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ABSTRACT
Oil sands compose a significant proportion of the world’s known oil reserves. Oil sands
are also known as tar sands and bituminous sands, are complex mixtures of sand, clays, water and
bitumen, which is “heavy” and highly viscous oil. The extraction and separation of bitumen from
oil sands requires significant amount of energy and large quantities of water and poses several
environmental challenges.
Bitumen can be successfully separated from oil sands using imidazolium based ionic
liquids and nonpolar solvents, however, ionic liquids are expensive and toxic. In this thesis, the
ionic liquid alternatives- deep eutectic solvent, were investigated.
Oil sands separation can be successfully achieved by using deep eutectic solvents DES
(choline chloride and urea) and nonpolar

solvent naphtha in different types of oil sands,

including Canadian (“water-wet”), Utah (“oil-wet”) and low grade Kentucky oil sands. The
separation quality depends on oil sands type, including bitumen and fine content, and separation
condition, such as solvent ratio, temperature, mixing time and mechanical centrifuge.

This

separation claims to the DES ability to form ion /charge layering on mineral surface, which
results in reduction of adhesion forces between bitumen and minerals and promote their
separation.
Addition of water to DES can reduce DES viscosity. DES water mixture as a media, oil
sands separation can be achieved. However, concentration at about 50 % or higher might be
required to obtain a clear separation. And the separation efficiency is oil sands sample dependent.
The highest bitumen extraction yield happened at 75% DES-water solution for Utah oil sands
samples, and at 50~60% DES-water solutions for Alberta oil sands samples.
Force curves were measured using Atomic Force Microscopy new technique, PeakForce
Tapping Quantitative Nanomechanical Mapping (PFTQNM). The results demonstrate that, by

iv
adding DES, the adhesion force between bitumen and silica and dissipation energy will decrease
comparing to DI water. At higher concentration DES solution (>80%DES), the amount of
decrease can be up to 80-90%. In lower concentration, at about 50% decrease was observed. The
results provide fundamental insights into the mechanism of bitumen separation from oil sands.
The reduction of adhesion force between bitumen and minerals (silica) in DES media is the main
reason which facilitates the separation between them, which by means existence of DES will
favor bitumen and minerals separation.
Comparing to other techniques, DES based separation is environmentally compatible and
economically viable. The separation can easily happen at room temperature. Choline chloride and
urea are biodegradable, environmentally compatible, accessible in large scale and easily prepared
by mixing and heating (<80 °C). Further improvement is needed regarding to separation quality
and efficiency, either in the direction of developing better separation techniques or by looking for
chemical additives which can improve separation and reduce environmental side-effects.
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Chapter 1 Introduction

1.1 Oil Sands Ore
Oil remains the world’s largest energy source and the demand continues to grow overall1.
Much of the world's oil (more than 2 trillion barrels) is in the form of oil sands, although it is not
all recoverable1b,

1c, 2

. Oil sands resources are located world-wide, but the largest deposits are

found in Saudi Arabia, Venezuela and Canada1-2. Canada has the third largest oil reserves in the
world and 97% of these reserves are in oil sands3. Canadian oil sands are found in three deposits the Athabasca, Peace River and Cold Lake deposits in Alberta and Saskatchewan3. Canada oil
sands production is expected to more than double over the next two decades 4. Significant
quantities can also be found in Eastern Utah in the US. Figure 1-1 below shows the major
influences on oil sands development as production grows from 175000m3/d (1.1MMb/d) in 2005
to a projected 472000m3/d (3.0MMb/d) by 20155.

Figure 1-1. World Oil Sands Reserves6

2

The 80~85wt% of oil sands is minerals comprising mostly α-quartz (SiO2). The rest is
bitumen and water7. In addition to these, clays, other minerals, salts, gases and chemisorbed
carboxylic acids, together with varying amounts of humin, humic acids and fulvic acids are
present, which makes oil sands heterogeneous, multiphase, and complex8. Depending on the
bitumen content, oil sands can be classified into three categories, low-grade (6-8 wt% bitumen
content), medium-grade (8-10 w%) and rich oil sands (>10 wt%)7. The compositions of oil sands
are summarized in table 1-1,
Table 1-1. Illustration of chemical composition of oil sands8

Minerals

Sand: –α quartz 325 + mesh matter
Silt: 2-44µm, Clay: 2µm and less
Colloids: <0.5µm, Insoluble organic-noncrystalline inorganic complexes
(IONCI), heavy minerals

Organics

Bitumen,
Humin, humic acids, fulvic acids
Chemisorbed aliphatic carboxylic acids
Insoluble organic-noncrystalline inorganic complexes (IONCI)

Water

Hydration: lattice, surface film
Unbonded: pendular ring, retained in fines clusters
Connate water includes: unbounded water and surface hydration (as determined
by Soxhlet extraction)
Total water includes: connate plus lattice water (as determined by ash analysis)

3

Oil sands mined at different locations may possess different physical and chemical
properties9. The Canadian deposits are largely unconsolidated sands with a porosity ranging up to
45% and have good intrinsic permeability10.
The major oil sand deposits of the United States occur within and around the periphery of
the Unita Basin, Utah10. Utah deposits range from low-porosity, low-permeability, consolidated
deposits to unconsolidated sands. These oil sands occur in layers at different depths and are
composed mainly of sand (quartz, mica, rutile, zirconia and pyrite) along with clay, water and
bitumen10 (table 1-1).
Most Alberta oil sands readily break up when placed in hot water7-8. This is because there
is a thin water film surrounding each sand grain, which makes it easier to separate the bitumen.
This oil sand is usually referred to “water-wet”7-8. In U.S. oil sands, the sand grains are enveloped
directly by the bitumen and are so called oil-wet. Oil-wet structures are not readily broken up
when contacted with water8. The easy water separability of the Alberta sand is industrially
important and is the basis of the currently used warm water process for bitumen extraction.
Bitumen grade, fines content, divalent cation concentration and weathering/aging will all
determine the different interaction forces in the extraction system and affects the efficiency of the
water-based bitumen extraction11.

4
1.2 Bitumen
Bitumen is a complex, heterogeneous, dark, viscous predominantly hydrocarbon material,
with a small amount of heterocyclic species and functional groups containing sulfur, nitrogen and
oxygen atoms12. The chemical composition of bitumen is extremely complex, but it usually can
be separated into two broad solubility groups, asphaltenes and maltenes12. Using n-heptane to first
precipitate asphaltenes, the maltenes can be separated into resins, aromatics and saturates by
chromatographic methods12. The properties and proportion of each fraction are listed in the
following table 1-2.
Table 1-2. Fraction of Bitumen and their properties12-13

Fraction

Proportion

Molecular

H/C atomic

Particle

in Bitumen

weight

ratio

size

5~25%

800~3500

0.98 to 1.56

5~30nm

30~45%

780~1400

1.38 to 1.69

1~5nm

Characteristics

Black or brown
Amorphous solids
Asphaltenes
Highly polar
Complex aromatics

Dark brown
Solid or semi-solid
Resins
Polar
Strongly adhesive
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Naphthenic aromatics
Dark brown
Aromatics

Viscous Liquids

40~65%

570~980

1.5

5~20%

470~880

~2

High dissolving ability

Straight, branch aliphatic
Non-polar viscous oil
Saturates
Waxy and non-waxy
saturates
Bitumen is regarded as a colloidal system, consisting of high molecular weight
asphaltene micelles dispersed or dissolved in a lower molecular weight oily medium 12. The
micelles are considered to be asphaltenes covered by high molecular weight aromatic resins,
which act as a stabilizing solvating layer12. Depending on the quantities of resins and aromatics
presence, the bitumen can be ‘SOL’ types, in which the asphaltenes are fully peptised with
sufficient resins/ aromatics and have good mobility within the bitumen, and ‘GEL’ type, in which
the asphaltenes associate together12. Most bitumens are of intermediate character.

1.3 Oil Sands Production and Related Environmental Concerns
According the ExxonMobil report, due to the increase in demand, over the next two
decades, production from oil sands is expected to more than double, rising from 1.5 million
barrels a day to between 3.7 million and 5.4 million barrels a day4. New technologies have been
developed over the years trying to make the extraction process more economically accessible and
also reduce the negative impact on the environment. Several factors will affect the development
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oil sands extraction, shown in Figure 1-2, including market demand and development,
environmental effect, technology innovations, etc.

Figure 1-2. Influences on Oil Sands Development5
Oil can be extracted from bituminous sands through a variety of methods. Recovery of
bitumen from oil sands at an industrial scale includes mining, extraction and upgrading of
bitumen. Depending on the geographic location of the oil sands resources, there are two types of
oil sands operations methods: surface mining and in situ recovery14. For deeper oil sands
reservoirs, an in situ recovery method is used. The in-situ technologies involve the use of thermal
energy to heat the bitumen in place and allow it to flow to the well before it is pumped to the
surface15. Bitumen recovery by the in-situ process is usually less than 60%15. However, about
80% of recoverable bitumen world-wide can only be produced using in situ methods14.
In the 1920’s, Dr. Clark developed and patented the Hot Water Extraction (HWE)
process for bitumen extraction from oil sands in Canada. In 1967, the water-based bitumen
extraction was first used on a commercial scale by the Great Canadian Oil Sands Company and
called the Clark Hot Water Extraction process (CHWE)16. To reduce energy consumption and
associated operating cost, a Low Temperature Extraction (LTE) process was proposed and
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patented in 199017. Since 1994, two novel technologies including the Warm Slurry Extraction
(WSE) process operating at 50°C, and the Low Energy Extraction (LEE) process operating at
25°C have been developed11.
The basic steps in the water-based bitumen production include extraction, froth treatment,
water or tailing ponds treatment and upgrading of bitumen16. After mining, hot water is added to
the oil sand, usually with a processing aid (NaOH) to form slurry. The separation in the industrial
hot water process is carried out at a basic pH of 8.5 and a temperature of around 82°C 8. The
slurry is pumped to the extraction plant, where it is agitated. After shearing the oil sand particles,
bitumen is released from the oil sands, forming suspended droplets. The slurry is then aerated to
float the bitumen, allowing it to be skimmed off the surface of the vessel. Bitumen extraction
from a good processing ore (high in bitumen, low in mineral fines content) with HWEP can reach
or exceed 93% (wt%) bitumen recovery. However, for poor processing ores (low in bitumen, high
in fines content), low bitumen recovery and poor froth quality is often problematic17. Oil sand
ores containing high mineral fines (less than 44µm) also give a low bitumen recovery.
Bitumen froth is an intermediate material formed during oil sand processing and typically
contains about 60wt% of bitumen, 30wt% water (free water and emulsified water) and 10wt%
solids
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. Removal of water and fine solids from the bitumen froth is known as “froth

treatment”19. In order to remove the contaminants, the bitumen froth is diluted with an organic
solvent, usually naphtha, to reduce the viscosity and increase the density difference between oil
and water phases. The mineral fines are reduced or eliminated by gravity settling and
centrifugation19. Free water is relatively easily separated from froth, but emulsified water exists as
stable water droplets covered with ultra-fines (<200 nm) and asphaltenes18b. As a result, the
bitumen product still contains 2-5wt% water and up to 1wt% fine solids19. Paraffinic solvents are
used in some operations and can significantly reduce contaminant levels in the bitumen products
18a

.
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After bitumen extraction, the tailings, a mixture of water, sand and silt with fine clay
particles, are pumped to tailing ponds or settling basins. The ponds help separate the solids from
the water so the water is recycled back into the extraction plant for re-use. The tailing ponds
include dissolved salts, minerals, residual bitumen, surfactants released from bitumen and other
materials used in processing

11, 16

. These are toxic and problematic to aquatic life. It is necessary

to settle these fine particles prior to water recycling. The industry is expending considerable effort
to overcome the challenges associated with tailings consolidation and ultimate site reclamation.
Commercial surface mining and hot water bitumen extraction operations have many
shortcomings, particularly high fresh water and energy consumption. According to an analysis by
the Pembina Institute, surface mining produces 2-4 barrels of waste water per barrel of oil
produced20. Additionally, the presence of pollutants in tailings ponds, pits, and landfills leading
into freshwater aquifers is an ongoing environmental concern21. A technically improved,
environmentally friendly and economically viable recovery process is needed to further enhance
the quality and efficiency of the bitumen recovery process from oil sands.
One alternative to the warm water process is solvent extraction. It has been reported that
the bitumen recovery could reach 95% (wt%) for toluene, 67% (wt%) for petroleum ether, 74%
(wt%) for naphtha, and 85% (wt%) for cyclohexane22. It was found that the aromaticity of the
solvent has a critical effect on bitumen extraction

22

. Among these solvents, naphtha has low

toxicity and is lower in cost, and naphtha itself is a valuable component of the petroleum and has
no adverse effect on bitumen quality
extracted sand is a big problem.

22

. However, the cost of removing residual solvent from
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1.4 Ionic Liquid based Bitumen Extraction
Previous work at Penn State has showed that certain ionic liquids (ILs) can separate
bitumen from tar or oil sands, and this separation is enhanced by the presence of a nonpolar
solvent such as toluene23. It was shown that three phases were formed after mixing an oil sands
sample with an IL and toluene in 1:2:3 weight proportions at room temperature. Figure 1-3 shows
the formation of these three phases after mixing. The bottom layer consists of sand and clays
suspended in the IL, the middle layer contains the ionic liquid with a small amount of entrained
bitumen and some mineral fines, and the top layer is a toluene/bitumen mixture24.

Figure 1-3. Photograph showing the phases formed by mixing an oil sands mixture with IL

It was reported that no fine particles were detected in the hydrocarbon layer using
infrared spectroscopy, which indicates the bitumen was recovered in a very clean form23. The
minerals (sands) were also recovered in an uncontaminated form after removing the residual IL
with small amount of cold water23. In other words, a good separation is achieved using ILs.
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Initially an imidazolium IL, [bmmim][BF4], was used. Several other ionic liquids have
also been tested successively. The behaviors of these ionic liquids are different23. The cleanest
separation between the phases was given by [bmmim][BF4]23. Compared to [bmmim][BF4],
extraction using [bmim][CF3SO3] and [emim][Ac] were less clean, with small amounts of IL
being incorporated into the bitumen phase23.
In later work, the IL [emim][Cl], which is solid at room temperature (melting point ~
80°C) but completely water-soluble, was used. A good separation of bitumen from oil sands was
also observed in aqueous solutions, even when using as little as 25% (by weight). From this work,
the question of how much IL is needed to produce an efficient and quick separation is raised.
However because conventional ILs are expensive and some of them are toxic, it will be
economically beneficial to optimize the separation with less ILs, and still obtain a good bitumen
extraction.

Objectives
In work completed in the last years in our groups, it has been shown that ionic liquids
(ILs) can be used to separate bitumen from tar or oil sands

23

. This new process involves the

formation of a multiphase system obtained by simply mixing the oil or tar coated sands or
minerals with an IL or an IL/water mixture and a hydrophobic organic solvent at room
temperature.
On the basis of this previous work, we can conclude the key points of IL bases oil sands
extractions are23,
1) IL itself cannot separate or extract bitumen from oil sands, at least not under
experiment conditions used so far; Hydrocarbon solvents (toluene, naphtha) are needed to first
dissolve and/or dilute the heavy bitumen (make it easier to move around) in the solvent phase,
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then ILs act as a separating fluid, keeping the dense minerals apart from the solvent diluted
bitumen. As soon as ILs can provide enough space (volume) for these two phases, the separation
occurs almost immediately.
2) Water is not necessary for the separation. Cold water is used to wash off and recover
ILs from the sand, however.
3) The separation is clean. On the basis of previous work, the spectrum of bitumen layer
was no minerals within the detection limits of FTIR spectroscopy.
4) The separation is efficient, heating is not a perquisite, and the separation happens
quickly after mixing oil sands, solvents and ILs.
5) Water and ILs can be mixed in different proportion, a good and efficient separation
can still be obtained. However, the portion off each and their role on separations need to be
further investigated.
Despite above favorable observations, the cost and toxicity of ILs still overweigh the
advantages and the economic extraction of bitumen will become problematic. Fortunately, an
analogue of ILs – Deep Eutectic Solvents (DES), which is composed of environmentally friendly,
cheap and accessible materials, such as choline chloride and urea, can enhance the separation of
bitumen from oil sands when mixed with a nonpolar solvent. This leads to the work that is the
subject of this thesis, a study of the use of deep eutectic based ionic liquids (DES) that are
relatively cheap and non-toxic and an investigation of the interactions involved in the separation
process. Therefore the objectives of the thesis are:
1) Investigate deep eutectic (choline chloride and urea) solvent based oil sands
separation using different types of oil sands.
2) Investigate effects of addition of water to deep eutectic solvent to bitumen recover
from oil sands.
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3) In order to understand the separation mechanism, using atomic force microscopy
investigates the adhesion force between bitumen and silica (or minerals) in deep
eutectic solvent and its aqueous solutions environment.

Chapter 2 Literature Review
2.1 Ionic Liquids
ILs are salts composed solely of ions that melt at low temperatures (below 100°C)25.
Generally, ionic liquids (ILs) are composed of large, asymmetric organic cation and weakly basic
inorganic or organic anions. ILs have some unusual properties, such as a high concentration of
ions, low vapor pressure and flammability, good thermal stability and a wide variety of
combinations of available cations and anions26. Some typical anions and cations are shown in
Figure 2-1.

Some typical cations in ILs

Some typical anions in ILs
Figure 2-1. Commonly used ILs’ cations and anions

Complex combinations of interaction forces, including Columbic interactions, van der
Waals interactions, hydrogen bonding, and π-π interaction are present among the component ions
in ILs27. And these interactions control the properties of ILs, such as their melting point,
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viscosity, vapor pressure and ionic conductivity, etc. Among them, Coulombic interactions are
predominant. Ions exert long-range Columbic forces in every direction28. They increase the
cohesive energy and are consistent with the extremely low vapor pressure of ILs26.
In ILs, ions aggregates and cluster, or associate to some extent. The degree of ion
association and viscosity are important factors for in the ionicity of ILs. The influence of
viscosity on the ionic liquid conductivity can be illustrated by Walden rules29,

Where Ʌ is molar conductivity and ƞ is viscosity.
conductivity, Ʌ) versus log (reciprocal viscosity,

A Walden plot of log (molar

), can provide a qualitative measure of the

ionicity of ILs26.

2.1.1 Surface Charge Layering
In addition to low volatility and interesting solvent properties, the surface and interfacial
properties of ILs are different and intriguing. Atkin et al. reported the existence of periodically
ordered layers of ILs at the bulk liquid/solid interface with mica and silica30. Simone et al.
reported the direct observation of solid-like ordering at room temperature of thin films of
[bmim][NTf2] ionic liquid on mica, amorphous silica and oxidized Si(110)31. Segura and Atkin et
al. used soft contact and amplitude-modulation (AM) AFM imaging to elucidate the structure of
ILs adsorbed onto mica, and in the near surface ion layers32. They suggested a model for
describing IL interfacial structure, which consists of three regions32. The interfacial innermost
layer comprises the layer of ions directly in contact with the surface of the other phase. It is well
organized and enriched in one ion or the other, depending on the nature of the second material 32.
The transition zone is the region over which the strong interfacial layer structure decays to the
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bulk morphology. The thickness of this layer depends on the spatial rate of change between
interfacial and bulk structure32. And the third zone is the bulk liquid32.

2.2.2 Deep Eutectic Based Ionic Liquid
Even though ILs have some “green” characteristics, such as negligible vapor pressure,
excellent thermal and chemical stability, non-flammability and good reusability, there are major
challenges with using ILs. They are expensive and many ILs, such as imidazolium based ILs, are
toxic and have poor biodegradability, which brings environmental risks 33. In recent years, a novel
medium with similar properties to ionic liquids but with additional advantages regarding cost,
environmental impact and synthesis has been developed: deep eutectic solvents (DESs) 34. They
have many of the properties of ionic liquids, such as low vapor pressure, powerful solvent
capacity, high electrochemical conductivity etc33a.

Figure 2-2. Choline chloride urea deep eutectic solvent (ionic liquid analogue) 35

Generally, a DES is obtained by mixing a quaternary ammonium salt with metal salt or a
hydrogen bond donor (HBD) that has the ability to form a complex with the halide anion of the
quaternary ammonium salt36. One of the most widespread components used for the formation of
these DESs is choline chloride. Choline chloride is cheap, non-toxic, biodegradable and easily
accessible33a. Choline chloride and urea (1:2 mole ratio) can form a deep eutectic when heated to
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80oC, giving a colorless liquid when cooled to room temperature (the melting points of choline
chloride, urea and the corresponding eutectic mixture are 302, 133 and 12 °C, respectively))34.
The following two diagrams A, B in Figure 2-3 show the freezing point depression as a function
of composition. Also shown are the conductivity and viscosity of the 2:1 mole ratio urea choline
chloride mixture as a function of temperature. Both figures were taken from the work of Abbott et
al., who first proposed these materials as IL analogues.

Figure 2-3. A, freezing point of choline chloride urea mixture as the function of composition34
B, conductivity and viscosity of 2:1 urea: choline chloride mixture as the function of
temperature34.
Most of the DESs exhibit relatively high viscosity (>100 cP)36. The presence of an
extensive hydrogen bond network between each component might result in a lower mobility of
free species within the DES, which contributes to the high viscosity36. Owing to the relatively
high viscosities, most of DESs exhibit poor ionic conductivities. The viscosity of most eutectic
mixtures changes significantly with temperature and decreases with an increase of temperature.
Like ILs, the viscosity-temperature profiles follow an Arrhenius-like behavior36.
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2.2 Interfacial and Surface Forces
In order to separate oil or bitumen from sand the attractive forces between the
hydrocarbon and silica surfaces need to be overcome. There are various forces that act between
these types of surfaces, ranging from weak van der Waals attractions to relatively strong
electrostatic forces. The adhesive force between two particles originates from surface molecular/
atomic interactions in the contact region and determines bitumen attachment onto silica
surfaces37. A strong long-range repulsive force and weak adhesion between bitumen and solids
can promote the separation, whereas a long-range attractive force and strong adhesion
corresponds to difficulty of separation38.
Table 2-1 and 2-2 provides an overview of the types of surface forces, their relative
strengths and the distances over which they operate. Previous work on oil sands in an aqueous
environment indicates that electrostatic forces play a key role in bitumen separation and recovery
from oil sands.
Table 2-1. Types of attractive surface forces in vacuum (v) and in solution (s)39
Types of
forces
van der
Waals
(vdW)

Subclasses

Keesom (v& s)
Debye (v& s)

London (v& s)
Casimir force
(v& s)

Electrostatic

Coulombic
Force (v& s)
Ionic bond (v)

Characteristics
Attractive force
Dipole-dipole interaction
Permanent dipole induce a
dipole in a non-polar atom or
molecule
Non-polar or molecules attract each
other
van der Waals force between metallic
surfaces, it is the attractive force
between two metallic surfaces across
vacuum that arises from quantum
fluctuations of the vacuum
Two unlike charge, one positive, one
negative, attract each other. Strong,
long range
Cation-Anion, strong, long range

Energy
(kJ/mol)

Range

4-21
2-10

Few nm
Few nm

~4

Few nm
Long
range

3351050

0.10.2nm

18

Ion
correlation
Quantum
mechanics
force

Solvation

Hydrogen bond
(v& s)
Chargeexchange
interaction
(v&s)
Acid-base
interaction (s)
“Harpooning”
Interaction (s)
vdW force of
polarizable ions
(s)
Covalent bond
(v)
Metallic bond
(v)
Exchange
interaction (v)
Oscillatory
force (s)
Depletion force
(s)

Hydrophobic

Specific
binding

“Lock-and-key”
or
complementary
binding (v& s)
Receptor-ligand
interaction
Antibodyantigen
interaction

Polar bond to H-dipole charge
(N,O,F)
Strong , long range, arises in polar
solvents, requires surface charging or
charge separation mechanism

8-42

~0.3nm

Nuclei-shared electron pair
Strong, short range
Cation-delocalized electrons
Strong, short range

200-800

0.10.2nm
0.260.30nm

Mainly entropic in origin, the
oscillatory force alternates between
attraction and repulsion
Attractive force between two particles
in solution of macromolecules, arise
due to osmotic pressure
Attractive forces between
hydrophobic macroscopic bodies in
water, strong, long range forces

>> vdW

Requires mobile charges on the
surfaces in a polar solvent

Subtle combination of different noncovalent forces giving rise to highly
specific binding; main recognition
mechanism of biological systems

110-350

<10nm

Decay
length of
1-2nm in
the range
of 010nm
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Table 2-2. Types of repulsive surface forces and dynamic interactions in vacuum (v) and in
solution (s)39
vdW
Electrostatic
Quantum
mechanical

Solvation
force

Entropic

vdW disjointing
pressure (s)
Coulombic
force (v& s)
Hard-core or
steric repulsion
(v)
Born repulsion
(v)
Oscillatory
force (s)
Structure force
(s)
Hydration force
(s)

Osmotic
repulsion (s)
Double-layer
force (s)

Thermal
fluctuation force
(s)
Steric polymer
repulsion (s)

Repulsive forces
Arises only between dissimilar bodies
interaction in a medium
Two like charge, repulse each other
Short range, stabilizing attractive
covalent and ionic binding forces
Repulsion from overlap of electron
shells

Exponentially repulsive between
hydrophilic surfaces
Steric hydration force: fluid-like
amphiphilic surfaces
Repulsive hydration forces: crystalline
hydrophilic surface

Charges molecules (ions) or surfaces,
depends on the electrolyte
concentration

A temperature-dependent force
associated with entropic confinement
of molecular groups
Depends on the nature of solvent, and
the way the polymer deposited and its
density

Undulation
force (s)
Protrusion force
(s)
Nonequilibrium

Hydrodynamic
forces (s)
Viscous forces (s)
Friction forces (s)
Lubrication forces
(s)

Dynamic interaction
Energy-dissipating forces
occurring during relative motion
of surfaces or bodies

~0.5nm

1-2nm
3-5nm

Debye
length,
few to
tenths
nm

~20nm
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2.2.1 Van der Waals Force
Van der Waals forces act between all atoms and molecules. They originate from dipole or
induced-dipole interactions at the atomic or molecular level40. They are long-range forces and are
effective from long distance (> 10nm) down to interatomic spacings (~0.2nm). Depending on the
nature of the interactions, they can be divided into three types: dipole-dipole interactions
(Keesom forces), dipole-induced dipole interactions (Debye forces) and induced dipole and
induced dipole interactions (London or dispersive forces)41. The Keesom and Debye forces act
between polar molecules41. The London dispersion force potentially presents in all interactions
between materials41. All of these forces have interaction potentials of the form39c,

Where

is van der Waals interaction potential, C is the constant of the

interactions, r is the closest separation distance between molecules. All the van der Waals
interactions decrease to the inverse sixth power of the separation distance, these forces are not
significant at ranges greater than the order of 100nm41.
The van der Waals interaction between macroscopic materials was calculated by
Hamaker42. For a spherical sample with radius R and a flat sample, the van der Waals potential
VvdW and force FvdW are given by42,

Where z is the closest distance between the tip and the sample, and AH is Hamaker
constant. The Hamaker constant is determined by the physical properties of materials. Depending
on the shape of sample, VvdW can have different power laws with z42.
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2.2.2 Electrostatic Force and Charged Surface
Coulomb interactions occur between two or more charged atoms, ions, or molecules
interacting in vacuum or in a medium40a. The Coulomb interaction is very strong (5001000kJ/mol) and long-range (up to ~50nm)40a.
A surface can be charged in aqueous solutions as a result of dissociation, ionization, and
surface reaction of ions from solution or surfaces40a. A charged surface can affect the ionic
distribution in the continuous phase, and a double layer of an accumulation of oppositely charged
counterions near the surface and similarly charged co-ions can form43.
The surface of a particle is comprised of atoms that have unsatisfied bonds. Taking metal
oxides as an example, when exposed to ambient air or immersed in water, the surface reacts with
water to produce surface hydroxyl groups40b. The surface hydroxyl groups can react with H+ and
OH- at low and high pH, resulting in a positively or negatively charged surface40b,

When the majority of surface sites are neutral (M-OH) and the net charge on the surface
is zero, the pH point is known as the isoelectric point (IEP)40b. Below or above this value, the
material’s surface becomes positively or negatively charged40b, respectively. Table 2-3 shows the
IE of common materials IEPs40b.
Table 2-3. Isoelectric points of some materials40b
Material
Silica
Alumina
Titanium
Zirconia
Hematite
Calcite
Oil
Air

pH of IEP
2-3
8.5-9.5
5-7
7-8
7-9
8
3-4
3-4
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2.2.3 Interactions in Solution
The interaction of two surfaces in a liquid medium is usually dictated by the balance
between the London dispersion van der Waals interactions and the electrostatic repulsion due to
the overlap of the double layer of counterions, known as the Derjaguin-Laudau-VerweyOverbeek (DLVO) theory44. The central concept of the DLVO theory is that the total interaction
energy of two surfaces or particles is given by the summation of the attractive van der Waals
forces and repulsive electrostatic double layer force contributions.
The DLVO theory can explain the long-range interaction forces observed in a large
number of systems. However, when two surfaces approach closer than a few nanometers, other
non-DLVO forces come into play

44

. Non-DLVO forces usually refer to hydration forces,

solvation forces, membrane fluctuations, etc.
The hydration force is a strong short range force that decays exponentially with the
distance, D, between the surfaces41,

When K>0, there is a hydrophilic repulsion force, when K<0 there is hydrophobic
attraction force. The factor l is the correlation length of the orientational ordering of water
molecules41.
The solvation force is described by an exponentially decaying cosine function of the
form41,

Where
distance, D=0;

is the force per unit area,

is the force extrapolated to the separation

is the molecular diameter and D0 is the characteristic decay length41.
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2.2.4 Adhesive force
Adhesive forces between two surfaces originate from the molecular/atomic interaction in
the contact area. It is the force needed to separate two contact bodies, also called the “pull-off”
forces. It is described by,

Where

is the distance the two surfaces “jump” apart when they separate. This

equation is applicable even at the microscopic or molecular levels.
Electrostatic interactions, chemical bonds and hydrogen bonding can all contribute to the
adhesion between two surfaces. It is obvious that the adhesion force is highly sensitive to the
surface composition in the contact region. The long-range forces, such as van der Waals and
electrostatic forces outside of the contact area, also contribute to the adhesion force, but to a much
lesser extent.
Up till now, there are six proposed theories to explain adhesion, they are listed below45:
1) Physical adsorption: Physical adsorption involves van der Waals forces across the
interface. This includes the attractions between permanent dipoles and induced dipoles. The
potential energies of these interactions are all inversely proportional to the 6th power of the
distance of separation, which means they fall off rapidly with increasing distance45.
Table 2-4. Physical adsorption interactions and their potential energy45
Interactions
Permanent dipoles, µ1 and µ2

Dipole-induced dipole

Dispersion

Potential Energy
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(α is polarizability of molecules, I is ionization potential, r is the distance, ε0 is permittivity of a
vacuum)
2) Chemical bonding: the formation of covalent, ionic or hydrogen bonds across the
interfaces. The potential energy of two ions of charge z1e and z2e separated by distance r is given
by,

Here εr is the relative permittivity of the medium. Water has high permittivity, which
gives a low value of potential energy, therefore, water is a major problem with certain adhesive
joints.
3) Diffusion theory: polymers in contact may interdiffuse, the initial boundary will be
eventually removed. Interdiffusion takes place when the polymer chains are mobile45.
4) Electrostatic theory: if two metals are placed in contact, electrons will be transferred
from one to the other, so forming an electrical double layer, so that they attract each other 45.
5) Mechanical interlocking: an adhesive may enter the irregularities on a surface before
hardening45. This contributes to adhesive bonds with porous materials such as wood and
textiles45.
6)Weak boundary layer: clean surfaces can give strong bonds to adhesives, but some
contaminants such as rust and oils give a layer which is cohesively weak45.

25
2.3 Oil Sands Other Components

2.3.1 Minerals in Oil Sands
Inorganic minerals constitute at least 80% (by mass) of oil sands. The size distribution of
the mineral particles appears to be directly related to the bitumen content and defines the grade of
the oil sands ore8. High-grade ore is characterized by a very low silt and clay content, with 2%
and particle diameters in the 150-250 µm range. Medium-grade ore has a fines content of about
5% and grain sizes of 85 to 180 µm. Low-grade ore has very high fine sand and fine clay content,
nearly 60%with average grain sizes in the 44-110 µm range. The major groups of mineral
constituents of various Alberta oil sand deposits are listed in table 2-5.
Table 2-5. Mineral in Alberta oil sands8
Light Minerals
d<2.96g.cm-3
~99% of total

Heavy minerals

Quartz (most abundant), ~60-90+ %;
Clay minerals: kaolinite and illite;
Feldspar (small content with quartz);
Micas: muscovite, sericite, boptite;
Carbonates: siderite, dolomite, calcite, magnesite
Chalcedony: grains observed in larger-mesh fractions; Chlorite

Oxides, Silicates, Sulfides, Carbonates

d> 2. 96g.cm-3

Possible other minerals

Uranitite or carnotite, apatite, sphene, pentlandite, pyrrhotite,
cardierite, molybdenite, manganite, pyrolusite, psilomelane
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2.3.2 Clays in Oil Sands
In the oil sands industry, nano and microsize minerals, mainly clays are most
problematic46. These minerals may interact with the bitumen, solvent and water 47. They have a
small particle size, a high specific surface area, a large swelling capacity, and cation exchange
capacity 48.
Clays are a layer-structured mineral49. The basic building elements are two-dimensional
arrays of silicon-oxygen tetrahedra (T) and two-dimensional arrays of aluminum-or magnesiumoxygen-hydroxyl octahedra (O)49. Clay minerals have a high surface area and charge density.
Mutual interactions between organic materials, especially bitumen and clay minerals significantly
affect both extraction recovery and product quality. Such interactions are thought to result in clay
–organic complexes, which make the bitumen extraction process complicated. The
flocculation/dispersion behavior of clay minerals has been found to directly control the settling
behavior of the tailings. Clay minerals can also have major influences on the bitumen extraction
process by affecting water chemistry.
Kaolinite, illite, smectite and chlorite are found to be the major clay minerals in the
Alberta oil sands deposits, with the first two being the most abundant. Kaolinite, is a two-layer
phyllosilicate (plate) clay with the generic formula Al 4(Si4O10)(OH)8. It consists of alternating
layers of silicon oxides and aluminum hydroxides8. Kaolinite shows minimal swelling in water,
and its cation exchange capacity is relatively low49. Montmorillonite and kaolinite clays have
different surface properties. With a special plate structure, montmorillonite clays feature some
unique properties, such as high specific surface area, interlayer swelling, and a large adsorption
capacity of ions from solution49. Illite is a three-layer clay which consists of an aluminum
oxyhydroxide layer sandwiched between two silicon oxide layers.
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Liu and Masliyah et al.11 using Atomic force microscopy (AFM) measured bitumenmontmorillonite clay interactions and bitumen-kaolinite clay interactions. The bitumenmontmorillonite clay interaction is highly repulsive at solutions of pH 8.2 in the absence of
divalent atoms such as calcium. Calcium addition can depress the repulsive force barriers and
enhance the adhesion forces between bitumen and montmorillonite clay particles49. AFM studies
also show kaolinite clay particles coat bitumen in the presence of calcium, but again the repulsion
force decreases in zero at the presence of calcium49.

2.4 Bitumen Aggregates (Silica) Adhesion and Interphase Structure
Bitumen is a complex system of different constituents, made of hydrocarbons and heteroatoms. As mentioned earlier in this thesis, bitumen can be fractioned into four main chemical
families: saturates aromatics, resins and asphaltenes. The association of asphaltene sheets, which
are individually polycondensed aromatic structures containing heteroatoms and surrounded by
aliphatic chains, results in the formation of aggregates and micelles.
The non-asphaltene component of bitumen consists primarily of long carbon chains and
rings saturated with hydrogen. These make up the lightweight, oily or waxy fractions. These nonpolar molecules interact mainly through van der Waals forces.
Although bitumen is mainly composed of non-polar hydrocarbons, heteroatoms such as
nitrogen (N), sulfur (S), and oxygen (O) exist in bitumen molecules and trace amount of metals
are also present. These atoms introduce polarity into bitumen molecules. Even though they only
exist in small amount, they have significant effect on the properties of bitumen. The polar
molecules in bitumen can interact with each other on mineral surfaces (minerals are often referred
to as aggregates). Figure 2-4 shows the chemical structures of important functional groups in
natural and oxidized bitumen13.
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Figure 2-4. Examples of important chemical functional groups [1] naturally occurring and [2]
formed on oxidative aging13.

Ensley et al. 50 studied the formation of a structured interphase of bitumen molecules on
an aggregate mineral surface, by measuring the energy released using a sensitive
microcalorimeter. After observing an initial peak, there is an extended energy release 50. They
suggested that the initial peak might reflect the initial layer of molecules that adsorb onto the
aggregate surface50. Also, the bitumen molecules attached to aggregate sites can become further
polarized and the opposite ends serve as bonding sites for other bitumen molecules50.
The relative affinity of these functional groups for aggregate or mineral surfaces and their
relative displacement by water has been studied. Peterson and Plancher stated that carboxylic
acids and sulfoxides account for half of total chemical functionality in the strongly adsorbed
fractions51. These are hydrophilic aliphatic structures with no other polar functional groups, and
can easily be displaced by water. Polyfunctional molecules contain ketones, anhydrides and
nitrogen. Certain nitrogen compounds such as pyridine, pyrrolic, and phenolics types are strongly
adsorbed and are not easily desorb at high temperature, or cannot be easily displaced by water51.
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2.4.1 Bitumen Surface Properties
As mentioned above, bitumen consists of asphaltenes, resins, and saturated and aromatic
molecules. Extensive studies have been made in an effort to understand the role of various
components in the bitumen. For example, the zeta potential of bitumen was found to be a function
of solution pH, salinity and temperature. An iso-electric point (iep) of a bitumen emulsion was
found to occur at pH 3. The interfacial tension of bitumen was also found to be a function of pH
and temperature. The maximum interfacial tension of bitumen was observed in the pH range of
5~9. Clearly, polar groups could have an affect on bitumen properties and how they interact with
minerals. At low pH, the cationic surfactants on the bitumen surface are protonated to generate
cationic sites (RNH3+), which can interact with OH- groups on silica surface to induce a strong
adhesive force. [Langmuir, Vol 19, no 19,, 2003]At high pH, the dissociated anionic surfactants
(RCOO- and ROSO3-) dominate the bitumen surface, making it less adhesive to the OH- group on
silica surface.

2.4.2 Silica Surface Properties
Aggregates are composed of an assemblage of one or more minerals. They have an
ordered atomic arrangement or atomic lattices. Each atom is bound to neighboring atoms through
electrostatic coordination bonds. When aggregates are crushed or cleaved, the newly exposed
surface atoms are deprived of some of their neighboring atoms and some of the coordination
bonds are broken. These atoms seek to form new coordination bonds by either consequent
orientation adjustment of the crystal lattice, or by attracting contaminants such as water and
organics to the surface, such as those bitumen molecules with polar groups.

30
The largest mineral component of oil sands is sand and the most common constituent of
sand is silica (silicon dioxide, or SiO2), usually in the form of quartz7. The key characteristic of
the siloxane (SiOSi) surface of SiO2 is “residual valence”. The surface groups can react with
water at ordinary temperatures forming silanol (SiOH) groups52. The hydroxilated surface of
silica has a point of zero charge at a pH of about 2. At higher pH, up to about pH 6, the
concentration of negative charges increases but remains very low and then increases significantly
up to a pH of about 10.752. At pH 8-9, silica forms silicate ions, HSiO3-, this electrolyte is also
present in increasing amounts as the pH is raised52. These three main chemical groups of silica
surface are shown in figure 2-5.

Figure 2-5. The three main chemical groups of the silica surface, A. siloxane groups (Si-O-Si),
silanol groups (Si-OH), silicic acid groups (Si-O-). Silanol (uncharged) and siliclic (charged) acid
groups are hydrophilic, siloxane groups are hydrophobic (reproduced with permission from Ref
.61)53.

Silica with unbalanced surface charges possesses a surface energy. If the silica surface is
coated with a liquid of opposite polarity, the surface energy demands can be satisfied and an
adhesive bond will results12. Where two liquid phases are present, e.g. bitumen and water, the
liquid that can best satisfy the energy requirement will adhere most tenaciously to the silica12. The
presence of water causes the silica surface to exhibit a negative surface charge against a slight
negatively charged bitumen. This results in two negatively charged surfaces in contact and
repulsion is the result. However bitumen surfaces have various types of natural surfactants. At
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low pH, the cationic surfactants on the bitumen surface generate cationic sites, which interact
favorably with silica OH- groups. Clay particles also have a negative charge on their face but can
have a positive charge at their edge. As a result, at neutral or slightly alkaline pH in water, there is
repulsion between the electric double layers of the mineral particles and bitumen, balanced by
van der Waals attractions. The electrostatic force weakens as the pH of the medium decrease, and
adhesion forces then play a large role37, 54.
Carboxyl, sulfate, and amino groups on mineral surfaces also dissociate to form ions.
Adsorption of H+ and OH- ions can also leads to charges on these surfaces. The extent to which
these reactions proceed depends on the pH of the water in contact with the mineral surface.
Water with a high pH (high concentration of OH- ions) stimulates the dissociation of silanol
groups, and therefore causes the surface to become more negatively charged. At low pH levels
silica surfaces can be positively charged.

2.5 Atomic Force Microscopy

Atomic force microscopy works by scanning the sample surface using a sharp probe and
building a map of the height or topography of the surface as it scans 55. Figure 2.7 below is an
illustration of an Atomic Force Microscopy (AFM). It consists of three basic elements: a
piezoelectric scanner, a probe consists of a sharp tip and an electronic system for detecting the
tip-sample interaction and producing signals. The cantilever deflects due to the difference in
surface topography, and the deflection is measured by using a laser beam that is reflected from
the backside of the cantilever onto the split photodiode56. Understanding the forces acting
between the tip and the sample is important in understand AFM operations and the image contrast
mechanism56.
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Figure 2-6. A schematic drawing of an atomic force microscope44

2.5.1 AFM Cantilever
AFM cantilever is the most important part of an AFM. The sensitivity and quality of the
AFM image or force measurement depends strongly on the performance of the AFM cantilever.
Cantilevers are manufactured with different lengths, thickness, and shape. Their elastic spring
constants varies in the range between 0.01~50N/m. The AFM cantilever carries a sharp tip
(shown in figure 2.8), which is usually fabricated from silicon or silicon nitride in the shape of a
single rectangle or a triangle. Both are usually covered with a native oxide layer of 1-2nm
thickness56.
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Figure 2-7. SEM image of an Bruker AFM Scanasyst–Fluid cantilever with sharp tip5757[76]

The mechanical properties of cantilevers are characterized by their spring constant and
resonance frequency. To obtain a quantitative force measurement, the cantilever spring constant
needs to be calibrated. The accurate calibration of AFM cantilevers spring constant has always
been a challenge. Several methods are employed.
Hutter and Bechhofer proposed an elegant and widely used thermal method56. It is
implemented in many commercial AFMs. Thermal methods are based on models that link the
spring constant of the cantilever to the thermal mechanical vibrations that the cantilever
undergoes at thermal equilibrium58. They suggested measuring the intensity of thermal noise. The
fluctuations are characterized across a range of frequencies via the power spectral density, but the
measurement is dominated by thermal noise in the vicinity of the fundamental resonance
frequency59. The cantilever’s thermal motion was related to kBT, which is the equipartition
theorem for a single degree of freedom. If the cantilever is modeled as a harmonic oscillator, the
mean square deflection

due to the thermal fluctuations is given by 59,
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In practice, a force curve on a hard substrate is acquired first to characterize the
deflection sensitivity and then a noise spectrum of the deflection amplitude is taken. This
spectrum shows a peak at the resonance frequency, which corresponds to the first vibrational
mode. The first peak is fitted with a Lorentzian curve and its mean square deflection is obtained
by integration. For the first vibration mode this leads to,

with the correction factor β=0.971.

2.5.2 Colloidal AFM Probes
Microparticles can be attached to an AFM probe, and allows particle-to-particle or
surface adhesion force measurements. Colloidal probes are usually prepared by attaching the
particle to the apex of the AFM cantilever with an appropriate glue60. As the size of spherical
colloid probe is increased, the potential area of contact will also increase. In the case of a sphere
approaching a flat surface, the Derjaguin approximation can be simplified and the force F(D) as a
function of distance D is given by60,

Where, R1 is the radius of the probe sphere and W(D) is the interaction energy per unit
area as a function of distance. Because the force of interaction are proportional to the radius of the
interacting surface, it is necessary to normalize forces by dividing by the radius of curvature of
the probe60. However, for small spheres with radius of 10 and 20nm, the Derjaguin approximation
is likely to be invalid60.
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2.5.3 AFM Force Analysis
One of the major applications of AFM is the quantitative measurement of the interaction
forces between an AFM tip and a sample surface. As the tip of the AFM cantilever is brought into
and out of contact with a sample surface, a force curve is generated. The sample (or the tip) is
ramped along the vertical axis (Z axis) and the cantilever deflection δc is acquired. The tip-sample
force is detected by the deflection of the cantilever, which follows Hooke’s law. In order to reach
equilibrium, at each distance the cantilever is allowed to deflect until the elastic force of the
cantilever equals to the tip-sample interaction force39b,

AFM can measure attractive or repulsive forces between the tip and the sample. There are
strong repulsive forces between the tip and the sample when they are brought within a distance of
a few angstroms from each other. These forces are quantum mechanical in nature, and originate
in the Pauli forces between overlapping electron clouds. This mode is known as ‘contact mode’,
and the inter-atomic repulsive force is usually in the range of 10-7 to 10-11N. In contact mode
there is always a lateral (friction) force in addition to the repulsive force.
When the tip is not close (10-100 nm), long-range forces come into play, such as
attractive van der Waals, electrostatic and magnetic forces. This is called the “non-contact” mode.
The force resolution in this non-contact mode can be dramatically improved by vibrating the
cantilever near its resonance frequency, using a piezoelectric element.
To measure the adhesion force between a probe and a surface, a force-distance curve is
acquired. A typical force curve is shown in figure 2-8. When the probe gets close to the surface,
the cantilever will bend or deflect due to the surface forces. It bends towards surface when the
force is attractive and bends away if the force is repulsive61. As the sample comes close to
surface, the van der Waals (VDW) attraction bends the cantilever towards the sample61. When the
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gradient of the attractive force exceeds the spring constant of the cantilever the probe will jump
into contact with the surface. As the tip gets closer to the sample, the cantilever is deflected61. In
addition, the sample may undergo elastic or plastic deformations61. When the sample is retracted
from the tip, the cantilever moves with the sample and may even deflect towards the sample due
to the adhesive and capillary force till the tip break the contact with the sample61. The difference
between the minimum point of the “retrieval” force-vs.-distance curve and the non-touching line
is defined as the pull-out force, which is identical to the adhesive force when the capillary force
vanishes61. This behavior results in a curve of the cantilever deflection (usually measured in volt)
due to the forces experienced as a function of displacement of the piezo in the z-direction (usually
in nm)60. Cantilever deflection sensitivity needs to be calibrated to convert deflection raw data
into force. The distance controlled during the measurement is not the actual tip-sample distance
D, but the distance Z between sample surface and the rest position of the cantilever (the
displacement of the piezo). There two distances difference because of cantilever deflection δ c and
sample deformation δs,
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Figure 2-8. AFM deflection-displacement curve44

Table 2-6. General tip-sample interacting forces in AFM measurement42
Forces

Equation

Properties

van der

For a spherical tip with radius R and a flat
sample, the van der Waals potential VvdW
and force FvdW are given by42,

It is applicable for a sample and
tip of ~10nm scale in Atomic
Force Spectroscopy
measurement.
Depending on the shape of the
tip and the sample VvdW have
different power law with the
minimum distance between
sample and tip.

Waals(vdW)

Electrostatic
forces

Generated between a charged or Relatively long-range
conductive tip and sample which have comparing to vdW.
potential difference U,

force

is the dielectric constant

Capillary forces

A hydrophilic surface adsorbs water The basis of the capillary force is
molecules in ambient conditions and a the vdW forces among the water
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water layer forms on the surface. When tip molecule and atoms at the tip
is close to the water layer, a liquid bridge and the sample.
called meniscus if formed between tip and
sample. This meniscus causes and
attractive force called capillary force
between the tip and the sample.

Chemical force

The chemical force can be treated on the
basis of quantum mechanics, the chemical
bonding energy is described by the Morse
potential Vmorse,

Covalent forces are short range
(0.1-0.2nm),
their
bonding
energies are 100-300 kBT per
bond and these forces are
roughly 3-9nN.

Ebond is bonding energy, σ is equilibrium
distance and 1/k is the decay length.

Repulsive force

Paulo exclusion or ionic repulsion. As This repulsion force is short
atom approaches another atom, the electric range.
wave function will be overlapped and a
very strong repulsion will be generated
either by Coulomb force or Pauli
exclusion. In Lennard-Jones (LJ) potential,

Where is the depth of the potential well,
σ is the distance at which the force is zero.

2.5.4 Adhesion forces measured by AFM
Adhesion forces are measured as the pull-off force in AFM measurements. It represents
the sum of all the interaction forces occurring in the contact regime, including long-range forces
such as van der Waals and electrostatic forces, capillary forces, solvation forces, hydrophobic
interactions and steric interaction, or chemical bonding between surface groups41.
The magnitude of the adhesion between two surfaces is dependent on the contact area41.
In order to quantify adhesion force, contact deformation and the ranges of interactions between
the probe and the surface must be taken into consideration. Several models were developed to
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explain the relationship between adhesive forces and contact mechanics. According to the work
of Johnson, Kendal and Roberts (JKF theory), for a sphere –plane system, the adhesion (pull-off)
force can be related to the work of adhesion, contact area and mechanical compliance of the
interacting surfaces by41:

Where

is the radius of the probe sphere,

is contact radius. The parameter

is the work of adhesion per unit area and

is the sample deformation and

is the reduced

Young’s modulus for the system41. The JKF model applies for large probes with soft samples and
large adhesions.
For small tips with high Young’s moduli surfaces and low adhesion, the Derjaguin,
Muller and Toporov (DMT) model applies better41,

Both theories assume perfectly smooth surfaces when upon contact. However, in reality
surfaces have a certain roughness. Rabinovich et al. studied the effect of surface roughness on
adhesion forces, and determined that surface roughness values as small as 1.6nm rms would
significantly reduce adhesion values by as much as fivefold from that expected62.
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2.5.5 AFM force measurement in liquid media
Even though the spring constant k only depends on the material properties of the
cantilever and its geometrical dimensions, the viscosity of the surrounding media affects the
mechanical response of the cantilever63. The liquid viscosity is much higher than the viscosity of
air. The movement of a cantilever driven by an external oscillatory force

can

be described as a forced harmonic oscillator with damping63,

Here, z describes the vertical movement of the cantilever, m is its mass, and
(vacuum) resonant frequency and

is its free

is resonance frequency in a fluid, Q is a quality factor, and

the damping coefficient.
As a consequence of the large density of the surrounding liquid, the cantilever suffers an
increase of the effective mass by a factor of 10-40 and a corresponding decrease of the resonant
frequency63. The quality factor Q in liquids can be about two orders of magnitude lower than in
air63. The cantilever oscillation is inharmonic and asymmetric in liquids63.

2.5.6 Bitumen-Silica Interaction Studies using AFM
Bitumen and silica interactions in aqueous solution have been studied extensively using
atomic force microscopy (AFM). When the AFM probe approaches the sample surface, the longrang interaction force between the two surfaces is measured and the adhesion (or pull-off) force
can be obtained during the retraction process64.
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The classical DLVO theory, which only considers the electric double layer force and van
der Waals forces, was employed to analyze the measured long range interaction forces37, 64. In the
work of Liu and Masliyah et al., the van der Waals forces were calculated using the Hamaker’s
constants, which were reported as, bitumen 6 ×10-20, water 3.7 ×10-20, and silica 6.5 ×10-20J
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.

The combined Hamaker constant for the bitumen/water/silica system was reported as 3.3 ×1021 37

J . The electrostatic double layer force was calculated numerically by solving the nonlinear

Poisson-Boltzmann equation for both surfaces with constant surface potential as boundary
conditions37. However, a repulsive force is observed at 2-3nm range, which is not predicted by
DLVO theory, and it was claimed that, this steric repulsion originate from a brushlike surfaces or
small protrusions at the bitumen/water interface37.
Adhesion force between bitumen and silica were also measured in aqueous system using
the pull-off forces determined by the retracting AFM force profile37. It was reported that there is a
strong adhesion of 8 mN/m at pH 3.5, a drastic decrease of adhesion from pH 5.7 to 8.2, while the
adhesion went to zero at pH 10.537. The pH dependence of the adhesion force was attributed to
the dissociation of cationic/anionic surfactants at the bitumen/ water interface37.
Calcium ions are one type of divalent ions that exist in oil sand ore. Generally, the
measured long-range repulsive forces decrease with increasing calcium concentration. At pH
10.5, the long-range colloidal forces changed from repulsive to attractive with increasing calcium
addition, while the adhesion force changed from 0 to 8nN/m37. It was concluded that the long
range interactions between bitumen and silica (sand grains) in aqueous solution are controlled by
electric double layer forces37.
At Penn State, earlier studies using AFM demonstrated that the adhesive forces between
bitumen and silica are an order of magnitude less in the presence of an imidazolium IL than in
aqueous solution24. Figure 2-9 shows this earlier work. A colloidal probe was used for AFM force
measurement and the chart reports the adhesion energy, comparing Alberta, Utah bitumens and
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Ionic liquid and KCl solution24. In aqueous solution, the average adhesion energy was determined
to be 2.0mJ/m2, with an average pull-off force of about 14nN24. In the IL, the average adhesion
energy is only a fraction of this value, 0.1mJ/m2 with an average pull-off force of 2nN24. This
behavior was traced to the ability of ionic liquids to form charge layered structures on surfaces 24.
Electrostatic interactions between the mineral surfaces and ILs are the driving force for the
detachment of largely hydrophobic hydrocarbons24.

Figure 2-9. Colloidal probe used in AFM measurement; Adhesion energy distribution in KCl
solution (Orange) and Ionic liquid (Green) using Alberta, Utah bitumen, Silicon wafer 24. Solid
circles depict the average for different spots on each surface, the error bars depict the distribution
of adhesion energies at each of these spots, and the histogram heights depict the average adhesion
energy for each system.

Chapter 3 Bitumen Recovery Using Deep Eutectic Solvents
3.1 Summary
Oil or tar sands compose a significant proportion of the world’s known oil reserves. The
largest deposits are found in Canada and Venezuela, which have combined oil sand reserves
estimated to be equal to the world’s total reserves of conventional crude oil 65. Significant
quantities can also be found in Eastern Utah65.
Earlier work in our group shows that medium grade or low grade Canadian tar sand can
be readily recovered using ionic liquids and organic solvents at ambient temperature 23b. Ionic
liquids together with a nonpolar solvent such as toluene can effect a separation at ambient
temperature, and more than 90% of the bitumen can released from sand66.
There are major problems with using imidazolium ILs. They are expensive and toxic.
Rcently, a novel medium with similar properties to ionic liquids but with additional advantages
regarding cost, environmental impact and synthesis has been developed: deep eutectic solvents
(DESs). Formations of these solvents are easy and safe. These have many of the properties of
ionic liquids.
A DES is generally composed of two or three safe and cheap components which are
capable of associating with each other by forming hydrogen bonds36. The deep eutectic mixture
has a melting point that is a lot lower than that of each individual component 36. One of the most
widely used components for DESs is choline chloride (ChCl). Choline chloride is very cheap,
biodegradable and non-toxic quaternary ammonium salt. Choline chloride can form DESs with
hydrogen bond donor such as urea, carboxylic acids, and various alcohols. Compared to the
traditional ILs, DESs have some advantages such as 1) low price, 2) easy to prepare and handle,
3) most of them are biodegradable, biocompatible and non-toxic36.
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In initial work, a good separation was achieved using the deep eutectic solvent, 1:2 (mole
ratio) mixtures of choline chloride and urea, as will be described in more detail below. Choline
chloride and urea are both easily accessible, cheap and environmentally friendly, so would be a
better choice for separations than imidazolium IL. In this chapter, preliminary results
demonstrating recovery of bitumen from three different types of oil sands, Utah, Canada and
Kentucky, using deep eutectic solvent and naphtha at room temperature are presented.

3.2 Introduction
Oil sands are a mixture of bitumen, sand grains (quartz and clay minerals), water and
electrolytes8. The mineral composition of the sands is usually more than 90% quartz with minor
amount of potash, feldspar, chert and muscovite8. Clay minerals, which are predominantly
kaolinite, illite and a small amount of montmorillonite, appear in the fines fractions 8. Due to their
complexity, oil sands properties vary geographically8. Even in the same ore, oil sands
composition can be different8. Researchers have focused on several extraction parameters such as
solvent type, mixing time, oil sands to solvent ratio, contact time and oil sands ore grade11, 16.
As mentioned earlier in this thesis, oil sands can classify as: low-grade (poor) (6~8%
bitumen or even less), medium grade (8-10% bitumen) and high-grade (good) (>10%). The sand
in Alberta oil sands are water wet with the sand grains surrounded by a thin layer of water film
(10nm) and “glued together” with bitumen8. This “water-wet” nature of these oil sands allows
bitumen extraction with water-based extraction techniques. Sand grains in Utah’s oil sand ore are
“oil-wet” and therefore a solvent-based extraction technology is needed8.
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3.3 Materials and Experimental Methods
Medium-grade Canadian oil sands , Utah tar sands and low grade Kentucky oil sands
samples were used in this study. The Canadian oil sand was obtained from the Alberta Research
Council, while the Utah tar sand sample was provided by the Utah Geological Survey and
obtained from the Asphalt Ridge Area of Unitah County, Utah. Choline chloride (98+%) was
purchased from Alfa Aesar, and urea was obtained from Sigma. All samples were used as
received without further purification. Naphtha was obtained from Klean Strip and was used as
received.
FTIR spectra were obtained using a Thermo Scientific Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer. A wavenumber resolution of 2cm-1 was used, and 200 scans on
each sample used to obtain spectra. The spectra of oil sands and minerals were obtained using a
diffuse reflectance accessory. Samples were prepared by grinding with KBr in a Wig-L-Bug, and
spectra were referenced against pure KBr. Spectra of bitumen were obtained by casting the
naphtha solution onto a KBr window and evaporating the solvent in a vacuum oven.

3.3.1 Oil Sands Samples
Pictures of pieces of as-received Utah, Alberta and Kentucky samples used in this study
are shown in the figure 3.1. Alberta oil sands are small agglomerated particles, darker and sticky,
which indicates higher bitumen percentage, and Utah oil sands are rocky, and not easy to break
up. Their color tends to be more brown and yellow. Kentucky oil sands appeared to be lighter,
indicating lower bitumen content. The bitumen content of these samples was determined by
soxhlet extraction using toluene as a solvent and is reported in table 3-1. The Alberta oil sands
sample had the highest bitumen content, while the Kentucky sample had the lowest.

46

2 cm

Figure 3-1. Visual appearances of pieces of as-received Utah, Alberta and Kentucky samples
Table 3-1. Properties of as received oil sands samples
Samples

Grade

Appearance

Bitumen content

Utah

Medium Low-Grade

Rocky, brown to

7~9%

yellow
Alberta

Medium Grade

Black to dark brown

9~11%

Black sticks on hand
Kentucky

Low-Grade

Sand, brown

3~5%
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3.3.2 Preparation of Deep Eutectic Solvent Aqueous Solution
The preparation of choline chloride (ChCl) urea deep eutectic based ionic liquid was
carried out according to Abbott et al. The ChCl was mixed with urea at a 1:2 mole ratio, heated at
74°C, and stirred until a homogeneous liquid was obtained. The mixture remains a homogeneous
mixture upon cooling to room temperature. Table 3-2 shows the properties of choline chloride
and urea.
Table 3-2. Choline chloride, Urea properties
Materials

Choline Chloride

Urea

Melting Point

302 °C

133–135 °C

Molar mass

139.62 g mol−1

60.06 g mol−1

Appearance

White crystals

White solid

Chemical Structure

Deep Eutectic Point mole ratio
Deep Eutectic Point
Appearance

1mole Choline Chloride+ 2 mole Urea
12 °C
Colorless liquid at room temperature

3.3.3 Solvent Extraction Methodology
All initial separation was performed by mixing oil sand, DES and naphtha in the
proportions 1: 2: 0.5 by weight in glass vials at room temperature (~-25 °C). Weighed quantities
of oil sands of about 4g were used. The DES was added to tar sands first, followed by naphtha.
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Initially simply shaking the vial could achieve a degree of immediate but incomplete separation.
In subsequent work, experiments were conducted by stirring the mixture at room temperature
(25°C) for 5 or 10 mins.
After centrifugation for 5~15min at 1600rpm, three distinct layers were formed in the
settling mixture. The dark liquid phase in the upper portion of the vial was slowly pipetted from
above and collected as bitumen/naphtha layer. FTIR spectra of the sample were taken
immediately and the remaining dried and weighed. The middle layer contains some black oily
slurry on the top, and this layer was taken off and washed with water. The bottom sand layer was
washed with water and put into a vacuum oven then dried and weighed. The other separation
protocols will be described in the following section.

Successive Extraction
The slurry of remaining after removed of the hydrocarbon layer was mixed with some
additional naphtha, stirred for further 5 mins and centrifuged. The color of the bitumen layer was
lighter compared to the first extraction. Extraction was continued for several times until the
naphtha layer become only faintly yellow.

3.3.4 Determination of Bitumen Extraction yield
The bitumen extract yield was determined by the weight of dried extracted bitumen
divided by the original oil sands sample amount. After separation of the upper layer, the naphtha
bitumen solution was kept under vacuum and weighed until there was no further change in
weight.
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3.4 Results and Discussion

3.4.1 FTIR Characterization of thee oil sands sample
Typical IR spectra of the oil sands samples and their separated fractions are shown in the
following figures. Band assignments are given in table 3-3. All spectra show bands at identical
positions but their relative intensities vary.

Figure 3-2. FTIR spectra of oil sands samples in the frequency range between 400 and 4000 cm-1
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Bands due to minerals dominate the spectrum below 2000cm-1, with strong bands due to silica
near 1100cm-1, 800cm-1 and 500cm-1.

Figure 3-3. FTIR spectra of oil sands samples in the frequency range between 3500 and 3800 cm-1

Two sharp kaolinite bands at 3697 and 3620 cm-1 overlap the OH-stretching band of illite
near 3620 cm-1 band48. The band at about 3650cm-1 is attributed to a stretching vibration of one of
the hydroxyl groups of the clay mineral.

Figure 3-4. FTIR spectra of oil sands samples in the frequency range between 2800 and 3000 cm-1
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In the 3000-2700 cm-1 range, the absorbance at 2952, 2925, 2866 and 2854 cm-1 are
attributed to a stretching vibration of asymmetric –CH3, asymmetric –CH2- , symmetric –CH3 and
symmetric –CH2- , groups of the bitumen.

Figure 3-5. FTIR spectra of oil sands samples in the frequency range between 1200 and 2200 cm-1

The bands at 1460 and 1376 cm-1 are assigned to the deformation vibration of –CH2- and
–CH3, but they are strongly overlapped by overtone/combination modes of silica and clays.

Figure 3-6. FTIR spectra of oil sands samples in the frequency range between 800 and 1300 cm-1
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As mentioned above, the most intensive bands are observed near 1058, 1107 and 1162
cm-1. The latter two bands are due to silica, while the bands below 1100cm-1 due to clays.

Figure 3-7. FTIR spectra of oil sands samples in the freqency range between 400 and 1000 cm-1

The lower frequency modes near 800, 780 and 696cm-1 are characteristic of quartz, while
both silica and clays contribute to modes near 518 cm-1 and 471cm-1.
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Table 3-3. Infrared band assignment for the bitumen component of oil sands spectra
Wavenumbers(cm-1)

Relative intensity

Vibration

Chemical group

~3050

Vw

νC-H

Alkenes

2950

Vs

νasC-H

CH3 aliphatic

2930

Vs

νasC-H

CH2 aliphatic

2855

Vs

νsC-H

CH2 aliphatic

1700

W

νC=O

Aryl ketone

~1610

W

νC=C

aromatic

1460

S

δasC-CHn

CH3, CH2

1376

M

δasC-CH3

CH3

1020-940

W

νsC-O-C

aliphatic

720-860

W

δ C-H

aromatic

vw = very weak; w=weak; m=moderate; s=strong; vs= very strong
ν s = symmetric stretching vibrations; ν as= asymmetric stretching vibration; δs = symmetric

bending vibration; δas= asymmetric bending vibration

3.4.3 Vial Test Separation-Bitumen Recovery
Three types of oil sands, an Alberta oil sands sample, an Utah oil sands sample and an
Kentucky oil sands sample were evaluated. 4g of oil sands samples were used. The proportions
uses in this particular separation were 1 part of oil sands sample to 2 part of DES to 0.5 parts
naphtha. The mixture was stirred at room temperature for 5 mins and the separation observed
after centrifuging the mixture for 5 mins at 1600 rpm. The progression is shown in table 3-4. A
three-phase system is formed and can be clearly observed after centrifugation. The bottom layer
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consists of sand and clays suspended in DES, the middle layer contains the ionic liquid with a
small amount of dissolved or suspended bitumen particles and some mineral fines, and the top
layer is a naphtha/bitumen mixture.
Table 3-4. Bitumen recovery from different types of oil sands using deep eutectic solvent
Samples

Utah

Alberta

Kentucky

Oil Sands

Adding DES

Stirring for

Centrifuge 5 mins

5min

at 1600 rpm

Adding Naphtha
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The top bitumen layer was removed using a pipet. Upon evaporation of naphtha from the
bitumen layer, some entrained DES was observed in the bottom of the vial. After the naphtha was
fully evaporated, a small amount of water was added to the bitumen, to wash off and collect DES.
The dried bitumen was weighed to determine the bitumen extraction yield in the first step. The
DES/mineral layer was poured into another vial. Naphtha was added to bottom and middle layer
to extract remaining bitumen, however, more than 95% of the bitumen were extracted in the first
step.
Table 3-5. Bitumen Extraction yield
Sample

Extraction yield

Middle layer(fines)

Bottom(sand)

First step

Second step

Third step

Utah

9.5%

0.12%

0.18%

3%

84%

Alberta

11%

0.25%

0.75%

0.55%

88%

Kentucky

3%

0.75%

0.25%

1.75%

95%

3.4.4 IR spectroscopic studies of separated materials
1) First extraction hydrocarbon layer
After stirring oil sands samples, DES and Naphtha mixture for 5 mins, the mixture
centrifuged for 5 min at 1600 rpm. The top bitumen naphtha layer was taken out by pipette. Very
little amount was spread on KBr window, dried and prepared for FTIR spectra. Following figure
3-8 shows the IR spectra of oil sands sample extracted bitumen.
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Figure 3-8. FTIR spectra of extracted bitumen in the frequency range between 400 and 4000 cm-1
(red: Kentucky sample, blue: Alberta sample, green: Utah sample)

The spectra of all three samples bitumen are dominated by hydrocarbon bands in
3000~2800cm-1region, and in ~1400cm-1 region. Both kentucky and Utah oil sands have small
amounts of clays (peaks in 1000cm-1region), mainly kaolinite. For Kentucky in particular,
because of low bitumen content getting some fines in “oil” layer is not a surprise. Following
figure 3-9, 3-10 show the enlarge spectra region of 4000-2500 cm-1 and 2500-400cm-1.
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Figure 3-9. FTIR spectra of oil sands samples extracted bitumen in the frequency range between
2500 and 4000 cm-1

Clearly, hydrocarbons methyl and methylene CH stretch bands at 2952, 2922 and
2852cm-1 are dominate the spectra region. In Kentucky and Utah samples, clay kaolinite Al-OH
stretch bands are detectable at 3696 and 3618cm-1 but in a very small amount.

58

2000
0.40

1500

Kentucky
1458

0.35
0.30

1000

1611

500

1030
1001
468

1377

1678

535

0.25
0.20

Alberta

0.528
0.440
0.352
0.264
0.75

Utah

0.60
0.45
0.30
2000

1500

1000

500
-1

Wavenumbers(cm )

Figure 3-9. FTIR spectra of oil sands samples extracted bitumen in the frequency range between
400 and 2000 cm-1
In 2000-400cm-1 region, CH2 scissoring and CH3 bending bands at 1458 cm-1and
1377cm-1 are obvious. It can also be seen that the Kentucky sample is more oxidized, as shown by
the more prominent band near 1678cm-1. In Kentucky and Utah samples, the mineral bands
at1030, 1001, 535, 468cm-1 are detectable, which appears in very less or non-detectable amount
in Alberta sample.
2) Additional extraction hydrocarbon layer
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Figure 3-10. Utah additional second and third extraction hydrocarbon layer, the insert shows the
scale expanded 3500-3800 cm-1 region of the spectrum (very low intensity, but detectable in
FTIR)
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Figure 3-11. Alberta additional second and third extraction hydrocarbon layer
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Figure 3-13. Kentucky oil sands second extraction hydrocarbon layer
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3) Bottom sand layer

Figure 3-14. Bottom sand layer

4) Clay organic complex- DES layer
Upon removing the hydrocarbon layer from top layer, a floating black material was
observed, and it is hard to remove by pipelet. The picture of this layer is shown in Figure 3-15.
After wash with DI water and dried, the DRIFT spectra was taken, and shown as Figure 3-16
(Alberta sample) and Figure 3-17(Kentucky sample).
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Figure 3-15. Clay organic complex in the DES layer (Alberta samples), spectra of Alberta DES
middle layer after washed with water and dried. (clay-organic complex)

Figure 3-16. Kentucky Sample clay-organic complex (DES trapped)

Conclusions
Bitumen can be separated from Alberta, Utah and Kentucky oil sands using deep eutectic
solvents (DES, choline chloride and urea). This separation is enhanced by the presence of a
nonpolar solvent such as napthane. Approximantly, 95% of bitumen can be extracted in the first
step, and further one or two steps are needed to fully extract (100%). The separation can be
successed with different types of oil sands, including “water-wet” Alberta oil sands, “oil-wet”
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Utah oil sands and low-grade and hig fine content Kentucky oil sands. However, the separation
quality depends on oil sands sample properties, such as bitumen and fines content, process
condition, such as mixing time, centrifuge, and temperature. The separation steps does not require
water, but small amount of water is needed to wash off DES from sands after separation. DES is
easily accessable, less cheaper and more environmentaly friendly than ionic liquids, the
application can be further improved and extended for oil sands separation in larger scale.

Chapter 4

Bitumen Recovery using Different Proportion of DES Aqueous Solution

4.1 Introduction
A mixture of choline chloride and urea in a 1:2 molar ratio has a freezing point of 12 °C,
while the parent materials have freezing points of 302°C and 133°C, respectively. These mixtures
are called deep eutectic solvents (DES) or eutectic-based ionic liquids67. One of the most widely
used components of DESs is choline chloride (ChCl). Choline chloride is a cheap, biodegradable
and non-toxic quaternary ammonium salt. It can form a DES with hydrogen bond donors such as
urea, carboxylic acids, and various alcohols67. Although DES exhibit characteristics similar to
room temperature ionic liquids, the components of DES do not purely interact via ionic
interactions, but also through the formation of hydrogen bonds between the anion attached to
quaternary ammonium salt and the hydrogen bond donor68.

Figure 4-1. Formation of DES using choline chloride-urea69
It has been shown in previous work that a successful bitumen/oil sands separation can be
achieved by using ionic liquids with the aid of non-polar diluent, to lower the viscosity of the
bitumen 23b, 57, 66, 70. However, the high price and toxicity of conventional ILs are problematic for
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wide use in large scale separations. A mixture of choline chloride and urea (1:2 molar ratios)
would therefore be a good alternative to traditional ionic liquids. A good separation was obtained
with this type of deep eutectic ionic liquids, as shown in Chapter three.
Compared to traditional ionic liquids, DESs have some advantages such as 1) low price,
2) easy to prepare and handle, 3) most of them are biodegradable, biocompatible and non-toxic36,
67

. However, similar to ionic liquids, pure DES has a high viscosity that can be 20 -1000 times

above that of water at room temperature (ChCl-U room temperature viscosity is 855cP)36, 71. The
high viscosity of DESs is often attributed to the presence of an extensive hydrogen bond network
between each component, which results in a lower mobility of free species within the DES 36.
Furthermore, the large ion size and very small void volume of most DESs are a factor, as are
other forces such as electrostatic or van der Waals interactions36. Two efficient methods can be
used to decrease the viscosity: increasing the temperature, and dilution with water or other
solvents71.
Abbott et al. examined the viscosity of ChCl-U (1:2)72. The viscosity of ChCl-U is
strongly affected by temperature and decreases with increasing temperature
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. Owing to their

high viscosities, most DESs also exhibit poor ionic conductivities36. The Abbott group also
examines the conductivity of ChCl-U (1:2) (0.199mS cm−1 at 40 °C)

36, 72

. The conductivity of

ChCl-U increased significantly with increasing temperature and was strongly affected by the
composition of the DESs 72, 74.
Researchers also studied the effect of the addition of water on DES viscosity. When
diluting the pure DES by adding 10% (vol) of water to 90% (vol) water, the viscosity values
drops to ~50cP and 2cP68. Conductivity also increases with water content. For pure DES the
conductivity is of about 1mScm-1, and it increases with increase of water content up to about 65
mScm-1 at 50% by volume68. However, the conductivity decreases to ~32 mScm-1 when the water
content was increased to 90%68. The increase in conductivity with the initial addition of water is
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due to the increase in dissociation of CC in the solution. Once CC is completely dissociated,
further addition of water makes the solution more dilute, thereby reducing the conductivity.68.

Figure 4-2. Change in conductivity and viscosity of 2:1 U–CC DES with the addition of water.
(Reproduced with permission from ref.6885 Copyright (2012) IEEE)68)
In initial work, a good separation was achieved using the deep eutectic solvent, 1:2 (mole
ratio) mixtures of choline chloride and urea. Choline chloride and urea are both easily accessible,
cheap and environmentally friendly, and would be a better choice for separations than
imidazolium IL. In this chapter, preliminary results demonstrating the recovery of bitumen from
different types of oil sands, using water-urea-choline chloride mixtures and naphtha at room
temperature are presented.

4.2 Experimental Section

4.2.1 Preparation of Samples
Choline chloride (98+%) was purchased from Alfa Aesar, and urea was obtained from
Sigma. The chemicals were used as received, without further purification. The deep eutectic
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solvent (DES) was prepared according to the process described in the literature and described in
Chapter three of this thesis67. A 1:2 molar mixture of choline chloride and urea was mixed at
about 80 °C until a clear solution was obtained. Aqueous solutions of DES were prepared by
mixing deionized water with U–CC eutectic liquid mixtures in the volume range of 10–90%.
Medium-grade Canadian oil sands and Utah tar sands samples were used in this study.
The Canadian oil sand was obtained from the Alberta Research Council, while the Utah tar sand
sample was provided by the Utah Geological Survey and obtained from the Asphalt Ridge Area
of Unitah County, Utah. All samples were used as received without further purification. A
detailed description of the oil sands samples were presented in Chapter 3. Naphtha was obtained
from Klean Strip and was used as received.

4.2.2 FTIR Spectroscopic Characterization
FTIR spectra were obtained using a Thermo Scientific Nicolet 6700 Fourier transform
infrared (FTIR) spectrometer. A wavenumber resolution of 2cm-1 was used, and 200 scans on
each sample used to obtain spectra. The spectra of oil sands and minerals were obtained using a
diffuse reflectance accessory. Samples were prepared by grinding with KBr in a Wig-L-Bug, and
spectra were referenced against pure KBr. Spectra of bitumen were obtained by casting the
naphtha solution onto a KBr window and evaporating the solvent in a vacuum oven. All the
measurements were conducted at a lab temperature of 20±2°C.

3.3.3 Solvent Extraction Methodology
All initial separation was performed by mixing oil sand, DES/water and naphtha in the
proportions 1:2:0.5 by weight in glass vials at room temperature (20±2°C). Weighed quantities
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of oil sands of about 4g were used. The DES aqueous solution was added to tar sands first,
followed by naphtha. Initially simply shaking the vial could achieve a degree of immediate but
incomplete separation. In subsequent work, experiments were conducted by stirring the mixture at
room temperature (20±2°C) for 5 to 10 mins.
Centrifugation is needed to obtain a clear separation, 5~10min at 1600rpm. After
centrifugation, three distinct layers are formed in the settling mixture, as illustrated previously.
The dark liquid phase in the upper portion of the vial was slowly pipetted from above and
collected as the bitumen/naphtha layer. FTIR spectra of this layer were taken immediately after
evaporating of solvent. The middle layer contains some black, oily slurry on the top (a “rag
layer”), which is also separated and washed with water. The bottom sand layer was washed with
water and put into a vacuum oven then dried and weighed. The other separation protocols will be
described in the following section.

Successive Extraction
The slurry remaining after removed of the both hydrocarbon and rag layer was mixed
with some additional naphtha, stirred for further 5 mins or more and centrifuged. The color of the
hydrocarbon layer was light compared to the first extraction. Extraction was continued for several
times until the naphtha layer become only faintly yellow.

3.3.4 Determination of Bitumen Extraction yield
The bitumen extract yield was determined by the weight of dried extracted bitumen
divided by the original oil sands sample amount. After separation of the upper layer, the naphtha/
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bitumen solution was kept under vacuum, washed and weighed until there was no further change
in weight.

4.3 Results and Discussion

4.3.1 A 80% DES –water solution
4.3.1.1 Vial Test
Initial work was conducted on a 80% DES water solution. Figure 4-3 shows the original
Alberta and Utah oil sands samples and the process of mixing with the 80% ChCl-U aqueous
solution and naphtha. It can be seen that there is a separation of bitumen hydrocarbon layer from
mineral sands.
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Figure 4-3. Visual illustration of mixing and separation process of bitumen from Alberta and
Utah oil sands samples: A: original oil sands samples, B: oil sands samples in 80% DES aqueous
solution, C: Adding naphtha to vials, D: stir vials for 10mins, E: Sit 1min after stirring, F: Sit
5mins, G: Sit 10mins, H: Centrifuge 5 mins @ 1600rpm (Al: Alberta oil sands, Ut: Utah oil
sands) (20±2°C)

After stirring for a few minutes at room temperature (20±2°C), vials containing the oil
sands samples were allowed to stand and phase separation occurred in a few minutes as a result of
the immiscibility of the hydrocarbon and DES phases and their density difference. Visually, the
phase separation of the Utah oil sands appears to occur more readily than the Alberta oil sands
sample. Mechanical factors, such as stirring and centrifugation are very important for obtaining
clear separation and good extraction. It can be seen that phase separation is incomplete after 10
min under gravity alone, but gives a clear DES layer upon centrifugation.
After remove the top, “rag” and middle layer, additional extractions were performed. The
same procedure was followed as the first extraction. Usually, with the third time addition of
naphtha, the hydrocarbon layer became very light and very little bitumen was obtained. The
extraction yield of bitumen is reported in Table 4-2.
Table 4-2. Bitumen extraction yield of 80% DES-water treated Alberta and Utah oil sands for
10min
Sample

Extraction yield

Middle layer (fines)

Bottom (sand)

80% DES-water

First

Second

Third

Utah

8%

1.2%

0.6%

0.5%

87%

Alberta

10%

2.7%

1.5%

0.15%

81%

A longer stirring time (30min) was also tested; the first extraction yield of bitumen is
shown in Table 4-3. A slight increase in the yield of bitumen from Utah oil sands was obtained,
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but not for Alberta oil sands. There appears to be some hard to remove organics in oil sands that
requires additional solvent treatment to remove.
Table 4-3 Bitumen extraction yield of 80% DES-water treated Alberta and Utah oil sands for
30min
Samples

Bitumen extraction yield

Utah

(8.85 ± 0.64)%

Alberta

(9.03 ± 0.28)%

4.3.1.2 FTIR characterization of the separation products
Infrared spectroscopy was used to demonstrate the efficiency of the extraction. The
spectra of the Alberta oil sands hydrocarbon layer is shown in Figure 4-4. The separation appears
to be clean and no IR detectable amount of minerals was observed in the spectra (bands near
1000cm-1 and 500cm-1), which indicates a good separation. The characteristic hydrocarbon bands
in the 3000-2700 cm-1 range are strong. The absorbance at 2952, 2925, 2866 and 2854 cm-1 are
attributed to stretching vibrations of CH3 and CH2 groups of the bitumen. The bands at 1460 and
1376 cm-1 are assigned to the deformation vibration of –CH2- and –CH3 are also characteristic.
The spectrum of the mineral residue after the last extraction is dominated by
characteristic mineral bands (1000-400cm-1). Only a trace of hydrocarbon bands (3000-2700 cm1

) can be observed, which indicates nearly all of the hydrocarbon is extracted and separated from

the oil sands during this process.
The DES-water layer of the Alberta sample contained black clay-organic complex. The
spectrum of the black clay-organic material is shown as the DES layer spectra in the middle of
Figure 4-4. It contains characteristic bands of hydrocarbon (3000-2700 cm-1), clays, mainly
kaolinite (1000-400 cm-1, 3800-3500cm-1) and DES (3500-3000, 1700-1600cm-1). It is well
known that clays can stabilize a water/oil emulsion and it appears that they also stabilize a “rag

72
layer” of DES/oil containing material, stabilized by clay particles. However, as shown in Table 42, this layer is a very minor component of the separated materials.
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Figure 4-4. Alberta oil sands sample separation products FTIR spectroscopy (80% DES aqueous
solution): Top: hydrocarbon layer (bitumen naphtha) Middle: DES-water layer, Bottom: sand
mineral layer.
The DES middle layer was subsequently washed with DI water and dried. The spectrum
of this dried material is shown in Figure 4-5. The DES was removed by washing and the residual
materials was a clay-organic complex with weak characteristic kaolinite bands at 3697 and 3620
cm-1, and strong bands near 1000 cm-1, organic bands at 2953, 2925, 2853cm-1 and weaker silica
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mineral bands can also be clearly seen near 1180cm-1 and 800cm-1. Both clays and silica
contribute to the modes near 500cm-1.
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Figure 4-5. Alberta oil sands separated middle DES layer clay-organic complex. The inserts show
the scale expanded C-H region (3000-2700 cm-1) and kaolin region (3800-3500cm-1)
It is known that there is some toluene insoluble material in oil sands and this insoluble
material could be kerogen that is chemically attached to the clays, as these results would suggest.

4.3.2 Alberta oil sands separation with 25%, 50%, 75% DES (ChCl-U) aqueous solution
It is important for large scale separations to determine the minimum concentration of
DES in water necessary for a good separation. Accordingly, following the same procedures
described above, the Alberta oil sands samples were treated with 25%, 50%, 75% (wt%) DES in
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water. The mixtures were stirred for 10mins, and centrifuged. Figure 4-6 shows the separation
observed after centrifugation.

Figure 4-6. Treatment of Alberta oil sands (1part by weight), with DES/ water mixtures (2 parts)
and naphtha (0.5 part) after centrifuge. From left to right: 25% DES, 50% DES, 75% DES
(weight) (20±2°C)
The separation performed using 25%, 50% and 75% DES were at room temperature. The
components phase separated into a hydrocarbon phase (top), a DES-water phase (middle), and a
mineral phase (bottom) after centrifugation, as before. Due to the higher clay content of this
sample, the middle DES-water layer has a noticeable amount of suspended materials, as seen in
Figure 4-6. Visual examination of the vials indicates that the separation appears to clearer at a
75% DES content, although this does not show up as clearly in photographs due to the existence
of some clay in the DES layer.
The bitumen/naphtha layer was simply removed from the phase-separated mixture using
a pipet. The DES/water middle layer and the DES/mineral slurry at the bottom of the tube were
also separated by pipet. There is considerable amount of clay materials in the DES/water layer.
The DES/mineral slurry was washed with a small amount of water and dried in vacuum.
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The spectra of the bitumen after evaporation of naphtha are shown in Figure 4-7. Figures
4-8, 4-9 show an enlarged section of the CH stretching region (between 2700 and 3100 cm-1) and
the region below 1800 cm-1, where minerals absorb strongly.
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Figure 4-7. Comparison of FTIR spectra of Alberta oil sands samples extracted bitumen with
25%, 50% and 75% DES-water in the frequency range between 400 and 4000 cm-1 (Black: 25%,
Red: 50%, Blue:75%)
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Figure 4-8. FTIR spectra of Alberta oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 2700 and 3100 cm-1 (Black: 25%, Red:
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Figure 4-9. FTIR spectra of Alberta oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 400 and 1800 cm-1 (Black: 25%, Red:
50%, Blue:75%)

Three spectra are very similar, except for intensity differences due to sample preparation
(film thickness). Bands due to methylene and methyl groups near 1450 and 1370 cm-1 are
prominent in the 400 and 1800 cm-1 region. However, very weak bands near 1100, 800 cm-1 are
also observed, which may

indicate the existance of some minerals in the separated

bitumen/naphtha layer. However, sulfonate groups also absorb in this region and the strong
mineral bands near 500cm-1 cannot be observed. Bitumen from both Utah and Alberta have high
sulfur contents.
The first bitumen extraction yield of Alberta oil sands with different concentrations of
DES in water solution listed in Table 4-4. The yield ranges from 6.85% to 11.75% by weight. The
variability is not surprising given the highly heterogeneous nature of these oil sand samples, and
the relatively small amounts of sample used in laboratory extraction. In addition, there will be
differences due to variation in preparation and separation.

Each of these extractions was

therefore performed three times with certain DES-water solution.
Table 4-4. Bitumen extraction yield of different DES-water treated Alberta oil sands
DES

Alberta Bitumen Extraction Yield

content

First

Second

Third

Average

(wt%)

experiment

experiment

experiment

DI water

6.11%

7.60%

6.68%

(6.80±0.75)%

20% DES

10.05%

7.65%

7.50%

(8.40±1.43)%

25% DES

8.27%

8.34%

9.61%

(8.74±0.75)%

40% DES

6.85%

8.53%

8.21%

(7.86±0.89)%
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50% DES

11.75%

9.40%

9.14%

(10.10±1.43)%

60% DES

11.15%

10.50%

8.60%

(10.08±1.32)%

70% DES

7.06%

8.82%

8.74%

(8.21±0.99)%

75%

8.46%

8.74%

8.40%

(8.53±0.18)%

The concentrations of DES in the 50-60% range give the highest yield. In this regard, it
would be expected that there would be a balance between the high viscosity of concentrated DES
solutions and the stronger interactions of DES with mineral surfaces at higher concentrations. It
is interesting that the conductivity of DES solutions also reaches a maximum at a concentration of
50% in water, probably as a result of the same balance between ionic strength and viscosity68.
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Figure 4-10. FTIR spectra of residual sands from Alberta oil sands samples treated with 25%,
50% and 75% DES aqueous solution (Black: 25%, Red: 50%, Blue:75%)

Figure 4-10 compares the spectra of residual sands after the first extraction using 25%,
50% and 75% DES solution. The extracted material were first washed with water to remove
entrained DES and then dried under vacuum. Bands due to silica and clays dominate the spectra,
as shown in Figure 4-10 and the enlarged 1500-400cm-1 region of the spectra in Figure 4-11, in
part because minerals absorb far more strongly in the infrared than hydrocarbons. However,
hydrocarbon C-H stretching modes near 2900 cm-1 are visible indicating that the first extraction is
not complete. Figure 4-12 show the expended 2800-3800cm-1 region of spectra in Figure 4-10.
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Figure 4-11. FTIR spectra of residual sands from Alberta oil sands samples treated with 25%,
50% and 75% DES aqueous solution (Black: 25%, Red: 50%, Blue:75%), region 1500 to 400 cm1
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Figure 4-12. FTIR spectra of residual sands from Alberta oil sands samples treated with 25%,
50% and 75% DES aqueous solution (Black: 25%, Red: 50%, Blue:75%), region 2800 to 3800
cm-1

The hydrocarbon bands are weakest (relative to the mineral bands between 3600 and
3800 cm-1) in the 50% DES-water solution extraction. This is consist with the higher percentange
of bitumen recovery that was obtained with 50% DES-water.

4.3.4 Utah oil sands separation with 25%, 50%, 75% DES (ChCl-U) aqueous solution
The extent of phase separation of bitumen from Utah oil sands depends strongly on the
concentration of DES in the DES/water mixtures, as shown in Figure 4-13, where the layers are
allowed to separate by standing under gravity. Even after centrifuging, the extent of separation
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depends strongly on concentration, as shown in Figure 4-14. The three vials have DES/water
mixtures: from left to right: 25%DES, 50% DES and 75% DES (by weight). The 25% DES/water
mixture does not readily give a clear separation; even after centrifuging the DES/water phase
remains murky as the result of suspended minerals. The separation performed using 50% and
75% DES gave much cleaner separations, with the middle DES/water phase appearing
particularly clear at 75% DES content. The FTIR studies give additional insight into the quality of
the separation.

Figure 4-13. Treatment of Utah oil sands (1part by weight), with DES/ water mixtures (2 parts)
and naphtha (0.5 part) before centrifuge. From left to right: 25% DES, 50% DES, 75% DES (by
weight) (20±2°C)
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Figure 4-14. Treatment of Utah oil sands (1part by weight), with DES/ water mixtures (2 parts)
and naphtha (0.5 part) after centrifuge. From left to right: 25% DES, 50% DES, 75% DES (by
weight) (20±2°C)

Figure 4-15 compares the spectra of the extracts from the three separation. It can be seen
that the spectra of three bitumen extracts are dominated by the aliphatic CH stretching modes
between 2800 to 3000cm-1. However, in the spectra of enlarged region of 3500 to 3800 cm-1,
Figure 4-16, mineral fines bands kaolinite are detected, but in a very small amounts. They are
very weak in the original spectra, Figure 4-15.
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Figure 4-15. FTIR spectra of Utah oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 400 and 4000 cm-1 (Black: 25%, Red:
50%, Blue:75%). The region between 3500 to 3800 cm-1 enlarged in the figure 4-16.
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Figure 4-16. FTIR spectra of Utah oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 3500 and 3800 cm-1 (Black: 25%, Red:
50%, Blue:75%).

The mineral bands are weakest relative to the CH stretching modes in the extract from the
75% DES solution treatment, as can be judged by the lower ratio of the signal-to-noise in this
region of the spectrum.
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Figure 4-17. FTIR spectra of Utah oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 2700 and 3100 cm-1 (Black: 25%, Red:
50%, Blue:75%).

The spectra of the hydrocarbon stretching regions between 2700-3100cm-1 of three
samples are very similar, except for the intensity difference because of sample preparation (film
thickness). The characteristic C-H bands at 2952, 2824 cm-1 are observed. The 2867 and 2854cm1

bands are similar intensity, which is slightly different from what observed with Alberta samples,

indicating a different proportion of CH2 and CH3 groups in the Utah bitumen.
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Figure 4-18. FTIR spectra of Utah oil sands samples extracted bitumen with 25%, 50% and 75%
DES aqueous solution in the frequency range between 400 and 2000 cm-1 (Black: 25%, Red:
50%, Blue:75%).

The extraction yield of bitumen was listed in Table 4-5. The highest yield (10.7%) was
obtained with the 75% DES-water solution. This is in contrast to the Alberta oil sands, where a
maximum yield appeared to be obtained at 50-60% DES concentrations.
Table 4-5. Utah bitumen extraction yield
DES content

Utah Bitumen Extraction

(wt%)

First experiment

Second experiment

Third experiment

Average

DI water

7.80%

7.70%

7.34%

(7.61±0.24)%

25% DES

6.80%

9.30%

8.40%

(8.17±1.27)%

50% DES

7.86%

8.06%

8.45%

(8.12±0.30)%

75% DES

10.7%

9.50%

11.44%

(10.55±0.98)%
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Spectra of extracted oil sands were obtained using a diffuse reflectance infrared
spectroscopy. Bands due to minerals, predominantly carbonates, silicates, and clays, observed
near 1400, 1100, 800 and 500cm-1, absorb very strongly in the infrared and dominate the
“fingerprint” region between 2000 and 400 cm-1. Weak methylene and methyl CH stretching
modes between 2800 and 3000 cm-1 are also visible in the spectrum of the residual minerals,
inidicating that under these conditions extraction is not complete, although much of the bitumen
appeared to be removed.
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Figure 4-19. FTIR spectra of residual minerals after Utah oil sands samples treated with 25%,
50% and 75% DES aqueous solution in the frequency range between 400 and 2000 cm-1 (Black:
25%, Red: 50%, Blue:75%).
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4.3.5 Adding Polyacrylamide (PAM)
The clay or fine solids content of oil sand has been recognized as the most troublesome
component of oil sand. Residual clay was seen in extracts from Utah oil sands. Polyacrylamide
can interact with the clay and fines and bind the fine particles into clusters. To see if this additive
affects extraction, 30ppm amount of polyacrylamide were added to an Alberta oil sands
separation system. The separation process is shown in Figure 4-20. The middle layer clay fines
settle to the bottom of the vial at a much faster rate with the addition of polyacrylamide.
Nevertheless, centrifugation is still needed to obtain a clear separation. Further study need to be
conducted to find out the better choices of additives to the system, which can reduce clays and
fines suspension in the DES-water layer, and also reduce the fines in bitumen hydrocarbon layer.

Start

2mins

PAM

PAM

PAM

PAM

5mins
PAM

90
10mins

After Centrifuge

Figure 4-20. Comparison of polyacrylamide treated Alberta oil sand separation from non-added
Alberta oil sand separation (80% DES- water) (by weight) (20±2°C)
The spectra of three layers are all very similar to what we observed in earlier studies.
The bitumen extraction yield with or without PAM addition reported in Table 4-5. The bitumen
extraction yield is in the range of 6-9%. The middle layer clay materials might contain certain
amount of hydrocarbons, and further extraction can increase bitumen extraction yield by 1~2%.
Table 4-6. Comparison of bitumen extraction yield of PAM treated sample
Samples

DES

w/out PAM

w/ PAM

Hydrocarbon Middle

Sands

Hydrocarbon

Middle Sands

8.5%

1.12%

85%

Alberta

90% DES

8.5%

0.90%

86%

Alberta

80% DES

6%

0.99%

88.5% 9%

1.22%

83.7%

Alberta

70% DES

9%

0.77%

87.5% 8.75%

0.72%

90%

4.5 Discussion
The bitumen extraction yield of Alberta and Utah oil sands with different concentration
of DES are plotted in below Figure 4-21. For Alberta oil sands the higher extraction yield happen
around 50~60% DES range, while for Utah oil sands the highest extraction were obtained with
75% DES.
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Figure 4-21. Comparison of bitumen extraction yield of Utah and Alberta oil sands using
different concentration DES solution
Alberta and Utah oil sands have different properties. Alberta oil sands are characterized
with “water-wet” structure, which by means there is a thin layer of water between the sands and
the bitumen. In contrast, Utah oil sands are dry, in the absence of water, the bitumen is directly in
contact with, and bonded to, the sand particles. The absence of indigenous water in the Utah oil
sands and the strong bonding between sand and bitumen suggests that a more intense force may
be required in order to separate bitumen from sands, which also explains higher concentration of
(75%) DES solution might strong enough to promote the separation comparing to 50% and 25%
of DES solution.
Another important feature of the Utah oil sands is the substantially greater bitumen
viscosity in comparison to the bitumen viscosity form Canada oil sands. Literature reported that,
the viscosities of Utah oil sands bitumen can be one order of magnitude greater than Athabasca (
Canada) oil sands bitumen75. Except for that, fines content, clays minerals and particle size are
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different from each oil sands sample, which might also be one of the factors that affect the
separation efficiency.

4.6 Conclusion
Bitumen can be separated from Alberta or Utah oil or tar sands using DES/water mixture.
This separation is enhanced by the presence of a nonpolar diluent such as naphtha. Several
different concentration of DES-water were tested to evaluate DES concentration effect on
separation quality, all can achieve good separation of bitumen from sands, by which essentially
form three phases: top hydrocarbon layer, middle DES-water layer with some clays, clays-organic
matters, and bottom mineral sands layer. However, higher concentration of DES (50% or above)
can give more clear and better separation. Extraction will more complete with successive addition
of naphtha. It appears that bitumen extraction yields in excess of 90% can be obtained in the first
extraction step.

.
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Chapter 5

Using Atomic Force Microscopy to Study the Interactions Involved in
Bitumen Recovery

5.1 Summary
It has been shown in previous work that bitumen can be separated from Utah oil sands or
Alberta oil sands using an imidazolium based ionic liquid in conjunction with an organic solvent
at ambient temperature (20±2°C)23b, 66, 70. Essentially, a multiphase system consisting of a sand
and clay slurry, an ionic liquid layer, and an organic layer containing the bitumen can be
formed66.
Atomic force microscopy was used to show that the energy of adhesion between bitumen
samples (both Canadian and U.S. oil sands) and silica is about an order of magnitude smaller in
an ionic liquid medium than in aqueous solution, which explains why the bitumen sand separation
is more favorable in an ionic liquid media70a. Secondly, the IL forms a “phase barrier”, between
the sedimented minerals and the hydrocarbon layer, facilitating the subsequent separations 23b, 66.
However, imidazolium based ionic liquids suffer from several drawbacks such as high cost and
toxicity.
Compared to ionic liquids, deep eutectic solvents (DES) are cheap and much safer. They
can be used as alternatives to ionic liquids34, 73b. Similar to conventional ILs, they possess low
vapor pressure, high stability, a wide liquid-range, non-flammability, a wide-range
electrochemical window and tunable solvency76. They are also very cheap, due to the low cost of
raw materials and many can be easily prepared by mixing two solids. Moreover, many are based
on cheap, biodegradable, non-toxic, common agricultural chemicals and this makes them much
more economically viable for a large-scale process76.
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It was shown in Chapters 3 and 4 that DES can be used to separate bitumen from oil
sands. A nonpolar solvent (naphtha) was used to lower the viscosity of bitumen and allow
bitumen detachment from the sand23b, 66. The separation occurs at room temperature in a very
short time with the aid of a centrifuge.
Although the physical and chemical properties of DES are congruent to those of
traditional ILs, the structure of DES is different from that of traditional ILs, as the latter constitute
only discrete ions36. Accordingly some of the properties may differ. In this chapter, atomic force
microscopy is used to study the adhesion forces between bitumen and silica in deep eutectic
solvents and their aqueous solutions.

5.2 Introduction

5.2.1 Oil Sand Interactions
A prerequisite for recovering bitumen from oil sand is to detach the bitumen from sand
surfaces and to avoid bitumen/sand aggregation. However, releasing the oil from the sand surface
is difficult because of strong oil/sand interactions77. Except for surface interface interactions
between oil sands, capillary and viscous forces also need to be taken into account. The extent to
which these forces contribute to the strength of oil/sand aggregation depends on the composition
of the oil, the surface characteristics of the sand particles, and the degree of contact between the
oil and sand particles (temperature, time, moisture, etc.)78. Canadian oil sands, for example, are
water wet, with a thin layer of water between the bitumen and the sand. Utah oil sands, on the
other hand, are oil-wet, with no separating layer.
In addition to simple hydrocarbons, bitumen contains organic compounds with nitrogen-,
sulfur-, oxygen-bearing polar groups, metallic species, organometallic compounds, etc13. These
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complex chemicals change bitumen/sand/liquids interfacial properties. In “water-wet” oil sands,
bitumen can be detached from the sand at pH>6 at elevated temperature. At pH<6, strong
attachment between bitumen and sand is observed71. “Oil-wet” oil sands are difficult to process in
water-based bitumen extraction due to the lack of a water layer between the sand and bitumen.
Silica is usually the major component of sand, and the interaction forces between oil and
silica (bitumen and silica surface properties) play a key role in oil release
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. Silica with

unbalanced surface charges possesses a surface energy. If the silica surface is coated with a liquid
of opposite polarity, the surface energy demands can be satisfied and an adhesive bond will form.
When two liquid phases are present, e.g. bitumen and water, the liquid that can best satisfy
surface energy requirements will adhere most tenaciously to the silica. The presence of water
causes the silica surface to exhibit a negative surface charge against the slightly negatively
charged bitumen. This results in two negatively charged surfaces in contact and repulsion is the
result.
However, bitumen surfaces have various types of natural surfactants. At low pH, cationic
surfactants on the bitumen surface generate cationic sites, which interact favorably with silica
OH- groups. Clay particles also have a negative charge on their face but can have a positive
charge at their edge. As a result, at neutral or slightly alkaline pH in water, there is repulsion
between the electric double layers of the mineral particles and bitumen, balanced by van der
Waals attractions. The electrostatic repulsive force weakens as the pH of the medium decreases,
and adhesion forces then play a large role78b, 78d, 80.
Polyvalent metal ions, such as calcium or iron, adsorb onto the sand particles and
neutralize the negatively charged sand surface, resulting in heterocoagulation of bitumen with
sand fines11. It has been proposed by Bowman that carboxylic groups of organic acids at the
bitumen/water interface are un-ionized and hence uncharged at low pH81. At high pH, the
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carboxylic groups are effectively dissociated and the metal ions on the solid surface are present as
hydroxyls. The high negative charge on both surfaces makes separation more favorable82.
Bitumen-sand interactions are also particle-size dependent. The finer the particles, the
stronger the attachment80b. In addition, bitumen exhibits adhesive behavior at low temperatures80b.
Increasing temperature can reduces the viscosity of bitumen, which facilitates bitumen liberation,
and also increases the electrostatic repulsion between sand and bitumen by enhancing doublelayer repulsion forces80b. When bitumen viscosity is reduced, by either increasing the temperature
or diluting the bitumen with a solvent, the entrapped particles detach readily from the bitumen71.
Shear during slurrying is also an important factor in processing – without a certain amount of
mechanical energy, good bitumen recovery cannot be achieved83.

5.2.2 Ionic Liquids and Deep Eutectic Solvents
Ionic liquids are not conventional solvents. ILs are salts composed solely of ions and melt
at a low temperatures (below 100°C). Ions exert long-range Coulombic forces in every direction.
ILs behaves very differently at surfaces and charged interfaces than small ions in dilute solution.
These liquids engage in electrostatic interactions with the surface of sand and clay particles.
Researchers have shown that ionic liquids tend to form a multilayer in the vicinity of a
charged surface84. Atkin et al.30, 84a reported the existence of periodically ordered layers of ILs at
the bulk liquid/solid interface with mica and silica. Simone et al. 85 reported the direct observation
of solid-like ordering at room temperature of thin films of [bmim][NTf2] ionic liquid on mica,
amorphous silica and oxidized Si(110). Segura and Atkin et al. 86 used soft contact and amplitudemodulation (AM) AFM imaging to elucidate the structure of ILs adsorbed onto mica and the near
surface ion layers. They proposed a model for describing an IL interfacial structure, consisting of
three regions32, 87. The interfacial innermost layer comprises the layer of ions directly in contact
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with the surface of the other phase32, 87. It is well organized and enriched in one ion or the other,
depending on the nature of the second material32. The transition zone is the region over which the
strong interfacial layer structure decays to the bulk morphology. The thickness of this layer
depends on the spatial rate of change between interfacial and bulk structure32, 87. The third zone is
the bulk liquid32, 87.
Deep eutectic solvents have similar properties to ionic liquids. However, unlike
traditional ionic liquids, deep eutectic solvent in the liquid state are produced through freezing
point depression, where hydrogen-bonding interactions between an anion and a hydrogen bond
donor (HBD) are more energetically favored relative to the lattice energies of the pure
constituents. Deep eutectic solvents likely possess long-range order, as do ionic liquids88. The
transport properties in deep eutectics can be explained using hole theory, where ionic mobility is
governed by the availability of voids within the solvent that allow motion72, 89.

5.2.3 PeakForce Tapping QNM AFM
The PeakForce Tapping (Bruker instrument) operates similarly to the tapping mode used
previously, but avoids lateral forces by intermittently contacting the sample90. PeakForce Tapping
provides direct control of the maximum normal force of the sample and the oscillation is
performed at frequencies well below the cantilever resonance, usually at around 1-2 kHz.
Combining with the ScanAsyst (Bruker) feature, which automatically adjusts the scanning
parameters in real-time, the image is optimized and the probe and sample is protected91.
Figure 5-1 shows one cycle of the PeakForce Tapping curve. The time from point A to
point E is about 0.5ms. During the approach, the cantilever begins with a noncontact force (A) at
a discrete distance above the sample. The Z piezo pushes it downward until it touches the surface
(B), then continues to push until the cantilever reaches the setpoint, (C). The setpoint is a measure
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of the magnitude of the tip-sample interaction and is used to create a topographic image. After
reaching the peak force at point C, the piezo withdraws, pulling off the surface at point D, the
“maximum adhesion point”. Finally, the curve levels out again as the probe tip returns to its
original noncontact force value (E).

Figure 5-1. a) one cycle of the PeakForce Tapping curve. This process is repeated at every XY
pixel in the image, at a rate of typically 2000/sec. b) Resulting quantitative measurements
(Reprint with permission from ref 124)92

The Peak Force is measured at C, relative to the noncontact force, A, and is used as the
imaging feedback signal. As the probe is scanned over the surface, this signal generates a
topographic image. Adhesion is measured at D, relative to the noncontact force E, Young’s
modulus is obtained by fitting the DMT contact mechanics model to the retraction curve (C to D).
The area between the blue approach curve and the red retraction curve reflects the energy
dissipation. The distance that the tip indents into the sample is reported as deformation. During
the retraction process (the separation between the tip and sample), the molecules connecting both
the tip and the substrate are extended and stretched. The deflection of the cantilever as a function
of the AFM piezo displacement is recorded and then converted to force versus separation distance
curves.
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Figure 5-2. Schematic force-versus-separation curve obtained using PeakForce Tapping
Quantitative Nanomechanical Mapping (PET QNM) (Reprint with permission from ref 125)93.

PeakForce Tapping Quantitative Nanomechanical Mapping (PET QNM) allow the
concurrent capture of topography with a suite of nanomechanical maps (Young’s modulus,
adhesion and energy of dissipation). Figure 5-2 shows the schematic force-separation obtained
using PeakForce Tapping QNM. The separation/indentation axis is obtained from z-piezo
modulation by correcting with the respective cantilever deflection93. Peak Force is the difference
in force between point of maximum load and noncontact baseline and functions as the imaging
set-point93.

5.2.4 Atomic force microscopy (AFM) probes and their surface properties
The AFM probe is the heart of the atomic force microscopy technique. The probes
commonly used for AFM measurements are cantilevers with integrated tips of Si 3N4 or silicon.
Cantilevers are prepared with different lengths, thicknesses and shapes. Cantilevers spring
constants usually vary in the 0.01- 50N/m range.
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In the work presented in this thesis, both silicon nitride and silica probes are used, for
reasons discussed later. In this chapter, silica nitride probes are studied. Silicon nitride is widely
used as tip material, due to its excellent properties, such as high strength over a wide range
temperature, high fracture toughness, high hardness, outstanding wear resistance and good
thermal shock and chemical resistance, etc94. The silicon nitride surface usually consists of an
oxidized layer, due to the thermodynamic instability of silicon nitride in air 95. The oxidized
silicon nitride surface contains mainly two types of surface groups, silanol (Si-OH) and secondary
amine groups (Si2-NH), and the ratio of secondary amine (Si2-NH) groups and silanol (Si-OH)
groups is found to be vary from a few percent to equal amounts in the pHiep range 4.2-7.695. In
aqueous solution, silicon nitride can undergo a sequence of hydrolysis reactions96,
Si3N +H2O ═> Si2-NH + Si-OH
Si2-NH + H2O ═> Si-NH2 + SiOH
Si-NH2 +H2O ═> NH3(aq) + SiOH
Because both silica and silicon nitride have negatively charged surface groups, it is
postulated that both will give insight to the interactions that are important in extracting bitumen
from oil sands.

5.2.5 Bitumen heterogeneity and surface properties
Bitumen is a honey-like viscous material. Bitumen viscosity and its multiphase properties
introduce a lot of challenges in studies of bitumen adhesive properties, especially in this study
which involves viscous DES solutions and AFM. As discussed earlier, bitumen is a complex,
heterogeneous, dark, viscous predominantly hydrocarbon material, with a small amount of
heterocyclic species and functional groups containing sulfur, nitrogen and oxygen atoms 12. The
chemical composition of bitumen is extremely complex, but it usually can be separated into two
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broad solubility groups, asphaltenes and maltenes12. Using n-heptane to first precipitate
asphaltenes from toluene solutions, the maltenes can be separated into resins, aromatics and
saturates by chromatographic methods12. The properties and proportion of each fraction are listed
in table 5-1.
Table 5-1. Fraction of Bitumen and their properties12-13
Fraction

Characteristics

Proportion
in Bitumen

Molecular
weight

Asphaltenes

Black or brown
Amorphous solids
Highly polar
Complex aromatics

5~25%

800~3500

H/C
atomic
ratio
0.98 to
1.56

Particle
size
5~30nm

1~5nm
Dark brown
Solid or semi-solid
Polar
Strongly adhesive

Resins

Aromatics

Saturates

Naphthenic aromatics
Dark brown
Viscous Liquids
High dissolving ability
Straight, branch
aliphatic
Non-polar viscous oil
Waxy and non-waxy
saturates

30~45%

780~1400

1.38 to
1.69

40~65%

570~980

1.5

5~20%

470~880

~2

In addition, bitumen is regarded as a colloidal system, consisting of high molecular
weight asphaltene micelles or aggregates dispersed or dissolved in a lower molecular weight oily
medium12. The micelles are considered to be asphaltenes covered by high molecular weight
aromatic resins, which act as a stabilizing solvating layer. Depending on the quantities of resins
and aromatics presence, the bitumen can be ‘SOL’ types, in which the asphaltenes are fully
peptized with sufficient resins/aromatics, and ‘GEL’ type, in which the asphaltenes associate
together12. Most bitumens are of intermediate character.
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Bitumen heterogeneity and colloidal structure have been reported and studied by various
researchers 97. Based on the studies of Masson on bitumen morphology, bitumen can be classified
into several distinct phase groups which were labeled: catana, para, peri and sal-phase97a, 97b, as
illustrated in Figure 5-3. Different phases have different viscoelastic properties and stiffness,
corresponding to different chemical compositions 97-98. It is important to note that the size of these
phases is of the order of microns. The catanaphase can be assigned to the most rigid and most
polar bitumen fraction, the asphaltenes99, although not all asphaltenes form such a phase97a. The
periphase that surrounds the catana phase can be attributed to a blend of less polar material, the
resins and the aromatics (or the naphthene and polar aromatics)100. The paraphase, which is the
farthest from the most polar phase, can be assigned to the non-polar saturates100. The paraphase
becomes synonymous with domains rich in saturates or alkanes, and the periphase becomes
interchangeable with domains rich in alkylated cyclic structures100.
PDM is sensitive to sample-tip interactions that arise from differences in material
stiffness and surface adhesion. The phase images indicate that this mixture is not perfectly
homogeneous and that not all the hydrocarbons are mutually soluble at room temperature. It
highlights domains with different viscoelastic properties or stiffness. Researchers have also
studied Athabasca bitumen phase properties as a function of time. Athabasca bitumen comprises a
minimum of three phases at temperatures up to ≈260 K, four phases from ≈(260 K to 360) K,
three phases from (360 to 450) K, and two phases above 450 K during the first heating cycle101.
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Figure 5-3. PDM (phase detection microscopy) image of bitumen PC (15×15 µm), Catana, Para,
Peri and Sal-phase are illustrated. (Reprint with permission from ref 42)97a

Unlike Hogshead et al.
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who cast films from toluene, naphtha was used as a solvent in

this work. This is because toluene is more toxic and difficult to work with on a large scale, so
naphtha is preferred. However, this is likely to result in an additional phase separation of the
“heavy” asphaltene components.

5.2.6 DES (ChCl-U) viscosity
In addition to the complexity of bitumen composition and morphology, the high viscosity
of pure DES (ChCl-U) is one of the limiting factors in adhesion measurements. Similarly to
conventional ionic liquids, pure DES has a high viscosity that can be 20-1000 times above that of
water at room temperature71. The high viscosity of ChCl-U directly affects the AFM laser signal
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and cantilever performance, which leads to errors in force measurement. However, two efficient
methods can be used to decrease the viscosity: increasing the temperature, and dilution with water
or organic solvents. Using deionized water prepared DES aqueous solutions and study the effect
of the addition of water on the adhesion of bitumen with silica. This is also important from a
practical viewpoint. Large scale separations are more likely to be performed in DES aqueous
solutions.

5.3 Experimental Section

5.3.1 Materials
The bitumen samples used in this study were extracted from medium-grade Canadian oil
sands and Utah tar sands. The Canadian oil sand was obtained from the Alberta Research
Council, while the Utah tar sand sample was provided by the Utah Geological Survey and
obtained from the Asphalt Ridge Area of Unitah County, Utah. The bitumen was separated from
sand using deep eutectic solvent (choline chloride and urea), following the procedure described in
Chapter three. The procedure is as below:
a) Preparation of DES, mixing choline chloride and urea 1:2 mole ratio, and heating up
to about 80 °C until a clear, uniform liquid is formed.
b) Mixing the DES with deionized water at room temperature to obtain the required
DES aqueous solution.
c) Mix the oil sand samples, the DES aqueous solution and naphtha in the proportions
of 1:2:0.5 at room temperature.
d) Stir for 10 mins.
e) Centrifuge 15min at 1600 rpm.
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f) The components phase-separated into a sand/DES slurry, a DES aqueous layer and a
hydrocarbon layer.

5.3.2 Bitumen surface preparation
Mechanical-grade, single-side-polished silicon wafers were purchased from University
Wafer and used as the substrate for supporting a bitumen film prepared by the spin-coating
technique. Films were spin-cast from naphtha solution. The silicon wafers (2cm x 2cm) were
first washed with THF to remove organic contaminants, rinsed with de-ionized water, blow-dried,
and kept dry in an oven. Bitumen was dissolved in naphtha to a concentration of 1:3 weight ratio.
The resultant bitumen solution was centrifuged at 1200 rpm for 30min to remove all remaining
fine solids. About 0.1ml of the prepared bitumen solution was dropped slowly onto a silica wafer
and stabilize (dried), and afterwards spinning on the spin coater at 2000rpm for 20 seconds and
5000rpm for 1 minute. The spin-coated bitumen surface was dried in vacuum for 48h at room
temperature. Under optimal spin coating conditions, the bitumen-coated wafer has a black,
mirror-like appearance.

5.3.3 Surface force measurement (Atomic Force microscopy technique)
A Dimension Icon AFM (Bruker, USA) was used to measure the forces between bitumen
and probe particles. Nanomechanical peakforce tapping mode was used for force distance curve
measurements. Force measurements were performed in a fluid cell. The liquid used in this study
included deionized water with different concentration of DES (choline chloride and urea). After a
test liquid was injected into the liquid cell, the system was left to stabilize the laser.
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5.3.3.1 Choosing the right cantilever and AFM probe
As mentioned previously, the key component of the atomic force microscope (AFM) is a
cantilever with a tip[47]. In order to measure a stable force distance curve, the choice of
cantilever and proper tip is very important. Properties such as cantilever stiffness and resonance
frequency, tip shape and sharpness, and tip materials all need to be considered and adjusted for
the system to be studied102.
Several different types of probes were used in order to obtain a stable force-distance
curve. Because of difficulties involved in preparing colloidal probes and also the lack of
availability of silica coated AFM tips, initial experiments were conducted with AFM silicon
nitride probes (Scanasyt-Fluid, with 20nm tip radius dull tip). These have a negative surface
charge, just like silica. The parameters of the cantilever are listed in Table 5-2.
Table 5-2 Bruker Scanayst-Fluid and Scanasyst-Air probe
AFM cantilevers

Scanayst-Fluid

Scanasyst-Air

Resonant Frequency (kHz)

150 (100~200)

70 (45~90)

Spring Constant (N/m)

0.7 (0.35~1.4)

0.4 (0.2~0.8)

Length (µm)

70 (65~75)

115 (100~130)

Tip Radius (nm)

20 (60 max)

2 (12 max)

Tip materials

Silicon nitride

Silicon

Each tip was calibrated prior to the experiments. The calibration was performed as
follows:
1) Approach on a non-compliant part of the hard sample (silicon wafer), capture of a
representative force curve and update of the deflection sensitivity in the linear part of the
curve;
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2) Withdrawal and thermal tuning of the cantilever to calculate the spring constant;
To measure the adhesion force between a probe and a surface, a force-distance curve is
acquired. The force curve analysis was performed via the multiple curve analysis function of
Nanoscope Analysis (Bruker, Billerica, USA) and SPIP™ software (Image Metrology A/S,
Denmark). To ensure a representative force profile, force measurement were carried out at several
locations on the bitumen substrate for a given pair of bitumen substrate/silica probes. An average
value or a distribution of adhesion was reported.

5.4 Results and Discussion

5.4.2 Heterogeneous Nature of Bitumen
Bitumen is a viscoelastic multiphase material with colloidal microstructures consisted of
elastic solid aggregates and a viscoelastic matrix103. Bitumen components can be classified into
four classes of saturates, aromatics, resins and asphaltenes. The dispersed solid phase in bitumen
is mostly composed of high molecular weight asphaltenes, the matrix is a mixture of the maltenes
(saturates, aromatics and resins)103.
For the bitumen obtained from Utah oil sands, a representative force-distance curve
obtained in DI water is shown in Figure 5-4. In the force measurements, each force plot
represents the whole cycle of tip-substrate approach and retraction. When the tip is far away from
the surface, there is no interaction between tip and sample. As the tip approaches the substrate, a
jump-to-contact force (3nN, 20nm, attractive force) is observed. This behavior indicates longerrange or strong tip and sample attraction exist in DI water. After contact between the tip and the
sample, the deflection of the cantilever increased until it reached the maximum load (peak-force).
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After contact was made, the tip began to retract from the sample. The adhesion between tip and
sample resulted in a peak on the retraction force profile (17.5nN, attractive force).
The large hysteresis between the approach and retraction parts of the force curve
indicates a certain amount of nonelastic deformation. A large tip-sample separation regime after
the point of maximum adhesion is observed in the retraction part. The dissipation energy
therefore measures not only the adhesion energy between tip and surface, but also the work of
nonelastic sample deformation, together with the work to finally release the tip gradually from the
surface at increasing tip-sample distances. The tip is relaxed back to the interaction-free position
through a liquid like material, which via its viscosity exerts a dragging force on the tip. This force
counteracts the abrupt snap-off, and produces a gradual decrease of cantilever bending with
increasing separation93.
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Figure 5-4. Representative force-distance approach (red) and retraction (black) curves obtained in
deionized water using the SiN probe on Utah bitumen samples using AFM PeakForce QNM. The
approach/ withdrawal cycle was collected in water at 20±2°C.
Different types of force-distance curves were observed when measuring the adhesion
force between SiN tip and bitumen in DI water. The adhesion forces were scattered between
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values of -6nN to -20nN. However, the majority of the data was centered around -15nN. A large
tip-sample pull-off regime was observed for some samples after maximum adhesion was
observed in the retraction curve. This is a reflection of bitumen surface heterogeneity.
The observed force-distance curves are not identical for each set of tips and samples, but
can be separated into two different types. Representative of each are shown in Figure 5-4. The
majority of force-distance curve observed were similar to the blue curve (normal curves) in
Figure 5-5 and are characterized by an average 2~3nN pull-in force (20~30nm) and an average
14~18nN pull-off force. The retraction force curves back to a baseline position in the range
between 40~80nm of separation distance. The second type, is the black curve (which will be
called fat curves), which has an average 0.5~1nN pull-in force (80~100nm) and an average
8~10nN pull-off force. There is a very large tip-sample pull-off regime, which usually ends above
100nm. This can be explained by the soft or viscous nature of the phase being probed, so that the
tip penetrates into this softer region to a greater extent. In addition, due to the viscous nature of
the material, it cannot easily detach from this region. The adhesion force and corresponding
retraction force curve end position are shown in Figure 5-6. There are also several observations of
low adhesion force (8~12nN) and a small pull of region, which is shown in Figure 5-6.
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Figure 5-5. Representative force-distance approach and retraction curves obtained in deionized
water using the SiN probe at two different locations on Utah bitumen samples. The approach/
withdrawal cycle was collected in water at 20±2°C.
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Figure 5-6. The measured adhesion force and corresponding distance (where the attraction and
retraction curves meet) for bitumen samples and SiN tips
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To illustrate the force and pull-off region differences, Figure 5-6 was divided into four
regions. The horizontal scale represents the adhesion force, the vertical scale represents the pulloff region overall distance. “Normal” curves are located in the 14~20nN, 40~90nm region of this
plot. “Fat” curves are located in the 6~14nN, 90~140nm region. As mentioned earlier, there are a
few measurements that are located in the 6-14nN, 20-80nm region.
In spite of this obvious heterogeneity, for each type of bitumen-tip system the adhesion
force measurement is reproducible. It should be emphasized that multiple measurements at sites
around a given position on the film are made. A set of force-distance data for two different tips
are shown in Figure 5-7. It can be seen that although there is some scatter, most measurements of
the adhesion force are within 10% of the mean for a given tip/surface pair.
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Figure 5-7. Measured adhesion force and corresponding distance (each spot refers to one single
force curve measurement)

The tip-sample interaction is affected by the tip, the sample composition, modulus, and
the hydrophilic/hydrophobic or other interactions between the tip and the region of the sample
being probed. Although some minor contamination might occur during sample preparation and
handling, bitumen naturally has a complex surface composition and multiphase morphology and
this plays a role in the variability of the results. As discussed above, some studies indicate that
bitumen has several different phases, including the so-called catana and peri phases, which are
attributed to crystallized wax factions. The perpetua phase is usually characterized as a viscous
liquid93,

97-99, 104

. Each phase displays different mechanical properties (adhesive and stiffness

behavior) and softness, hardness and viscosities will vary depending on the chemical composition
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and structure of the phase. Large-size molecules - asphaltenes and resins – behave as solid-like
materials and have a higher stiffness105. Small size molecules - saturated and aromatics - are
regarded as a soft-matrix105. An observation of a 60% increase in the adhesion force from the peri
phase to the perpetua phase was reported in Fischer and Erina’s work using PeakForce Tapping
QNM93.

5.4.2 DES Solution
Initial experiments used pure DES and examples of the force-distance plots are shown in
Figure 5-8 below. The experiments were performed first in DI water (once the system was set
up), followed by using the same tip in pure DES (ChCl-U), once the laser signal stabilized. As
observed earlier, in DI water, there is a strong attraction force when the tip is close to the sample
and a jump-to-contact of average 2nN (attractive force, 40nm) was obtained. This was not
observed in the ChCl-U solvent. This indicates there is strong adhesion between bitumen and the
silica nitride probe in close contact in water, but not in DES. It is likely that electrostatic
attractions are being “screened” by the DES.
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Figure 5-8 Representative force-distance curves (black: in DI water, blue: in ChCl-U) collected
using the Scanasyst-Fluid probe on the Utah bitumen sample. The average adhesion force was
illustrated (in DI water: 18.71±0.68nN, in ChCl-U: 5.18±0.46nN , 72% reduction in adhesion in
DES comparing to DI water). The approach/ withdrawal cycle was collected in water at 20±2°C.

In contrast to the forces measured on approach, the withdrawal (retraction) curves
measured in pure DES are significantly different than those measured in the DI water. In DI
water, the average adhesion force (pull-off force) is around 18.71 nN (for this particular sampletip) and in the pure DES, the average adhesion force is about 5.18 nN, which indicates a reduction
of about 72% of the adhesion force in DES relative to DI water. The calculated dissipation energy
is nearly 53% less in DES than DI water.

5.4.2 DES Aqueous Solution
It is hard to obtain a stable force distance curve in pure DES (ChCl-U). The high
viscosity of the liquid results in an unstable laser signal drift during measurement. Therefore, the
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DES was diluted with measured amounts of deionized water and bitumen-tip interactions in a
series of different concentration of DES aqueous solutions were studied.
a) 90% Solutions
Typical force-distance curves (approach and retract) are shown in Figure 5-9. Around
3nN of attraction force was observed in DI water when the tip is approaching the bitumen
surface. This did not appear in the 90% DES solution. In addition, the adhesion force is at least
50% smaller in a 90% DES solution compared to DI water.
Using the same tip and bitumen sample, data was collected at several locations on the
bitumen film. A very small (2nN) adhesion forces were obtained at some locations. This might be
caused by bitumen structural heterogeneity, as discussed earlier. Another possibility is that some
bitumen or impurities became attached to the tip during the first measurement, contaminating it.
If so, it is not known if this would lead to an increase rather than a decrease in the adhesive force
(because bitumen on the probe would be “tacky” and adhere strongly to an equally tacky bitumen
surface). However, experiments at other concentrations, reported below, indicate that sample
surface heterogeneity is the main cause of the differences in measured adhesion forces.
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Figure 5-9. Representative force-distance curves (black: in DI water, red: in 90% ChCl-U
aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample. The
average adhesion force was illustrated (50% reduction in adhesion in 90% DES comparing to DI
water). The approach/ withdrawal cycle was collected in water at 20±2°C.

Loading force is also one of the important controlling factors during the measurement,
the bigger the loading force, the more the tip penetrates or indents into the sample, which affects
the measurement. However, a small loading force will result in an unstable or wavy force
distance curve, so it is important to find an appropriate range. In previous experiments, a loading
force of 18~20nN was used. The loading force was subsequently reduced to 9~11nN to prevent
damage to the sample, as well as to obtain a stable force distance curve. The following
experiments were conducted under a 9~11nN loading force.
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Figure 5-10. Representative force-distance curves (black: in DI water, red, blue: in 97%, 90%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.
The approach/ withdrawal cycle was collected in water at 20±2°C.

Experiments were done with a 97% DES aqueous solution and a 90% DES aqueous
solution. The representative force curves of this set of experiments are shown in Figure 5-10.
Black, red and blue curves represent the liquid environment of DI water, 97% DES and 90%
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DES, respectively. Several differences can be observed from the force curves. The difference
slope of approach curves indicates the difference in contact surface stiffness. At different spots
on bitumen surface, the stiffness is different, which further suggest the heterogeneity of the
bitumen surface. As can be clearly seen, there is a jump in force of about 3nN in DI water, which
does not appeared in 97% DES and 90% DES solution. The pull-off force in DI water is ~20nN,
while in the 97% solution, it dropped down to at around 1nN. It drops to 3nN in 90% DES
solution. The retraction curve in DI water is dominated with very large pull-off region comparing
to what observed in DES solution.
b) 80% Solutions
Some representative force-distance plots for 80% DES solutions with different tips are
shown in Figure 5-11 and Figure 5-12. First consider the data obtained with tip 3. The adhesion
force measured in water for this tip was shown earlier in Figure 5-11 and averaged 19.29nN.
Upon exchanging for DES, the adhesion force values dropped to an average of 2.28nN, about
12% of the value in water.
This experiment was then repeated with a different tip (tip 10) under 10nN loading force
and the first set of results is also shown in Figure 5-12. The adhesion force now averages 6.06
nN, relative to a water value of 18.67 nN, still 32% smaller than the value in water, but larger
than that measured with tip 3. However, the position of this tip was then changed and the second
set of results shown in Figure 5-12 (red curve) was obtained. The new average value is of the
adhesion force is 1.72 nN, about 10% of the value in water. Clearly, there are different regions of
the sample that give different values of the adhesion force that lie outside errors or the scatter of
the data. This is consistent with the heterogeneous nature of the surface found in other work,
referenced above. Nevertheless, in the presence of DES there is still a large decrease in the
adhesion force found in DES solutions relative to water.
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Figure 5-11. Representative force-distance retraction curves (black: in DI water, red: in 80%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.
The approach/ withdrawal cycle was collected in water at 20±2°C
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Figure 5-12. Representative force-distance retraction curves (black: in DI water, red, blue: in 80%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.
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Figure 5-13. Measured adhesion force and corresponding distance (each spot refers to one single
force curve measurement) in 80% DES-water

c) 70% Solutions
The data for 70% solutions is shown in figures 5-14. There is an average 60% reduction
in adhesion in 70% DES comparing to DI water.
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Figure 5-14. Representative force-distance curves (black: in DI water, red: in 70% ChCl-U
aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample. The
approach/ withdrawal cycle was collected in water at 20±2°C.
d) 60% Solutions
Compared to other measurements, a 60% DES solution study gave anomalous results.
While adhesion force in DI water averaged around 17.18nN, the adhesion force measured in 60%
DES was about 10.66nN. This is relatively large compared to other solutions in this concentration
range., However, there is about 1nN snap-in attractive force in approach curve, which wasn’t
obvious in other DES solutions (either no measurable force or one that is 0.2nN), This indicate an
attraction between this particular tip and sample. A 60% solution was only tested with one tip
and sample pair, so there is no enough evidence that might suggest the large adhesion observed in
60% DES is due to the solvent properties, but rather the difference was introduced by the surfaces
in contact, which is tip and sample surface.
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Figure 5-15. Representative force-distance curves (black: in DI water, red: in 60% ChCl-U
aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample. The
approach/ withdrawal cycle was collected in water at 20±2°C.

e) 50% Solutions
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The data for 50% solutions is shown in figures 5-16. There is an average 75% reduction
in adhesion in 50% DES comparing to DI water.
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Figure 5-16. Representative force-distance retraction curves (black: in DI water, blue: in 50%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.
f) 10% Solutions
Several measurements were performed in 10% DES solutions. A large reduction of
adhesion was observed and in some experiments and a typical plot is shown in Figure 5-17.
However, force curves with a larger pull-off regime were also observed, as shown in Figure 5-18.
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Figure 5-17. Representative force-distance retraction curves (black: in DI water, blue: in
10% ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen
sample.

Measurements were therefore made on a large number of 10% solutions with equally
variable results. This will be discussed below, but is probably related to bitumen surface
rearrangements that can occur at low DES concentrations.
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Figure 5-18. Representative force-distance retraction curves (black: in DI water, blue: in 10%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.

g) Other Solutions
Corresponding force distance measurements were also done in 40%, 30%, 20% DES
(ChCl-U) aqueous solutions. For every pair of bitumen/sample-tips, the force curve was first
measured in DI water, and afterwards measured in a DES aqueous solution, once the system laser
stabilized. The measured adhesion force and dissipation energy are reported in Table 5-4. The
ratio of the adhesion force in DES aqueous solution to that in DI water is reported in Table 5-5.
The average adhesion force and corresponding pull-off end distance are plotted in Figure
5-19. The black dots represent DI water and red dots represent DES aqueous solution (10-90%).
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Clearly, the black dots are centered in the >15nN, <90nm region, while most of the red dots are in
the <8nN, < 60nm region. Also, there are some force curves which have larger pull-off distance,
> 90nm. Both appeared in DI water and DES.
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Figure 5-19. The distribution of adhesion force and corresponding end position in DI
water(black)and DES-water solution(red)
Table 5-4. SPIP software analysis of force curves of different measurements in DI water and
DES solutions
Tips
1

2

3

Loading force(nN)

Adhesion force(nN)

Dissipation Energy(J)

H2O

11.70±0.09

10.67±0.49

(1.33±0.12) ×10-15

10%

11.66±0.15

3.82±0.34

(7.96±1.02) ×10-16

H2O

11.40±0.07

8.53±1.75

(1.04±0.30) ×10-15

10%

11.53±0.35

4.99±0.56

(1.25±0.13) ×10-15

H2O

11.60±0.10

12.61±0.33

(3.02±0.17) ×10-15

10%

11.22±0.15

4.01±0.29

(8.24±0.97) ×10-16

10%

11.30±0.17

3.88±0.36

(8.88±0.68) ×10-16
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4

5

6

7

8

9

10

11

12

13

14

15

H2O

11.89±0.17

8.01±0.87

(7.15±1.08) ×10-16

10%

11.56±0.16

4.04±0.41

(5.99±0.83) ×10-16

H2O

11.76±0.22

17.97±0.50

(8.31±0.39) ×10-16

10%

12.06±0.23

4.51±0.50

(1.76±0.20) ×10-16

H2O

11.92±0.16

19.25±0.46

(1.45±0.53) ×10-15

10%

11.61±0.24

7.31±0.46

(1.94±0.18) ×10-16

H2O

10.98±0.29

14.76±0.53

(7.42±0.40) ×10-16

20%

11.28±0.35

4.53±0.61

(1.80±0.22) ×10-16

30%

11.49±0.35

8.02±0.71

(3.99±0.45) ×10-16

30%

11.28±0.31

6.49±0.60

(2.74±0.28) ×10-16

H2O

11.76±0.17

19.21±0.45

(1.04±0.05) ×10-15

20%

11.88±0.53

8.94±0.79

(2.63±0.58) ×10-16

H2O

9.24±0.15

9.99±0.70

(3.99±0.45) ×10-16

40%

9.68±0.33

2.94±0.19

(9.54±0.79) ×10-17

H2O

11.42±0.13

17.67±0.32

(9.68±0.12) ×10-16

40%

11.63±0.33

6.98±0.45

(2.16±0.22) ×10-16

H2O

11.55±0.22

17.16±0.58

(8.07±0.62) ×10-16

40%

11.53±0.18

3.00±0.55

(2.10±0.72) ×10-16

40%

11.95±0.22

4.46±0.61

(1.72±0.20) ×10-16

H2O

11.16±0.20

13.37±0.70

(2.62±0.15) ×10-16

50%

11.86±0.71

1.93±0.26

(5.52±0.76) ×10-17

H2O

19.07±0.16

24.41±0.36

(2.29±0.08) ×10-15

50%

18.73±0.11

11.53±0.72

(1.27±0.13) ×10-15

H2O

12.11±0.26

21.26±0.75

(1.61±0.08) ×10-15

50%

10.78±0.47

2.88±0.78

(4.45±2.69) ×10-16

H2O

10.55±0.25

17.12±0.74

(7.54±0.64) ×10-16

50%

11.06±0.88

4.40±0.55

(1.08±0.87) ×10-16
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16

17

18

19

20

21

22

22

23

H2O

10.59±0.25

17.18±0.72

(6.66±0.62) ×10-16

60%

10.91±0.19

10.66±0.30

(1.85±0.37) ×10-16

H2O

11.81±0.24

15.85±0.84

(2.45±0.34) ×10-16

70%

12.12±076

5.97±1.04

(1.24±0.91) ×10-16

70%

11.85±0.26

4.08±0.66

(1.04±0.56) ×10-16

H2O

11.82±0.24

15.92±0.88

(2.51±0.33) ×10-16

70%

12.10±1.08

5.90±1.00

(1.02±0.36) ×10-16

H2O

11.53±0.17

15.18±0.65

(2.05±0.21) ×10-16

70%

11.82±0.30

3.99±0.70

(8.02±1.21) ×10-17

H2O

11.36±0.12

18.67±0.51

(1.16±0.08) ×10-15

80%

11.27±0.24

6.06±0.41

(4.37±1.12) ×10-16

80%

11.33±0.46

1.72±0.39

(2.90±0.34) ×10-16

H2O

18.93±0.17

19.29±0.81

(1.42±0.16) ×10-15

80%

19.32±0.24

2.28±0.42

(3.13±0.33) ×10-16

H2O

10.65±0.19

19.85±0.65

(8.74±0.54) ×10-16

97%

9.40±0.77

1.13±0.20

(1.56±1.12) ×10-16

90%

11.28±0.93

3.12±0.41

(1.45±0.03) ×10-16

H2O

17.98±0.16

26.14±0.98

(1.12±0.09) ×10-15

90%

18.12±0.33

12.48±0.61

(6.93±0.46) ×10-16

90%

11.91±0.23

3.97±0.54

(5.42±1.13) ×10-16

90%

12.17±0.42

2.90±0.26

(3.48±0.18) ×10-16

H2O

20.75±0.09

18.71±0.68

(1.43±0.08) ×10-15

100%

20.96±0.25

5.18±0.46

(6.73±0.22) ×10-16

100%

20.87±0.21

5.36±0.61

(5.72±0.36) ×10-16

The distribution of adhesion force and dissipation energy is shown in Figure 5-20. As
mentioned above bitumen is a complex material that contains many different chemical species,
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which can be generally classified into four main groups: saturated paraffin, cyclic naphthenicaromatics, resins and asphaltenes. Resin and asphaltenes are recognized as surface-active106.
Asphaltenes have a large variety of heteroatoms, including sulfur, nitrogen and oxygen, which
can either form acidic (sulfuric or carboxylic) groups or basic (amine) groups 106. These functional
groups can ionize and constitute polar groups at the bitumen-water interface. The interfacial
tension between bitumen and water has been measured as the function of time and results are
reported in the work of Chaverot et al.

106

. It suggests the presence of natural surfactants in

bitumen that are able to migrate to the bitumen-water interface and decrease the interfacial
tension. While bitumen is in DI water or either low DES concentration solutions, these surface
groups are active and unstable. However, with increasing DES concentration, the surface group
activities might be prohibited or decreased. Overall the adhesion force and dissipation energy is
reducing by at least 50% with addition of DES comparing to DI water.

Figure 5-20. Measured of adhesion force and dissipation energy with DES concentration
As mentioned previously, loading force will affect the degree of indentation and higher
loading force may lead to penetration to the sample. Table 5-5 listed the ratio of adhesion force
and dissipation energy between DES solution and DI water (normal curves) under different
loading force.

Under these circumstances, adhesion force and dissipation energy are both
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reduced at least 50% of what was measured in DI water. However, with lower loading force, the
decrease is more dramatic. The dissipation energy is reduced average around 70~80%, the
adhesion force is reduced around 50~60%. Even with a10% of DES concentration, more than
60% of reduction in adhesion force and 80% of reduction in dissipation energy were observed.
However, due to the lack of data points, we cannot conclude a quantitative relation between the
degrees of reduction in adhesion force or energy with the concentration of DES. But it is
important to note that at higher concentration, at or above 90%, a 90% reduction in adhesion
force is observed. Even with a low concentration of DES (10%), the adhesion force and energy is
reduced considerately in most test runs(>50%).
Table 5-5. A comparison of reduction of force and energy in DES solution using Utah bitumen
(Normal Curves)
Loading force

DES

Adhesion force reduction (%)

Dissipation energy reduction (%)

18~20nN

100%

72

54

71

60

90%

52

49

80%

88

78

50%

53

44

97%

94

82

90%

84

84

80%

68

81

52

75

63

84

63

69

10~12nN

70%

60%

48

*

72

50%

86

74

128
79

86

71

76

61

78

81

74

74

79

47

*

46

56

53

70

76

54

75

75

79

62

81

40%

30%

20%

10%

* Snap-in attractive force observed in DES solution

As described earlier, “fat” curves were observed in several sets of experiments. The ratios
of adhesion force and dissipation energy are listed in table 5-6. As analyzed previously, these
force curves are result of probing soft and viscose phase in bitumen. When the tip touches the
sample, the tip penetrates more easily. Some sample may stick onto the tip upon withdrawal,
which results in a larger pull-off distance. Even though, the reduction in force and energy are very
scattered, the reduction is force is obvious, around 40~60% and except for one observation, there
is a decrease in dissipation energy comparing to DI water, in the range 20~70%. This can be
explained in terms of the composition heterogeneity of these soft materials.
Table 5-6 A comparison of reduction of force and energy in DES solution using Utah bitumen
(“Fat” Curves)
Peak force

DES

Adhesion force reduction (%)

Dissipation Energy ratio (%)

10~12nN

10%

64

40

129

50%

68*

73

68*

68

46

120

50

26

43

40

* No (little) Snap-in force DI water

5.5 Discussion
Previous AFM work done by Hogshead et al. shows that, the average pull-off force is
14nN in aqueous solution but only 2nN in the IL in Utah samples. This is close to what we
observed an average of about 15nN in DI water and at about 1nN in 97% DES solution and 3nN
in 90% DES solution. However, the force curve retract curve differs. The probe appeared to
detach or separate from the films clearly in this previous work, with a clear jump-off in retract
force which is a straight line, as shown in Figure 5-21. The difference will be discussed below.
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Figure 5- 21. (a) Representative force−distance approach (red circles) and retraction (blue circles)
curves for the bitumen film from Utah oil sands collected in a 1 mM KCl aqueous solution. Inset
shows the adhesion histogram. (b) Representative force−distance approach (red circles) and
retraction (blue circles) curves for the bitumen film from Utah oil sands collected in the ionic
liquid (IL). Inset shows the adhesion histogram79.
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Figure 5-22. Representative force-distance retraction curves (black: in DI water, blue: in 50%
ChCl-U aqueous solution) collected using the Scanasyst-Fluid probe on the Utah bitumen sample.
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Comparing to Hogshead et al., the force curve observed is characterized by large
hysteresis between approach and retract curve, and large pull-off regime in retract curve, shown
in Figure 5-22. In the studies of Fischer et al on the quantitative mapping of mechanics of
bitumen using PETQNM AFM, similar differences in this force curve was interpreted in terms of
viscous properties of bitumen, which introduce additional dissipative effects. The large hysteresis
between the approach and retract parts of the force curve indicates a significant amount of
nonelastic deformation. There is a large tip-sample separation regime after the point of maximum
adhesion in the retract curve. The dissipation energy contains not only the adhesion energy
between tip and surface in contact, but also includes the work for nonelastic sample deformation
together with the work to finally release the tip gradually from the surface after the maximum
adhesion. The viscosity of bitumen exerts a dragging force on the tip, and this force counteracts
the abrupt snap-off force and produces a gradual decrease of cantilever bending with increasing
separation.

5.6 Conclusion
Peakforce Tapping Atomic force microscopy force measurements were used to measure
the adhesion forces (pull-off forces) between bitumen and a silicon nitride tip (which has an oxide
layer and has similar surface properties as silica) in deep eutectic solvents and its aqueous
solution. Less adhesion force and energy were observed for all DES aqueous solution compared
to what was measured in deionized water. In high concentration DES solutions (>80%), the
reduction is obvious, and is up to 80%~90%. In lower concentration DES (at about 10%, 20%) a
50% of reduction in adhesion force and energy is also observed. However, at lower concentration
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the results are more scattered, due to the unstable surface properties of bitumen when in contact
with water.
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Chapter 6

Using Colloidal AFM probe to Study the Interactions Involved in Bitumen
Recovery from Oil Sands

6.1 Summary
In chapter 5, the interaction forces between Utah bitumen and silicon nitride tips in deep
eutectic solutions were measured. Comparison was made between DI water and DES aqueous
solution for each set of measurement, and the results show that by adding DES the adhesion force
and energy will decrease by about 60~80% of what was measured in DI water. Additionally,
different types of force curves were observed due to the heterogeneous nature of bitumen.
The interaction forces between bitumen and colloidal silica particles are studied using
Atomic force microscopy in different solution environments will be studied in this chapter. A
colloidal probe can be prepared by attaching a colloidal spherical silica particle on the AFM tip.
With the calibration of AFM probe spring constant and deflection sensitivity, a force distance
curve can be measured upon the AFM probe approaching the sample and retracting from the
sample. The maximum pull-off force in the force distance curve was taken as a measure of
adhesion forces between the tip and the sample. Also the dissipation energy was calculated using
SPIP AFM software tools.

6.2 Introduction
In 1991, the colloidal probe technique was introduced by Ducker et al. and Butt 107. The
measuring principle of the colloidal probe technique is identical to that of a PeakForce Tapping
AFM, as outlined in Chapter 5.
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PeakForce tapping mode has been recently introduced as an atomic force microscopy
imaging mode. It can measure mechanical properties, including stiffness, deformation adhesion
and dissipation of the sample. In the PeakForce tapping mode, the cantilever is constantly moving
in the surface normal direction and a force-displacement curve is measured in each oscillation
cycle. The baseline force (zero) corresponds to the deflection of the free hanging cantilever when
the probe is not contacting the surface. The difference between the maximum force and baseline
force (peak force) is held constant by the feedback loop to make sure at each point the force
exerted on the sample is the same108.
At Penn State, earlier studies using AFM demonstrated that the adhesive forces between
bitumen and silica are an order of magnitude less in the presence of an imidazolium IL than in
aqueous solution70a. The results obtained in this earlier work are shown in Figure 6-1. A colloidal
probe was used for AFM force measurement and the chart reports the adhesion energy,
comparing Alberta and Utah bitumens in IL and KCl solution. In aqueous solution, the average
adhesion energy was determined to be 2.0 mJ/m2, with an average pull-off force of about 14nN.
In the IL, the average adhesion energy is only a fraction of this value, 0.1mJ/m2 with an average
pull-off force of 2nN. Note that the adhesion energy is plotted on a logarithmic scale, so that the
range of variability in the measurements taken at different points is very large. Equivalent
variability will be found in this work.
The reduced adhesion energy in ILs was traced to the ability of ionic liquids to form
charge layered structures on surfaces. Electrostatic interactions between the mineral surfaces and
ILs are the driving force for the detachment of largely hydrophobic hydrocarbons.
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Figure 6-1. Colloidal probe used in AFM measurement; Adhesion energy difference in KCl
solution (Orange) and Ionic liquid (Green) using Alberta, Utah bitumen, Silicon wafer (reprint
with permission from ref 89)70a. Solid circles depict the average for different spots on each
surface, the error bars depict the distribution of adhesion energies at each of these spots, and the
histogram heights depict the average adhesion energy for each system.

6.3 Silica probe and silica surface properties
A silica probe was prepared by attaching a silica spherical particle to the AFM probe. The
silica surface can by hydrophobic, when the surface chemical groups are mainly siloxane Si-O-Si
groups, or hydrophilic, when the surfaces expose silanol Si-OH groups53. The following Figure 62 illustrated several different functional groups that can exist on a silica surface.
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Figure 6-2. The three main chemical groups of the silica surface, A) siloxane groups (Si-O-Si), B)
silanol groups (Si-OH), C) silicic acid groups (Si-O-). Siloxane groups are hydrophobic, silanol
and silicilic acid groups are hydrophilic, uncharged and charged. (Reprint with permission from
ref 67 53)

The key characteristic of the siloxane (SiOSi) surface of SiO2 is “residual valence”52. The
surface groups can react with water at ordinary temperatures forming silanol (SiOH) groups52.
The hydroxylated surface of silica has a point of zero charge at a pH of about 2 52. At higher pH,
up to about pH 6, the concentration of negative charges increases but remains very low and then
increases significantly up to a pH of about 10.752. At pH 8-9, silica forms silicate ions, HSiO3-52.
Because both silica and silicon nitride have negatively charged surface groups, it is
postulated that both will give insight to the interactions that are important in extracting bitumen
from oil sands.
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6.4 Experimental Section

6.4.1 Materials
The bitumen samples used in this study were extracted from medium-grade Canadian oil
sands and Utah tar sands. The Canadian oil sand was obtained from the Alberta Research
Council, while the Utah tar sand sample was provided by the Utah Geological Survey and
obtained from the Asphalt Ridge Area of Uintah County, Utah. The bitumen was separated from
sand using a deep eutectic solvent (choline chloride and urea), following the procedure described
in Chapter three. The procedure was previously described in Chapter 5 and listed below:
a) Preparation of DES, mixing choline chloride and urea 1:2 mole ratio, and heating up
to about 80 °C until a clear, uniform liquid is formed.
b) Mixing the DES with deionized water at room temperature to obtain the required
DES aqueous solution.
c) Mix the oil sand samples, the DES aqueous solution and naphtha in the proportions
of 1:2:0.5 at room temperature.
d) Stir for 10 mins.
e) Centrifuge 15min at 1600 rpm.
f) The components phase-separated into a sand/DES slurry, a DES aqueous layer and a
hydrocarbon layer.

6.4.2 Bitumen surface preparation
Mechanical-grade, single-side-polished silicon wafers were purchased from University
Wafer and used as the substrate for supporting a bitumen film prepared by the spin-coating
technique. Films were spin-cast from naphtha solution. The silicon wafers (2cm x 2cm) were first
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washed with THF to remove organic contaminants, rinsed with de-ionized water, blow-dried, and
kept dry in an oven. Bitumen was dissolved in naphtha to a concentration of 1:3 weight ratio. The
resultant bitumen solution was centrifuged at 1200 rpm for 30min to remove all remaining fine
solids. About 0.1ml of the prepared bitumen solution was dropped slowly onto a silica wafer
spinning on the spin coater at 2000rpm for 20 seconds and 5000rpm for 1 minute. The spincoated bitumen surface was dried in vacuum for 48h at room temperature. Under optimal spin
coating conditions, the bitumen-coated wafer has a black, mirror-like appearance.

6.4.3 Surface force measurement (Atomic Force microscopy technique)
A Dimension Icon AFM (Bruker, USA) was used to measure the forces between bitumen
and probe particles. Nanomechanical peakforce tapping mode was used for force distance curve
measurements. Force measurements were performed in a fluid cell. The liquid used in this study
included deionized water with different concentration of DES (choline chloride and urea). The
procedure to obtain force curves is similar to the standard procedure of colloid force
measurement.

6.4.4 Particle Attachment
Colloidal silica particles of known radius were attached to the AFM probe and used to
obtain force distance curves under a liquid or solution, and hence measure the surface forces of
adhesion in both DESs and their aqueous solutions. Silica microspheres (average diameter 40
µm) purchased from Silicycle were used as models of sand grains for AFM colloidal force
measurements. Triangular shaped AFM cantilevers were purchased from Bruker. Scanayst-air
probes were used, which give stable force-distance curves. The cantilever’s properties are listed
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in table 5-2. The actual spring constant of the cantilevers was calibrated using the thermal tune
method with the Bruker Dimension Icon AFM instrument.
It was found that attaching a colloidal tip on the AFM probe is not trivial, but the
following procedure was developed:
1) Spread a small amount of 30mins set Permatex 84107 Permapoxy Extra Strength
30mins Epoxy on a glass slide
2) Spread a small amount of silica colloidal particles on another glass slide
3) Look for the glue edge and using the AFM contact mode engage the glue surface, and
pick up some of glue on the AFM probe. Be very careful about the AFM probe glue position.
4) Once the glue has been picked up, look for the desired silica colloidal particle and
engage using the contact mode.
5) Let the glue set at room temperature for 24h before use the colloidal probe.
This procedure is illustrated in Figure 6-3.

Figure 6-3. Top: AFM Probe (A), Probe approaching and touching glue (B), looking for silica
colloidal particle(C)Bottom: Approaching silica colloidal particle(D), picking up colloidal
particle(E), attached (F)
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A force measurement is made by ramping the probe and monitoring the cantilever
deflection as a function of cantilever displacement. The force curves were analyzed with the SPIP
software (Image Metrology, Lyngby, Denmark), which translates the cantilever deflection-piezo
extension/retraction data to force-separation profiles. The processing of the force curves includes
baseline and hysteresis corrections. To obtain a force value, the spring constant and deflection
sensitivity of the cantilever need to be calibrated. Several factors will affect the calibration:
difference in cantilevers, the position and size of colloidal particles, the position of the laser beam
and the quality of the laser beam reflection. After using several different methods for calibration,
thermal tuning was selected. The deflection sensitivity of the probe was first calibrated using a
silicon wafer in air, and thermal tuning used for spring constant calibration.
Direct comparison of adhesion forces is ambiguous because of significant variations in
the tip and sample surfaces, therefore, for further comparison we evaluate the ratio of adhesive
force in DES aqueous solution and DI water for each tip-sample system. For each test condition,
the measurement was performed at a number of different locations on the bitumen film to ensure
the measured profiles gave a profile of the sample as a whole (which is heterogeneous). All the
experiments were conducted at room temperature (20±2°C).

6.5 Results and Discussions

6.5.1 AFM Silica Colloidal Probe
A silica colloidal probe was prepared by attaching a 20 µm radius (on average) silica
bead on a Scanasyst-Air probe. The preparation process was illustrated in the Experiment section
of this chapter. The SEM image of colloidal silica particle attached probe is shown in Figure 6-4.
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Figure 6-4. SEM image of silica particles glued to AFM cantilevers.

Adhesion forces between silica colloidal probe and Alberta bitumen were collected from
using PeakForce AFM QNM force-distance mode under the liquid environment. Initially,
adhesion forces were measured for bitumen surface and tip in DI water, then under different DES
aqueous solution.
Because of the viscosity of pure DES and the difficulties encountered with the colloidal
probe system, it wasn’t possible to obtain a stable force-distance curve in pure DES. Therefore
experiments were only conducted at DES-water concentrations of 75% and 50%.

Figure 6-5. SEM Image of Tip 1, colloidal probe diameter 43.82 µm
Table 6-1 Characteristic of Tip 1
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Spring constant k (air)

0.44N/m

Diameter

43.82 µm

Deflection sensitivity (air)

30nm/v

The SEM image of colloidal silica probe used for 75% DES adhesion measurement is
shown in Figure 6-5 and the characteristic of this probe are listed in Table 6-1. Examples of
force-distance curves for the same interacting surface (Silica colloidal tip –Alberta bitumen
samples) in DI water and 75% DES aqueous solution are shown in Figure 6-6. The measured
adhesion force in DI water average around 18nN. However, the data was scattered with a
standard deviation of about 3nN, and a large pull-off region was observed after the snap-off of the
tip from the sample. This was previously explained as a result of the viscous and sticky properties
of bitumen. Nine different spots on each bitumen samples was tested in 75% DES aqueous
solution and the data is reported in Table 6-2 and Figure 6-7. The adhesion forces measured were
distributed between 1.5nN ~4.3nN, due to the heterogeneous surface properties of bitumen. The
average adhesion force is about 2.89nN, which is 85% smaller than the value observed in DI
water. The dissipation energy is also reduce up to 92%. The forces acting between the surfaces
causes the cantilever to deflect prior to their physcial contact. These repulsive forces are noticable
from the approach curves at the separation distance of 200nm, indicating the existance of longrange repulsive interactions between the two surfaces in the 75% solution.
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Figure 6-6. Representative force-distance approach curves (blue: DI water, red: 75% DES
aqueous solution) collected using the silica colloidal probe on the Alberta bitumen sample. The
approach/ withdrawal cycle was collected at 20±2°C.
Table 6-2. Measured adhesion force and dissipation energy using Tip 1 for Alberta bitumen in DI
water and 75% DES
Loading force(nN)

Adhesion force(nN)

Dissipation Energy(J)

7.47±0.07

18.73±5.46

(1.35±0.85) × 10-14

7.43±0.19

4.28±0.29

(1.39±0.07) × 10-15

7.92±0.32

4.13±0.35

(1.20±0.07) × 10-15

7.29±0.23

2.84±0.31

(1.09±0.05) × 10-15

7.29±0.31

2.72±0.28

(1.07±0.06) × 10-15

7.21±0.33

2.59±0.26

(1.10±0.06) × 10-15

7.29±0.25

2.80±0.32

(1.17±0.09) × 10-15

7.27±0.17

2.73±0.26

(1.20±0.09) × 10-15

7.29±0.25

1.48±0.42

(4.87±0.78) × 10-16

7.20±0.22

2.45±0.15

(9.83±0.50) × 10-16

Average

2.89

1.07× 10-16

Ratio

~0.15

~0.08

DI water

75%
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Alberta Bitumen in 75% DES Aqueous Solution
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Figure 6-7. Alberta bitumen in 75% DES aqueous solution, each column represents one data
collecting spot on the bitumen sample

The same procedure was applied to a 50% DES-water system. The approach and retract
plots are shown in Figure 6-8. The SEM image of the probe used and characteristics of this probe
is shown in Figure 6-9 and Table 6-3. The approach curve is different to that observed in 75%
solution. There is a light attraction force observed in deionized water, which has not observed in
the 75% solution measurement.
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Figure 6-8. Representative force-distance curves (blue: DI water, red: 50% DES aqueous
solution) collected using the silica colloidal probe on the Alberta bitumen sample. The approach/
withdrawal cycle was collected at 20±2°C.

Figure 6-9. SEM Image of Tip 2, colloidal probe diameter 54.36 µm
Table 6-3. Characteristic of Tip 2
Spring constant k (air)

0.44N/m

Diameter

54.36 µm

Deflection sensitivity (air)

30.5 nm/v

Table 6-4. Measured adhesion force and dissipation energy using Tip 2 for Alberta bitumen in DI
water and 50% DES
Loading force(nN)

Adhesion force(nN)

Dissipation Energy(J)
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1.52±0.05

5.80±0.14

(1.34±0.08) × 10-15

2.29±0.26

0.96±0.25

(3.90±1.13) × 10-16

2.33±0.35

1.60±0.14

(4.51±1.03) × 10-16

2.35±0.38

1.62±0.09

(5.52±1.04) × 10-16

2.33±0.35

1.56±0.10

(4.96±0.96) × 10-16

2.37±0.16

1.67±0.08

(5.04±0.56) × 10-16

Average

1.48

4.79× 10-16

Ratio

~0.27

~0.36

DI water

50%

The measured adhesion force and dissipation energy data is reported in Table 6-4.
Several different spots were measured in 50% DES solution and the average adhesion force is
about 1.48nN, which is 73% less than what observed in DI water. The dissipation energy is also
reduced, up to 64% of the value observed in DI water.
A second set of probe and Alberta bitumen samples were also studied in 50% DES
solution. Figure 6-10 and Table 6-5 show the characteristic of this probe.

Figure 6-10. SEM Image of Tip 3, colloidal probe diameter 36.28 µm
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Table 6-5. Characteristic of Tip 3
Spring constant k (air)

0.44N/m

Diameter

36.28 µm

Deflection sensitivity (air)

37.5 nm/v

The measured adhesion force and energy of several locations in DI water and 50% DES
are shown in Table 6-6 and Figure 6-11. The average adhesion force is about 6.21nN in 50%
DES, which is 67% less than what was measured in DI water. Dissipation energy is reduced up
to 85% in this set of experiment.
Table 6-6. Measured adhesion force and dissipation energy using Tip 3 for Alberta bitumen in DI
water and 50% DES
Loading force(nN)

Adhesion force(nN)

Dissipation Energy(J)

5.05±0.20

18.94±3.72

(9.30±3.46) × 10-15

5.41±0.58

5.73±0.92

(1.03±0.27) × 10-15

5.30±0.71

6.05±1.18

(1.16±0.40) × 10-15

5.22±0.52

4.73±0.26

(6.98±0.97) × 10-16

5.53±0.56

8.13±0.68

(2.35±0.32) × 10-15

5.42±0.44

6.41±0.82

(1.51±0.28) × 10-15

Average

6.21

1.35× 10-15

Ratio

~0.33

~0.15

DI water

50%
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Alberta Bitumen in DI water and 50% DES
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Figure 6-11. Alberta bitumen in DI water and 50% DES aqueous solution, each column
represents one data collecting spot on the bitumen sample

Utah bitumen sample was also characterized. The SEM image of the colloidal probe is
shown in Figure 6-12, and the characteristics of the probe are listed in Table 6-7.

Figure 6-12. SEM Image of Tip 4, colloidal probe diameter 34.36 µm
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Table 6-7. Characteristic of Tip 4
Spring constant k (air)

0.77N/m

Diameter

34.36µm

Deflection sensitivity (air)

31.5 nm/v

There was about a 93% of reduction in the adhesion force and a 91% reduction in the
dissipation energy in 75% DES solution, relative to DI water and a 80% reduction in adhesion
force and 88% reduction in dissipation energy at 50% concentrations. The data and force curves
are shown in Table 6-8, Figure 6-13 and Figure 6-14.
Table 6-8. Measured adhesion force and dissipation energy using Tip 4 for Utah bitumen in DI
water and 50% DES
Loading force(nN)

Adhesion force(nN)

Dissipation Energy(J)

4.78±0.10

17.22±2.87

(6.90±1.41) × 10-16

4.70±0.12

16.04±3.96

(8.04±2.64) × 10-16

4.74

16.63

7.47× 10-16

4.95±0.17

1.22±0.17

(6.71±0.92) × 10-17

5.41±0.16

1.26±0.26

(6.49±0.99) × 10-17

4.80±0.45

1.04±0.18

(6.04±1.00) × 10-17

4.86±0.16

1.05±0.14

(7.07±1.08) × 10-17

5.01

1.14

6.58× 10-17

~0.07

~0.09

4.81±0.80

3.12±0.58

(6.87±2.00) × 10-17

5.30±0.78

3.52±0.62

(1.03±0.26) × 10-16

5.06

3.32

8.59× 10-17

~0.20

~0.12

DI water

75%

average

50%

average
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Figure 6-13. Representative force-distance approach curves (blue: DI water, red: 50% DES
aqueous solution) collected using the silica colloidal probe on the Utah bitumen sample. The
approach/ withdrawal cycle was collected at 20±2°C.

Utah bitumen in DI water, 75%DES and 50%DES
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Figure 6-14. Utah bitumen in DI water, 75% DES and 50% DES, adhesion force and dissipation
energy
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6.5 Discussion
Table 6-9. A comparison of reduction of force and energy in DES solution using Alberta and
Utah bitumen
Bitumen

DES solutions

Adhesion force reduction (%)

Dissipation Energy reduction (%)

Alberta

75%

85

92

50%

73

67

50%

67

85

75%

93

91

50%

80

88

Utah

6.6 Conclusion
Atomic force microscopy force measurements were used to measure the adhesion forces
(pull-off forces) between bitumen and silica colloidal probe in deep eutectic solvents aqueous
solution. The force curve observed can reveal by several different properties of the system: the
surface heterogeneity from the difference in approach curve slopes, the reduction of adhesion
force from the retract curve, and the bitumen viscoelastic properties from the large pull-off region
from the retract curve. The adhesion force is reduced up to 90% in 75% DES solution both with
Utah and Alberta bitumen comparing to DI water. In 50% DES, the adhesion force reduction is
about 70~80%.
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Chapter 7

Summary and Future Work

Summary
The separation and recovery of oil or tar from sand (or other minerals) is a problem in a
number of industries and crucial to the mitigation of environmental disasters, such as those
associated with oil spills. Oil or tar sands compose a significant proportion of the world’s known
reserves. The largest deposits are found in Canada and Venezuela, which have combined oil sand
reserves estimated to be equal to the world’s total reserves of conventional crude oil. Canada’s tar
sands now provide the U.S. with more than one million barrels of oil a day. Significant quantities
of tar sands (estimated to contain 32 billion barrels of oil) can also be found in Eastern Utah in
the US.
In work completed at Penn State, it has been shown that certain ionic liquids, ILs, can be
used to separate bitumen from tar or oil sands and oil from beach contaminated sand. Ionic
liquids (ILs) consist entirely of ionic species, they have outstanding chemical and thermal
stability, a very low degree of flammability and negligible vapor pressure. However they are
expensive and toxic to the environment, which prohibits their large scale use. Fortunately, with
the discovery and development of new types of ionic liquids analogues, deep eutectic solvents
(DES), many of these problems can be solved. These solvents have many of the same properties
as conventional ILs, but are cheaper and environmentally compatible. The work reported in this
thesis shows that they can achieve a good separation of bitumen from oil sands when used with a
diluent such as naphtha.
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The separation followed the same procedure as the imidazolium IL based separation. It is
conducted in conjunction with a non-polar solvent to lower the viscosity of the tar or bitumen and
facilitate separation. The separation occurs at room temperature and is easily achieved after
stirring for a short time and centrifugation to speed the settling. Essentially all of the bitumen is
recovered in a very clean form, with no detectable mineral fines, which interact preferentially
with the IL, and no contamination from the IL. The residual minerals (sand) are also recovered in
an uncontaminated form after removing residual IL with small amounts of cold water.
The work of chapter three showed that medium grade Canadian oil sands, Utah oil sands
or low-grade Kentucky oil sands all can be cleanly separated using this method. It was shown in
Chapter 4 that aqueous solutions of DES at concentration of 20% or more work as well as more
concentrated solutions or pure DES. The water lowers the viscosity of the DES, helping the
separations, but a certain concentration of DES is required to obtain a clean and clean separation.
We have found that aqueous solutions of DES (>10%) work as well as more concentrated
solutions or pure DES. This work was illustrated in chapter four. By adding water, the viscosity
of DES is reduced. A multiphase system- consisting of consisting of sand and clay slurry, a DES
layer, and an organic containing the bitumen- can be formed. However, certain concentration of
DES is required to obtain clear and clean separation, in that at lower concentrations there are
more clays in the IL layer and a “rag layer” is formed.
The separation of bitumen from oil sands is governed by the interfacial relationships
between the components-bitumen, minerals and its separating medium phase (aqueous phase,
ionic liquid phase or deep eutectic liquid phase). In order to understand the separation process,
the energetics of the interfaces between the components, the presence of ions, the effect of the
charges present, and the influence of variables such as ionic strength and solution pH need to be
considered. Atomic force microscopy can be used to measure forces between an AFM tip and a
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material surface and estimate the interfacial energies in the solutions where ionic strength and
other variables are changed systematically.
The initial AFM work reported in chapter five used a silicon nitride (~20nm) AFM probe.
The results clearly show that, in DES aqueous solution, at ambient temperatures, the adhesion
forces is reduced up to 60-90% comparing to DI water. Colloidal silica particle AFM probes
(silica with a larger radius) were used in chapter six. Colloidal silica particles of known radius
were attached to the AFM probe and used to obtain force distance curves in DES solutions, and
hence measure the surface forces of adhesion. It can be concluded that this reduction of the force
of adhesion is a major factor in the relative ease of separation observed in DESs. The formation
of an ion/charge layers on the top of an immersed surface in DES play an important role in the
reduction of adhesion forces comparing to DI water.
There are several advantages of using DES based ILs over conventional hot water
processes and they are summarized in Table 7-1.
Table 7-1. Comparisons of Several Bitumen Extraction Processes
Extraction Process

Hot (warm) water Extraction

Oil sands selectivity

Alberta or Canadian oil sands (“water-wet”), Utah oil sands or “oilwet” are difficult to process with this method

Temperature

Above 50°C, increasing temperature not only reduces viscosity to

requirement

facilitate bitumen liberation but also increases the zeta potential of
silica to enhance the repulsion between silica and bitumen

Necessary additives

NaOH, increasing pH or solution alkalinity will favor bitumen
liberation
Naphtha is needed in froth processing step

Solid fines in bitumen

Detectable solid fines
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or bitumen quality
Water consumption

High, tailing pond toxicity is an big environmental concern

Problems

High energy and water consumption, environmental concerns

Fundamentals

Surface tension of bitumen and wettability of the sand particles,
electrostatic repulsion/attraction

Extraction Process

Ionic Liquids based Extraction

Oil sands selectivity

Alberta or Canadian oil sands, Utah oil sands (both “water-wet”, “oilwet”),

Temperature

Room temperature, slight heating might help with extraction (not yet

requirement

studied systematically)

Necessary additives

Non-polar solvent (usually naphtha due to the low toxicity) to dilute
viscous bitumen which enhance the separation

Solid fines in bitumen

Non-detectable fines in FTIR studies

or bitumen quality
Water consumption

Low, water is not necessary for the separation and only needed for the
wash of ILs from mineral sands, which is relatively easy, because
majority of ILs are water-soluble.

Problems

ILs price and toxicity

Fundamentals

Electrostatic interactions between ILs and mineral surfaces (ILs charge
layering)

Extraction Process

Deep Eutectic solvent based Extraction

Oil sands selectivity

Alberta or Canadian oil sands, Utah oil sands (both “water-wet”, “oil-
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wet”), Low-grade Kentucky oil sands
Temperature

Room temperature, slight heating might help with extraction (not yet

requirement

studied systematically)

Necessary additives

Non-polar solvent (usually naphtha due to the low toxicity) to dilute
viscous bitumen which enhance the separation

Solid fines in bitumen

Non-detectable fines in FTIR studies

or bitumen quality
Water consumption

Low, water is not necessary for the separation and only needed for the
wash of ILs from mineral sands, which is relatively easy, because
majority of ILs are water-soluble.

Problems

DES viscosity might be problematic in large scale extraction, additives
which can reduce DES viscosity and as well improve the separation
need further investigation

Fundamentals

Electrostatic interactions between DESs and mineral surfaces (DESs
charge layering)

Extraction Process

Deep Eutectic Solvent-Water based Extraction

Oil sands selectivity

Alberta or Canadian oil sands, Utah oil sands (both “water-wet”, “oilwet”)

Temperature

Room temperature, slight heating might help with extraction (not yet

requirement

studied systematically)

Necessary additives

Non-polar solvent (usually naphtha due to the low toxicity) to dilute
viscous bitumen which enhance the separation
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Solid fines in bitumen

Non-detectable fines in FTIR studies

or bitumen quality
Water consumption

Medium to low, depends on the ratio of DES-water.

Problems

DES to water ratio are oil sands sample dependent, need to optimize to
achieve best separation efficiency regarding the different oil sands
samples used

Fundamentals

Electrostatic interactions between DESs and mineral surfaces (DESs
charge layering), addition of water can reduce DES viscosity and might
also improve the electrostatic interactions between DES and mineral
surfaces

Future Work
The separation quality depends on oil sands sample properties, such as bitumen content
and fines content and size, and separation process condition, includes solvent ratio, temperature
and mixing time. These factors need to be further investigated to optimize the separation quality.
The maturity of AFM colloidal probe force measurement techniques in a liquid
environment is an important development, but the colloidal probe attaching techniques need to be
improved in order to precisely control the position of the sphere on the probe, and the preliminary
calibration (spring constant and deflection sensitivity) of the AFM probe.
Several challenges need to be considered and improved in AFM work, from the selection
of the tip to the collecting of force-curves. Force measurements depend on the AFM tip material,
the tip radius and the smoothness of the contact surface and all experimental operating parameters
need to be well controlled. In addition, deep eutectic solvents are viscous and it is not easy to
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stabilize a viscous system, because the laser light drifts during the process. This suggests that less
precise force measurement data will be obtained for concentrated systems.
Since the smoothness of the contact area is important for force measurement, preparing a
smooth enough bitumen sample is a prerequisite. Also this sample should be representative of
bulk bitumen properties. Bitumen is a very viscous honey-like materials. During earlier AFM
measurements, it was observed quite often that the tip was contaminated with bitumen, which
leads to errors and an apparent adhesion force decrease. As mentioned in earlier chapters,
different types of solvents might affect the phase behavior of bitumen, especially the asphaltenes
component. This can result in different phase behaviors or introduce heterogeneity while
preparing samples.
A silicon dioxide colloidal probe with larger size can be regarded as an ideal
representative of sand or quartz in oil sands. However, the actual sands in oil sands are different
in shape and surface structure from the colloidal silica particles that were used. In the work of Liu
et al., sands, clays, fines or even bitumen attached to the AFM probe and the forces were
measured in aqueous solution. In future work, interactions between different mineral parts,
including sand (silica), clays, fines and bitumen should be measured quantitatively DES solutions
by using this technique. Additives, which can enhance the separation and promote the liberation
of bitumen from sands, also need to be further investigated.
The work in this thesis all based on one type of deep eutectic solvents, choline chloride
and urea mixtures. There are different types of deep eutectic solvents available, which can be
used and tested to determine their efficiency towards oil separation.
The work of Chapter four illustrated the possibility of achieving a better separation by
mixing DES with certain amount of water. AFM studies of Chapter five and six further indicate
the reduction of adhesion force between bitumen and silica in these DES aqueous solutions.
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However, further investigation might be needed with more mature AFM force measurement
techniques in the liquid operation environment in order to obtain more detailed insight.
The AFM force measurement technique, PeakForce QNM, has not been widely used in
liquid environment. Good force control and further investigation of this technique might give
more useful information on bitumen phase behavior and some other mechanical properties of the
sample.
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Appendix Physical and chemical properties of Uinta Basin bitumens
Table Physical and chemical properties of Uinta Basin bitumens109

Properties

Whiterocks
bitumen

Specific gravity (288
K/288 K)
API gravity (°API)
Conradson carbon
Residue (wt.%)
Pour point (K)
Viscosity (cP) @ 343 K
SARA analyses
Asphaltenesa (wt.%)
Saturates (wt.%)
Aromatics (wt.%)
Resins (wt.%)
Molecular weight (g/g
mol)
Elemental analysisb
C (wt.%)
H (wt.%)
N (wt.%)
S (wt.%)
H/C atomic ratio
Simulated distillation
Volatility (<811 K)
(wt.%)
<477 K
477–617 K
617–811 K
>811 K

PR Spring
bitumen

Sunnyside
bitumen

0.98

Asphalt
Ridge
bitumen
0.985

1.005

1.015

12.9

12.1

9.3

7.9

9.5
327
4825

13.9
320
5050

14.2
319
47,000

15.0
348
173,000

2.9
35.7
7.0
54.5
653

6.8
39.6
9.1
44.5
426

19.3
33.4
3.6
43.8
670

23.6
21.3
16.0
39.1
593

87.0
11.2
1.4
0.4
1.56

86.9
11.6
1.1
0.4
1.6

87.0
11.3
1.3
0.4
1.56

86.8
10.8
1.7
0.7
1.49

46.6

53.5

45.4

40.9

0.5
7.4
38.7
53.4

1.3
11.8
40.4
46.5

0.4
8.2
36.8
54.6

0.6
7.8
32.5
59.1
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a Pentane insolubles.
bC,

H, N, S analyses normalized to 100%.
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