppress the negative charges. The
first assumption is that citrate is a strong chelating agent that could compete for those metal ions
with the functional groups on the bitumen/water interface'!” and transfer those metal ions into the
aqueous phase, thus recovering the negative charges on functional groups and making bitumen

surface more negatively charged.

Secondly, under the industrial operating pH, citrate is fully deprotonated and carry multiple
negative charges. Citrate could possibly adsorb on the bitumen/water interface through metal ions
with additional deprotonated carboxyl group facing the aqueous phase, thus making the bitumen

zeta potential more negatively charged.

Another possible reason is that, according to the Hofmeister theory, the citrate ion is a
stronger hydrated anion than chloride ion (Cit*>SO04>> CI), referred to as kosmotropes.!'!®
According to the literature, the decrease in the absolute value of the zeta potential of some
biomolecules or air/water interface would follow a reversed Hofmeister ion series.''*1?* However,
some divalent anions (i.e. SO4%*) would possibly have an inversed effect on the zeta potential due
to its 2° valence.!?! In that case, citrate could probably make the bitumen/water interface more

negatively charged than chloride since it carries three negative charges.
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Our primary goal in this study is to understand the mechanism of Na3Cit on modifying the
zeta potential of the bitumen/water interface. Citrate is a well-known chelator carrying three
negative charges that can form complex with most multivalent metal ions, which possibly
influence the zeta potential of interfaces. To verify the dominant mechanism from the above
theories and assumptions, four different sodium salts were selected to be compared to NasCit.
Ethylenediaminetetraacetate (EDTA) is a stronger chelating agent than NasCit. Phosphate (PO4>)
could form precipitates with several multivalent metal ions. Sulfate (SO4>) is a strongly hydrated
multivalent anion referred to as kosmotropes, but rarely forms complexes or precipitates with
multivalent metal ions. NaCl was chosen as a reference group to reflect the effect of Na ions. The
zeta potentials of the bitumen/water interfaces for the selected salts were compared at a controlled
solution pH. Furthermore, their ability to remove cations from bitumen and their adsorption on
bitumen surfaces were analyzed to explain the mechanism of how citrate and other ligands modify
the zeta potential of bitumen/water interfaces. Our study provides insights into the mechanism of
how NazCit changes the electrokinetic property of bitumen/water interfaces and directions on the

future selection of chemical aids.

4.2 Materials and methods
4.2.1 Materials

Vacuum distillation unit (VDU) feed bitumen provided by Syncrude Canada Ltd was used
in all experiments. Four different salts were selected to study their effect on the zeta potential of
bitumen, including Na3Cit, Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-2Na),
sodium phosphate dibasic (Na2HPO4) and sodium sulfate (Na>xSOs). Their general details and

chemical structure are listed in Table 4-1. Sodium chloride (NaCl) purchased from Alfa Aesar was
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used as the control group. Sodium hydroxide solution (1 N, Fisher Scientific) and hydrochloric
acid solution (1 N, Fisher Scientific) were applied to adjust the solution pHs.
Octadecyltrichlorosilane (OTS) (= 96% purity, Sigma Aldrich) was used to hydrophobize the
silicon wafers (NanoFAB, CA). Sodium dodecyl sulfate (SDS) (= 90% purity, Sigma Aldrich) was

used to clean QCM-D accessories. Milli-Q water was used in all experiments throughout this

study.
Table 4-1 Details of chemicals used in our experiments
MW Purity
Name Chemical structure Source
[g/mol] [Yo]
NasCit Fisher
258 0. o Na* >99.8
Sodium Citrate Na* O 0" ot Scientific
© on ©
EDTA
g Sigma
Ethylenediaminetetraacetic 336.2 0 I/\N/\< e >99

A 0 Aldrich
0

acid disodium salt | g oH
Na o
(o]

OH
Na,HPO4 o Na' Fisher
' 141.9 [ o >99.9
Sodium Phosphate 0:I-|ﬂ=0 Na* Scientific
OH
Na,SO4 Na’ o Sigma
o
142 ~ 99
Sodium Sulfate d O\ Aldrich
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4.2.2 Zeta potential measurement and metal content released from bitumen

A series of aqueous solutions containing chemicals listed in Table 4-1 were prepared from
0.1 mM to 10 mM, and the solution pH was adjusted to either 8.5 = 0.1 or 10.5 £ 0.1 depending
on the subsequent analysis. Figure 4-1 displays the procedures and conditions applied in bitumen

zeta potential measurements and metal ions analysis.

For zeta potential measurements, 0.1 wt% of VDU feed bitumen was emulsified in 40 ml
prepared solutions at pH 8.5 = 0.1 using a Model 550 Sonic Dismembrator (70 Amplitude for 30
minutes). Since the acquired bitumen emulsions from the previous step were too concentrated to
be tracked by the instrument, all emulsions were diluted 20 times with their corresponding aqueous
solutions. The effect of selected salts on the zeta potentials of bitumen droplets was measured
using a Brookhaven ZetaPALS. All the measurements were conducted at 22 °C, and the measured

result was averaged from 10 runs (with 5 cycles for each run).

The metal content released from bitumen was examined at two pHs, using a fixed salt
concentration of 5 mM. To extract the metal ions from bitumen, 0.5 wt% VDU feed bitumen was
emulsified in a 40 ml prepared solution using the same method listed in the zeta potential analysis.
The emulsions were first centrifuged at 5000 rpm to remove most of the oil. After that, the obtained
supernatants were further filtered with 0.22 um syringe filters. The metal content released to the
aqueous solution was analyzed by Agilent 7900 Inductively Coupled Plasma-Mass Spectrometry

(ICP-MS) with APHA method 3125B.!*
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Figure 4-1 Illustration of experimental procedures: (a) zeta potential of bitumen droplets, (b)

metal content released from the bitumen.

4.2.3 Adsorption measurements by QCM-D

The adsorption of various salts on the bitumen surface was performed with a QCM-D (E4
system, Biolin Scientific). The bitumen-coated hydrophobized silica sensors were prepared
following the methods in our previous study.'?* Silica sensors were first sonicated in 2 wt% SDS
solution for 30 mins and rinsed with Milli-Q water. Then, the sensors were dried with pure nitrogen
gas and treated with UV/ozone for 10 mins. The cleaned silica sensors were hydrophobized by
diluted OTS (0.1 vol% in toluene) for 60 s and dried with pure nitrogen gas. Spin coater (Laurell
WS-400A-6NPP/Lite) was applied to prepare a uniform bitumen film. Five drops of solid-free
diluted bitumen (5 wt% in toluene) were placed on the hydrophobized sensor surface during the
coating process. The bitumen-coated sensors reached a contact angle around 88° and were used in
the QCM-D adsorption experiment. The QCM-D flow modules and tubes were also cleaned with

2 wt% SDS solution and dried with nitrogen gas after rinsing with Milli-Q water.

A sequence of different liquids was pumped into QCM-D flow modules through a peristaltic
pump at 100 pL/min. All measurements were started with Milli-Q water to establish a stable

baseline, followed by the injection of sample solutions containing 25 mM of selected chemicals.
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After the adsorption reached a plateau, a rinse cycle with Milli-Q water was applied to remove the
loosely attached chemicals. All the solution pHs were adjusted to 8.5 + 0.1 before performing the
experiments with the temperature controlled at 22 °C. Both the viscoelastic model and the
Sauerbrey equation were applied to calculate the mass adsorbed on bitumen surfaces through D-

find software.
4.2.4 ATR-FTIR analysis for chemicals adsorption

A Nicolet 6700 Fourier Transform Infrared spectrometry equipped with attenuated total
reflection (ATR-FTIR) was applied to confirm the adsorption of selected chemicals on bitumen
surfaces. A thick layer of bitumen was placed on hydrophobized silica wafers (0.1 vol% OTS in
toluene) and immersed in the sample solution containing 25 mM or 100 mM target chemicals for
1 hour. All the solution pHs were adjusted to 8.5 + 0.1 before contacting with bitumen. Then, the
bitumen surface was either dried with pure air or dried after rinsing with Milli-Q water to remove
the loosely adsorbed chemicals. After that, the bitumen was pressed tightly against the ATR optical
crystal. Due to the complexity of bitumen, all the spectra of adsorption on bitumen surfaces were
normalized using OMNIC software. In detail, the spectrum of bitumen surface immersed in Milli-
Q water was used as a control group and subtracted from the spectra of chemical adsorption on
bitumen surfaces. To characterize the salts, aqueous solutions containing 100 mM of selected
chemicals were dropped onto the crystal directly. In this case, the spectrum of Milli-Q water was
applied as its control group and subtracted from the spectra of salt solutions. All the spectra were

1

collected in a range from 4000 to 550 cm™~!, with 128 scans at a resolution of 4 cm~!. The scan

speed was set at 20 KHz with a 2 cm aperture, and the background was collected in air.
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4.3 Results

4.3.1 Zeta potential of bitumen droplet in the presence of different sodium

salts at pH 8.5

The zeta potential of bitumen droplets in different salt solutions as a function of their
concentrations at pH 8.5 £ 0.1 is plotted in Figure 4-2. The zeta potential of bitumen in NaCl and

NasCit solutions was replotted from data from Bai et al.?!

It was observed that increasing the concentration of NaCl led to less negatively charged
bitumen surfaces. This observation is consistent with previous studies in which the charge
screening effect from Na* was responsible for the decreased magnitude of the zeta potential of the
bitumen emulsion.””-!?*12% The zeta potential was more negative in Na3Cit, EDTA and Na,HPO4
solutions compared with NaCl in the tested concentration range. For NasCit, the zeta potential had
a valley at =130 mV (at 1 mM), which is around 30 mV lower than the NaCl at the same
concentration. The group of NaxHPO4 showed very similar zeta potential values to that in Na3Cit
solutions from 0.1 mM to 0.5 mM. EDTA, as the best chelating agent among all the tested salts,
generated the most negative bitumen zeta potentials. Both EDTA and NaHPOg4 reached their
minimum zeta potential at around 0.5 mM, with —150 mV and —125 mV, respectively. Beyond this
point, the zeta potential increased with increasing concentration due to the screening of the double
layer by the Na" ions. Obviously, the anions that could form complexes or precipitates with the
multivalent metal ions led to the more negatively charged bitumen surfaces at the same solution
pH. Moreover, the stronger their chelating ability, the more they can increase the negative charges

on bitumen surfaces.
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Interestingly, adding Na>SO4 generated a similar trend as NaCl; the zeta potential changed
from around —100 mV to —65 mV when the concentration increased from 1 to 10 mM, despite that
SO4* is referred to as kosmotropes and carries multivalence. Its zeta potential behavior indicates
that properties of multivalence kosmotropes are not the dominant mechanism for the increased

negative charges at the bitumen/water interface.
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Figure 4-2 Bitumen zeta potential as a function of different salts concentration at pH 8.5.

4.3.2 Metal content released from bitumen

To examine the mechanism of increased negative charges on bitumen surfaces, the effect of
different anions on extracting metal ions from bitumen to the aqueous solution was determined.
According to the zeta potential results in Figure 4-2, only Na3Cit, EDTA, and Na,HPO4 resulted
in the more negatively charged bitumen surfaces. Therefore, these three salts were selected, and

the results were compared with NaCl.
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While making the bitumen emulsion in the aqueous solution, NaOH was added to adjust the
pH to 8.5 and 10.5, promoting the release of natural surfactants and stabilizing the bitumen in
water emulsion. The pHs of the prepared aqueous solution and their supernatant after extraction
with bitumen are shown in Table 4-2. For the group of pH 8.5, the pH of Milli-Q water and NaCl
solution barely changed after interacting with bitumen, and bitumen was hard to emulsify in these
solutions. According to our observation, the presence of NazCit, EDTA, and Na,HPO4 enhanced
the emulsification, indicating that they promoted the release of natural surfactants from bitumen.
However, the pH was slightly changed due to the buffer effect of these salts. At pH 10.5, the pH
of all the extracted solutions was lower than the originally prepared solution, indicating that higher
pH helps release organic acid and is beneficial for bitumen emulsification, which increases the
chance for chelators to decompose the metal bridges. However, Na3Cit showed a much lower pH

than EDTA and Na;HPO4 because such pH is beyond its buffer range.

The ICP-MS results of some specific metal ions (Ca, Mg, Al, Mn, Cu, and V) at pH 8.5 and
10.5 are shown in Figures 4-3 and 4-4, respectively. Results of other metal ions are given in Table
A2 in the Supporting Information. It is believed that the charge of bitumen surfaces is mainly
related to the polar functional groups contained in resin and asphaltene.!'*!?6 The naturally existing
metal contents in bitumen could de-active and block the charges of those functional groups. Adding
chelating agents during the emulsification process is expected to remove those metal contents from
the functional groups and recover their charges. At pH 8.5 (Figure 4-3), the amount of metal ions
released from bitumen to the aqueous solution was significantly higher in the presence of Na3Cit
and EDTA than in Milli-Q water or NaCl solution, especially for Ca, Al and Mn. As a stronger
chelator, EDTA showed the best performance in extracting most of the metal ions, which could

explain the most negative bitumen zeta potential among other solutions. Surprisingly, the
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concentration of the released metal ions in the presence of phosphate was very small compared
with the other salts, especially for Ca, Al, Mn, and Cu. This phenomenon is possibly because
phosphate is easy to form precipitates with metal ions, and the precipitates were removed by
filtration before ICP-MS analysis. At pH 10.5 (Figure 4-4), the concentrations of all the measured
metal ions were much higher than those at pH 8.5. This result agrees with our observation of better
emulsification at higher pH. In addition, the benefit from chelating agents is more obvious,
especially for EDTA. For example, the concentration of released Ca in the presence of EDTA
reached around 5 mg/L, which is about 0.125 mM. It was shown that the bitumen zeta potential
can increase from —80 mV to around —40 mV in the presence of 0.1 mM CaCl, % Therefore, the

released 5 mg/L Ca is enough to significantly modify the bitumen zeta potential.
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Table 4-2 Solution pH of the extracted aqueous solution after making bitumen emulsion in

different electrolyte solutions at pH 8.5 and 10.5.

pH before emulsification Electrolyte Concentration pH of extracted aqueous
(mM) solution
8.5+0.1 Milli-Q - 8.52
NaCl 10 8.56
NasCit 5 8

EDTA 5 8.10

NaHPOg4 5 8.5

10.5+0.1 Milli-Q - 8.87
NacCl 10 6.99

NasCit 5 7.88
EDTA 5 10.00

Na;HPO4 5 9.06
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Figure 4-3 Concentration of metal ions released from bitumen to the aqueous solution in the

presence of different salts at pH 8.5: (a) Ca, (b) Mg, (c) Al, (d) Mn, (e) Cu, (f) V.
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Figure 4-4 Concentration of metal ions released from bitumen to the aqueous solution in the

presence of different salts at pH 10.5: (a) Ca, (b) Mg, (c) Al, (d) Mn, (e) Cu, (f) V.

4.3.3 QCM-D analysis of adsorption on bitumen surfaces

Apart from removing metal ions from bitumen, the adsorption of anions on bitumen surfaces

could be another possible mechanism that modify the zeta potential. Similar to the previous section,

NazCit, EDTA and NaxHPO4 were selected to analyze their adsorption on bitumen surfaces using

QCM-D. The adsorption of NaCl was also analyzed for comparison. A decrease in frequency

indicates an increase of mass on the sensor surfaces and vice versa, while the dissipation signal

represents the viscoelastic property of adsorbed materials. Selected QCM-D results of frequency

and dissipation changes at the 3™, 5™ and 7" overtones are plotted versus time in Figure 4-5. It is

worth mentioning that a signal drift (< 1 Hz/min) in frequencies was observed for all tests at all

overtones, possibly resulting from the release of water-soluble species from the coated bitumen

layer to the aqueous phase.
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Figure 4-5 Change in frequency (Af) and dissipation (AD) at 3, 5 and 7 overtones of the bitumen
coated sensor under (a) 25 mM NaCl, (b) 25 mM NasCit, (c) 25 mM EDTA, (d) 25 mM Na:HPOy

at pH 8.5.

The changes of frequencies (Af) and dissipations (AD) responded differently with different
salts, even though the same concentration and solution pH were used. In Figure 4-5a, negligible
Af and AD were observed for the injection of NaCl solution, indicating trace amounts of mass
adsorbed on bitumen surfaces. The presence of 25 mM NazCit or EDTA led to similar adsorption
patterns (Figure 4-5b and 4-5c), with frequency dropping to around —6 Hz and dissipation
significantly increasing after injection of sample solutions. This dissipation variations were likely

caused by the adsorption of EDTA and citrate anions on the bitumen surfaces since both have

72



larger and more flexible molecular structures compared to either Na* or CI'. The presence of
NaHPO4 moderately decreased the frequency to around —4 Hz, as shown in Figure 4-5d. It was
interesting to find that the dissipation signal switched back to its initial value and the frequency
increased back to around zero (the signal drifts result in Af > 0) after rinse cycle, indicating a
reversible adsorption process for all scenarios. Therefore, only the period of injection chelating
agents was applied to calculate the mass adsorbed on bitumen surfaces for all cases. With the
consideration of solution density and viscosity, both Sauerbrey relation (Ams at the 3rd overtone)
and the viscoelastic model (Amy) were used to calculate the mass, and the average values are
summarized in Table 4-3. The Sauerbrey equation is only applicable for rigid and evenly
distributed adsorption. In the measurements of NazCit, EDTA and NaoHPOs, the variations of
dissipation were significant (AD/Af > ~0.1x10") and clear separations in different overtones were
observed. Therefore, the Sauerbrey equation is not valid for those results. According to the Af in
Figure 4-5, it is reasonable to find that EDTA showed the highest adsorbed mass on bitumen
surfaces, Na3Cit ranked second. This trend is consistent with the zeta potential, as shown in Figure
4-2. However, for Na,HPOg, only a small amount of mass was obtained from the calculation. In
this study, we are unable to compare the adsorbed number density on the bitumen surfaces without
considering their adsorption configuration and molecular weight, and such investigation is beyond

our scope.
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Table 4-3 Calculated mass deposition on bitumen surfaces pH 8.5.

Average Mass NaCl NasCit EDTA Na;HPOq4
Amsg (n-3), ng/cm? 12.5 42 26 9.5
Amy, ng/cm? 23.5 164 230.5 35.5

4.3.4 ATR-FTIR analysis for chemicals adsorption

The ATR-FTIR spectroscopic investigation is aimed to further confirm the adsorption of
Na3Cit, EDTA and Na;HPO4 on bitumen surfaces and seek useful information about the anion-
bitumen surface complexes. The spectra of bitumen after immersion in Milli-Q water are shown
in Figure A10 in the Supporting Information, and the functional groups found in our experiment
are consistent with the literature,'?” as given in Table A3. To clarify the adsorption, the normalized
spectra in these cases (with and without rinsing) were compared with the spectra of pure electrolyte

solution.

The spectrum of Na3Cit solution at pH 8.5, in which the citrate species are fully deprotonated,
is shown in Figure 4-6a. The fully deprotonated NasCit solution has adsorption bands at 1569 cm™!,
1390 cm™!, and weaker adsorption at 1279 cm™!, which are consistent with the reported values.'?8
The first two bands correspond to the asymmetric and symmetric C-O stretching, while the weaker
bond probably results from the carboxylate bending vibration. For the bitumen, after it was
immersed in 25 mM Na;Cit solution (Figure 4-6b), the asymmetric C-O band shifted to 1577 cm™!
compared to 1569 cm™! observed in Na3Cit aqueous, representing that citrate formed outer-sphere

complexes on bitumen surfaces (i.e. through H-bonding or electrostatic interactions). In addition,
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a weak peak formed at 1602 cm™!, which could be considered as the asymmetric C-O vibration
from the inner-sphere complex (i.e. direct interaction with metal ions) formed by the adsorption of

Na;sCit. For the case without rinsing, the A value (A = v4c0,™ — Viymmc0,7) increased to 183 cm™!

comparing to 179 cm™! in Na3Cit aqueous solution, also proved the complexation of Na3Cit on the
bitumen surface.'? After rinsing with Milli-Q water, as shown in Figure 4-6c¢, the intensity of the
peak at 1577 cm~!' became much weaker, showing that the formation of outer-sphere complexes
was reversible and could be washed off by Milli-Q water. This is consistent with the result from
the QCMD experiments. The asymmetric C-O band at 1602 cm™! representing the inner-sphere
complex can still be found after rinsing with Milli-Q water. However, such adsorption is too weak
to be captured by the QCM-D experiments due to the signal drift on frequencies caused by unstable

bitumen film.
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1394
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. . . ; .
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Figure 4-6 ATR-FTIR spectra of: (a) NasCit solution at pH 8.5, (b) normalized bitumen
immersed in 100 mM NasCit solution at pH 8.5 and (c) normalized bitumen immersed in 100 mM

NasCit solution at pH 8.5 and rinsed with Milli-Q water.

The spectrum of EDTA solution at pH 8.5 is shown in Figure 4-7a. Under this pH, EDTA is
in trisodium form. The asymmetric and symmetric C-O stretching appear at 1576 and 1401 cm™,
respectively. The C-N stretching was found at 1133 cm™' for the trisodium form, which is
consistent with the literature.'*® The fingerprint region is usually difficult to assign for large
molecules such as EDTA, and the summary of the other bands is given in Table A4. For the
adsorption of 100 mM EDTA without rinsing on bitumen surfaces (Figure 4-7b), the asymmetric
C-O vibration shifted from 1576 cm™! to 1585 and 1604 cm~'. The band at 1585 cm™! represents
the formation of the outer-sphere complexes, while the band at 1604 cm™! possibly indicates the
inner-sphere complexation. The A value for trisodium EDTA solution was calculated at 175 cm™,
which agreed with the reported average value. It changed to 179 cm™!' for EDTA adsorption on
bitumen, also representing the formation of complexes on bitumen surfaces.!*® After rinsing by

1

Milli-Q water, asymmetric C-O vibration at 1604 cm~ was still captured (Figure 4-7c),

representing that the formation of the inner-sphere complexes is irreversible adsorption.

1

Meanwhile, the disappeared asymmetric C-O band at 1585 cm™ indicated the outer-sphere

complexes were removed by rinsing.
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Figure 4-7 ATR-FTIR spectra of: (a) EDTA solution at pH 8.5, (b) normalized bitumen immersed
in 100 mM EDTA solution at pH 8.5 and (c) normalized bitumen immersed in 100 mM EDTA

solution at pH 8.5 and rinsed with Milli-Q water.

The spectrum of Na;HPO4 solution at pH 8.5 is shown in Figure 4-8a. At pH 8.5, the
dominant species of phosphates is in monoprotonated type (HPO4>") and has C3v vibration with the
v3 vibration splitting into two peaks at 1077 (E vibration) and 990 cm™! (A; vibration). The vi

!, which is consistent with the literature.'*!!3? Figure 4-8b shows the

vibration is at 848 cm~
normalized spectra of 100 mM Na;HPO4 adsorbed on bitumen without rinsing. The three main

characteristic peaks at 1084, 986, and 833 cm™! represent the two v3 vibrations and v; vibration,

respectively, which are similar to the characteristic bands of the phosphate solution at pH 8.5. If
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monoprotonated phosphate forms an inner-sphere complex with metal ions, the symmetry of the
surface complex would change from Csv to Cay, leading to three v3 bands in addition to v; band'*2.
As shown in Figure 4-8b, the peak at 1084 cm™!' becomes much wider with a shoulder appearing,
and two new small peaks at 1179 and 1028 cm™!, which could be explained by the splitting of v3
vibration of forming different inner-sphere metal-phosphate complexes. For the formation of
outer-sphere complexes, a slight shift of the v3 vibrations is expected without changing the number
of v3 bands!*2. Therefore, the slight increase of the E vibration and the decrease in the A vibration
could be related to the outer-sphere complexation of phosphate on bitumen surfaces. After rinsing
with water, the high-intensity peaks at 1084 and 986 cm™! disappear, representing the reversible
adsorption of outer-sphere complexed phosphate (Figure 4-8c). However, the small peaks at 1184,
1147, 1087, 1029 and 1003 cm™!' still appear, which could be the v3 vibration bands of different

metal-phosphate inner sphere complexes.!!
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Figure 4-8 ATR-FTIR spectra of: (a) Phosphate solution at pH 8.5, (b) normalized bitumen
immersed in 100 mM phosphate solution at pH 8.5 and (c) normalized bitumen immersed in 100

mM phosphate solution at pH 8.5 and rinsed with Milli-Q water.
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4.4 Discussion
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Figure 4-9 Mechanisms of complexants modifying the zeta potential of bitumen surfaces.

Based on the above results, mechanisms of chelators on modifying the zeta potential of
bitumen surfaces were proposed as removing the metal contents from bitumen and adsorbing on
bitumen surfaces, as illustrated in Figure 4-9. The zeta potential of bitumen surfaces comes from
an overall effect from the naturally existing surface-active species, the metal contents in bitumen
and the bulk solution chemistry. Metals are present as metal bridges that coordinate with organic
compounds in bitumen, especially asphaltene and naphthenic acids.!'®!33 Increasing the slurry pH
by adding NaOH contributes to the deprotonation of surface-active species, resulting in more
negatively charged bitumen surfaces. However, the existence of metal ions potentially screens the

negative charges from functional groups.

The first mechanism in Figure 4-9 describes that ligands, such as EDTA and NazCit, can

remove the metal bridges, which frees more functional groups contained in asphaltene and
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naphthenic acids and recovers the surface charges of bitumen. The affinity of the complexants to
metallic ions highly depends on their structures, especially the functional groups and their pKa
values.!**!3> For most metallic ions, EDTA showed higher complexation strength than citrate since
it contains more carboxyl groups that could form more stable complexes.!*® Therefore, it is
reasonable to find that EDTA showed the best performance in releasing metal ions from bitumen.
Even though much less metal content was detected in Na;HPO4 solution, it is expected that HPO4>
, the dominant anion under pH 8.5 and 10.5, can form low solubility salts with most metal ions.'*’
Through such a mechanism, phosphate increased the negative charges on bitumen surfaces.
Moreover, phosphate salts had been applied in lab-scale oil sands extraction experiments.
Enhanced bitumen liberation and reduced interfacial tension of bitumen/water interface were
observed with the application of phosphate, possibly related to its ability to form precipitates and

complexes with metal ions.!3%!3

The existence of metals inside bitumen also provides a chance for anions to adsorb on the
bitumen/water interface, as described in mechanism 2 in Figure 4-9. Under the tested pH
conditions, all the selected salts carry multiple negative charges, which potentially increase the
negative charges on bitumen through adsorption. QCM-D measurements quantified the adsorption
of the selected salts on bitumen surfaces, while ATR-FTIR provided bonding information of those
ligands. Significant adsorption of EDTA and Na3Cit on bitumen surfaces was confirmed by QCM-
D, and both inner-sphere and outer-sphere complexation were identified from the ATR-FTIR
measurements. It is worth mentioning that the observed intensities of inner-sphere complexes were
very weak at pH 8.5, and the majority of adsorption was contributed from the reversible outer-
sphere complexes. According to the literature, the adsorption of carboxylic acids on mineral

surfaces is highly dependent on the pH and type of minerals.!?° For citric acid, the outer-sphere
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complexation can be observed for a broad pH range, while inner-sphere complexation only
dominantes at acidic pH.'?*!%° However, the bitumen surface is different from the general mineral
surfaces (i.e. metal oxides). Inner-sphere complexation is possibly caused by the direct
coordination of ligands to the metal ions at the bitumen/water interface. Therefore, the asymmetric
C-0O vibration intensity from the inner-sphere complex was more obvious in EDTA than Na3Cit
because EDTA has a higher affinity to metal ions. The H-bonding and electrostatic interaction are
assumed to be the main reason for outer-sphere complexation. Besides, metal complexes (i.e.,
released metal content form complexes with ligands in solution) could behave like ligands and
adsorb on mineral surfaces to modify the surface charges.!*! Those weakly bonded outer-sphere
complexes are easily removed from the surfaces, which agreed with our QCM-D results that a
rinse cycle removed almost all of the adsorption. The QCM-D results showed much less adsorbed
HPO4* than Na3Cit and EDTA, while ATR-FTIR provided little evidence of HPO4?" adsorption on
bitumen surfaces. Therefore, the mechanism for HPO4> to change the zeta potential of bitumen
surfaces is inconclusive and requires further analysis on the composition of precipitations in

solution.

Obviously, SO4* showed no effect on increasing the negative charges at the bitumen/water
interface, which is consistent with the previous study that the kosmotropes could not modify the
zeta potential of the oil-water interface.!*>!** Therefore, the effect from the Hofmeister theory
could be negligible. We believe that the reaction with the metal cations contained in bitumen is the

crucial mechanism for citrate to modify the bitumen zeta potential.
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4.5 Conclusion

Our study systematically investigated the mechanism of several sodium salts on modifying
the bitumen/water zeta potential. We found that, similar to Na3Cit, both EDTA and Na;HPO4 could
make the zeta potential at the bitumen/water interface more negative compared with NaCl. As
well-known chelators, EDTA and Na3Cit have a higher tendency to transfer the metal ions from
bitumen to the aqueous phase than other tested salts, which recovered the negative charges on
surface-active components from bitumen. Meanwhile, both anions carried multiple negative
charges and strongly adsorbed on bitumen surfaces through both outer-sphere and inner-sphere
complexation. These processes potentially make the bitumen surface more negatively charged. As
for Na;HPOy, its ability to remove metal ions from bitumen remains unclear, and less adsorption
on bitumen surfaces was observed. However, the ATR-FTIR results proved metal-phosphate
complexes formed on bitumen surfaces, which also confirmed the effect of adsorption on varying

the zeta potential of bitumen.

On the other hand, increasing the concentration of Na>SO4 reduced the negative charges on
the bitumen/water interface, similar to the effect of NaCl. Thus, the effect of Hofmeister theory on
the zeta potential was negligible in our study. The interactions between ligands and metal content
from bitumen were the dominant mechanism for modifying the zeta potential at the bitumen/water

interface.
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Chapter 5 Water Film Drainage between a Very

Viscous Oil Drop and a Mica Surface
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Abstract

We investigate thin film drainage between a viscous oil drop and a mica surface, clearly
illustrating the competing effects of Laplace pressure and viscous normal stress (7,,) in the drop.
7, dominates the initial stage of drainage, leading to dimple formation (h,) at a smaller critical
thickness with an increase in the drop viscosity (the dimple is the inversion of curvature of the
drop in the film region). Surface forces and interfacial tension control the last stage of film

drainage. A scaling analysis shows that h; is a function of the drop size R and the capillary

numbers of the film (Cay) and drop (Ca,), which we estimate by hg = O.SR\/Caf/(l + 2Cay).

This equation clearly indicates that the drop viscosity needs to be considered when Caq > 0.1.
These results have implications for industrial systems where very viscous liquids are involved, for

example, in 3D printing and heavy oil extraction process.
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5.1 Introduction

The film drainage process between an oil drop or air bubble and solid surfaces is of great
importance in many industrial applications, including heavy oil extraction and
3D printing. This is particularly true for heavy oils or fluids of ultrahigh viscosity, which is a
crucial property of bitumen and some polymers applied in 3D printing. As a drop approaches a
solid surface in an aqueous phase, an inversion of the curvature of the aqueous film appears at
some stage, which is called “dimple formation”.!* Such a dimple may lead to the capture of small
water drops and air bubbles, which is detrimental for 3D printing technology.'*>!*® The Stokes—
Reynolds—Young-Laplace model !° is well established to predict film drainage between an oil
drop of relative low viscosity (< 0.1 Pa-s) and a solid surface. A wide range of capillary numbers
of the water film (Ca; = p,,V /v, where u,, is the viscosity of water, V' is the approach velocity,
and y is the oil-water interfacial tension) ranging from Cay = 1078 to 1072 has been investigated
and a universal relation for the height of initial dimple formation has been established, which can

be expressed as hy~R./Ca, where R is the radius of the drop. '¢!%°0:147 Increasing the approach

16,19 wag found to affect the

velocity and decreasing the oil-water or air-water interfacial tension
height of the dimple occurrence. However, the effect of the capillary number of the oil drop (Ca,; =
U,V /v, with u, being the viscosity of oil) on the film drainage process received little attention.

1 148,149

Langley et a studied the impact of an ultraviscous drop on solid and water surfaces in air.

The initial dimple was scaled by an empirical impact parameter that resulted in a relationship of

1
hg~u, °. Some axisymmetric models for the coalescence between two ultraviscous drops or a
drop against a solid surface have also been developed. The tangential immobile boundary
condition was shown to be applicable at the oil-water interface for the systems with high oil-water

viscosity ratio (i, /y).1>° In addition, some numerical models were developed to calculate the
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drop profile and lubrication force under the assumption of constant approach velocity or constant
interaction force.!>!"!>? However, the viscosity ratio considered in those models was still not high
enough for the viscous stress to play a role in the drop deformation. Such subject therefore remains
to be addressed.

In this thesis, we report the drainage of the thin liquid water film between an oil drop of
ultrahigh viscosity and a mica surface using high-speed interferometric images that can provide
quantitative information throughout the whole film drainage process. The capillary number of the
oil drop Ca, in this study ranged from 1078 to 30 using drops of viscosity ranging from ~0.001 to

~100 Pa-s. The capillary number of the aqueous film Cay ranged from 107 to 10~*. The height of

dimple occurrence was precisely obtained by analyzing the interference fringes. Using scaling
arguments, we derived an analytical formula that can accurately predict the dimple height over a
wide range of drop capillary numbers, which requires one to take the viscous normal stress inside
the oil drop into consideration. We observed a substantially different film drainage process, which
was likely caused by the competition between the Laplace pressure and the viscous normal stress

across the surface.
5.2 Experimental section

The drainage of the aqueous film between highly viscous drops and a surface was studied
using the dynamic force apparatus (DFA). A schematic of the DFA is shown in Fig. 5-1(a).'® An
oil drop with radius R = 1.05 + 0.01 mm was generated at the end of a capillary tube. The mica
surface was freshly cleaved before its use to obtain a hydrophilic surface with the water contact
angle of ~0°. The initial distance between the oil drop and the mica surface was set at 350 um,
which was monitored and controlled by a side view camera. By using the motorized actuator, the

oil drop was driven toward to mica surface for 500 pm, which we termed “displacement,” so that
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interaction happens, and the oil drop will form a dimple, as seen in the schematic of Fig. 5-1(b).
The drop approach velocities were selected from 0.1 to 10 mm/s.

The interference fringes were observed by an inverted Axiovert 100 Carl Zeiss microscope
and were recorded by a high-speed video camera (Photron SA4, 60—500 000 frames/s). Figure 5-
Ic shows an example of the interference fringes between a drop of 25.8 Pa-s viscosity interacting
with the mica surface. The film thickness as a function of radial coordinate was obtained by

analyzing the fringes using the method adopted by Scheludko and Platikanov.*°
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Figure 5-1 (a) Schematic of the dynamic force apparatus. An oil drop with radius R = 1.05 £
0.01 mm was generated at the end of a capillary. The drop was driven toward the hydrophilic
mica surface by a motor. (b) Thin film region corresponding to the red square in (a). (c) A
snapshot of the interference fringes (green channel) obtained between an oil drop and a mica
surface (U, = 25.8 Pa-s, V= 1.06 mm/s) in 0.1 mM SDS solution. (d) Axisymmetric film

thickness profile obtained from (c).
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5.3 Results and discussion

The evolution of the film thickness between the oil drop of 0.001 Pa s viscosity and the
surface is shown in Fig. 5-2(a). It is noted that the viscosity of oils used in this study was measured
by the hybrid rheometer and remained constant for shear rates range from 0.001 to 10 s™'. Sodium
dodecyl sulfate (SDS) was added into the solution to fully immobilize the oil-water interface for
the low-viscosity oil drop and to adjust the oil-water interfacial tension by changing its
concentration.*>*®4 The time t = 0 is defined as the moment of dimple formation. In this case, the
drop forms a dimple at a height of around 2570 nm. As the film drains, the film thickness at the
center first decreases to and then remains at around 2243 nm [t = 0.085 s in Fig. 5-2(a)]. The
dimple becomes increasingly more pronounced as the film thickness at the barrier rim keeps
decreasing. With the drive being stopped at t = 0.218 s, the film thickness at the center first slightly
increases, which is called the “center bounce” phenomenon.!®!” After that, the water film

continues to drain with the film width remaining almost constant.
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Figure 5-2 (a) Comparison between the experimental results (points) and the theoretical model
(lines) for the film evolution of an oil drop of 0.001 Pa-s viscosity interacting with a mica surface
in 0.1 mM SDS aqueous solution at the approach velocity of 1.06 mm/s (Cag = 107°). The
measured times of the profiles from top to bottom are —0.015, 0.018, 0.085, 0.218, 0.55, 2.12,
9.07, 31.8, 66.4, 153.5, 211.9, and 331.7 5. The dashed line indicates when the oil drop stopped
moving. (b) Film drainage process using an oil drop of 37.0 Pa-s viscosity in 0.1 mM SDS

aqueous solution at the approach velocity of 1.06 mm/s (Caz = 0.8). The measured times of the
profiles from top to bottom are —0.001, 0, 0.067, 0.618, 19.7, 97.1, 144.5, 211.0, 318.1, and

391.6 s. Drop stopped moving at (.26 s.
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Figure 5-3 (a) Film thickness at the center h(0,t) as a function of time for oil drops of different

viscosity in 0.1 mM SDS solution at an approach velocity of 1.06 mm/s. (b) Selected drop shape

profiles of an oil drop of 37.0 Pa-s viscosity from Fig. 2(b) in 0.1 mM SDS aqueous solution at

the approach velocity of 1.06 mm/s at times 0.067, 0.618, and 19.7 s.

The film drainage process for an oil drop of high viscosity interacting with the solid surface
exhibits different features. Figure 5-2(b) shows an example of the film profiles between a silicone
oil drop of 37.0 Pa-s viscosity interacting with the mica surface. A distinctly different film drainage

process is described as follows.
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During the approach of the drop to the solid surface, the dimple formed at a lower height,
as shown in Fig. 5-2(b). The height of dimple formation decreased further when increasing the oil
viscosity [Fig. 5-3(a)], which is consistent with impacting highly viscous drops in air.'*® Such a
feature cannot be explained by the silicone oil-water interfacial tension, as it barely changes with
the increasing viscosity.!>* At a lower approach velocity (0.1 mm/s) for oil drops of a lower
interfacial tension (in 1 mM SDS solution), the initial dimple height also decreased with increasing
oil viscosity. (See Appendix C for detailed definition of dimple height, film drainage process of
other selected conditions, and physical properties of oil.)

After dimple formation, the film height at the center of the film remains almost stationary
despite the decrease in the minimum film height at the barrier rim. However, a pointy-shaped
dimple was formed, as shown in the green curve (t=0.067 s) in Fig. 5-3(b). After the drop stopped
moving at t =0.26 s, the water drained out, resulting in a decrease of center film thickness followed
by expansion of the barrier rim. A film shape of a changing curvature formed at the same time, as
shown in the dark blue curve (t = 0.618 s) in Fig. 5-3(b). The change in film curvature at a radius
of around 250 pm was also found in impacting drop experiments.?® * Finally, the radius of the
barrier rim decreased and the pointy center gradually disappeared, as shown in the light blue curve
(t=19.7 s) in Fig. 5-3(b).

Eventually, the water drained out under the Laplace pressure, with the final thickness
controlled by the repulsive disjoining pressure due to the negatively charged drop and mica
surfaces.”> 134156 A stable film of about 100 nm was formed.

We applied a scaling method to explain the decreasing height of dimple formation as a
function of drop viscosity. In this model, we used the Stokes equation to describe the dynamics of

the viscous drop.!”” The detailed derivation of equations can be found in the Supplemental
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Material. By applying a simplified scaling analysis while considering the vertical velocity at the
center point of the drop v epnter~V and radial dimension r~R inside the oil drop, we estimated the

contribution of the normal stress 7, from the viscosity of the drop by

2uV

R (5-1)

oy

Considering the contributions to the film pressure by the Laplace pressure and the pressure
in the bulk solution (p..), we approximate the pressure p,;; along the bottom of the oil drop [see
also Fig. 5-1(b)] by

y 2uV
Doit = 2 <§ + TO> + Poo (5-2)

The difference between the pressure inside the oil drop and in the thin film (p,;; — py),
which drives the lubrication flow, is

2y 4uV
Pou =Pf = o+ }; —p(r) —I(h) (5-3)

where p(r) 1s the excess hydrodynamic pressure in the water film and I1(h) is the disjoining
pressure due to surface forces. We define the characteristic pressure p, from Egs. (5-2) and (5-3)
as having contributions from the Laplace pressure and the viscous normal stress given by

Yy, 2V v
po = +—p— =7 (1+2Cay) (5-4)

The thin film drainage is described by Reynolds lubrication theory. Here, we assume
tangentially immobile boundary conditions at oil-water interfaces because the viscosity of an oil
drop is much higher than the surrounding aqueous solution.!*® For the low-viscosity oil, the

surfactant in the solution can also give rise to a immobile boundary condition,*>*34

ah_ 1 6(h36_p)

at 12/,1er r or (5-5)
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Based on the radial dimension 1, = \/Rhy **'>® and hy/t, = V , Eq. (5-5) provides the

following relation between all nondimensional parameters

1 hy®
_ Mo Po (5-6)
4, R ho
Eliminating p, with Eq. (5-4) results in the characteristic film thickness
ho =R |—% (5-7
©7 " |14 2Ca, )

We note that the nondimensional thickness of dimple formation h;" = hy/h, for the
interaction between two drops or between a drop and a solid surface can vary from 0.4 to 0.7 if the
drops or bubbles are pinned to a solid surface, depending on the pinning angle and the fluid-fluid
boundary conditions.!>!3%1¢° Since the angle that the oil or bubble makes at the end of the capillary
in our experiment is around 140° with immobile boundary conditions, the film thickness at which

the dimple appears is around h;'~0.5.!° Thus, a general relation that holds at both low and high oil

h, = 05h = 0.5R |—CY 5-8
@ = TR0 T T 11+ 2Cay, (5-8)

Figure 5-4 shows the comparison between the experimental and calculated scaled dimple

viscosity can be expressed as

height using Eq. (5-8) as a function of Cad. The film thickness at dimple formation is scaled using
the length scales R\/E typical of current system. The inset shows the dimple height as a function
of oil viscosity. The prediction based on Eq. (5-8) is in good agreement with the results of our
experiments. It is worth noting that obtaining the exact value of the dimple height is extremely

difficult, if not impossible, although a very high frame rate (5000 frames/s) was used in this study.
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The reported dimple heights are an average of the center height of 3 — 5 frames of two videos and
the height of the initial dimple formation varied within a range of around 50 nm.

The master curve in Fig. 5-4 predicts the thickness of initial dimple formation for the drop
capillary number Ca, ranging from 1078 to 30, including different approach velocities, interfacial
tension, and drop viscosity. For a system of comparable viscosity of the drop to that of bulk
solutions, i.e., Cay < 0.1, the viscous contribution to the normal stress inside the oil drop is small
as compared with the Laplace pressure; that is,Ca; < 1. The pressure difference across the oil-
water interface is mainly due to the Laplace pressure. The scaling h; = 0.5 and h,pR@ holds
for both our study and the results of a bubble in water against a silica surface.* ® When the oil
viscosity is larger (in other words, increasing Ca,), p,;; increases due to the larger viscous normal
stress 24V /R. Increasing pressure difference across the oil-water interface, which has a similar
effect as increasing the effective interfacial tension, renders the drop more difficult to deform, thus
resulting in a decrease in hy;. When Ca, is greater than 0.1, as shown in Fig. 5-4, the viscous effect
inside the drop cannot be neglected. However, the model can only qualitatively predict the full

drainage process as the expression of the viscous normal stress is based on scaling argument.
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Figure 5-4 Height of initial dimple formation for oil drops or bubbles interacting with a

hydrophilic solid surface in water, as a function of Cad as compared with the theoretical curve

of Eq. (5-8) (line). The five different cases are (a) V = 1.06 mm/s in 0.1 mM SDS solution, u, =

0.001 —111.5Pa-s; (b) V = 0.1 mm/s in 0.1 mM SDS solution, u, = 0.001 — 111.5 Pa - s; (c)

V' =1.06 mm/s in I mM SDS solution, , u, = 0.001 —111.5Pa s, (d) u, = 111.5Pa-sin 0.1

mM SDS solution, V = 0.1 — 10 mm/s; (e) bubble interacting with silica in water. The data of the

dimple height for bubble interacting with hydrophilic silica surface in water (e) is from Ref. 16.

The result of the theoretical calculation fit well with the results from corresponding experiments.

The transition occurred at Caq around 0.1. Inset: the height of initial dimple formation as a

function of oil viscosity (same legend).
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5.4 Conclusion

In summary, by considering the viscous normal stress inside the oil drop, we showed that
the competition between the Laplace pressure and viscous normal stress inside the drop was
responsible for a significantly reduced height of initial dimple formation. After the drive of the
drop stopped, the viscous normal stress became negligible, resulting in the film drainage being
controlled by the disjoining pressure. The initial deformation characteristics for the oil interacting
with a solid surface in a SDS aqueous solutions was well captured by an analytical formula [Eq.
(5-8)], which holds for a wide range of drop capillary numbers. At low drop capillary number, the
capillary force was found to be dominant and the universal scaling hd~R\/C_af described the drop
deformation. When the capillary number of the oil drop Ca,; > 0.1, the viscosity of the oil drop
needed to be taken into consideration and the drop capillary number became a dominant factor.
Our systematic study verified that the viscous normal stress inside the very viscous oil drop, which
leads to a higher effective interfacial tension, is the fundamental reason for decreasing the drop

deformation.
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Chapter 6 Effect of Viscosity on the Thin Film
Drainage between Bitumen and a Hydrophobic

Silica Wafer
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Abstract

The drainage of the thin liquid film between a high viscosity droplet and a solid surface or
two approaching droplets is crucial in many industrial applications. For example, in oil sands
extraction the viscosity of bitumen significantly affects the liberation and aeration stages.
However, previous studies rarely considered the effect of the bitumen viscosity on the dynamic
thin film drainage. In this study, we used the dynamic force apparatus (DFA) to study the initial
film drainage process between a bitumen drop with high viscosity compared to the surrounding
aqueous solution and a hydrophobic silica wafer in 10 mM NacCl solution at pH 8.5 with Reynolds
number ranging from 0.27 to 3.8. The film drainage process of bitumen with comparable viscosity
to the aqueous phase can be well predicted by the Stokes-Reynolds-Young-Laplace model.
However, the film drainage between bitumen with high viscosity and silica would form a much
thinner dimple, followed by a film with a pointy-shaped center and a change of curvature at the
radius of around 300 um. The addition of different types of solvent or increasing the experimental
temperature would not affect the initial stage of dimple formation. A higher approach velocity and
a smaller interfacial tension would result in a more pronounced dimple, but this effect would
become minor when the bitumen viscosity is high enough. The initial height of dimple formation
between bitumen with different viscosity and a hydrophobic surface can be perfectly predicted by

the analytical formula derived wusing pure oil and a hydrophilic surface, hy; =

O.SR\/ Cas/(1+ 2Cag). It also shows that a lower bitumen drop approach velocity, a higher
bitumen/water interfacial tension, and a smaller bitumen viscosity would facilitate bitumen
attachment to the silica surface. Our study provides valuable information on the dynamic film
drainage process, which has crucial implications for many industrial applications involving high

viscosity oils.
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6.1 Introduction

Bitumen is a form of petroleum that has a very high viscosity. Studies have shown that the
viscosity of bitumen is usually over 100 Pa-s at room temperature and standard atmospheric
pressure, and can be as high as 1000 Pa-s, depending on the source of bitumen.®>*’ The viscosity
of the Athabasca bitumen was also found to decrease significantly by increasing the temperature
and decreasing the pressure.’” To improve the bitumen recovery, increasing the operating
temperature and the addition of solvent were applied in the industrial process.!¢! It has been found
that, at the same bitumen/water interfacial tension, the decrease in bitumen viscosity would
increase the rate of bitumen liberation.®® Using a model oil, a faster receding of the oil contact area
has been observed on a hydrophilic silica sphere with less viscous oil and similar oil/water
interfacial properties, which also indicated that the viscosity of the oil is a limiting parameter for
the oil receding process.'®? In spite of the bitumen liberation and oil receding process, the reduction
of the bitumen viscosity would also facilitate the bubble- bitumen attachment for the bitumen
containing less than 10 wt% solvent, thus enhancing the bitumen aeration process.'!*1¢!

When a bitumen drop approaches a solid surface, an air bubble, or another bitumen drop, the
drainage of the intervening thin water film between the surfaces determines the stability behavior
of the bitumen drop. The properties at the interfaces (including the interfacial tension y'” and the
zeta potential’!), inherent properties of the oil drop (viscosity u,*’), hydrodynamic factor
(approach velocity V1%!%) and the surrounding aqueous solution (salinity'®) would all have relevant
influence on the formation of the dimple and the following dynamic thin film drainage process.
The thickness and the stability of the final thin water film are determined by the extended DLVO
theory, considering the van der Waals (vdW), electrostatic double layer (EDL), and hydrophobic

(HB) forces.
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To investigate this intervening thin water film, atomic force microscopy (AFM), surface
force apparatus (SFA), and dynamic force apparatus (DFA) have been applied. AFM and SFA
have been widely used for the direct measurement of colloidal interactions between an air bubble?!
or oil drop*? and a solid surface or two bubbles/oil drops*® under low Reynolds number regime

(Re =2pRV /1, < 1072, where R is the bubble/drop radius, u,, and p are the viscosity and

density of aqueous phase, respectively). The drop barely deforms in this regime of Reynolds
number and the dynamic interaction is also negligible.’> However, in the water-based heavy oil
extraction process, the traveling velocity of the slurry in the hydrotransport can be up to several
meters per second. The relative velocity between bitumen drop, air bubble, and solids is in the
range of millimeter per second, which determines the dynamic interactions. With the combined
usage of a motorized actuator and a speaker, the DFA could achieve a higher Reynolds number
from 0.027 to 37.75 by controlling the approach velocity from 0.01 to 10 mm/s.'® This instrument
can measure the spatiotemporal film thickness between bubble/bitumen drop and solid/bubble in
aqueous systems. 64

However, studies on real bitumen droplet are always hard to conduct using those instruments
due to the high viscosity of bitumen. For the studies using AFM and SFA, a bitumen surface was

usually created on a hydrophobic silica wafer by spin-coating?®-!

or on a silica sphere by dip-
coating®®?® As for the DFA, a solvent diluted bitumen or an asphaltene drop were used.'®’! In
these cases, compared to the real industrial application, the viscosity of bitumen has not been the
focus of previous studies, which might have a strong effect on the dynamic thin liquid drainage
process.

In this study, we used the DFA to investigate the initial film drainage process between real

bitumen or bitumen diluted by little amount of solvent, and a hydrophobic silica surface. The
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impacts of solvent, approach velocity, and temperature on the initial film drainage process were
investigated using a bitumen drop with the viscosity close to the industrial applications. The
experimental film drainage process was analyzed using a theoretical model based on Reynolds
lubrication theory and a modified Young-Laplace equation considering the viscous normal stress
inside the bitumen drop. The initial height of dimple formation was predicted by an analytical
formula. Our results provide valuable information on the thin film drainage between bitumen with
comparable viscosity as the industrial application and a solid surface that will have great

implications on the heavy oil extraction process.

6.2 Experimental section

6.2.1 Materials and Methods

Vacuum distillation unit (VDU) feed bitumen provided by Syncrude Canada, Ltd. was used
in this study. The substrate was prepared by treating a transparent silica wafer (NanoFAB, CA)
with octadecyltrichlorosilane (OTS) (>96% purity, Sigma Aldrich). Sodium dodecyl sulfate (SDS,
99% purity, Sigma), decane (>99% purity, Fisher), and toluene (99.8% purity, Sigma) were used
without any purification. Sodium chloride (NaCl, ACS grade, Fisher Scientific) was roasted in an
oven at 600 °C for 8 h before use to remove organic contaminants. All aqueous solutions were
prepared using Milli-Q water with a resistivity of 18.2 MQ-cm deionized by a Barnstead Nanopure
system (Thermo Fisher Scientific). Sodium hydroxide (NaOH, ACS reagent grade) purchased

from Fisher Scientific was diluted to 1N and used to adjust the solution pH.

6.2.2 Instrument setup
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Figure 6-1 (a) Schematic of the dynamic force apparatus. A bitumen drop with radius R =

1 +0.01 mm was generated at the end of a capillary tube. The drop was driven towards the
hydrophobic silica wafer by a motor. (b) A snapshot of the interference fringes (green channel)
obtained between a 90 wt% bitumen in toluene and a silica surface (1o = 23.4 Pa-s, V =1 mm/s)

in 10 mM NaCl solution. (c) Axisymmetric film thickness profile obtained from (b).

The drainage of the aqueous film between a bitumen drop and a hydrophobic silica wafer
was studied using the dynamic force apparatus (DFA) in 10 mM NaCl solution at pH 8.5 for all
experiments. A schematic of the DFA is shown in Figure 6-1a. A bitumen drop with radius R =
1 £ 0.01 mm was generated at the end of a capillary tube. To obtain a hydrophobic silica wafer,
the silica surface was immersed in piranha solution for 2 h. The cleaned silica wafer was then

rinsed with a great amount of Milli-Q water to remove the residual acid. After that, the silica wafer
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was dried with nitrogen gas and then immersed in 25 mM OTS in toluene solution overnight to
obtain a uniform hydrophobic surface. The water contact angle of the hydrophobic silica wafer
was measured to be around 100°. The initial distance between the bitumen drop and the silica
surface was set at 350 um, which was monitored and controlled by a side-view camera. The
displacement of the bitumen drop was controlled to be 500 um. The drop approach velocities were
selected as 0.1 mm/s and 1 mm/s, which were achieved by a motorized actuator.

The interference fringes were observed by an inverted Axiovert 100 Carl Zeiss microscope
and were recorded by a high-speed video camera (Photron SA4, 60-500,000 fps). Figure 6-1b
shows an example of the interference fringes between 90 wt% bitumen in toluene interacting with
the hydrophobic silica wafer. The film thickness as a function of radial coordinate was obtained
by analyzing the fringes using the method adopted by Scheludko and Platikanov'®® (See details in
Appendix D) and the corresponding film thickness is shown in Figure 6-1c.

The viscosity of the solvent diluted bitumen was measured using the hybrid rheometer
(HR-2) under the shear rates ranging from 0.001 to 10 s™! at room temperature (22.5 °C).

The viscosity of pure bitumen was measured at 40 and 45 °C under the 0.001 to 1 s™! shear rate to
avoid the considerable temperature increase of the sample due to the dissipation arising from
viscous flow at a high shear rate. The measured viscosity remained constant within the

experimental shear rate range.
6.3 Results

It is worth noting that the viscosity of bitumen used in this study at room temperature is
around 2000 Pa-s, which cannot form a spherical drop at the end of the capillary. Therefore, high

temperature or solvent addition were used to slightly decrease the bitumen viscosity.
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6.3.1 Solvent diluted bitumen

Toluene and decane were selected as two typical solvents to dilute bitumen. The solvent
and bitumen mixture was shaken for at least 24 hr to ensure that solvent and bitumen were well
mixed. Diluted bitumen was used immediately after mixing to minimize the effect of aging and
solvent evaporation. The properties of different diluted bitumen drops are given in Table 6-1. It is
worth noting that the decane diluted bitumen/water interfacial tension was taken from the
interfacial tension of a 30 wt% decane diluted bitumen. According to the study by Schramm et al.,
added n-decane does not alter the bitumen/water interfacial tension until the mass concentration
61,164,165

of n-decane exceeds about 50 wt%.

Table 6-1 Physical properties of different solvent diluted bitumen

Oil type Oil viscosity (Pa-s) Interfacial tension (mN/m)
50 wt% bitumen in toluene 0.009 1871
90 wt% bitumen in toluene 23+2 563
93 wt% bitumen in toluene 80+6 863
90 wt% bitumen in decane 30+ 1 1861
93 wt% bitumen in decane 93+6 186!
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6.3.1.1 Toluene diluted bitumen
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Figure 6-2 Film drainage process between toluene diluted bitumen drop and a hydrophobic
silica wafer in 10 mM NaCl solution at V =1 mm/s (a-c) and V = 0.1 mm/s (d-f). (a)
Comparison between theoretical model (lines) and experimental results (points) of film thickness
for 50 wt% bitumen in toluene. The measured time from top to bottom are 0, 0.01, 0.04, 0.07,
0.16, 0.22, 0.32, 0.65, 1.36, 2.70, 5.89, 17.46 5. (b) 90 wt% bitumen in toluene at 0, 0.02, 0.34,
4.77, 13.52, 30.48, 54.31 s. (c) 93 wt% bitumen in toluene at 0, 0.01, 0.04, 0.31, 8.97s. (d)
Comparison between theoretical model (lines) and experimental results (points) of film thickness
for 50 wt% bitumen in toluene. The measured time from top to bottom are 0, 0.06, 0.27, 0.69,
1.24, 6.74 s. (e) 90 wt% bitumen in toluene at 0, 0.07, 0.17, 1.02, 2.59, 13.91 s. (f) 93 wt%
bitumen in toluene at 0, 1.06, 1.34, 2.54, 26.4 s.

The film drainage process of different concentration of toluene diluted bitumen interacting
with a hydrophobic silica wafer is shown in Figure 6-2. The dots represent the experimental data
while the lines represent the theoretical calculation. The downward arrows represent the water film

rupture for the last film profile. The zero time for all the conditions is defined as the time of dimple
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formation. The methodology of defining the dimple formation can be found in our previous
study.*” It is worth noting that the interference fringes were recorded after aging the bitumen drop
in water solution for 10 min. With the decreasing toluene content inside the bitumen, the viscosity
of the diluted bitumen increase from ~0.009 Pa-s to ~80 Pa-s. The film drainage process showed
significantly different features with the increasing oil viscosity.

Figure 6-2a shows the film drainage process between 50 wt% toluene diluted bitumen and
a hydrophobic silica wafer at the approach velocity of 1 mm/s. The oil viscosity was around 0.009
Pa-s, close to the viscosity of the surrounding aqueous phase. As the drop was approaching the
solid surface, once the hydrodynamic pressure of the water film exceeded the pressure inside the
bitumen drop, the curvature of the bitumen drop inverted, resulting in dimple formation. For this
condition, the height of dimple occurrence was around 3584 nm. After the dimple formed, the
height at the center remained almost constant while the height at the barrier rim kept decreasing
over time, resulting in a more and more pronounced dimple. After the drop stopped moving at t =
0.22 s, the film thickness at the center of the film slightly increased from 3254 nm to 3337 nm,
with the height at the barrier rim still decreasing. This is known as the “center bounce”
phenomenon that has been found in previous studies, which might be the consequence of the
discontinuity in acceleration as the bitumen drop stopped moving.'®!® After that, the height at the
center and barrier rim kept decreasing, with the film radius remaining mostly constant and
eventually the water film ruptured when the film thickness at the barrier rim reached around 100
nm. It is worth noting that the film thickness at the barrier rim was always greater than 100 nm for
the 50 wt% bitumen in toluene, which is well beyond the range of surface forces for this system.
This is probably caused by surface roughness or minor contaminants in the system. The

experimental drop profile could be well predicted by the SRYL model, as shown in Figure 6-2a.
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For the bitumen drop with high viscosity, as shown in Figures 6-2b and c, the film drainage
exhibited significantly different features. When the bitumen concentration was increased from 50
wt% to 90 wt%, the bitumen/water interfacial tension decreased from 18 to 5 mN/m, and increased
to around 8 mN/m for the 93 wt% bitumen in the toluene case. It is worth noting that the
bitumen/water interfacial tension was measured to be around 1 mN/m using the drop relaxation
method.%® However, the interfacial tension was fitted to be around 5 mN/m in our study, which is
likely due to the less surfactant content in our solution. Ideally, the height of dimple occurrence
would increase with the decreasing interfacial tension when the drop radius and the approach
velocity remain the same. However, the height of dimple formation decreased from 3584 nm to
around 2450 nm and further decreased to around 1211 nm when the bitumen concentration
increased from 50 wt% to 93 wt%. After the initial dimple formation, a pointy-shaped film was
formed afterward. The pointy shape became more and more significant when the bitumen
concentration increased from 90 wt% to 93 wt%, as shown as the green curve in Figure 6-2c. This
could be explained by the drop viscosity increasing from 23 Pa-s to 80 Pa-s. The film thickness at
the barrier rim continued decreasing and a plateau was formed at the radius of around 300 pm,
given as the blue curve in Figure 6-2c. Unlike the low viscosity cases, the rim radius expanded
initially then shrank slightly after the drop stopped moving and then remained mostly constant and
the pointy center disappeared in the meantime, as shown in the red curve in Figure 6-2c. This
phenomenon has also been found in the previous study.*” Eventually, the film drained out
controlled by the Laplace pressure and the drop attached to the surface when the film thickness
was around 50 nm.

Figure 6-2d-f shows the film drainage process between different toluene diluted bitumen

and a hydrophobic silica wafer at the approach velocity of 0.1 mm/s. The film drainage process of
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low viscosity case (50 wt% bitumen in toluene, 0.009 Pa-s) is also in agreement with the SRYL
theoretical model. However, a less favorable agreement between experiment and theory compared
with high approach velocity case showed in this condition due to the fewer interference fringes, as
shown in Figure 6-2d. A significantly smaller dimple was formed at the lower approach velocity.
The height of the initial dimple formation decreased from 3584 nm to around 1126 nm when the
approach velocity was reduced from 1 mm/s to 0.1 mm/s. With the increasing drop viscosity (90
wt% and 93 wt% bitumen in toluene), the height of dimple formation first increased to around
1525 nm then decreased to around 1001 nm at lower approach velocity. When the approach
velocity is low (V = 0.1 mm/s), the effect of bitumen/water interfacial tension becomes a dominant
factor compared with the oil viscosity that would affect the initial height of dimple formation. The
bitumen/water interfacial tension first decreased then increased with the increasing bitumen
content resulting in a first increasing then decreasing dimple height. Decreasing the velocity would
decrease the initial height of dimple formation for both low and high viscosity cases. With the
increasing oil viscosity, the difference between the heights of dimple formation at high and low
velocity decreased. This is because the effect of velocity becomes minor when the oil viscosity is
relatively high.

The height of dimple formation is still much lower than the theoretical value predicted by
the SRYL model for 90 wt% toluene diluted bitumen at approach velocity of 0.1 mm/s, as shown
in Figure 6-2¢. However, the film drainage process is still similar to the cases when the oil viscosity
is comparable to water. When the oil viscosity is around 80 Pa-s at V = 0.1 mm/s, the water film
shows different features, including the pointy-shaped center and an expanding and shrinking rim.

At low approach velocity, the features typical for the water film for high viscosity oil exhibit at a
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much higher oil viscosity compared with high approach velocity conditions, indicating the

combined effect of approach velocity and oil viscosity on the thin film drainage.

6.3.1.2 Decane diluted bitumen

The film profile of decane diluted bitumen interacting with the hydrophobic silica wafer is
shown in Figure 6-3. Only high bitumen concentration (90 wt% and 93 wt% bitumen in decane)
was used in this study to minimize the asphaltene precipitation. With the increasing oil viscosity,
the initial height of dimple formation decreased at both high and low approach velocities. For the
oil with the same viscosity, a decrease in approach velocity would also result in a smaller dimple.
The height of the initial dimple formation for the decane diluted bitumen under all the cases was
slightly lower than that for the toluene diluted bitumen, which is caused by a higher viscosity and
bitumen/water interfacial tension for decane dilute bitumen. However, the features of the aqueous
film are the same as those for toluene diluted bitumen. The water film formed a pointy-shaped
center, followed by a changing curvature. Moreover, an increase in the rim radius could be found
at high approach velocity and the high viscosity case at low approach velocity. Thus, the slight

asphaltene precipitation and the solvent type does not affect the initial stage of dimple formation.
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Figure 6-3 Film drainage process between decane diluted bitumen drop and a hydrophobic
silica wafer in 10 mM NaCl solution at V = 1 mm/s (a, b) and V = 0.1 mm/s (c, d). (a) 90 wt%
bitumen in decane. The measured time from top to bottom are: 0, 0.03, 0.31, 13.26, 38.05 5. (b)
93 wt% bitumen in decane at 0, 0.01, 5.55, 148.43 s. (c) 90 wt% bitumen in decane at 0, 0.05,

0.50, 1.60, 3.90 s. (d) 93 wt% bitumen in decane at 0, 0.14, 2.16, 16.22 s.

6.3.2 Bitumen at different temperature
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Table 6-2 Physical properties of bitumen at different temperature

Temperature (°C) Oil viscosity (Pa-s) Interfacial tension (mN/m)
40 281+ 10 18
45 133+2 17.5

The experiments at high temperature were conducted in a water bath in order to maintain
the temperature constant. The temperature of the aqueous solution was measured before and after
the experiments and it remained almost the same. The properties of bitumen at 40 and 45 -C were
shown in Table 6-2. It was revealed that the bitumen/water interfacial tension varied little with
temperature at the experimental pH of 8.5. Thus, the interfacial tension at high temperature was
estimated based on the data at 20 °C by a linear correlation with a temperature coefficient of —0.013
mN/(m-deg).>!%6

The initial film drainage process between bitumen and a hydrophobic silica wafer at 40
and 45 °C are shown in Figures 6-4a and b at an approach velocity of 1 mm/s. It is worth noting
that there is a certain amount of small particles that stick to the bitumen/water interface and that
would have some effect on the analysis of the interference fringes. There is no attachment
happening between bitumen and hydrophobic silica wafer at both 40 and 45 °C after 10 min aging
within the experimental shooting time. However, it would not affect the initial dimple formation.
The bitumen viscosity is measured to be around 281 Pa-s at 40 °C and the bitumen drop could still
have a very small deformation during the approach process at this high viscosity. The initial height
of dimple formation barely changed (628 + 14 nm at | mm/s and 573 + 40 nm for 0.1 mm/s, see

film drainage process at 0.1 mm/s in the Appendix D) under this condition when the approach
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velocity decreased from 1 mm/s to 0.1 mm/s. At 45 °C, the bitumen viscosity decreased to around
132 Pa-s, only causing a slight increase of 200 nm to the height of dimple formation, as shown in
Figure 6-4b. Decreasing the approach velocity from 1 mm/s to 0.1 mm/s could cause a 100 nm

decrease in the height of dimple formation.
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Figure 6-4 Film drainage process between bitumen drop and a hydrophobic silica wafer in
10 mM NaCl solution at V = 1 mm/s at high temperature: (a) 40 °C. The measured time from top
to bottom are: 0, 0.002, 0.67, 16.0 s. (b) 45 °C. The measured time from top to bottom are: 0,

0.01, 1.66, 47.91 s.
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6.4 Discussion

6.4.1 The moment of dimple formation
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Figure 6-5 Comparison between the scaled experimental dimple height and the theoretical

calculation using Eq. (6-1). The theoretical calculation agrees with the experimental data very

well.

The competition between the Laplace pressure (2y/R) and the viscous normal stress
(4u,V /R) inside the bitumen drop is the primary reason for the different features of the evolution
of the water film for bitumen drop with high viscosity. The viscous normal stress is proportional
to the velocity of the center of the drop. The velocity at the center is at its maximum and nearly
equal to the approach velocity when the drop is approaching the surface. After the initial dimple
occurrence, the central velocity starts decreasing and reaches almost zero when the drop stops
moving. At the approaching stage, the viscous normal stress controls the process, leading to a
much lower initial dimple height and a pointy-shaped film center. After that, the water film shape

of a changing curvature is formed, followed by an increase of the radius of the barrier rim, which
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is likely due to the drop reaction to the sudden stop under the high viscous normal stress. After the
drop stops moving, the viscous normal stress becomes negligible, resulting in the typical film
drainage process controlled by the Laplace pressure.

As previously reported, the initial height of dimple formation is strongly affected by the
interfacial tension, velocity, and especially the viscosity of the drop. Consider a drop with an
immobile boundary condition, the first occurrence of dimple between a pure oil and a hydrophilic
silica wafer can be expressed as a function of the capillary number of the water film and bitumen

drop:*’

Caf

hg = 0.5R |———2—
a 1+ 2Cay

(6-1)

Figure 6-5 shows the comparison between the experimental and calculated scaled dimple height

using Eq. (6-1) as a function of Cay. The film thickness of dimple formation is scaled using the
length scale (R,/Cay), typical of the current system. It shows that the analytical formula derived

from the ideal system with a hydrophilic surface can also be applied in the complicated bitumen
system with a hydrophobic surface. Eq. (6-1) can well predict the scaled dimple height for all the
conditions in our experiments. Eq. (6-1) clearly shows that when the viscosity of the bitumen drop
is comparable to the surrounding aqueous solution, the approach velocity and the interfacial
tension would have a dominant effect on the height of the dimple occurrence. When the viscosity
of bitumen drop is much larger than that of the surrounding solution, the effect of the approach
velocity and the interfacial tension becomes less important and the drop viscosity is the dominant
factor that affects the height of dimple occurrence. As shown in Figure 6-5, when the capillary
number of the drop is relatively low, the scaled dimple height is constant at 0.5, which is consistent

with the previous study between an air bubble and a hydrophilic solid surface in water.'® When
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Cay > 0.1, the effect of Ca, needs to be taken into consideration and the scaled dimple decreases

with the increasing Ca,.

6.4.2 Attachment time
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Figure 6-6 (a) Attachment time between different concentration of bitumen in toluene and a
hydrophobic silica wafer at different approach velocities. (b) Film thickness at the center h(0, t)
and at the barrier rim h(rvim, t): symbols for experimental results, solids lines for corresponding

theoretical predictions and dashed lines for guiding eyes (filled symbols for h(0, t) and opened

symbols for h(ryim, t)).

The attachment time could vary considerably when comparing two experiments under
similar conditions. For example, it could vary by over a factor of 10 between two bubbles under
the same experimental conditions.'®’” This is probably because the attachment between either drop
and solid or two drops (bubbles) could easily be induced by a tiny amount of impurities.

We define the attachment time in our study as the time between dimple occurrence and film
rupture; it is obtained by averaging 5 experimental runs. The attachment time of the toluene diluted

bitumen and the hydrophobic silica wafer is shown in Figure 6-6a. At 1 mm/s approach velocity,
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the attachment time would first increase then decrease with the increasing bitumen concentration.
The film thickness at the center and rim as a function of time is shown in

Figure 6-6b. When the bitumen concentration was increased from 50 wt% to 90 wt%, the
bitumen/water interfacial tension decreased from 18 mN/m to 5 mN/m, leading to a much slower
film drainage rate and a longer film lifetime. For example, for 50 wt% bitumen in toluene, it took
around 9 s for the height of the barrier rim to decrease from 3584 nm to 102 nm. But it took around
62 s for the height of the barrier rim to decrease from 2365 nm to 102 nm for 90 wt% bitumen in
toluene. When the bitumen concentration was increased from 90 wt% to 93 wt%, the increasing
bitumen/water interfacial tension and also the decreasing height of dimple occurrence both caused
a shorter film lifetime, leading to a decrease in attachment time. The decreasing approach velocity
would cause a decrease in attachment for all conditions, which is consistent with a previous
study.'® This could be explained by the larger dimple formation at high approach velocity, leading

to a longer film lifetime when the interfacial tension remained the same.
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Figure 6-7 (a) Attachment time between bitumen with different viscosity and hydrophobic silica
wafer at different approach velocities. (b) Snapshot of a stable water film formed by bitumen at

40 °C and a hydrophobic silica wafer after 10 min aging at V =1 mm/s within the maximum
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shooting time (10 min). (c) Snapshot of water film in which local attachment happens for

bitumen at 40 °C. The red square represents the place where local attachment happens.

For the decane diluted bitumen, attachment would happen for all conditions within tens of
seconds after 10 min aging time, as shown in Figure 6-7. The solid particles or the asphaltene
aggregates on the oil/water interface and the heterogeneity of the bitumen surface would induce
attachment, causing a huge standard deviation on the attachment time. However, it still seems that
the attachment time increases with the increasing drop viscosity for two approach velocities,
especially for the decane diluted bitumen drop, although the height of dimple formation increases
with the decane concentration. For the pure bitumen, the attachment time could possibly increase
to dozens of minutes, which exceed the experimental shooting time (10 min). A dimple would still
form at the beginning, and drain out afterwards. However, the film would not rupture after the
water drains out and the thin water film is stable. As shown in Figure 6-7b, a stable water film was
formed with a thickness at the barrier rim of around 50 nm. Due the solid particles or some
asphaltene aggregates sticking to the bitumen surface, the water film has some higher or lower
domains which is hard to analyse. For some other conditions, bitumen could have local attachment
to the solid surface, as shown as the red square in Figure 6-7c. However, the three phase contact
line would not spread within the experimental shooting time (10 min). This is probably caused by
the solidification of the bitumen drop preventing it from attaching to the solid surface. The
decreasing oil viscosity would enhance the mobility of the bitumen/water interface at the same
aging time, which is responsible for the shorter attachment time. !>’

For the bitumen drop with the same viscosity and the same bitumen/water interfacial

tension, the formation of a smaller dimple could significantly decrease the attachment time. A

decrease in bitumen/water interfacial tension would significantly slow down the film drainage
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process, thus significantly increasing the attachment time, even if a smaller dimple formed. The
increase of the bitumen viscosity would facilitate the solidification of the bitumen drop and prevent

bitumen attachment to the silica surface.
6.5 Conclusion

Our study systemically investigated the effect of approach velocity and interfacial tension
on the film drainage process between bitumen droplets with a wide viscosity range (0.009 to
283 Pa-s) and a hydrophobic silica wafer using the DFA. For the bitumen with comparable
viscosity with the aqueous solution, the evolution of the film drainage process was perfectly
predicted by the SRYL model. For the high-viscosity bitumen drop, the film drainage process
exhibited different features, which were explained by the competition between the viscous normal
stress and the Laplace pressure. The viscous normal stress dominates the approach stage, giving
rise to a reduced height of initial dimple formation with the increasing Ca,, followed by a pointy-
shape water film and an expanding and shrinking rim radius. After the drop stops moving, the
viscous normal stress becomes negligible, resulting in the film drainage being controlled by the
disjoining pressure and film rupture happened at the film thickness at around 100 nm.

Pure bitumen as well as solvent diluted bitumen exhibited similar film profile evolution at
high temperature, indicating that viscosity is the dominant factor that affects the film drainage
process. The height of dimple formation for the bitumen droplet interacting with a hydrophobic
silica wafer was a function of approach velocity, bitumen/water interfacial, and also bitumen drop
viscosity. It was well captured by an analytical formula, indicating that the effect of viscosity
becomes dominant when the capillary number of the bitumen droplet Ca; > 0.1. The attachment
time between the bitumen droplet and the silica wafer was strongly affected by the approach

velocity, bitumen/water interfacial tension, and bitumen viscosity. A lower approach velocity,
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higher interfacial tension, and a smaller bitumen viscosity would all facilitate the attachment of
bitumen droplets to the hydrophobic silica surface. Our work provides valuable information on the
film drainage process between bitumen with high viscosity and a hydrophobic silica wafer, with
important implications to the industrial application on the heavy oil extraction process involving

high viscosity features.
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Chapter 7 Conclusion and Future work
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7.1 Conclusion

This study provided a systematic understanding of the entire film drainage process between
deformable air bubble/oil droplet and a solid surface and its application in the oil sands extraction
process. The home-made Dynamic Force Apparatus and the droplet probe AFM technique were
applied to directly measure the spatiotemporal evolution of the liquid film and the interaction
forces, respectively. A theoretical model based on the lubrication theory and the Young-Laplace
equation was used to predict the film thickness as a function of time and the interaction force. Our

study provided great implications to both science and engineering.

By applying the droplet probe AFM technique, we manipulated the interaction force between
the air bubble and the bitumen coated silica wafer by adjusting the water chemistry, especially the
concentration of the novel secondary processing aids, sodium citrate, and calcium chloride. The
force measurement together with theoretical modeling proved that the significantly more
negatively charged bitumen and air bubble surface in pure sodium citrate solution at alkane
condition, leading to a stronger EDL repulsion between bubble and bitumen, was the main reason
that would prevent the bubble-bitumen attachment. However, the co-presence of calcium and
citrate would only have a minor effect on bubble-bitumen attachment. The Stokes-Reynolds-
Young-Laplace model predicted the interaction force between bubble and bitumen very well under
all conditions and it proved that the competition between the EDL force and the hydrophobic force
controlled the bubble-bitumen attachment. A stability map was constructed as a function of
calcium chloride and sodium citrate concentration, in which regions of attachment or non-

attachment between an air bubble and bitumen surface were stablished.
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The fundamental mechanism of how Na3Cit modifies the zeta potential at the bitumen/water
interface was revealed. Similar to Na3Cit, ligands such as EDTA and Na,HPOg that could form
complexes/precipitates with metal cations, led to a more negatively charged bitumen/water
interface compared to NaCl at pH 8.5. It was proved that ligands promoted the release of metal
cations from bitumen which recovered the negative charges of natural surfactants from bitumen.
Meanwhile, the ligands were capable of adsorbing on bitumen surfaces through outer-sphere (i.e.
through H-bonding or electrostatic interaction) and inner-sphere (i.e. direct interaction with metal

ions) complexation, thus making the bitumen/water interface more negatively charged.

Due to the high viscosity of bitumen, a systematic study of the film drainage process between
very viscous oil drops and a solid surface in both an ideal system and a bitumen system was
explored using DFA. We found a decreased dimple height with the increasing oil viscosity and a
three-stage film drainage process between the high viscous oil and a solid surface, which could be

explained by the competition between the viscous normal stress and the Laplace pressure inside

the drop. Applying a scaling method, an analytical formula h; = O.SR\/ Cas/(1+ 2Cagy) was
derived, which could perfectly predict the height of dimple formation for a wide range of drop
capillary numbers in both pure and bitumen system. The modified Stokes-Reynolds-Young-
Laplace model, after considering the viscous normal stress inside the Young-Laplace equation,
could predict the film drainage process between a high viscous oil and a solid surface. In the
bitumen system, it has been proved that the viscosity of bitumen was the dominant parameter that
affected the initial stage of dimple formation. The interfacial tension, approach velocity, and
viscosity affected the film lifetime and the formation of the three-phase contact line. This work
provided the fundamental understanding of the physics involved in the high viscous oil drop during

the film drainage process, making essential steps towards solving the overall film drainage process
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between a very viscous drop and a solid surface. This work also bridges the fundamental

knowledge to the real oil sands extraction applications.

7.2 Future research

Some possible future research are listed below:

In Chapter 3, the AFM was applied to investigate the interaction force between bubble and
bitumen in the Milli-Q water with different electrolytes. However, the process water in the
industry always contains various ions, solid particles, and fine clays. It is worth investigating
the interaction force between bubble and bitumen in the process water under various conditions
using AFM.

In Chapter 4, phosphate could lead to a more negatively charged bitumen/water interface
compared with NaCl solution. However, the metal content released from bitumen to the
aqueous phase did not increase in the presence of phosphate compared with NaCl. It is possible
a consequence of the formation of metal-phosphate precipitates, which were removed by the
filtration before the ICP-MS experiment, but the exact reason still needs to be explored.

Our modified SRYL model in Chapter 5 is based on a scaling method. It cannot quantitatively
predict the film drainage process between a very viscous oil and a solid surface. Further
attention could be paid to this field to solve the entire problem.

By applying the DFA, the film drainage process between bitumen and a hydrophobic silica
wafer in NaCl solution was investigated. It is also worth investigating the effect of different
ions that normally exist in the process water on the film drainage process. In addition, the effect

of clay particles is also valuable to study.
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Appendix A

Comparison between constant potential and constant charge models

The calculated electrostatic double layer (EDL) disjoining pressures in 3 mM CacCl; at pH 8.5
using the numerical solution of the nonlinear Poisson-Boltzmann equation with constant potential
and constant charge boundary conditions are shown in Figure Al. The results show that the
difference between the EDL pressures is small when the separation distance between the air bubble
and the bitumen surface was larger than 10 nm. In addition, the two curves intersect with the

Laplace pressure roughly at the same point.
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Figure Al Comparison between the numerical solutions of the nonlinear Poisson-Bolztmann

equations under constant potential and constant charge boundary conditions.

Charge at the Stern plane per unit area of bitumen droplet

The charge at the Stern plane per unit area of bitumen droplet is calculated using the zeta

potentials and the Grahame equation:!

146



eV
6 = +/8cyegkpT sinh (Zk 3,) (A1)
B

where G is the charge at the Stern plane per unit area, co is the bulk concentration of electrolyte,
¥, is the surface potential. It is worth noting that the surface charge is often an order of magnitude
higher than that calculated from the Graham equation and the zeta potentials. The charge at the

Stern plane per unit area of bitumen under difference conditions is shown in Figure A2.
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Figure A2 Charge at the Stern plane per unit area of bitumen droplets at pH 8.5 in (A) pure
electrolyte solution with different concentration and (B) 4 mM CaCl> with different

concentrations of NasCit. The lines between dots are a guide to the eye.

Air/water interfacial tension and bitumen surface contact angle

The dynamic air/water interfacial tension, y, was measured using the pendent drop method at
room temperature with a Theta Optical Tensiometer T200 (Biolin Scientific, Stockholm, Sweden).
The bitumen surface was immersed in the solution and the interfacial tension was monitored for 1

h. The air/water interfacial tension remained around 72.5 + 0.6 mN/m under all experimental
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conditions and did not change over time, as shown in Figure A3, which indicated no interfacial

active components leached out and accumulated at the air/water interface during the experiments.

The dynamic water contact angle on a bitumen surface, 6, was measured using the captive
bubble method with a Theta Optical Tensiometer T200 (Biolin Scientific, Stockholm, Sweden) for
1 h. The water contact angle on the bitumen surface was around 92 + 1 ° and did not change over
time, as shown in Figure A4. This indicated the bitumen surface was stable and would not liberate
from the silica wafer during the experiments. Based on the air/water interfacial tension and the
contact angle, the constant C = y(1 — cos ) for the calculation of the HB force was determined

to be 0.076 = 0.001 N/m.
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Figure A3 Air/water interfacial tension as a function of time in the presence of bitumen surface.
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Figure A4 Water contact angle on bitumen surface as a function of time.

Reproducibility of force curves

The interaction force curves between one air bubble and bitumen surface at different positions
in 5 mM NasCit at pH 8.5 is shown in Figure AS. The force curves were not significantly different
during the experimental time period, indicating that the experiment was reproducible and any small

changes of the bubble size over time would not affect the result.
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Figure A5 Interaction force between one air bubble and different positions on the bitumen

surface over 30 min in 5 mM Na;Cit at pH §.5.

Comparison between theoretically-fitted Stern potential and measured zeta

potential values of the air bubble in different electrolyte solutions

The bubble zeta potentials were measured using a Brookhaven ZetaPALS in selected solution
conditions. Figure A6 shows the schematic of the experimental setup for generating nanobubble
suspensions. The target solution was mixed with the injected air and entered the top of the chamber
under high pressure. The air was injected at a low rate of 20 sccm/min so that all the injected air
was trapped at the top of the pressurized chamber without leaving the bottom exit in the form of
large bubbles. The air-saturated target solution left the chamber and passed through a Venturi tube
where both the flow pressure and air-saturation level re-released, resulting in the nucleation of
nano- and micro-bubbles. The bubble suspension was stabilized with 5 ppm MIBC, and MIBC
was considered to have negligible influence on the bubble zeta potential.”? The bubble size was

measured to be around 100 nm (Measured through Malvern Zetasizer Nano ZS). A comparison of
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theoretically-fitted surface potential from the SRYL model and measured zeta potential values of

the air bubble in different electrolyte solutions is shown in Table Al.

Gas
Injection

Target
Solution

Venturi Tube
Peristaltic Pressurized Bubble

Pump Chamber Suspension

Figure A6 Schematic diagram of experimental set up of generating nanobubble suspension.
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Table Al Measured and fitted zeta potentials of the bubble. Theoretical values within the

specified range provided results that were in agreement with the experiment

Electrolyte Concentration SRYL fitted Measured zeta Charge atthe  Literature
(mM) value (mV) potential (mV)  Stern plane (mV)
(C/m?)
NaCl 10 —45+2 —45+5 —0.0118 -50°
354
CaClx 3 -30+5 --- —-0.007 -20*
-15+5°
(For 1 mM
CaCl)
NazCit 5 —65+10 —60 + 5 —-0.0327 ---

Air bubble was negatively charge under all tested conditions. The source of negative zeta
potentials on hydrophobic surfaces, such as air/water interface, is continuously debated, many
researchers believe that the OH™ group adsorbs at the air/water interface to result in a negative
charge.® Others believe the negative charge of the air/water interface originates from the interfacial
water dipole moment.” It is worth noting that previous research found that increasing CaCl,
concentration had minor effect on the bubble zeta potential.> ® Stern potentials experimentally

measured in this work were consistent with the literature and experimental value. These values
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were used in the SYRL model and provide good agreement between experimental and theoretical

interaction forces.

Contributions of different surface forces in NaCl solution

Figure A7. shows the calculated components of the disjoining pressure, the overall disjoining
pressure and the Laplace pressure as a function of separation between the air bubble and the
bitumen surface in 10 mM NaCl and 15 mM NacCl. Results show that the EDL and vdW pressures
are repulsive while the hydrophobic pressure is attractive in these cases. In 10 mM NacCl, the EDL

repulsion was strong enough, as shown in Figure A7A, and the overall disjoining pressure balanced
the Laplace pressure, %y , inside the air bubble before the hydrophobic attraction became

significant. As shown in Figure A7B, the EDL repulsion decreased in 15 mM NaCl compared with
that in 10 mM NaCl. When the separation between air bubble and bitumen surface was around 10
nm, the hydrophobic attraction was strong enough to compensate for the repulsive of EDL and
vdW pressures. This resulted in the overall disjoining pressure never exceeding the Laplace

pressure inside the air bubble and induced bubble-bitumen attachment.
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Figure A7 Contributions of disjoining pressure in (4) 10 mM NaCl and (B) 15 mM NaCl.
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Contributions of different surface forces in CaCl: solution

The calculated components of the disjoining pressure, the overall disjoining pressure and the

Laplace pressure in 3 mM CaCl; and 4 mM CaCl; are shown in Figure AS8. Similarly, in 3 mM

CaCly, the strong EDL repulsion resulted in the overall disjoining pressure exceeding the Laplace

pressure, as shown in Figure A8A. The hydrophobic attraction become dominant in 4 mM CaCl,

due to the decreased EDL repulsion, as shown in Figure A8B.
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Figure A8 Contributions of disjoining pressures in (A) 3 mM CaClz and (B) 4 mM CaCl>.

Adding citrate after adsorption of Ca?* to the bitumen surface

The experimental interaction force between an air bubble and a bitumen surface after initial

equilibration in 4 mM CaCl» followed by addition of 2.3 mM Nas3Cit is shown in Figure A9. The

curve shows that no bubble-bitumen attachment happens when the maximum loading force was

set to 20 nN.
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Figure A9 Interaction between air bubble and bitumen surface after initial equilibration in 4 mM

CaCl; solution followed by the addition of 2.3 mM Na;Cit.
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Appendix B

Concentration of metal ions released from bitumen

Table A2 Concentration of metal ions released from bitumen

pH Electrolyte  Concentration Released metal ion concentration (ng/L)
(mM) Ba Co Cr Mo Ni Pb Sr Ti Tl
8.5 Milli-Q - <bL 06 06 15 12 14 05 318 48
NaCl 10 29 <DL <DL 1.1 <DL <DL 54 94 3.1
NasCit 5 3.4 1.1 06 1.7 22 19 59 654 22
EDTA 5 119 09 10 17 28 55 76 326 1.7
Na,HPO, 5 1.0 02 05 34 <DL 0.7 3.7 324 1.1
10.5 Milli-Q - <DL <DL 03 63 <DL <DL <DL 82 0.6
NaCl 10 20 <DL 05 62 <DL <DL 72 1.4 02
NasCit 5 7.3 33 07 66 67 1.8 165 269 1.4
EDTA 5 102.1 13.8 2.8 189 174 232 1069 78.6 14
Na,HPO, 5 34 30 0.6 101 28 29 51 129 1.2
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Figure A10 ATR-FTIR spectra of bitumen.
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Table A3 Assignments of vibration bands of bitumen from ATR-FTIR

Wave Number (cm™) Functional group
3060 Aromatic C-H stretching
2700-2920 (2921, 2852) Aliphatic C-H stretching
1710-1630 (1699, 1601) Carbonyl C=0 stretching
1620-1529 (weak) Aromatic C=C stretching
1455, 1375 Aliphatic C-H bending
1260-1000 (weak) C-O stretching
1030 S=O0 stretching
862, 809, 744 Aromatic C-H stretching
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Table A4 Assignments of vibration bands of EDTA solution at pH 8.5 from ATR-FTIR

Wave Number (cm™) Functional group
1576 Asymmetric COO-
1401 Symmetric COO-
1320 COO-
1133 C-N stretching
1092 C-N stretching
977 C-C (CH2C00-)
917 C-C (CH2COO0-)
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Appendix C

The height of dimple formation

The videos were recorded at 3000, 5000 and 8000 fps for three conditions (V = 0.1 mm/s in
0.1 mM SDS; V =1.06 mm/s in 0.1 mM SDS; V = 1.06 mm/s in I mM SDS) in order to have a
more detailed analysis. A mercury light enabled the light intensity extraction for three channels
(green, red and blue) which the characteristic wavelength is 546 nm, 579 nm and 436 nm. The
snapshots of the interference fringes in a time sequence obtained between a mica surface and an
oil drop with viscosity 68.2 Pa-s in green channel is shown in Figure Alla. The light intensity at
the center point of the fringes, as shown as the red points on Figure Alla, was converted to
intensity value as a function of time, shown in Figure A11b. The points which correspond to the
snapshots in Figure Ala were marked as the same number. It is obvious that the light intensity
evolved quickly at the very beginning and gradually slowed down from frames number 3 to 4. In
addition, a flat surface was also formed at the bottom of the oil drop within the same time range
and the barrier rim appears right after frame No. 4, as shown in Figure Alla. The height of dimple
formation was defined as the average of the film thickness from frames 3 to 4.

The film thickness of the red point can be calculated through the light intensity by the

following Egs.!
hr,§) = —— | 2 | (42)
rt) = mm + arcsin
2mn, VRiz2R13
14+ 4(1-A) -
(1 — R12R23)
I(r,t) —L,;
A= (r,t) min (43)

Imax - Imin
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(ny — nz)z (n, — n3)2

R = —’ o ——
27 (g +ny)2" 2T (ny +ng)?

(44)

where I is the light intensity, A is the light wavelength and m is the interference fringe order. The
refractive indices of the oil drops, aqueous solution and mica are ni, nz and n3, respectively. Eq.

(A2) can also be simplified to:?

A= sin? <M> (A5)
A
The corresponding evolution of the film thickness at the center of symmetry is shown in
Figure Allc. The green dots and the red dots represent the film thickness from green and red
channels, respectively. It is worth noting that because the refractive indeces of the oil drop and
water are very similar, the fringes from the blue channel are hard to identify. The center heights
analyzed from green and red channels agreed well with each other within the experimental error.

The dimple height was obtained by taking an average of the film thickness in the shaded area and

the zero time was defined as the time when dimple occurred throughout the experiments.
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Figure Al1 (a) Snapshots of the interference fringes of green channel in a time sequence
obtained between an oil drop and a mica surface. (U, = 68.2 Pa-s, V = 1.06 mm/s, 0.1 mM SDS,
frame rate 5000 fps) (b) Evolution of the light intensity at the film center in (a). (c) Film
thickness as a function of time between the oil drop and the mica surface transferred from (b).
The dimple height of this condition was obtained by taking an average of the film thickness in the

shaded area.
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Drive function

The displacement and velocity can be controlled by the motorized actuator (THORLABH,
7825B), which has been described in detail elsewhere.> The actuator can provide a precise and
slow displacement. The displacement of the droplet can be obtained through the side-view camera.
Other than that, the displacement of the droplet can also be obtained through a laser sensor with a

sensitivity of 5 um. The displacement and the drive function of the droplet at 1.06 mm/s are shown

in Figure A12.
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Figure A12 Displacement controlled by the motorized actuator and the real-time velocity of the

oil droplet approaching the mica surface with the approach velocity of 1.06 mm/s.

Dimple height

Figure A13 shows the film thickness at the center as a function of time for oil drops with
different viscosity interacting with the mica surface at various approach velocities in various
solutions. It is worth noting that the definition of the dimple follows the method in section 1. It

shows that the dimple height decreases with the increasing oil viscosity for both conditions.
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Figure A13 Film thickness at the center h (0,t) as a function of time of oil drops with different
viscosity for: (a) V = 0.1 mm/s in 0.1 mM SDS solution; (b) V = 1.06 mm/s in I mM SDS

solution.
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Figure A14 Comparison between theoretical (lines) and experimental (dots) film drainage

process between oil with a viscosity of 0.001 Pa-s and a mica surface in: (a) V = 0.1 mm/s in 0.1

mM SDS solution. The measured time of profiles from top to bottom is —0.025, 0.025, 0.125,
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1.025, 46.692, 88.275, 124.809, and 171.042 5. (b) V = 1.06 mm/s in 1 mM SDS solution. The
measured time of profiles from top to bottom is —0.035, —0.001, 0.066, 0.182, 0.466, 1.866,

7.316, 15.826, 45.332, 81.649, 266.349, and 581.649 s.
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Figure A15 Film drainage process between oil drops with different viscosity and a solid surface
in 0.1 mM SDS solution at V = 1.06 mm/s. (a) u, = 10.6 Pa - s. The measured time of the
profiles from top to bottom is: 0.020, 0.136, 1.420, 6.253, 33.836, 81.753, 161.536, 242.720, and
321.453 s. (b) U, = 111.5 Pa - s. The measured time of the profiles from top to bottom is: 0.019,

0.069, 0.352, 2.102, 13.852, 81.769, 126.119, 177.802, and 235.469 s.

Properties of oils used in the manuscript

The refractive index and interfacial tension of different types of oil are given in Table AS.
The refractive index of the silicone oil was taken from the supplier's data sheet (Sigma Aldrich).
The oil/water interfacial tension was measured using the pendant drop method at room temperature
(22.5 °C) and lasted for 30 min with a Theta Optical Tensiometer T200 (Biolin Scientific,

Stokholm, Sweden)
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Table A5 Physical properties of different oils.

Interfacial tension (mN/m)

Oil Type  Refractive 0.1 mM SDS 1 mM SDS

index

Measured/Literature ~ Theoretical ~ Measured/Literature ~ Theoretical

Dodecane 1.421 42 42 22 22
Measured Measured

35 (0.01 Pa-s) 25 (0.01 Pa-s)

Silicone 1.403 35.1 (12.5 Pa-s) 35 30 25
oil
34.4 (1 Pa-s) ! (0.001-0.005 Pa-s)?
38 (0.001-0.005 25 (1 Pa-s) 3
Pa-s)?

Derivation of the modified SRYL model

Stokes-Reynolds-Young-Laplace (SRYL) model

The film drainage process can be characterised by the film Reynolds number Re; =
ph¢Ve /1, with by << R and Rey « 1. Lubrication theory can be applied to describe the evolution

of the water film thickness A(7,t) trapped between the oil drops and the solid surface.

h_m 0 (rh3a—p) (46)

at 12,ur§ ar
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Because the viscosity of the oil drop is very large and the water environment contains certain
amount of surfactant, the immobile oil/water and solid/water boundary was applied in this study,
by using the parameter m = I in Eq. (A6)."

The curvature of the oil drop can be described by the augmented Young-Laplace equation:

(1+1)_y6(6h)_ (A7)
Y Rl RZ _T'aT' rar = Pin Pout

We apply the normal stress balance at the bottom of the drop when the drop interacts with the solid
surface. The pressure inside the drop is defined as p,;;. The pressure in the bulk solution is set as

the reference with p,, = 0. The pressure inside the water film has contributions from the

hydrodynamic pressure p; and the disjoining pressure II(h). Thus, Eq. (A7) can be expressed as:

y0<6h

L (r5,) = pou =y~ I (48)

In our system, according to the DLVO theory, the disjoining pressure is comprised of van der

Waals interaction I1, 4y, and electrical double-layer interaction I1gp;:

., (h) = 64nkT tanh 2895 h 2690 xh A10
o1 () = 64nkT tanh (=) tanh (~-2) exp(~xh) (A10)

Here, the Hamaker constant A is 0.97 x 1072°J according to the literature,” k is the Boltzmann
constant and T is the absolute temperature. ¢_ and ¢, are the Stern potentials of oil/water and
solid/water interface, respectively. The Stern potentials of oil/water and solid/water interface are

10-12

taken from the literature as —80 mV and —70 mV, respectively.
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Initial and boundary conditions
The system of equations can be solved numerically with suitable initial and boundary

conditions. The initial condition needs to be consistent with negligible pressure when the drop and
2
surface are far apart. The initial condition is given as h(0,r) = Hy + ;—R, where H,, is the initial

separation between drop and surface at the axis of symmetry.

The boundary conditions assume symmetry at the center, that means g—’: = % =0atr=0.

At some distance 7 = 73,4y, Where 73,4, 1s the boundary of the computational domain outside of
the film region, we assume the pressure becomes negligibly small, that means p~0. We also need
a boundary condition that drives the system, which is given by % =-Vatr = -
Model for high viscosity drop

During interaction of the high viscosity oil drop with the solid surface, the order of
magnitude of the oil velocity inside the drop is ~ 107 to 102 m/s. The Reynolds number inside
the oil drop is within the range of 107 to 10~!. The viscosity of the oil drop was ranged from 0.1
Pa:s to 100 Pa-s in our experiments. The flow inside the oil drop can be described by the Stokes

equation.
Vp = u V2 (411)
Considering the pressure on the z-direction and the flow in the z, r-direction, Eq. (A11) becomes:
0 10/ 0 92
P ( _(r_”> + ”) (A12)
Jar

9z "o\ror 922

Inside the oil drop, we apply the following scaling: v ~ V, z,r ~R so that the viscous normal stress

can be expressed as:

T, = —2 (A13)
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By approximating the normal stress inside the drop with the contribution from both viscosity and

surface tension, that gives:

y 2uV
Poir = 2 <§ + TO> (A14)
Modified SRYL model

Considering the contribution from viscosity to the pressure inside the oil drop and surface

tension, we have the modified Young-Laplace equation:

(r+2u,V)a ; ohy 2y 4uV
S E(ra)_3+ o~ p— () (415)

The y, =y + 24,V can be defined as the effective oil/water interfacial tension. '

Nondimensional modified Young-Laplace Eq. (A15) and drainage Eq. (A6) to achieve:

Scaled Stokes-Reynolds equation:

oh' 1 0 aop’
- "(h3 —E
at’  12r'or’ (r (h) 6r’> (416)
Scaled Young-Laplace equation:
10 [  on , ,
7'767’" <T' arr> =2- p - I (h) (A17)
with scaling parameters:
h~hyh'
r~1or’
p~Pop’
t~tot’



Eq. (A16) and (A17) are the universal governing equations for drop-solid interactions.

Characteristic scales
Eliminating the variables 4, r, p and ¢ in the drainage and modified Young-Laplace equation
with scaled characters 4y, ro, po and t), we have:

Drainage equation:

hodh' hy’py 1 0 [, . . 0p
to 0t' u, T 121" or’ r'(h) or' (418)

Modified Young-Laplace equation:

(y +2u,V)hg1 0 ( ,0R"\ _ , N2y AuV
— 2 o) —po(p +H)+?+ = (A19)

In order to have nondimensionalized equations, all the physical parameters inside Egs.

(A18) and (A19) can be eliminated. Therefore, we have:

ho’Po
= A2
,uwron (420)
with the boundary condition far away from the film Z—f; = ?Z—Z =V
0
+ 2u,V)h
(Y Ho ) 0 -1 ( A2 1)
2 (x 4 M)
O \R R
_Y Y
Po =5+ (422)
Rearranging Eqs. (A21) and (A22) by defining the capillary number inside the oil drop Cay; = & ;’/V,
we have:
7.2 = Rh, (423)
and
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Po = %(1 +2Cay) (424)

Substituting Eq. (A23) and (A24) into Eq. (A20), we get the characteristic length scale:

ho =R |—% 425
©7 " |14 2Ca, (425)

where Ca; = % is the capillary number of the water film. Similarly, we have:

1
Caf 4
=R|————— A26
o (1 +2Cad> (426)
and
R Caf
to == |————— A27
°7 Vv |1+ 2Cay (427)
Scaling of hy

Considering an oil drop with immobile boundary conditions, the height of the first
occurrence of dimple h,; can be expressed as:

hy = chy (A28)

For a capillary oil drop with the angle formed at the end of the capillary of around 140°, ¢ was

found to be around 0.5. Therefore, we have:

hy, = 05R |—% (A29)
a7 7 11+ 2Cay
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Comparison between theoretical and experimental film drainage process

between high-viscosity oil and a mica surface

The current model (Egs. (A8) and (A15)) by considering the viscous normal stress as T, =
2,V /R can capture the height of dimple occurrence very well. However, the film drainage
process completely missed as the viscous normal stress disappears after the drop stops moving.

In order to capture the changing viscous normal stress over time, T, = 2U,V enter/R 18
used instead in the Young-Laplace equation. V,.¢er 1S the velocity at the center of the water film.
It is at its maximum value at the approaching stage and decreased to almost zero after the drop
stop moving, leading to a zero viscous normal stress. The comparison between theoretical and
experimental film drainage process between silicone oil with viscosity of 37.0 Pa-s and 68.2 Pa-s
and mica surface are shown in Figure Al6a and b, respectively. This model could qualitatively
predict most of the features of the film profile. It clearly shows that a pointy-shaped dimple was
formed initially, followed by a film shape of a changing curvature and a pointy center formed after
the drop stopped. Finally, the pointy center gradually disappeared, and the water drained out under
the Laplace pressure. However, this model would predict a much higher height of dimple
formation. This is because the pressure is added from the center of the drop to infinity instead of
the interaction area. In spite of this, the model can still predict that the height of dimple formation
decreases with the increasing oil viscosity. This version of the model cannot quantitatively provide
a good agreement. This is because the viscous normal stress is still based on a scaling argument,
how and when the viscous normal stress would disappear are not included at this stage. The model
needs further refining to improve the comparison with experimental data. However, it clearly
shows that the viscous normal stress would play a role initially and disappear after the drop stop

moving.
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Figure A16 Comparison between theoretical (lines) and experimental (dots) film drainage

process between oil with different viscosity in 0.1 mM SDS solution at V = 1.06 mm/s. (a) U,
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37.0 Pa - s. The measured time of the profiles from top to bottom is: 0.067, 0.618, 19.7, 97.1,

144.5, 211.0, 318.1, and 391.6 s. Drop stopped moving at 0.26 s. (b) u, = 68.2 Pa - s. The

measured time of the profiles from top to bottom is: 0.025, 0.743, 3.42, 62.69, 101.6, 137.0,

189.0, 243.9 5. Drop stopped moving at 0.072 s.
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Appendix D

Film drainage process of bitumen at high temperature at V=0.1 mm/s

Figure A17 shows the film drainage process between bitumen and a hydrophobic silica
wafer at 40 and 45 °C when the approach velocity was 0.1 mm/s. It is worth noting that only the
initial stage of the film drainage process was recorded and non-attachment happened within the
experimental shooting time (1 min). The height of the dimple formation was measured to be 573

+ 40 nm and 773 + 39 nm for temperature of 40 and 45 °C, respectively.

(@) 1000 (®) 1000
£ 8007 £ 800 ﬁgg
% 600 % 6001 A
C ~— ]
S B a0l oS B
£ £ ; %&%@
E g 200 1 ooo o0
L L | &® P
0 T ¥ T T
-200 0 200

r(um)

Figure A17 Film drainage process between bitumen drop at high temperature and a

hydrophobic silica wafer in 10 mM NaCl solution at V = 0.1 mm/s. (a) 40 °C. The measured time

from top to bottom are: 0, 0.352, 2.44, 14.408 s. (b) 45 °C. The measured time from top to
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bottom are: 0, 0.28, 1.28, 12.664 s.



