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Abstract 

The non-aqueous extraction (NAE) technique for recovering bitumen from oil sands ore 

has been proposed as a potential substitute to the conventional water-based extraction method in 

order to reduce the environmental and carbon footprint of extracting this natural resource. In the 

NAE process, bitumen was dissolved and liberated from raw oil sands ore by organic solvent. Due 

to high bitumen recovery and good applicability for all kinds of oil sands ores, as well as the 

generation of dry stackable extraction tailings, NAE has gained increasing attention from both the 

industry and academia. However, the fact that considerable amounts of fine solids are found in the 

produced bitumen makes the NAE bitumen unsuitable for the downstream operations, impeding 

the industrial application of NAE. Therefore, understanding the behavior of the fine solids in 

organic media is of fundamental and practical importance to solve the challenging issue inherent 

to the NAE process. It has been found that the indigenous fine solids are mainly composed of 

quartz and clays with the surface adhering layer of bitumen coatings. The presence of bitumen 

coatings renders the fine solids more hydrophobic and oleophilic, increasing the difficulty in 

removing the fine solids in oil media.  

In this work, surface properties of the fine solids collected from Athabasca oil sands have 

been systematically characterized, which shows that the bitumen coatings are heterogeneously 

distributed over the solid surface. Bitumen domains and mineral regions have been distinguished 

on the solid surface via analyzing nano-mechanical and hydrophobicity properties of sample 

surface. To unravel the stabilization mechanisms of fine solids with bitumen coatings, interfacial 

interactions between fine solids in organic solvent have been then quantitatively analyzed using 

the colloidal probe AFM technique, and behaviors of bitumen adsorption to silica surface in 

organic solvent have been analyzed using the quartz crystal microbalance with dissipation 
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monitoring (QCM-D), respectively. It was found that bitumen coatings would fully extend and 

swell in cyclohexane, giving rise to the steric repulsion between the fine solids. With addition of 

heptane, the steric repulsion could be notably weakened by causing the shrink and collapse of the 

bitumen layer. Meanwhile, the adsorbed mass of bitumen coatings could be enhanced by slightly 

decreasing volume fraction of cyclohexane (φc) in bulk solution but could be inversely reduced if 

φc became smaller than the asphaltene precipitation onset. Sedimentation tests showed that the 

effectiveness of settling bitumen-coated silica particles was strongly associated with the interfacial 

interactions of fine solids and behavior of bitumen adsorption in organic media. Furthermore, a 

two-step agglomeration strategy has been developed to facilitate settling of the bitumen-coated 

silica particles by modifying their surface wettability using an amphiphilic polymer poly(ethylene 

glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) and 

introducing a small amount of water to trigger the agglomeration of the particles. The results 

showed that the two-step method can achieve high initial settling rate (ISR) and low content of 

residual solids in the supernatant simultaneously. The study of underlying interaction mechanisms 

revealed that PEG-PPG-PEG can favorably adsorb to the bitumen-coated silica surfaces in 

cyclohexane to make the surfaces more less hydrophobic, thereby altering the interactions between 

the particle surfaces and water drops from repulsion to attraction.  

This research work has developed useful methodologies for studying the behavior of 

bitumen-coated fine solids suspended in organic media and has explored a feasible strategy to 

destabilize such fine solids. Our results have improved the fundamental understanding of the 

interaction mechanisms among fine solids, bitumen, water drops and polymer additives in oil 

media, with important implications on developing more effective and economical strategies of 

removing fine solids from the NAE bitumen.  
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Chapter 1 Introduction 

 

1.1 Non-aqueous extraction of oil sands 

Canada has the world’s third-largest oil reservoir, only after Venezuela and Saudi Arabia, 

most of which is recovered from the oil sands. Oil sands is a nature mixture of mineral solids, a 

type of heavy oil called bitumen and small amount of water. The valuable component, bitumen, 

can range from nearly 0 up to 20 wt% with an average value being about 10 wt%. Oil sands 

deposits are an important source of unconventional fossil fuel which require special extraction and 

additional refining processes to acquire petroleum and petrochemical products. Athabasca oil 

sands deposits in Northern Alberta is the largest one around the world, cover an area over 30,000 

km2 and have crude oil production about 1.3 million barrels per day. Most of Alberta’s oil sands 

are too deep to be mined and can be recoverable only by in situ methods.1 Only about 4,800 km2 

of the oil sands are close enough to the surface to be recovered economically by surface mining.2 

The mined raw oil sands are then crushed for size reduction, mixed with hot water (50-80 ºC) to 

form a dense slurry and is transported to extraction plants where the bitumen is skimmed off from 

the mineral solids with assistance of air bubbles. The work on perfecting bitumen recovery using 

hot water was mainly undertaken by Karl A. Clark and the associated process is known as Clark 

hot water extraction (CHWE).3-4 This extraction process has been commercially adopted by most 

of Canadian companies in oil sands industry. However, there are many drawbacks and challenges 

associated with CHWE.  

In the hot water-based extraction, excess water withdrawal from river (e.g., Athabasca Rive) 

has raised growing public concerns about the ecological sustainability of the river. On average, 

about 3 barrels of fresh water are required for a typical mined oil sands to produce one barrel of 
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synthetic bitumen.5 Even though a large proportion (about 80%) of the water used in the process 

can be now recycled from the tailing ponds, importation of additional barrels of fresh water from 

river (i.e., make-up water) is still required to produce each barrel of oil. Data from the Alberta 

Energy Regulator shows that the mined oil sands increased from 378 to 466 million cubic meters 

from 2012 to 2016 with total volume of recycled water increasing by 33% and make-up water 

from the Athabasca River increasing by 5.8%. The accumulation of large volumes of tailings as a 

byproduct of CHWE is another intractable challenge facing the oil industry. Tailings are the 

mixture of water, mineral solids and residual bitumen, which are toxic to the aquatic life and need 

to be stored in large dam and dyke systems called tailing ponds. Tailing ponds are costly to build 

and detrimental to the landscape, and mineral solids in the tailings will take centuries to settle to 

the bottom of the ponds. To date, there is no silver-bullet technology available to restrict the size 

and duration of tailing ponds and almost 1.3 trillion liters of oil sands tailings has accumulated on 

the northern Alberta over the past 50 years. With tailing ponds continuing to grow, the risk was 

posed to the environment and people’s daily life in the future. 

To avoid dealing with the environmental impacts freshwater consumption and tailing ponds 

involving in the water extraction process, the non-aqueous extraction (NAE) process using organic 

solvents to dissolve and liberate bitumen from the mineable oil sands ore has been regarded as a 

potential alternative to CHWE. Due to good applicability for all kinds of oil sands, as well as the 

generation of dry stackable extraction tailings, NAE has gained increasing attention from the 

industry and academic fields. In addition, NAE process appears to promise the high extraction 

efficiency at a reasonable cost. Meadus and Sparks firstly developed the non-aqueous extraction 

process specifically for Athabasca oil sands.6-8 Their approach was to extract bitumen using 

naphtha and to trigger spherical agglomeration of extracted mineral solids by adding water. 
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Bitumen recovery in the process reached above 95% using a solvent mixture containing 87% 

naphtha and 13% water. The drawbacks of this approach are that large amounts of naphtha were 

required to form slurry with the oil sands, and it is difficult to recover naphtha due to the high 

boiling point of the solvent. Leung and Phillips studied NAE by different solvents including 

benzene, toluene and kerosene and found that higher mass transfer rates of bitumen can be 

achieved when using solvents with higher aromaticity or low boiling points.9 However, the 

aromatic solvents can be ruled out due to their odor and toxicity. Wu and Dabros used n-heptane, 

hexane, cyclopentane and mixtures of n-heptane and cyclopentane in NAE of the Alberta oil sands, 

and suggested cyclopentane as the best solvent.10 In their protocol, they utilized centrifugation and 

filtration to separate mineral solids from the diluted bitumen and recovered solvents remaining in 

the filtration cake by vacuum evaporation. Bitumen recovery using cyclopentane as the solvent 

reached 90% after a single stage extraction and can reach above 95% after a three-stages extraction, 

which were comparable to those achieved by the CHWE process. Studied by Hooshiar and 

Nikakhtari examined the performance of different classes of light hydrocarbon solvents for NAE 

process, including aromatics, aliphatics, cylcoalkanes and biologically derived solvents.11-12 

Nikakhtari et al. recommended cyclohexane as the best solvent candidate for NAE based on low 

fine solids in the produced bitumen and rapid evaporation of cyclohexane from the gangue. 

Figure 1. 1 shows a typical flow diagram of NAE process. Briefly, the steps are as follows: 

(1) batch digestion of oil sands ore and organic solvent in a rotary mixer, (2) sedimentation of the 

digested oil sands slurry for 30 min, (3) second batch digestion of the sediments in the bottom 

portion with additional solvent, (4) separation of the supernatant products collected from two 

stages of batch digestion through a 45-μm aperture sieve, (5) removal of mineral fine solids (< 45 

μm fraction) from the supernatant products using the centrifuge at 4000 relative centrifugal force 
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(RCF) and (6) solvent recovery via a distillation process and recycled upstream to produce the 

bitumen product. All steps were carried out at room temperature (24 ± 0.5°C) and ambient pressure. 

 

Figure 1. 1 Schematic flow diagram of a typical non-aqueous extraction process.4 

 

1.2 Fine solids in NAE bitumen 

Currently, no commercial NAE process has been established attributed to some perennial 

bottlenecks. First, the organic solvent must be recovered from the extraction gangue at high 

efficiency, aiming to minimize environmental impact of solvent residue and recycle the use of the 

solvent. Second, the content of fine solids in the bitumen product should be low enough to meet 

the downstream processing requirements. In the oil sands industry, it is generally recognized that 

the coarse sands do not cause any problems throughout extraction process, while fine solids are 

pernicious and detrimental to the quality of bitumen and probably cause some challenging issues 

in pipeline transportation, upgrading and refinery processes and facilities. The content of fine 

solids in extracted bitumen depends on several factors such as extraction-separation equipment 
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and procedure, type and dosage of solvent used, oilsands ore grade as well as content of connate 

water or added water present in the bitumen-solvent mixture.13 It was found that the amount of 

fine solids remaining in the NAE bitumen could be remarkedly increased by removing the connate 

water from the oilsands ore by oven drying.13-14 Kumar et al. demonstrated that the polar organic 

components in bitumen can readily adsorb onto the mineral surface if the brine film breaks.15 In 

the NAE process, the step of fine removal from diluted bitumen is always necessary for product 

purification, as illustrated in Figure 1.1. Unfortunately, even under the optimal technological 

conditions at present, the NAE bitumen typically contains 0.5-3% fine solids, which is higher than 

the pipeline specification (0.5 wt%) and even much higher than the requirements of refinery feed 

(< 0.03 wt%).16-17 For instance, cyclohexane has been found as a suitable solvent candidate, and 

bitumen extracted by cyclohexane showed a solid content in bitumen about ~ 1.4 wt%, failing to 

satisfy the desired standard.12 Besides, different light hydrocarbon solvents including aromatics, 

biologically derived solvents and their blends have been compared for extraction of bitumen from 

Athabasca oil sands, as shown in Table 1.1. 

Table 1. 1 Performance of solvents and solvent blends for non-aqueous extraction of oil sands.12 

 

1.2.2 Surface properties of fine solids 

Recent study on the mineralogy of the centrifuged solids from the bitumen-solvent mixture 

shows that the fine solids are mainly comprised of silica, kaolinite and illite, and iron minerals.13 
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It has been indicated that the fine mineral solids retained in the NAE bitumen generally possess 

high mass fraction of carbon content, ranging from ~ 8% to ~ 30% depending on the properties of 

applied solvents and oilsands ore grade, as shown in Figure 1. 2. The carbon content are mainly 

contributed by the organic coatings (e.g., bitumen components) on the solids surface.12 Prior to the 

surface mining and extraction processes, the mineral solids can be adsorbed by organic 

components that were originally in the crude oil driven by the surface precipitation and 

intermolecular interactions involving acid/base attraction, π-π stacking and ion-binding 

interactions.18-19 The mined mineral solids could undergo subsequent adsorption of bitumen or 

asphaltenes from the bitumen-solvent mixture during the extraction process, which therefore 

increased mass fraction of carton content on the solids surface and renders the solids more 

hydrophobic. Correspondingly, the contact angles of the fine solids were found to be close to 90º, 

much higher than those from Soxhlet-extracted ores.13  

Such organic coatings or bitumen coatings are stubborn and cannot be completely 

separated from the mineral solids by organic solvents. The wettability of fine solids largely 

depends on the surface coverage of adsorbed bitumen, consequently affecting the degree of 

migration of fine solids into bitumen products during the NAE process. Results of X-ray diffraction 

analysis,13 time-of-flight secondary ion mass spectroscopy (ToF-SIMS) and X-ray photoelectron 

spectroscopy (XPS),20 and AFM force mapping and PeakForce QNM imaging21 revealed an 

incomplete and heterogeneous distribution of bitumen coatings or asphaltene coatings on the solids 

surfaces. Similar to the structure of natural Janus particles,22 the fine solids with “patchy” bitumen 

coatings contain both hydrophilic and hydrophobic surfaces, which significantly affect the 

behavior of the fine solids in organic media.  
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Figure 1. 2 Scanning electron micrographs of fine solids coupled with EDX analysis as shown by 

the dashed boxes (A) High carbon content (30%) sample from low-fines ore extracted with heptol; 

(B) Medium carbon content (8%) sample from low-fines ore extracted with cyclohexane. (C) XPS 

carbon content versus contact angle for centrifuged solids and fines from Soxhlet extracted ores.13 

A number of experimental studies and computer simulations have been conducted to 

investigate adsorption behaviors of asphaltenes onto various mineral surfaces.23-27 It was found 

that asphaltene adsorption strongly depend on the properties of surrounding organic media and the 

interfacial chemistry of the mineral surface. Zahabi et al.24 reported that the concentration of 

asphaltenes (viz. ratio of oil to solvent) could affect the swelling of asphaltene aggregates in the 

solution, ultimately influencing constructions of adsorbed asphaltenes on the silica surface. Dorota 

et al.28 revealed that the adsorbed mass of asphaltenes to hydrophilic mineral solids was strongly 

associated with the solubility of asphaltenes in organic solvents and the original size of asphaltene 

aggregates. In previous studies, a surface analysis technique, quartz crystal microbalance with 

dissipation (QCM-D), has been widely applied in investigating the adsorption behaviors of 

bitumen fractions, which offers an effective way to analyze the state of adsorbed species bound to 
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the solid surfaces, their mass, thickness and viscoelastic properties in real-time with extremely 

high sensitivity.29-32  

 

1.2.1 Interactions of fine solids in oil media 

The hydrophobic properties of mineral solids play an important role in forming a stable 

suspension of fine solids in NAE environments. Many studies on asphaltenes have revealed that 

the presence of asphaltene layer on the surface of colloids (e.g. mineral solids, emulsion and air 

bubbles) have a significant impact on the stability of colloids in organic media. Zhang et al. 

investigated the interaction mechanism of asphaltenes adsorbed on mica surface in heptol (i.e., 

mixture of toluene and heptane) solvents with assistant of a surface forces apparatus (SFA).33 They 

measured a pure repulsion, mainly due to the steric interactions, between two swelling asphaltene 

surfaces in toluene, which play a critical role in stabilizing the emulsion drops as demonstrated by 

the micropipet and 4-roll mill fluidic tests. Shi et al. applied the droplet probe atomic force 

microscopy (AFM) technique to quantitatively analyze the interaction mechanism between water-

in-oil (W/O) emulsion droplets with interfacially adsorbed asphaltenes.34 Unlike the bare water 

droplets which could readily coalesce with each other in oil, water droplets with interfacial 

asphaltenes could sterically inhibit droplet coalescence and induce interfacial adhesion during 

separation of the water droplets.  

The stability of the bitumen-coated fine particles suspended in the bitumen-solvent mixture 

should largely depends on the competition between surface forces such as van der Waals forces, 

electrostatic forces, and steric interactions among the particle surfaces, solvent media and any 

water present in the complex organic media. A clear understanding of the interaction mechanisms 

of the fine solids in the oil sands matrix, and an appropriate design of methods to remove fine 
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solids from diluted bitumen is required. Surface force measurements between oil sands 

components in aqueous media using AFM were reported extensively in the literature. A systematic 

previous study has been conducted to measure forces between bitumen and mineral solids,35-39 

bitumen and bitumen,40-41 asphaltene and asphaltene,42-43 and two mineral solids,44-45 aiming to 

provide a better understanding of the bitumen extraction process or the flotation process. The direct 

force measurements in non-aqueous media were mainly performed using SFA.33, 46-48 AFM force 

measurements was seldom used for non-aqueous system possibly because the commercial AFM 

liquid cell could be readily contaminated by the bitumen components in organic solvents. Wang 

et al. conducted the AFM force measurements between asphaltene surfaces in toluene which was 

injected into in a specially designed liquid cell well-sealed.49 

When analyzing the surface forces between oils sands components, van der Waals (VDW) 

forces are always present and play a critical role in various interfacial phenomena in either aqueous 

or non-aqueous environments, for while they are not as strong as ionic or covalent bonds. VDW 

force originates from the electrostatic force between two dipoles which can be attractive and 

repulsive depending on the properties of two interacting media.50 Three major components 

synergistically contribute to the overall VDW interaction including the orientation interaction 

between two permanent dipoles (Keesom interaction), the induction interaction between a 

permanent dipole and its induced dipole (Debye interaction), and dispersion interaction between 

an instantaneous dipole and its induced dipoles (London interaction), all of which vary with the 

inverse sixth power of the distance. As a non-additive interaction, VDW interaction between two 

macroscopic bodies across a medium is calculated based on Lifshitz theory which incorporates the 

influence of surrounding molecules on the interaction between each pair of molecules in the two 
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interacting bodies.50 Equation 1.1 illustrates the approximate expression for the VDW interaction 

per unit area between two flat surfaces 1 and 2 through medium 3. 

  

 

3

2 2 2 2

2 3 1 3 2 31 2

2 2 2 2 2 2 2 2
1 3 2 3

1 3 2 3 1 3 2 3

/ 6

3 ( )( )3
+

4 8 2 ( ) ( ) ( ) ( )

vdw

e

F A D

h n n n n
A kT

n n n n n n n n



   

   

= −

  − − −−
   

+ +   + + + + +

 (1 . 1 ) 

where D is the separation between two surfaces, A is the nonretarded Hamaker constant,  is the 

dielectric constant, n is the refractive index, k and h are the Boltzmann’s and Plank’s constants, T 

is the temperature, e is the main electronic absorption frequency.          

 

Figure 1. 3 Experimentally measured repulsion forces by SFA and best fitted curves using the 

AdG theory for approach of two asphaltene films in toluene.46 

Because of the relatively lower dielectric constants of non-aqueous media as 

compared to aqueous solutions, the electrostatic interactions are typically negligible in organic 

solvents (e.g., toluene and cyclohexane) and thereby are not considered when analyzing the 
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intermolecular and surface forces. Any repulsive interactions observed in organic media could 

possibly originated from the steric repulsion force which plays a dominate role in the stabilization 

of colloids in organic media. Steric repulsion was originally used to describe the osmotic repulsion 

between two polymer-covered surfaces in good solvent medium. When two surfaces approach 

each other, the outer segments can overlap once the separation is below a few Rg (radius of 

gyration), and the entropy become unfavorable by confining the polymer chains, leading to a 

repulsive osmotic force.51 In the system associated with oil sands, the steric repulsion is mainly 

attributed to the swelling of asphaltene chains in good solvent (e.g., toluene). The steric repulsive 

force per unit area between two asphaltene surfaces could be estimated by the Alexander-de 

Gennes (AdG) steric model, given by Equation (1.2),50  

                                       ( ) ( )
9/4 3/4

steric 3
2 / / 2

kT
F L D D L for

s
  −
 

D < 2L.                              (1.2) 

where T is the absolute temperature, k is the Boltzmann constant, s is the average spacing between 

two grafted sites, L is length of flexible polymer brush. The first term in Equation 1.2 represents 

the osmotic repulsion between the coils, while the second term represents the elastic stretch energy 

of the chains. If D/2L is in the range from 0.2 to 0.9, the preceding pressure can be roughly 

exponentially expressed,52 
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While the AdG theory was originally developed for the polymer brush with high molecular weight, 

it has been found to quantitatively account for the forces between asphaltene surfaces in non-

aqueous solvents when the asphaltene layer becomes extended and flexible. Figure 1. 3 shows the 

results of SFA force measurements between two asphaltene films in toluene. The measured steric 
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force was found to be well described by the AdG theory at short separation distances under high 

compression forces. Natarajan et al. found that the fitted mean distance between anchoring sites 

(s) are very close to the size of nanoaggregates of asphaltenes in bulk toluene, and the length of 

asphaltene layer (L) strongly depends on compression pressure and immersion time of asphaltene 

films in solvents.46 

 

1.3 Removal of fine solids 

Owing to the adsorbed organic matters on the surface, fine solids can form the stable 

suspension in oil media, making it extremely difficult to remove the fine solids by conventional 

gravitational/centrifugal settling or filtration.53 During the last decades, some attempts have been 

made to remove the fine solids suspended in oil media. It is well known that aliphatic solvents 

such as n-heptane has very low solubility for asphaltenes (i.e., major fraction of bitumen),54-56 and 

their use causes asphaltene precipitation which act as bonding bridges among the fine solids.53, 57-

58 As a result, the fine solids will undergo homo-aggregation with the precipitation of asphaltenes. 

In addition, these solvents can also enhance the particle-particle attraction by modify the 

parameters of surface force involving in the colloidal system.33, 46-47 Farnand. et al. found that the 

use of petroleum ether could lower solid content in naphtha solution of bitumen and accelerate the 

settling rate of fine solids.53 They also found that a substantial amount of the solvent was required 

for the achievement of a relatively low solid content of < 0.5 wt%, which would apparently 

increase the cost and difficulty in the subsequent operations. The method of hetero-aggregation of 

fine solids with process aids has been widely used in removing the fine solids during the NAE 

process. For example, it was found that the addition of ionic liquids (ILs) to mixture of oil sands 

and organic solvent would significantly lower the solid content in the produced bitumen.59-63 The 
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possible reason is that ILs can preferentially wet the solid surface attributed to strong electrostatic 

attraction between the ILs and minerals, and thereby bitumen coatings can be effectively displaced 

and liberated from the oil sands.64-65 The resultant clean solids then can undergo aggregation in 

ILs, which can be readily removed with ILs because the highly polar ILs are completely immiscible 

with organic solvent. The drawbacks of use of ILs are mainly associated with their high cost and 

uncertainty in toxicity to the oil products and the ecological environment.  

Since the 1980s, research work has been conducted to investigate the role of small amount 

of water (typically less than 10%) in agglomerating the fine solids in oil media.6-8, 66 It was reported 

that the hydrophilic and relatively clean solids can be physically trapped by the added water and 

the formation of removable solid-water agglomerates can improve the efficiency of subsequent 

solids/oil separation. Nonetheless, the added water was unable to wet and capture the hydrophobic 

bitumen-coated fine solids those account for majority of mineral contaminants in the diluted 

bitumen. Thereby, the water agglomeration method failed to lower solid content in bitumen to a 

satisfied level. In addition, addition of too much water would be harmful to the removal of fine 

solids because the excessive water would facilitate the formation of water-in-oil emulsion 

stabilized by asphaltenes and fine solids.13, 67 Switchable-hydrophilicity solvents (e.g., tertiary 

amines) have been recently used to reduce the hydrophobicity of the fine solids.68-70 For example, 

tertiary amines are first protonated in water in the presence of CO2, which can effectively 

interaction with active bitumen components adsorbed on minerals to form ion pairs in oil media. 

However, the dosage of water is quite high in order to generate essential protonated tertiary amines 

and such aqueous-nonaqueous hybrid extraction inevitably gave rise to the formation of oil-water 

emulsions.  
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Flocculation of fine solids by polymers might be another potential remedy to lower solid 

content, which has been already applied in the demulsification of solid-stabilized emulsions.71-73 

In general, polymer flocculants are able to penetrate through the steric barrier film at the water/oil 

interface and replace the interfacial species (e.g. asphaltenes and fine solids) on the interface.  The 

typical polymers are non-ionic surfactant, including the polymers having the main components of 

polyethylene oxide (PEG) and polypropylene oxide (PPG)71, 74-75 and more eco-friendly polymers 

such as ethyl cellulose.76-78 For the removal of fine solids in oil media, the polymer adopted should 

be interfacial active to effectively bond with functional groups of bitumen coatings. The 

hydrocarbon chains of the polymer can act as cross bridging to facilitate the aggregation of fine 

solids, resulting in a formation of large solid flocs.4 To date, there are no data available on the use 

of solid flocculation by polymer in the NAE process. In order to explore more effective and 

economical strategies of removing fine solids from NAE bitumen, it is of vital importance to gain 

a comprehensive understanding of the surface properties and the stabilization mechanism of fine 

mineral solids in the organic media. 

 

1.4 Objectives 

Developing a NAE process for recovering oil from the oil sands ore without the use of 

water could eliminate the environmental issues inherent to the Clark hot water extraction (CHWE), 

such as huge consumption of fresh water and fast accumulation of toxic tailings. Despite many 

promising results, the considerable amount of fine mineral solids remaining in bitumen product 

has been a main challenge that the commercialization of the NAE process faces. A deep and 

comprehensive study of behaviors of fine solids in organic media is of great importance in better 

understanding a variety of colloidal and interfacial phenomena in NAE process and providing 
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theoretical guidance to the removal of intractable hydrophobic fine solids from NAE bitumen 

product. The major objectives of this project are to investigate the surface characteristics (surface 

heterogeneity, surface wettability and interfacial tension) and underlying interaction mechanism 

of the bitumen-coated fine solids in complex organic media using several state-of-the-art 

nanomechanical techniques, such as atomic force microscopic (AFM) and quartz crystal 

microbalance with dissipation monitoring (QCM-D). The specific objectives are listed as follows. 

(1). Characterize the surface properties (surface chemistry, surface wettability and surface 

heterogeneity) of the indigenous fine solids collected from NAE bitumen extracted with 

cyclohexane using several complementary techniques to provide a fundamental understanding of 

behavior of suspended fine particles in organic media. 

(2). Unravel the stabilization mechanism of the fine solids with bitumen coatings in 

different organic solvents (i.e., cyclohexane, heptane and their blends) by investigating the 

intermolecular and surface interactions between fine solids with bitumen coatings, with 

implications for an improved understanding of the behaviors of hydrophobic fine solids in NAE 

process. 

(3). Investigate the methods to destabilize the bitumen-coated fine solids in organic media 

with assistance of chemical additives and water, aiming to explore an effective and facile method 

of removing the hydrophobic fine solids in organic media during the NAE process. 

 

1.5 Structure of thesis 

Chapter 1 introduces the recent advances in the technique of non-aqueous extraction (NAE) 

of oil sands, the challenges and potential issues of this technique, the surface science in the 
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colloidal and interfacial phenomena in the organic system during NAE process, and the objectives 

of this research work. 

Chapter 2 describes the experiment methods including lab protocol for collecting fine 

mineral solids from NAE bitumen extracted by cyclohexane, procedures of preparing model 

bitumen-coated flat surfaces and bitumen-coated solid particles and working principle of AFM 

force measurements and QCM-D measurements in organic media. 

Chapter 3 demonstrates the characterization results of surface properties of collected 

indigenous fine solids from the NAE bitumen by virtue of several complementary techniques 

including XPS, SEM/EDX, AFM force mapping and PeakForce QNM imaging, with implications 

for a better understanding of behaviors of fine solids in organic media. 

Chapter 4 demonstrates the stabilization mechanism of bitumen-coated silica particles in 

organic media, the effects of interaction forces between fine solids and behaviors of bitumen 

adsorption on the stability of the solid particles in organic media, and changes in morphology of 

the adsorbed bitumen layer on solid surface in different organic media. 

Chapter 5 illustrates the efficiency of destabilizing and settling bitumen-coated silica 

particles in cyclohexane with the assistance of additives including small amount of water and 

amphiphilic polymer PEG-PPG-PEG, and the underlying interaction mechanisms among the 

bitumen-coated silica surface, water drops and PEG-PPG-PEG in cyclohexane. 

Chapter 6 presents the major conclusion and original contributions of this thesis. The future 

work is also provided. 
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Chapter 2 Experimental Methodologies 

 

2.1 Collection of fine solids 

To study the surface properties of the fine solids, the fine solid particles were collected 

from the Athabasca oil sands using the protocol reported elsewhere.1-2 Figure 2.1 shows a brief 

schematic of the protocol. Details on the procedure are summarized as follows: (1) 150 g 

Athabasca oil sands and 100 g cyclohexane were mixed for 10 min in a Teflon bottle mounted on 

a rotary mixer (60 rpm, Rotator drive STR4, Stuart Scientific); (2) the oil sands slurry was allowed 

to settle for 30 min in a graduated cylinder; (3) the first supernatant was withdrawn by siphoning 

and the sediment in the bottom portion was mixed with additional 50 g cyclohexane by the same 

method; (4) the second supernatant product was separated from the slurry through a 45-μm 

aperture sieve (ASTM E-11 Standard test sieve no 325, Fisher Scientific Co., USA); (5) the tailings 

retained on the sieve was rinsed with 2 batches of 50 g cyclohexane and the third supernatant was 

collected as the liquid passing through the sieve and (5) the second and third supernatants were 

combined (including fine solids and bitumen-solvent mixture) and then centrifuged (Avanti J-30I 

centrifuge, Beckman Coulter, Mississauga, ON) at 4000 relative centrifugal force (RCF) for 1 h to 

recover the fine solids from the supernatants. The collected fine solids were then thoroughly rinsed 

with toluene to remove the weakly adsorbed bitumen by placing the solids in a Millipore filter 

(0.22 μm pore-sized). This rinsing step was repeated until the filtrate became colorless. All steps 

were carried out at room temperature (24 ± 0.5℃) and ambient pressure.  
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Figure 2. 1 Schematic of lab protocol for collecting fine mineral solids from oil sands using the 

non-aqueous extraction method. 

 

2.2 Preparation of bitumen-coated solid substrate and particles 

Both the flat bitumen-coated solid substrate and bitumen-coated solid particles were prepared 

by a dip-coating method. Prior to the dip-coating, a bitumen/cyclohexane solution (0.1 wt%) was 

prepared by diluting Athabasca bitumen with cyclohexane under ambient conditions. The bitumen 

solution was sonicated for 10 min to separate any large aggregates of bitumen apart. For the flat 

bitumen-coated solid surface, a clean silica wafer (~ 1×1 cm2) was treated by UV/ozone to remove 

any organic contaminants on the silica surface, then immersed in the bitumen/cyclohexane solution 

for 10 min, thoroughly rinsed with both cyclohexane to remove any weakly adsorbed bitumen and 

blow-dried with nitrogen. For the bitumen-coated solid solids, the preparation procedure was a 

modified method according to the literature.3 Briefly, about 10 g silica solid particles were 

dispersed in the bitumen/cyclohexane solution and the mixture was sonicated for 5 min to separate 
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any solids aggregates apart. Then the mixture was agitated for 10 min using a magnetic stirrer 

(1000 rpm) to allow the adsorption of bitumen onto the silica solid particles. The resulting solids 

were thoroughly washed in cyclohexane using repeatedly centrifugation (4000 rpm) to remove 

non-adsorbing bitumen or loose deposit from the solids surface. The centrifuged solids were 

collected and dried under fume hood over 48 h.  

 

2.3 AFM force measurement 

AFM has emerged as a practical tool to study interfacial force between two colloidal 

surfaces across a medium especially when that force comes to dispersing colloids in a liquid.4-7 

During the force measurement, the AFM probe was driven to approach the bottom surface and 

then started to retract from the surface until a pre-set deflection of the cantilever was reached. A 

plot of the deflection versus the displacement of the z-piezo device is obtained in each AFM 

measurement. The deflection of the cantilever is monitored by detecting the position of a laser 

beam reflected from cantilever onto a photo detector. Force between the probe and the bottom 

surface is converted from the deflection of the cantilever using Hooke’s law. Although the AFM 

force measurement cannot provide the absolute probe-sample separation distance, it can measure 

the relative changes in the probe-sample separation between the base of the AFM probe and the 

base of the substrate. The schematic of typical AFM setup is shown in Figure 2. 2. The scanner is 

composed of three piezo components to control both the horizontal (x and y) and vertical (z) 

movement of the sample.  

To measure forces more quantitatively and sensitively, the colloidal probe technique of 

AFM was first introduced in 1991. Ducker et al.8 attached a silica microsphere to the end of AFM 

cantilever and Butt et al.9 used glass beads. Then a direct force measurement between a single 
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microsphere and a flat surface could be determined. Up to now, numerous microsphere materials 

such as silica, zirconia, polymer and cellulose have been applied to produce colloidal probes in 

various colloidal systems.10-13 In this work, silica microsphere was used as the colloidal probe to 

interact with bottom flat surface in organic solvents. The silica microsphere was glued to the end 

of a tipless AFM cantilever using an Epoxy adhesive under the integrated optical microscope of 

AFM. Details of preparing the colloidal probe have been given elsewhere.14 

 

Figure 2. 2 Schematic illustration of working principle of AFM.15  

 

2.4 QCM-D measurements 

QCM-D is a nanoscale technique for analyzing surface phenomenon in real-time including 

thin film formation, interactions and reactions. A typical QCM-D sensor consists of a thin quartz 

crystal sandwiched between a pair of electrodes and have a fundamental resonance frequency of 5 

MHz. Application of an alternating voltage results in the oscillation of the sensor at its resonance 

frequency. Since the driving voltage is intermittently switched off, the decay of the oscillation in 

time is monitored and the frequency f and the energy dissipation D of the freely oscillating sensor 

are extracted from the decay curve. Figure 2. 3 shows the QCM-D instrument used in this work 
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and working principle of the sensor as a sensitive balance. When a thin film is adsorbed to the 

sensor, the frequency decreases, which is proportional to the mass of the adhering layer if the film 

is thin and rigid. The mass of the rigid film can be calculated using the Sauerbrey relation:16  

C f
m

n


 = −                                                                                    (2.1) 

where Δm is adsorbed mass, Δf is the frequency shift, n = 1, 3, 5, 7, 9, 11 is the order number of 

harmonic overtones of the crystal sensor, C = 17.7 ng/(Hz·cm2) is the constant for a 5 MHz crystal 

sensor. It is also possible to estimate the thickness of the adhering layer: 

eff

eff

m
d




=                                                                                  (2.2) 

where ρeff is the effective density of the adhering layer. When the film is soft and viscous, the 

Sauerbrey equation is not applicable. In that case, the viscoelastic and structural properties 

including the adsorbed mass can be obtained by measuring both frequencies and dissipations at 

multiple overtones according to the Voigt viscoelastic model incorporated in the Q-sensor software. 

 

Figure 2. 3 QCM-D system and sensing principle. 
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Chapter 3 Heterogeneous Distribution of Adsorbed Bitumen 

on Fine Solids from Non-aqueous Extraction of Oil Sands 

 

3.1. Introduction 

The oil sands deposits in Alberta is the world’s third-largest oil reserve.1 Extraction of 

bitumen from oil sands ores is of vital importance in the oil production process. The current 

economical water-based extraction of oil sands, however, requires excessive fresh water usage, 

almost all of which ends up in toxic extraction tailings.2-3 Extraction of oil sands using organic 

solvents has been considered as a potential alternative to the water-based extraction because it is 

capable of dramatically decreasing the need for fresh water and eliminating the challenging tailings 

issue resulted from the water extraction process.4-9 Nevertheless, non-aqueous extraction process 

has not been commercialized despite the research efforts over the past two decades. One major 

problem impeding its industrial application is that considerable amounts of fine solids, several µm 

or less in size, can stably suspend in the bitumen-solvent mixture and migrate into the extracted 

bitumen products.7 The presence of these fine solids renders the bitumen product unsuitable for 

pipeline transport and as refinery feed.10-14  

Adsorbed organics on fine solids are believed to play an important role in the stability of 

fine solids in the complex organic media.15 Previous studies show that bitumen components can 

strongly adsorb onto rock reservoirs and clays mostly due to physical adsorption (though chemical 

binding might be also present for some specific components), making the mineral solids more oil-

wet.16-18 The wettability of fine solids largely depends on the surface coverage of adsorbed bitumen, 
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consequently affecting the interactions of these fine particles and the degree of migration of fine 

solids into bitumen products during the non-aqueous extraction process.19 It has been hypothesized 

in previous reports that the distribution of adsorbed bitumen on mineral particles is 

discontinuous.10, 20 Thus, characterizing the surface properties of fine mineral solids and the 

distribution of adsorbed organics on surfaces of these solid particles has attracted consideration 

attention. The average wettability of these mineral particles was characterized by contact angle 

measurement.19 Other analytic techniques such as time-of-flight secondary ion mass spectroscopy 

(ToF-SIMS)21-22 and X-ray photoelectron spectroscopy (XPS)23-24 have been also used to 

characterize the surface properties of the mineral solid particles. Nevertheless, characterizations 

of the particle surfaces and verification of heterogeneous distribution of adsorbed bitumen on fine 

solids still remain incomplete for the development of non-aqueous extraction process for the oil 

sands industry.  

Atomic force microscope (AFM) is a useful technique for characterizing the distinct 

structures,25-26 patterns27-28 or functional sites29-31 along with their distributions on various material 

surfaces in a wide range of research fields. AFM force mapping method was applied to characterize 

the distribution of specific molecular recognition sites on living cells by probing ligand-receptor 

interaction forces through a functionalized tip.32-33 The AFM nanomechanical mapping in the so-

called PeakForce quantitative nanomechanics (QNM) mode enables measurements of mechanical 

properties of materials at nano-scale, which can help distinguish the distribution of different 

material components on the surfaces. Lohse et al.34 and Cui et al 35 have used the PeakForce QNM 

technique to characterize the distribution of nanobubbles or nanodroplets generated on 

hydrophobic substrates by distinguishing soft structures from the rigid substrates in terms of nano-

mechanical properties. These previous studies suggest the applicability of AFM in characterizing 
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the distribution of adsorbed bitumen on the surface of mineral solids in the non-aqueous extraction 

process of oil sands.  

In this work, the fine mineral solids were collected from the non-aqueous extraction 

process of Althabasca oil sands. Cyclohexane was used as the solvent for the extraction experiment 

due to its good performance with high bitumen recovery, high evaporation rate from extracted 

sands and low solids content in the recovered bitumen, , as reported previously.7 The chemical 

compositions of solid surfaces were characterized using XPS and energy dispersive X-ray 

spectroscopy (EDX), and the wettability of solids was determined by contact angle measurements 

using Washburn method. The particle surfaces and distribution of adsorbed organics on fine solid 

particles were studied using PeakForce QNM imaging and AFM force mapping by characterizing 

the nano-mechanical properties and hydrophobicity across the mineral surfaces. This work 

provides useful insights into the surface properties and the interaction mechanism of the fine solids 

suspended in bitumen from the non-aqueous extraction process of oil sands, which is of both 

fundamental and practical importance for the oil industry. 

 

3.2. Materials and experimental methods  

3.2.1 Materials 

The oil sands ore samples were rich-grade Athabasca oil sands ore provided by Syncrude 

Canada Ltd. The ore has 13.5 wt% bitumen, 3.0 wt% water, 11.2 wt% fine solids, and almost 70 

wt% coarse sands. ACS grade cyclohexane (Fisher Scientific, Canada) was used as the solvent in 

the non-aqueous extraction process of oil sands. UV curing adhesive (Norland optical adhesive 81, 

Norland Products, Inc., NJ) was used for fixing centrifuged fine solids on the glass slide. Athabasca 

bitumen provided by Syncrude Canada Ltd was used to prepare bitumen coating as the model 
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sample. Silicon wafer with 0.5 µm thermal oxide (silica) (nanoFAB, University of Alberta) was 

used as the substrate of model samples. Octadecyltrichlorosilane (OTS) (C18H37SiCl3, 95%, 

ACROS Organics) was used to prepare the hydrophobized AFM tip. 

 

3.2.2. Collection of fine solids from oil sands 

The protocol used in this work for the solvent extraction of bitumen from oil sands ores 

follows a reported procedure by Nikakhtari et al.7 Details on collecting fine mineral solids from 

solvent-extracted bitumen can be found elsewhere,9, 19 and the collection procedure used in this 

work are presented in Figure 2.1 and in section 2.1.  

 

3.2.3. Particle size measurements  

A laser diffraction particle size analyzer (Mastersizer 3000, Malvern Instruments) was used 

to determine the particle size distribution of centrifuged fine solids in terms of volume fraction. 

Small amount of fine solids sample (~ 0.5 g) was dispersed in cyclohexane and used for size 

distribution measurements.  

 

3.2.4. Contact angle measurements 

The hydrophobicity of the fine mineral solids was determined by contact angle 

measurement using a force tensiometer (Sigma700/701, Biolin Scientific) through the Washburn 

method.36 Briefly, the fine solids were packed into an open-ended column with the bottom in 

contact with a probing liquid, which was water in this case. Due to the capillary force, the water 

rose in the column, obeying the relationship of equation 3.1, 

                             
2

2

1 cos
t M

C



  
=                                                                          (3.1) 
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where t is the time after contact and M is the mass of water absorbed into the packed column. From 

the value of the slope η/C1ρ
2γcosθ, the contact angle θ can be determined with the known 

parameters of the liquid viscosity η, density ρ, surface tension γ and a material constant 

characteristic of solid sample C1 which can be calibrated through measurements by applying a total 

wetting liquid, i.e. θ = 0°.  

 

3.2.5. Surface analysis of elemental composition  

Scanning electron microscope (SEM) coupled with EDX (with a typical detection depth of 

several micrometers) was applied to characterize the surface chemical composition of the fine 

mineral solids. The chemical composition of fine solid surfaces was also characterized by X-ray 

photoelectron spectroscopy (XPS) (Kratos Axis 165) with Al Ka radiation (with a typical detection 

depth of several nanometers), operated at 12 mA, 14 kV. High-resolution spectra of C 1s, S 2p and 

N 1s regions were acquired with a pass energy of 40 eV and a dwell time of 160 ms, of which the 

peak fitting was performed by CasaXPS software.  

 

3.2.6. Preparation of model samples  

A 0.1 wt% bitumen/cyclohexane solution was prepared by diluting Athabasca bitumen 

with cyclohexane under ambient conditions. Bitumen surface was prepared by spin-coating 3-4 

drops of bitumen solution on a clean silica wafer (~ 1×1 cm2) with a layer of ~ 500 nm silica, 

which was later dried in vacuum overnight to evaporate residual solvent. The coated bitumen layer 

and the bare silica substrate without bitumen coating were used as the model samples in the AFM 

experiments. 
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3.2.7. PeakForce QNM AFM imaging  

PeakForce QNM imaging, an operation mode of Dimension Icon AFM (Bruker, Santa 

Barbara, CA), is capable of mapping the nano-mechanical properties of material surfaces by 

acquiring and analyzing the force-separation curves simultaneously with topographic imaging.37-

39 By controlling the force (peak force) that the tip applies to the sample, PeakForce QNM imaging 

mode is able to acquire images with high spatial resolution. Prior to the AFM experiment, the fine 

solids were dispersed onto a layer of UV adhesive casted on a glass slide which was pre-cured by 

exposing to UV light for 4 min. The dispersed particle samples on a glass slide were viewed by 

the camera of the integrated optical microscope of AFM, with a typical microscopic view shown 

in Figure 3.1.  

 

Figure 3. 1. Top view of the AFM tip and particle samples taken by the camera of the integrated 

optical microscope of AFM. The red cross indicates the location of the AFM tip. 

Topography and mechanical properties of fine solid surfaces were recorded simultaneously 

in PeakForce QNM mode in air, with humidity of about 20% and temperature of 22 ºC, under 

which the possible capillary effect on AFM measurements could be neglected.40 In this work, for 

the same type of AFM measurements, AFM mapping was conducted on the different locations of 

different particles to confirm the reproducibility of the data, and representative results are shown. 
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Figure 3.2 gives an example of the force-separation curve illustrating the types of mechanical 

properties that can be obtained. The adhesion force is the maximum force required to separate the 

AFM tip and the sample surface in the retraction curve. The deformation represents the penetration 

or indentation of the tip into the sample surface. The modulus information of solid sample is 

calculated using the Derjaguin-Muller-Toropov (DMT) model41 that is applied to fit the retraction 

force-separation curve (the blue dash line in Figure 3.2). 

 

Figure 3. 2. Typical force–separation curve obtained during AFM imaging by PeakForce QNM.  

DMT contact mechanics model takes the adhesion between the tip and the surface into 

account and its equation is given by:  

                                     adhFRdEF += 3*

tip
3

4
                                                        (3.2) 

where Ftip is the force applied on the tip, Fadh is the adhesion force, R is the tip radius, d is 

instantaneous deformation of the sample, and E* is the reduced Young’s modulus. The relation 

between E* and the sample’s Young’s modulus is given by: 
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where νt and Et are the AFM tip’s Poisson’s ratio and Young’s modulus, respectively, νs and Es 

are the sample’s Poisson’s ratio and Young’s modulus, respectively. In this study, silicon nitride 

AFM cantilevers were used for the PeakForce QNM imaging on fine solid surfaces with a scan 

rate of 1 Hz. The spring constants of the cantilevers were determined using the Hutter and 

Bechhoefer method.42 A typical cantilever has a spring constant of k = 42 N/m. 

 

3.2.8. AFM force mapping in water 

The surface hydrophobicity heterogeneity of fine solids was also characterized by AFM 

force mapping in water. Surface mapping of topography and adhesion force on fine solids was 

acquired using MPF-3D AFM (Asylum Research, Santa Barbara, CA). When the AFM tip was 

brought close to the sample surface, the deflection of cantilever was detected by a laser beam as a 

function of tip-sample separations and then converted to force using the Hooke’s law. By using 

the AFM tip to raster-scan the sample surface, AFM force mapping can collect the force-separation 

curve at each pixel point of the image viewed.43 AFM cantilevers, hydrophobized by a self-

assembled monolayer of OTS following a procedure reported previously,44-46 were applied to 

conduct the force mapping on fine solid surfaces. Briefly, the AFM cantilever was immersed in a 

freshly prepared hot piranha solution (a 3:1 (v/v) mixture of 98% H2SO4 and 30% H2O2) until no 

visible bubbles were released, followed by rinsing thoroughly with Milli-Q water and drying with 

N2 flow. Then, the AFM cantilever was immediately transferred into a solution of 2.0 mM OTS in 

a 4:1 (v/v) mixture of hexane and chloroform for 24 h. Finally, the tip was rinsed thoroughly with 

chloroform and dried with N2 flow.  
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The interactions between the AFM tip and the solid surface were analyzed by the 

theoretical model of classical Derjaguin-Landau-Verwey-Overbeek (DLVO) model,47 which 

consists of electrical double layer forces (Fedl) and van der Waals forces (FvdW) as given by 

equation 3.4 and equation 3.5, respectively: 
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where ψ is the surface potential, ε the relative permittivity of medium, ε0 the permittivity of vacuum, 

κ-1 the Debye length, R the tip radius, α the geometric angle for the spherical cap at the tip end, D 

the separation distance between the tip and the sample surface, A132 the Hamaker constant for the 

tip and the sample surface interacting across water, subscripts 1 and 2 refer to the tip and the 

sample surface, respectively. Other parameters are given by L1 = D + R(1-cosα), a0 = κR-1, a1 = 

κRcosα-1, a2 = a0 + 0.5, and a3 = a1 + 0.5. When the sample surface is hydrophobic, the additional 

hydrophobic interaction (Fhb) 
48-49 should be included in the overall surface force to modify the 

DLVO model, as most commonly described by an empirical exponential expression:  

                                                           0

D

D

hbF RCe
−

=                                                           (3.6) 

where C is the pre-exponential constant and D0 is the decay length of the hydrophobic interaction. 
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3.3 Results and Discussion 

3.3.1. Size distribution of fine solids 

Figure 3.3 shows the size distribution of the fine solids measured by the Malvern 

Mastersizer 3000. The peak of size distribution located at ~ 30 µm and the volume average particle 

size was 25 μm, indicating that majority of the solid particles was smaller than 45 μm. One 

possibility for the presence of small portion of solid particles larger than 45 μm could be due to 

the aggregation of small particles. 

 

Figure 3. 3. Size distribution of the fine solid particles in terms of volume fraction which were 

collected using a protocol illustrated in Figure 2.1.  

 

3.3.2 Verification of bitumen adsorbed on fine solids 

The composition of solids particle surface was characterized by EDX analysis. It is evident 

from Table 3.1 that, the fine solids were mainly composed of silica (quartz) and aluminosilicate 

(clay) due to the high concentrations of oxygen (O), silicon (Si) and aluminum (Al). Other trace 

elements potassium (K), iron (Fe) and magnesium (Mg) could be assigned to the minor inorganic 

components such as pyrite, feldspar and magnesium carbonate. Figure 3.4A-D shows the SEM 

image of fine solids and EDX maps of main elements: O, Si and Al. The distributions of O and Si 
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were clearly observed through the field of view, and Al was not continuously distributed, 

suggesting that the aluminosilicate domains were surrounded by silica. High concentration of 

carbon (C) and small amounts of sulfur (S) were also detected, which could be attributed to either 

the mineral components (e.g. magnesium carbonate and pyrite) or the organic components (e.g. 

hydrocarbon) due to adsorbed bitumen. In the EDX mapping in Figure 3.4E-H, low concentration 

S was observed throughout the field of view in conjunction with Fe, indicating the presence of 

pyrite. When comparing the elemental maps of C and Mg, distributions of these two elements were 

not well matched, suggesting that C was mainly assigned to the organic deposits from bitumen. 

However, due to the low spatial resolution of EDX mapping, the EDX results could not provide 

the precise distribution of bitumen adsorbed on solid particle surface. 

Table 3.1. Atomic percentage of different elements characterized by EDX of fine solids 

Element C O Si Al S K Fe Mg 

Atomic% 38.45 52.07 8.49 0.82 0.06 0.04 0.03 0.04 

 

 

Figure 3. 4. (A)SEM secondary electron image of fine solids and EDX elemental maps of (B) O, 

(C) Si, (D) Al, (E) S, (F) Fe, (G) C and (H) Mg on fine solids.  
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XPS analysis was also applied to characterize the elemental composition and chemical state 

of the outer-most surface (a few nm) of the fine solids. The concentrations of major elements 

detected are summarized in Table 3.2, and the high-resolution electron binding energy spectra of 

C 1s, S 2p and N 1s were illustrated in Figure 3.5. It was noticed that C was highly concentrated 

(65.70 at%) on fine solid surfaces. The C 1s spectrum was deconvoluted into two peaks at 284.8 

eV and 286.3 eV binding energy, respectively. The first peak was assigned to carbon in the 

aliphatic or aromatic C-H environment and the second one was assigned to C in the C-O 

environment (Figure 3.5A).50-51 The concentrations of elements sulfur (S) and nitrogen (N), 

important heteroatoms in bitumen components, were 1.91 at% and 1.04 at% respectively on the 

fine solids surface. The S 2p spectrum was composed of two components S 2p3/2 at 165.2 eV and 

S 2p1/2 at 164.0 eV, assigned to the presence of thiophenic sulfur and sulfide (Figure 5B).52-54 The 

N 1s spectrum at 398.7 eV and 400.2 eV was the characteristic of pyridinic and pyrrolic type 

nitrogen, respectively (Figure 5C).52, 55 Therefore, it was evident from EDX and XPS analysis that 

bitumen was adsorbed on the surfaces of fine solids.  

Table 3.2. Surface elemental analysis of fine solids by XPS 

Element C 1s S 2p N 1s Si 2p Al 2p O 1s 

Atomic% 65.70 1.91 1.04 8.04 4.01 19.3 

  

Figure 3. 5. (A) C 1s, (B) S 2p and (C) N 1s XPS spectra for fine solids with peak fit. 
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In addition to the above elements, Si, Al and O, representing silica and aluminosilicate, 

were also detected on the outer-most surface of the fine solids, with an abundance of 8.04 at%, 

4.01 at% and 19.3 at%, respectively. The detected concentration of O was significantly higher than 

that detected in bitumen or asphaltene (0.88-5.9 at%) reported previously,20, 56 indicating that the 

detected O was mainly from the mineral components. The appearance of Si, Al and O suggested 

that a portion of solid surfaces might be exposed mineral materials without bitumen coating. The 

other possibility was that the detected Si, Al and O could be attributed to the mineral substrate 

beneath a thin layer (<10 nm) of adsorbed bitumen. To better characterize the distribution of 

bitumen adsorbed on fine solids, AFM technique was applied to probe the surface properties of 

fine solids, such as topography and interaction force behaviors.  

 

3.3.3 Heterogeneity of nano-mechanical properties of fine solids 

3.3.3.1 Force behaviors of bare mineral surface and bitumen layer  

Interaction forces of bare mineral surface (i.e. bare silica) and bitumen layer coated on 

silica, as model surfaces, were studied by AFM. Figure 3.6A shows the topography image of the 

bare silica substrate, which is very smooth and has no visible feature. Figure 3.6B shows the 

topographic image of bitumen layer coated on silica substrate, which is composed of many self-

associated bitumen aggregates57-58 uniformly deposited on the surface, similar to previous results 

reported in the literature.59 The interactions between the AFM tip and model surfaces were 

investigated by measuring the force-separation curves in air, as shown in Figure 3.6C (silica 

substrate) and Figure 3.6D (bitumen layer on silica substrate). In AFM force measurements, 

“jump-in” behavior could be observed when the tip was brought to approach the sample surface 

(blue curve), indicating that attraction (i.e. van de Waals interaction) between the two surfaces 
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drove the AFM tip to attach to the sample surface. During retraction (red curve) adhesion was 

measured and the AFM tip was suddenly detached from the sample surface corresponding to a so-

called “jump-out” phenomenon.  

 

Figure 3. 6. Topographic AFM image of (A) bare silica substrate and (B) bitumen layer coated on 

silica substrate (~30 nm), and corresponding typical force-separation curves obtained on the 

surface of (C) bare silica substrate (D) bitumen layer (blue curve for approach, and red curve for 

retraction). 

For the bare silica substrate (Figure 3. 6C), during approach the repulsive force after the 

“jump-in” behavior increased drastically as the tip was further lowered down and compressed 

against the bare silica substrate (inset of Figure 3. 6C); during retraction, adhesion was measured, 

showing a steep and sudden “jump-out” behavior. These interaction features on the force-

separation curve suggest that the tip experienced a hard contact with the silica surface. In 
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comparison, for the bitumen coating surface (Figure 3.6D), the “jump-in” behavior was followed 

by a mild increase in the repulsive force because the bitumen surface was relatively soft and 

underwent a large deformation as the tip contacted with and was further compressed against the 

bitumen surface. Figure 3.6D also shows that the “jump-out” phenomenon in the bitumen coating 

case occurred at a much longer separation distance (around 35 nm) than that of the bare silica case 

(around 0 nm, Figure 3.6C), showing a long-range stretching behavior during the retraction process. 

Such stretching behavior was generally found to be a typical feature for retraction force curves 

when AFM tip was interacting with soft polymers or flexible aggregates.60 Here, the stretching 

behavior was believed to be caused by the extension of bitumen aggregates due to the strong 

attraction between the bitumen layer and the AFM tip. Once the cantilever spring force reached 

the critical value (i.e. adhesion force), the AFM tip was detached from the stretched bitumen 

aggregates and the tip jumped apart from the bitumen surface.  

By comparing the force curves of the bare silica case and bitumen coating case, it was 

noted that the measured adhesion on bitumen coating was much higher than that of silica substrate 

under the same applied force. The deformation of silica surface (~ 0.9 nm) was almost negligible 

as compared with that of the bitumen coating (~ 8 nm). Based on equation 3.2, the DMT moduli 

values of silica and bitumen layer could be calculated to be 1.3 GPa and 0.1 GPa, respectively. It 

should be noted that due to the limitation of the cantilever stiffness and the small indentation depth, 

the DMT modulus fitted through the PeakForce QNM software might not quantitatively match the 

bulk modulus values of materials measured at macroscale. Taking the bare silica case as an 

example, the relative modulus obtained here was about 1.3 GPa, which was much lower than the 

reported values of silica (74 ± 2 GPa) from 150 nm of indentation depth with sharp diamond as 

the indenter.61 Nevertheless, the apparent contrast of relative moduli calculated, combined with 
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the information on adhesion, deformation and force curves, could still clearly distinguish the model 

bitumen surface from the bare silica surface. In addition, these nanoscale mechanical properties 

and interaction behaviors could be used as references to help determine the distribution of adsorbed 

bitumen on fine solids in the PeakForce QNM imaging (discussed below).  

 

3.3.2. PeakForce QNM imaging over fine solids in Air 

Fine solid particle was imaged by PeakForce QNM to provide information on the 

topography, adhesion, deformation and DMT modulus as illustrated in Figure 3.7A-D. The 

topography image (Figure 3.7A) shows that the imaged area (3 × 3 µm) of the solid surface was 

uniform except for a few protrusions, which however could not tell much more information on the 

distribution of adsorbed bitumen. The notable contrasts in channels of mechanical properties 

(Figure 3.7B-D) indicated the presence of different materials on the imaged area. Based on the 

results obtained on model silica substrate and bitumen layer, in Figure 3.7B, the high adhesion 

region highlighted by the red dash line should correspond to the adsorbed bitumen, while the low 

adhesion region highlighted in green dash line should correspond to the mineral surface. The 

region between the red dash line zone and the green dash line zone was believed to be mineral 

surface with a very thin layer (e.g. nm thickness) of adsorbed bitumen. This conclusion could be 

further supported by the DMT modulus and deformation results in the two regimes (i.e., adsorbed 

bitumen exhibited larger deformation but lower DMT modulus than mineral surface), as shown in 

Figure 3.7C and 3.7D. 

More detailed deformation and modulus information of the fine mineral solid on the 

imaged area was shown in Figure 3.7E-F. The deformation values of adsorbed bitumen and 

mineral surface can be clearly viewed by the cross-section analysis (Figure 3.7E), which were ~10 
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nm (red line) and ~1 nm (green line), respectively. This result was consistent with deformation 

values on model samples by the force-distance curve measurements in Figure 3.6. Very recently, 

Lorenzoni et al.62 found that surface deformation is the key parameter in determining the DMT 

modulus calculated by the PeakForce software, and modulus value of material surface remains 

constant under the same deformation condition. Herein, the modulus histogram graph according 

to the modulus mapping (Figure 3.7C) was ploted with Gaussian fitting (Figure 3.7F). Two 

separated peaks located at 0.2 GPa (sharp peak) and 1.8 Gpa (broad peak) were contributed by the 

adsorbed bitumen and the exposed mineral surface, respectively, matching the relative moduli on 

model samples in Figure 3.6.  

 

Figure 3. 7. Representative maps (3 × 3 µm) of (A) topography, (B) adhesion force, (C) DMT 

modulus and (D) deformation obtained on a solid particle surface by PeakForce QNM in air, (E) 

cross-section analysis of deformation corresponding to the white dash line in panel (D), and (F) 

histogram of modulus map with Gaussian fittings.  
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3.3.4 Heterogeneity of surface hydrophobicity of fine solids  

Recent study by Nikakhtari et al.19 reported that the water contact angle of centrifuged fine 

solids from bitumen product was in the range of 80-88º, which was significantly higher than the 

Soxhlet extracted fine solids (23-42º) but lower than bitumen (92-98º).63 In this work, using the 

Washburn method, the water contact angle of the collected fine solids was determined to be 88.8 

± 0.9º, which agrees with the water contact angle (80-88º) on the compressed particle bed 

measured using  the sessile drop method.19 The result of contact angle measurement suggested that 

adsorbed bitumen could increase the surface hydrophobicity of fine mineral solids. Therefore, 

hydrophobicity at nanoscale could be another parameter to characterize the distribution of bitumen 

adsorbed on fine mineral solids. 

Previous studies showed that the hydrophobic attraction dominated between a hydrophobic 

AFM tip and the hydrophobic sample surface, while was absent on the hydrophilic surface.45 

Through AFM force mapping in water, the distribution of hydrophobic domains across fine solid 

surfaces was studied in this work. Figure 3. 8 shows the topography image and adhesion force 

mapping of fine solid surfaces in water probed by a hydrophobized AFM tip. The topography 

image (Figure 3. 8A) could not provide direct and convincing evidence of heterogeneous 

distribution of adsorbed bitumen on mineral particle surface; however, the notable contrast of 

adhesion force in Figure 3.8B indicated the presence of surface material heterogeneity on the 

imaged area, and distinguished interaction behaviors of tip-sample at different regimes across the 

solid surface (viz. the regimes with brighter colors showed higher adhesion).   
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Figure 3. 8. Images of (A) topography and (B) adhesion force of fine solid surfaces characterized 

by AFM force mapping in water using a hydrophobized Si3N4 tip, respectively, and force-

separation curves obtained on (C) the dark and (D) bright regions in panel (B), respectively. 

The typical force-separation curve obtained on the dark regime of the force mapping 

(Figure 3.8B) was shown in Figure 3.8C. No obvious “jump-in” behavior occurred as the tip 

approached the sample surface, and a long-range repulsion starting at ~ 30 nm was observed and 

increased gradually with approaching. During retraction, the steep and sudden “jump-out” 

behavior indicated that AFM tip experienced a hard contact with the sample surface in the dark 

regime. In comparison, the force-separation curve recorded on the bright regime, as shown in 

Figure 3.8D, exhibited a sudden “jump-in” behavior where the interaction force drastically turned 

from repulsion to attraction during approach. In addition, a much stronger adhesion force 

accompanied by the stretching behavior was observed when the AFM tip was separated from the 
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sample surface, indicating that the material on the bright regime was relatively soft. Based on these 

interaction features, the bright regimes are assigned to hydrophobic domains with adsorbed 

bitumen and the dark regimes are believed to the more hydrophilic mineral domains.  

To further analyze the force-separation curves, DLVO and modified DLVO models as 

given by Equation (4) - (6) were applied to fit the approach force curves (blue lines). For the 

mineral surface regime, the approach force-separation curve could be well fitted by the classical 

DLVO model (orange solid curve), as shown in the inset of Figure 3.8C, with fitted surface 

potentials ψ1 = -80 mV, ψ2 = -70 mV for AFM tip and mineral surface, respectively. In this case, 

the effective Hamaker constant A132 = 1.13 × 10-20 J was calculated by the combining relation 

))(( 33223311132 AAAAA −− ,64 where A11, A22 and A33 are the Hamaker constants for AFM 

tip, mineral surface (i.e. silica as the representative) and water interacting with the identical phase 

across vacuum, respectively. The fitted value of ψ1 = -80 mV for AFM tip surface hydrophobized 

by OTS was consistent with previous report.65 Thus, the same surface potential value of ψ1 was 

used in fitting the interaction between adsorbed bitumen and the OTS-hydrophobized tip 

(discussed below). The fitted value of ψ2 = -70 mV for mineral surface agreed with the reported 

surface potential of silica surface in pure water at pH = 5.6,66 which was consistent with the XPS 

results that the majority of mineral composition of fine solids was silica.  

For the adsorbed bitumen, the approach force-separation curve could not be well fitted by 

the classical DLVO model, and the attractive hydrophobic interaction was consequently 

considered in this case. The inset curves in Figure 3. 8D illustrated that the force curve can be well 

fitted by the modified DLVO model by including the hydrophobic interaction, with calculated A132 

= 6.86×10-21 J and fitted parameters ψ2 = -90 mV, C = -20.4 mN/m and D0 = 1.6 nm. The fitted ψ2 

= -90 mV for the adsorbed bitumen was comparable to the experimental values of bitumen layer 
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in water reported elsewhere.47 The pre-exponential factor C is associated with the change in the 

surface (interfacial) free energy of the system during the interaction process. In this work, the C 

was theoretically determined to be -20.4 mN/m. D0 is the characteristic parameter describing the 

decaying behavior of the hydrophobic interaction with the separation between the two interacting 

hydrophobic surfaces. Here, D0 was theoretically fitted to be 1.6 nm, also falling in the range of 

the reported decay length of hydrophobic interaction varying from ~ 1.0 nm to several nm for 

different hydrophobic solid systems.46, 49, 67 The “jump-in” behavior during approach due to 

hydrophobic attraction, enhanced adhesion and “stretching” behavior during separation have 

clearly confirmed the presence of bitumen adsorbed on bright regimes on particle surface in Figure 

3. 8B. The above results have further demonstrated that AFM force mapping on fine mineral solids 

in water is capable of distinguishing adsorbed bitumen from the exposed mineral surface.  

 

Figure 3. 9. Schematic of characterizing distribution of bitumen adsorbed on fine mineral solids 

by AFM technique. 
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3.4. Conclusions 

Bitumen adsorbed on mineral solids plays an important role in the stability of these solid 

particles in oil product in oil sands production. In this study, the surface properties of fine mineral 

solids collected from the non-aqueous extraction of Athabasca oil sands were characterized by 

several complementary techniques. Elemental analysis and contact angle measurements on the 

surfaces of fine solids showed a strong signature of adsorbed bitumen that was found to partially 

(instead of completely) cover the solid surfaces. The distribution of adsorbed bitumen on fine solid 

surfaces was further characterized using AFM techniques by probing nano-mechanical properties 

(i.e. adhesion, deformation and DMT modulus) and surface hydrophobicity of fine solids, 

respectively (as illustrated in Figure 3.9). To study nano-mechanical properties of bitumen-

adsorbed fine solids, interaction features on force-separation curves were first obtained on model 

surfaces (i.e. bare silica substrate and bitumen layer) and used as references. AFM force 

measurements showed that the bitumen layer had a stretching behavior with AFM tip during 

separation accompanied with higher adhesion, larger deformation and lower modulus as compared 

to that for bare silica surface under the same conditions. Based on these observations, regimes with 

and without adsorbed bitumen on fine solid surfaces were successfully identified and distinguished 

using the PeakForce QNM imaging in air, demonstrating that adsorbed bitumen was 

heterogeneously distributed on mineral surfaces. Such heterogeneity was further confirmed by 

AFM force mapping using a hydrophobized AFM tip on fine solids in water. The force-separation 

profiles obtained on relative hydrophilic mineral regimes could be well fitted by the classical 

DLVO theory, while additional hydrophobic interaction should be included for the interaction on 

more hydrophobic domains (due to the presence of bitumen adsorbed on mineral surface).  The 

hydrophobic attraction between hydrophobized AFM tip and adsorbed bitumen led to an obvious 
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“jump in” behavior during approach and relatively long-range “stretching” during separation, with 

significantly enhanced adhesion as compared to that on more hydrophilic mineral regimes in the 

AFM force mapping. This work has provided a facile and useful methodology for characterizing 

the surface properties of bitumen adsorbed fine solids in oil production, which can be readily 

extended to the characterization of other solids with heterogeneous surface properties. Our results 

have clearly demonstrated the heterogeneous distribution of bitumen adsorbed on mineral particles 

(Figure 3.9), with important implications for better understanding the interaction mechanisms of 

solid particles suspended in bitumen products in oil production.  
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Chapter 4   Understanding the Stabilization Mechanism of 

Bitumen-coated Fine Solids in Organic Media 

 

4.1. Introduction 

The technology of non-aqueous extraction (NAE) of oil sands, using organic solvents to 

liberate and dissolve bitumen from oil sands ore, was first explored in the 1960s to avoid the 

environmental issues associated with hot water extraction process, such as substantial fresh water 

consumption, high thermal energy cost and rapid accumulations of toxic tailing ponds.1 Since then, 

great efforts have been devoted to examine the extraction performances of the NAE process 

including bitumen recovery from the oil sands, solvent recovery from the extraction gangue, and 

fine solids removal from the bitumen product.2-6 Many modified approaches have been proposed 

to improve the NAE progress, such as solvent extraction spherical agglomeration,7-8 ionic liquid 

assisted solvent extraction9-10 and switchable hydrophilicity solvent extraction.11-12 Nonetheless, 

the NAE technology has not been implemented beyond pilot scale over last four decades, and one 

pressing challenge lies in the migration of considerable amounts of fine solids into the produced 

bitumen. Even under the optimal technological conditions at present, the content of the fine solids 

residing in the produced bitumen is generally far beyond the pipeline specification (0.5 wt%) and 

refinery feed (0.03 wt%), making the product unqualified for the downstream operations.3, 13-14 In 

order to explore effective and economical strategies to reduce solids content in NAE bitumen, it is 

of vital importance to gain a comprehensive understanding of the stabilization mechanism of fine 

solids in the organic media. 
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The stabilization mechanism of the fine solids in organic media should be closely related 

to the interfacial properties of mineral solids. The fine mineral solids retained in the NAE bitumen 

generally possess high mass fraction of carbon content, ranging from ~ 17.0% to ~ 26.9% 

depending on the properties of applied solvents, which are assigned to the organic materials 

adsorbed on the solids surface.2, 15 Prior to the surface mining and extraction processes, the mineral 

solids can be adsorbed by organic components that were originally in the crude oil driven by the 

surface precipitation and intermolecular interactions involving acid/base attraction, π-π stacking 

and ion-binding interactions.16-18 The mined mineral solids could undergo subsequent adsorption 

of bitumen components during the extraction process, which therefore renders the solids more 

oleophilic. Such bitumen coating is stubborn and cannot be completely separated from the mineral 

solids using organic solvents. Many previous studies on the stabilization of emulsion drops during 

petroleum processing have revealed that the presence of interfacial adsorbed bitumen components 

(e.g., asphaltene) can sterically inhibit coalescence of emulsion droplets.19-21 It is reasonable to 

expect that adsorbed bitumen on mineral solid surfaces should also play an important role in 

forming a stable suspension of fine solids in the NAE process. Nanomechanical techniques, such 

as atomic force microscope (AFM) and surface force apparatus (SFA), offer effective ways to 

understand behaviors of bitumen components and mineral solids in oil sands processing. With the 

assistance of colloidal probe AFM, interaction behaviors between bitumen and different mineral 

solid surface (e.g., silica, kaolinite and montmorillonite) in aqueous media have been 

systematically studied.22-24 The direct force measurements in non-aqueous media were mainly 

conducted using SFA.25-27 

A number of experimental studies and computer simulations have been conducted to 

investigate adsorption behaviors of crude oil onto various materials.28-32 The adsorption of bitumen 
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onto mineral surface strongly depends on the properties of surrounding organic media and the 

interfacial chemistry of the surface. Zahabi et al.33 reported that the concentration of asphaltenes 

(viz. ratio of oil to solvent) could affect the swelling of asphaltene aggregates in the solution, 

ultimately influencing constructions of adsorbed asphaltenes on the silica surface. Dorota et al.34 

revealed that the adsorbed mass of asphaltenes to hydrophilic mineral solids was highly related to 

the solubility of asphaltenes in organic solvents and the original size of asphaltene aggregates. A 

surface analysis technique, quartz crystal microbalance with dissipation (QCM-D), has been 

applied in investigating the adsorption characteristics of bitumen fractions on solid surfaces. QCM-

D technique can provide both qualitative and quantitative information of adsorbed species, 

including adsorbed mass, thickness and viscoelastic properties in real-time with extremely high 

sensitivity.34-36 For an instance, Serkan et al.37 quantified adsorption affinity of naphthenic acids 

to mineral surfaces based on the adsorption free energies (ΔG°) calculated in QCM-D 

measurements.  

Despite these reported results, there are no available data on either the adsorption behaviors 

of bitumen onto fine solids or the mechanism of interactions between the bitumen-coated fine 

solids involved in the NAE process. Currently, cyclohexane has been recognized as the most 

promising solvent because it exhibits high efficiency in solvent recovery with relative low solids 

content in bitumen product, while n-heptane is considered as a poor solvent as it normally has low 

bitumen recovery.14 Therefore, these two typical solvents were of interest in this present work and 

their effects on the stability of bitumen-coated fine solids were systematically investigated. 

Notably, QCM-D was employed to elucidate the adsorption behaviors of bitumen onto the mineral 

solid surface (i.e., silica in this work), and colloidal probe AFM was utilized to quantify the inter-

particle interactions in the related organic media, respectively. In addition, a series of 
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sedimentation tests for bitumen-coated silica particles was conducted to macroscopically analyze 

the effects of bitumen adsorption and inter-particle forces on the stability of fine solids in organic 

media.  

 

4.2. Materials and experimental methods 

4.2.1. Materials  

Athabasca bitumen was provided by Syncrude Canada Ltd and contains ~ 0.6 wt% solid. 

Cyclohexane and n-heptane (both Certified ACS grade, > 99%) were purchased from Fisher 

Scientific, Canada. The quartz crystal sensor coated with 50 nm silicon dioxide (QSX 303) was 

purchased from Biolin Scientific, Sweden. Toluene (HPLC grade) and sodium dodecyl sulfate 

(SDS, 99% purity) were purchased from Fisher Scientific. Silicon wafer with 0.5 μm thermal oxide 

(i.e., silica) film was purchased from NanoFab, University of Alberta. Silica microspheres 

(diameter ~ 5 μm) and silica solid particles (diameter ~ 0.5-10 μm) were purchased from Sigma-

Aldrich, Canada. All solvents were used as received without further purification. 

 

4.2.2. Preparation of mixed solvents and bitumen solutions 

The mixed organic solvents cyclohexane-heptane were prepared by mixing cyclohexane 

and heptane with different volume fraction of cyclohexane (φc) ranging from 1 to 0. The Athabasca 

bitumen sample was diluted in toluene at a 1:1 mass ratio and centrifuged at 9000 RCF for 1 h to 

eliminate any remaining contained fine solids. After centrifugation, toluene was evaporated from 

the supernatant and the dried sample was considered solid-free-bitumen. The pretreated bitumen 

was then dissolved in cyclohexane-heptane (φc = 1.00, 0.90, 0.75, 0.60 and 0.50) to prepare diluted 

bitumen solutions at a concentration of 0.1 wt%, followed by 10 min sonication to completely 
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dissolve the bitumen. The achieved bitumen solutions are denoted as bitumen/cyclohexane-

heptane henceforth. Prior to each adsorption experiment or dip-coating preparation, the bitumen 

solutions were sonicated for another 10 min. 

The asphaltene precipitation onset of our bitumen system was determined using UV-vis 

spectroscopy. The working mechanism and procedure details can be found elsewhere.43 A brief 

measurements protocol is summarized as follows: (1) preparing 0.1 wt% bitumen/cyclohexane-

heptane solution with different volume fraction of cyclohexane (φc), 1, 0.9, 0.8, etc, (2) sonicating 

the bitumen solution and allowing it undisturbed, (3) centrifuging the mixture at 4000 rpm for 15 

min, (4) diluting about 0.5 mL of the supernatant liquid with 4 mL of cyclohexane and (5) 

measuring its absorbance of UV-vis at 400 nm with cyclohexane as the reference. The absorbance 

of UV-vis as a function of φc are plotted as shown in Figure 4. 1. The precipitation onset is defined 

as the data point where absorbance values suffer a sudden drop. In this system, the precipitation 

onset happens at the intersection of two straight dash lines, which was determined to be φc = 0.74 

for 0.1 wt% bitumen solutions. 

 

Figure 4. 1. Asphaltene precipitation onset measurements for bitumen sample using an absorbance 

of UV-vis at 400 nm wavenumber. 
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4.2.3. AFM force measurements and AFM imaging  

All the AFM experiments were performed on a Dimension Icon AFM (Bruker, Santa 

Barbara, CA). A colloidal probe AFM technique was applied to directly measure interaction forces 

between two solids surfaces in organic media, as illustrated in Figure 4. 2. Details of preparing the 

colloidal probe have been given elsewhere.38-40 Briefly, a silica microsphere was glued to the end 

of a tipless AFM cantilever using an Epoxy adhesive under the integrated optical microscope of 

AFM. The diameters of the colloidal probes can be determined by the scanning electron 

microscopy (SEM). In this work, the silica probe was either clean or coated with bitumen by a dip-

coating method. Specifically, the silica probe was treated by UV/ozone to remove any 

contaminants on the silica surface, then immersed in the bitumen/cyclohexane solution for 10 min, 

thoroughly rinsed with both cyclohexane and heptane, and blow-dried with nitrogen. The bottom 

silica substrate with bitumen coating was prepared using the same dip-coating method.  

The AFM force measurements were conducted in a fluid cell where the pristine or bitumen-

coated silica probe interacted with the bottom bitumen-coated silica surface in cyclohexane-

heptane with φc ranging from 1 to 0. During the force measurement, the AFM probe was driven to 

approach the bottom surface and then started to retract from the surface until a pre-set deflection 

of the cantilever was reached. A plot of the deflection versus the displacement of the z-piezo device 

is obtained in each AFM measurement. The deflection of the cantilever is monitored by detecting 

the position of a laser beam reflected from cantilever onto a photo detector. Force between the 

probe and the bottom surface is converted from the deflection of the cantilever using Hooke’s law. 

A triangular silicon nitride AFM cantilever with spring constant of 0.06-0.35 N/m was used in the 

force measurements. All the AFM force measurements under each condition were repeated for at 



69 
 

least three times using independently prepared substrate surfaces and colloidal probes in order to 

ensure the reproducibility and reliability of the results. 

 

Figure 4. 2. Experimental setup of the colloidal probe AFM. Insert: typical SEM photomicrograph 

of a silica colloidal probe. 

AFM imaging was conducted in the tapping mode to probe topographic characteristics of 

the quartz crystal sensors collected after the adsorption process in QCM-D measurements. The 

morphologic changes of adsorbed bitumen in different organic solvents were also probed by AFM 

imaging in a fluid cell. Rectangular silicon nitride AFM cantilever with spring constant of 5 N/m 

were used for all AFM imaging. 

 

4.2.4. QCM-D measurements on bitumen adsorption to silica surfaces 

Before running each QCM-D experiment, the quartz crystals, the flow module and 

connecting tubes were thoroughly cleaned to eliminate the effect of any contaminations on the 

characterization results. The cleaning steps followed a procedure reported previously.41 The QCM-

D experiments started from injecting a bitumen-free solvent (i.e., cyclohexane or cyclohexane-

heptane mixtures) to the flow module containing a silica-coated quartz crystal sensor. The system 

was then considered as stable when the frequency shift of the sensor became less than ± 1 Hz 
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within 5 min, after which the bitumen/cyclohexane-heptane solution was injected to the flow 

module at constant rate (0.35 mL/min). During the QCM-D measurements, two parameters, 

frequency and dissipation, of the crystal sensor were monitored simultaneously in real-time. 

Frequency is related to the mass of adsorbed species, which can be calculated using Sauerbrey 

relation41-42 as shown in equation 4.1, 

                                                           
C f

m
n


 = −                                                                   (4.1) 

where Δm is adsorbed mass, Δf is the frequency shift, n = 1, 3, 5, 7, 9, 11 is the order number of 

harmonic overtones of the crystal sensor, C = 17.7 ng/(Hz·cm2) is the constant for a 5 MHz crystal 

sensor. However, the Sauerbrey relation is only valid for a thin and rigid adsorbed film which 

shows all harmonics overlay in Δf responses and small dissipation shifts (ΔD) (i.e., ΔD/Δf ≪ 0.4 

× 10−6 Hz−1).43 Dissipation shift reveals the rigidity and viscoelasticity of adsorbed film, which is 

monitored by recording the response of the oscillating sensor that has been vibrated at its resonance 

frequency, as defined in equation 4.2,34 
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where Elost is the energy lost during one oscillation cycle and Estored is the total energy stored in the 

oscillator. 

 

4.2.5. Sedimentation tests for bitumen-coated silica particles 

The bitumen-coated silica particles were prepared by mixing 2 g of clean silica solid 

particles (diameter about ~ 0.5-10 μm) with 40 mL of 0.1 wt% bitumen/cyclohexane-heptane 

solutions. The mixture was sonicated for 5 min to suspend the silica particles, agitated for 10 min 

using a magnetic stirrer (1000 rpm) and thoroughly washed through repeatedly centrifugation 
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(4000 rpm) to remove non-adsorbing bitumen fractions. The centrifuged solid particles were 

collected and dried in a fume hood for 48 hours. The resulting bitumen-coated silica particles 

showed particle size ~ 1-3 μm in diameter measured by dynamic light scattering (DLS). The degree 

of bitumen adsorption was estimated by Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS). The silica solids were placed in a sample unit for diffuse reflectance and 

were scanned 32 times with a resolution of 4 cm-1. The diffuse radiation is reflected and converted 

by the detector into absorbance spectra using the single beam of bare silica solids as the 

background. 

 

Figure 4. 3. Schematic of typical sedimentation test for bitumen-treated silica solids and initial 

settling rate (ISR) calculation via plotting the initial slope of the sedimentation curve. 

Steps of the sedimentation tests have been reported previously.44 Briefly, a suspension of 

bitumen-treated silica (~ 3500 ppm) in cyclohexane-heptane was homogenized through vigorous 

magnetic stir (1000 rpm) at ambient temperature. The time was defined as t = 0 once the stir ceased 

and the settling started. At different time intervals, 1 mL suspension sample was collected at a 

depth of 1 cm from the free surface. The collected samples were dried in a fume hood and the mass 
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of the dried solids (M, mg) versus time (t, s) was illustrated in Figure 4. 3. In this work, the stability 

of the solid particles in organic solvents was qualitatively demonstrated by the initial sedimentation 

rate (ISR) presented by the initial slope of the sedimentation curve (dM/dt) and the solids content 

(Ms) in the supernatant after settling for 30 min.   

 

4.3. Results and discussion 

4.3.1. AFM force measurements 

4.3.1.1 Interactions between a pristine solid and a bitumen-coated solid 

To start with, interactions between a pristine silica microsphere and a bitumen-coated flat 

silica surface in two different organic solvents (i.e., cyclohexane and heptane) were investigated 

using the colloidal probe AFM technique, and the typical force-separation profiles were displayed 

in Figure 4. 4. Clearly, when the silica probe gradually approached the bitumen surface in 

cyclohexane (Figure 4. 4A), a repulsion was measured and grew increasingly stronger especially 

at the separation ≤ ~ 3 nm. During the retraction process, the silica-bitumen interaction kept 

repulsive before the two solids surfaces got separated. Considering that cyclohexane is a good 

solvent for bitumen, the measured strongly repulsive interaction force indicates that the bitumen 

layer tended to extend and swell enormously in cyclohexane, and the resulting strong steric force 

prevented the silica probe from attaching onto the bitumen-coated silica surface. Besides, a notable 

hysteresis between the approach and retraction force curves was observed, which could arise from 

the energy dissipation due to the deformation of the sample surface under external force,45-46 which 

also implies that the bitumen layer should be swollen and flexible in cyclohexane.  
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Figure 4. 4. Measured interaction forces between the silica probe and the bitumen-coated silica 

surface in (A) cyclohexane and (B) heptane, respectively. The square black and circular red 

symbols represent the data measured during the approach and retraction processes, respectively.  

In contrast, the measured interaction force between the silica probe and the bitumen-coated 

surface in heptane showed remarkably different features (Figure 4. 4B). Specifically, a weak 

attraction instead of the strong repulsion was detected during the approach process when the 

separation was smaller than 3 nm, which was due to the van der Waals (VDW) attraction between 

the two surfaces. With the silica probe further approaching, the interaction force turned repulsive 

and the strength increased sharply after the probe came into contact with the bitumen surface. This 

phenomenon could be highly associated with the fact that the bitumen layer tended to shrink in 

heptane which is a typical poor solvent for bitumen components (e.g., asphaltene), resulting in a 

much weaker steric force that cannot inhibit the silica probe from attaching onto the bitumen-

coated surface. In the retraction curve, the repulsive region first exhibited a roughly linear 

relationship with the separation and almost fully overlapped with that of the approach curve, 

indicating that the bitumen layer should be much more rigid in heptane than in cyclohexane. 

Afterwards, a noticeable adhesion denoted by the distinct “jump-out” feature in the force curve 
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was measured, manifesting that the probe was suddenly released from the bitumen surface. Such 

adhesion force could arise from VDW interaction between the two surfaces as well as a binding 

configuration between the silica surface and heteroatoms (e.g., N, O and S) in bitumen.47 The 

adhesion force was negligible in cyclohexane possibly due to the dominated steric repulsive force 

which could prevent the silica probe from intimately attaching onto the bitumen-coated surface 

and overcome the van der Waals interactions. These striking discrepancies in the AFM force 

measurement results suggest that the organic solvent plays a critical role in modulating the 

interactions involving the bitumen-coated mineral surfaces.  

 

Figure 4. 5. (A-E) Theoretical analysis results (solid curve) of the measured interaction forces 

(circular black symbol) during the approach process between the silica probe and the bitumen-

coated silica surface in cyclohexane-heptane with cyclohexane volume fraction φc = 1.00, 0.75, 

0.50, 0.25 and 0.00, respectively. (F) Summary of the normalized adhesion Fad/R results from 

about 10 independent force measurements for each solvent condition.  
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Interactions between the silica probe and the bitumen-coated silica surface were 

systematically measured in cyclohexane-heptane in order to gain more insights into the effects of 

the organic solvents on the interfacial interactions. The circular black symbol in Figure 4. 5A-E 

present the measured forces during the approach processes with volume fraction of cyclohexane 

φc = 1.00, 0.75, 0.50, 0.25 and 0.00, respectively. Notably, both the range and the magnitude of 

the repulsive force decreased gradually with φc declining, until a weak attraction was observed in 

pure heptane (φc = 0). Figure 4. 5F shows the statistical values of the normalized adhesion forces 

in different cases measured from the corresponding retraction curves, which can be correlated to 

the interactions and the stability of fine solids in organic media. With φc decreasing, the normalized 

adhesion Fad/R was much strengthened from ~ 0.008 mN/m to ~ 0.155 mN/m, illustrating an 

obvious improvement in the affinity of silica surface to bitumen.  

To theoretically analyze the interaction mechanisms of fine solids in organic media, two 

kinds of surface forces should be taken into consideration, i.e., VDW force and steric repulsive 

force. In order to make the quantification results reliable, the bitumen-coated silica surface was 

thoroughly rinsed with both cyclohexane and heptane prior to the AFM force measurements so 

that the depletion effect arising from the dissolution of the non-adsorbed bitumen components in 

the fluid could be eliminated.48-49 Because of the relatively low dielectric constant of the organic 

solvents, the electrical double layer (EDL) force could be negligible in this study. Here, the VDW 

force (Fvdw) between a spherical particle and a flat surface is given by equation 4.3,48 

                                                      
2

132 / 6vdwF A R D= −                                                       (4.3) 

where R is the particle radius, D is the particle-surface separation, A132 is the Hamaker constant for 

media 1 and 2 interacting across medium 3 and is estimated according to equation 4.4, 

                                                 132 11 33 22 33( )( )A A A A A= − −                                      (4.4) 
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where A11, A22 and A33 are the Hamaker constants between two identical media 1, 2 and 3 

interacting across vacuum, respectively. In this work, 1, 2 and 3 denote the silica, bitumen and 

organic solvent, respectively. The values of A11 and A22 have been well documented to be 6.3 × 

10-20 J 48 and 6.0 × 10-20 J,22 respectively. The values of A33 for cyclohexane and heptane were 

reported to be 5.40 × 10-20 and 4.50 × 10-20,48,52 and the calculated values of A33 and A132 in different 

organic solvents were listed in Table 4.1. It is evident that A132 remained positive across all 

investigated cases, which demonstrated that the VDW force between silica and bitumen remained 

attractive in the mixed solvent cyclohexane-heptane. As φc was lowered from 1.00 to 0.00, A132 

gradually increased from 2.34 × 10-22 J to 1.27 × 10-21 J, indicating that the VDW force was 

strengthened in sequence. The steric force (Fsteric) between the pristine silica probe and the 

bitumen-coated silica surface could be estimated by Alexander-de Gennes steric model,50-51 given 

by equation 4.5, 

                                                            
2 /steric

3

50k D LF TL
e

R s

−=                                             (4.5) 

where T is the absolute temperature, k is the Boltzmann constant, s is the average spacing between 

two grafted points of bitumen chains, L is the length of bitumen chains.  

Table 4. 1. Values of Hamaker constant for VDW forces in cyclohexane-heptane. 

φc A33
a (J) A132

 (J) A232
 (J) 

1.00 5.40 × 10-20 2.34 × 10-22 1.58 × 10-22 

0.75 5.18 × 10-20 4.06 × 10-22 3.01 × 10-22 

0.50 4.95 × 10-20 6.40 × 10-22 5.04 × 10-22 

0.25 4.73 × 10-20 9.20 × 10-22 7.54 × 10-22 

0.00 4.50 × 10-20 1.27 × 10-21 1.08 × 10-21 

a. A33 is a function of φc and calculated by 33 c c 33 c c 33 c( ) ( = 1) (1 ) ( = 0)A A A    =  + −  .31 
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The values of L and s in different systems were obtained by theoretically fitting the 

measured interaction forces between the AFM probes and the flat surfaces during the approach 

processes. In Figure 4. 5A-E, the green and blue curves are the theoretically reconstructed force-

separation profiles of the VDW and steric forces, respectively, and the red curve denotes the 

integration of these two surface forces, which is in good agreement with the measured force data 

at separations greater than 1 nm. At very small separations, i.e., less than 1 nm, the measured 

repulsive forces grow increasingly stronger, which are found to be inconsistent with the attractive 

force predicted by the theoretical model. Such discrepancy could be attributed to the surface 

roughness65 or small protrusions from the bitumen/silica interface23 which led to steric repulsion 

at small separation distances. To be specific, the quantified L and s were found to sequentially 

decrease from ~ 8.0 nm to ~ 2.4 nm and from ~ 11.0 nm to ~ 5.3 nm, respectively, when φc was 

continuously lowered from 1 to 0. The synchronous reduction in L and s illustrated that the surface 

morphology of adsorbed bitumen layer was very sensitive to the variation in surrounding solvents, 

which in turn influenced the strength of inter-particle interactions. In cyclohexane, the fully 

extended bitumen layer exhibited strong and long-ranged steric repulsive force against the silica 

probe. However, the addition of heptane into solvents could inhibit swelling of bitumen layer and 

cause the shrink and collapse of the bitumen layer (viz. low values of L and s). In pure heptane, 

the collapsed bitumen layer would undergo interdigitation and formed nanoaggregates, as probed 

by AFM imaging in Figure 4. 6B. Meanwhile, the contribution of VDW force to the overall 

interaction monotonically increased with the higher content of heptane, which could also account 

for the ascending trend in the bitumen-silica adhesion in Figure 4. 5F.  

The morphology changes of bitumen film coated on silica surface in organic solvent were 

characterized by AFM imaging. In cyclohexane (Figure 4. 6A), the bitumen film was molecularly 
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smooth (Rq = 0.30 nm) with many small self-associated bitumen nanoaggregates over the viewed 

surface. In contrast, the bitumen film in heptane (Figure 4. 5B) showed many large aggregates on 

the surface which could be attributed to interdigitation and bridging behaviors of collapsed 

bitumen layer. As a result, surface roughness of the bitumen surface in heptane was slightly 

increased (Rq = 0.60 nm). 

 

Figure 4. 6. 3D AFM height images (1 × 1 μm2) of immobilized bitumen layer in (A) cyclohexane 

and (B) heptane. 

 

4.3.1.2. Interactions between two bitumen-coated solids  

The interactions between a bitumen-coated silica probe and the bitumen-coated silica 

surface in cyclohexane-heptane were also quantitatively investigated. Figure 4. 7A-E show the 

corresponding force-separation curves during the approach processes in the mixed solvent of φc = 

1.00, 0.75, 0.50, 0.25 and 0.00. Similar to the silica-bitumen case mentioned above, both the range 

and magnitude of the repulsive force between two bitumen surfaces gradually decreased with 

decreasing φc. However, under the same solvent condition, the bitumen-bitumen repulsion 

possessed a much longer range than the silica-bitumen repulsion, which could be reasonably 

attributed to the extra bitumen layer coated on the silica probe. For instance, the initial separation 
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of the measured repulsive force almost doubled, increasing from ~ 8 nm for the silica-bitumen 

case to ~ 16 nm for the bitumen-bitumen case in pure cyclohexane.  

  

Figure 4. 7. (A-E) Theoretical analysis results (solid curve) of the measured interaction forces 

(open symbol) during the approach process between the bitumen-coated silica sphere and the 

bitumen-coated silica surface in cyclohexane-heptane with φc = 1.00, 0.75, 0.50, 0.25 and 0.00, 

respectively. (F) Summary of the normalized adhesion Fad/R results from about 10 independent 

force measurements for each solvent condition.  

Several modifications were applied for quantifying the VDW and steric forces in analyzing 

the surface forces between two bitumen surfaces. Table 4.1 shows the calculated Hamaker 

constants A232 for the symmetric bitumen-bitumen VDW force, which were also positive but 

slightly smaller than A132 in the corresponding cases. The steric force was estimated using the 

Alexander-de Gennes steric model for the symmetric case to account for the increased thickness 

of two bitumen layers, as shown in equation 4.6,48, 53-54 
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/

3

200 D LstericF kTL
e

R s

−=                                                   (6) 

It is noticeable that the force-separation profile of the steric force almost completely 

overlaps with that of the overall force, indicating the dominant role of steric repulsion between 

two bitumen surfaces. When φc was lowered from 1 to 0, the fitted L consequently decreased from 

~ 8.3 nm to ~ 2.3 nm and s decreased from ~ 11.2 nm to ~ 5.6 nm, respectively.  These values 

were consistent with those in the corresponding silica-bitumen cases. Figure 4. 7F shows the 

adhesion forces between two bitumen surfaces measured in cyclohexane-heptane, which were 

noticeably weaker than those measured for silica-bitumen. Even in the pure heptane, adhesion 

force for bitumen-bitumen was only ~ 0.038 mN/m, almost three times small than that for silica-

bitumen under the same solvent condition, which was mainly due to the enhanced steric 

interactions of two bitumen layers. Such weak adhesion force is likely contributed by the 

interdigitation and bridging behaviors between two bitumen surfaces after being brought into 

contact. In a cyclohexane-rich solvent, bitumen chains strongly repel each other and do not become 

easily interdigitated or bridged, resulting in a negligible adhesion force.48 The strong steric 

repulsion combined with extremely weak adhesion force between two bitumen surfaces should 

play a critical role in the stable suspension of bitumen-coated fine solids in the NAE environment.  

 

4.3.2 Bitumen adsorption behaviors 

Figure 4. 8 shows an example of frequency and dissipation changes of the silica sensor 

(overtones n = 3, 5, 7, 9 and 11, respectively) recorded in the QCM-D experiment for bitumen 

adsorption. The background solvent, i.e., cyclohexane in this case, was first introduced to flush the 

crystal sensor to obtain a stable baseline for measurements (regime I). Then, cyclohexane was 

switched to the 0.1 wt% bitumen/cyclohexane solution (regime II), and immediate drop in 
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frequency and rise in dissipation were observed synchronously, indicating a fast adsorption of 

bitumen onto the sensor surface at the initial state. After the rapid initial adsorption, bitumen 

continued adsorbing onto the surface at a lower rate considering the relatively milder frequency 

and dissipation changes with time. Finally, the sensor was flushed with cyclohexane again to 

remove any weakly adsorbed bitumen, resulting in a slight increase in frequency (regime III). For 

each overtone number, the ΔD values were high and spreading of the overtones was observed in 

Δf and ΔD responses, indicating that the adsorbed bitumen layer showed a viscoelastic behavior43, 

55. Therefore, the Sauerbrey equation (Eq. (1)) is not applicable in this case. However, by 

measuring both frequencies and dissipations at multiple overtones according to the Voigt 

viscoelastic model incorporated in the Q-sensor software, the viscoelastic and structural properties 

including the adsorbed mass can be characterized.  

 

Figure 4. 8. An example of frequency (black) and dissipation (blue) changes of a silica sensor 

during the QCM-D measurements for bitumen adsorption. 

Moreover, QCM-D experiments of the bitumen adsorption in different cyclohexane-

heptane solvents (φc = 0.90, 0.75, 0.60 and 0.50, respectively) were conducted. It is worth 
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mentioning that bitumen solutions with φc ＜0.50 could undergo a significant phase separation 

mainly because of the asphaltene precipitation in poor solvents and therefore were not examined 

in QCM-D experiments. The real-time mass of adsorbed bitumen onto the silica surface in different 

bitumen/cyclohexane-heptane solutions were calculated using the Voigt viscoelastic model. 

Frequencies and dissipations at overtone n = 3, 5 and 7 were selected for modelling, and the results 

are exhibited in Figure 4. 9. During the initial time (Figure 4. 9A), the adsorption process started 

from a period in which the amount of adsorbed mass was a linear function of time, which means 

that the adsorption process was controlled by adsorption kinetics.43, 55 In other words, the bitumen-

silica interactions are dominant at the initial adsorption stage. This period was quite short and 

ranged from 2-30 s depending on the properties of surrounding solvents. The rates of adsorption 

at initial scale (viz. initial slope) were calculated to be about 70, 127 and 218 mg/m2·min at φc = 

1, 0.9 and 0.75, respectively, suggesting the stronger bitumen-silica interactions with lower φc, 

which was consistent with the AFM force measurements results. However, when φc was further 

lowered from 0.75 to 0.5, the initial adsorption rate reduced significantly to about 17.6 mg/m2·min, 

which looks contradictory to the AFM results. It is worth noting that the drastic change occurred 

at φc = 0.75 which was very close to the asphaltene precipitation onset (φc = 0.74) of the bitumen 

solutions (Figure 4. 1). Therefore, it is reasonable to speculate that after the precipitation onset the 

concentration of some bitumen fractions (e.g., asphaltenes) dissolved in solution was highly 

reduced, significantly inhibiting the opportunity for bitumen fractions to interact with the silica 

surface. As a result, the global adsorption rate of bitumen reduced although bitumen-silica 

interaction was strong. 
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Figure 4. 9. (A) Mass of adsorbed bitumen onto the silica sensor at initial time from 0.1 wt% 

bitumen/cyclohexane-heptane solutions with varying φc, where open symbols and solid lines 

represent experimental data and initial adsorption slope, respectively. (B) Mass of adsorbed 

bitumen during the whole adsorption process. Inset: mass determined at t = 50 min.  

After the initial process, the bitumen-bitumen interactions should play the main role in the 

adsorption kinetics. Previous studies revealed that the transport of asphaltenes to the quartz sensor 

at long time became more complicated and may be affected by multiple processes, such as 

aggregation, deposition, precipitation, diffusion and advection.33, 55-56 These processes should be 

taken into consideration in this study besides the adsorption kinetics. Figure 4. 8B shows the 

changes of adsorbed mass during the whole adsorption process. With φc > 0.5 no saturation plateau 

of the mass curve was observed within the experimental time, suggesting a continuous adsorption 

process of bitumen which was possibly multilayered on the silica surface.33, 57 When φc was 

lowered to 0.5, the bitumen adsorption got saturated on the silica surface without any further mass 

changes after t = 10 min. At each time point, the adsorbed mass was found to increase with φc 

decreasing from 1 to 0.75 but was in turn decreased by further reducing φc from 0.75 to 0.5. For 



84 
 

instance, at t = 50 min the maximum mass of adsorbed bitumen occurred as φc = 0.75 (inset of 

Figure 4. 9B).  

 

Figure 4. 10. Surface topography (2 × 2 μm2) of the silica sensors that have been flushed by 

bitumen/cyclohexane-heptane solution in QCM-D measurements with (A) φc = 1, (B) φc = 0.75 

and (C) φc = 0.5. Cross-section analysis plots along green lines in topography panels with (D) φc = 

1, (E) φc = 0.75 and (F) φc = 0.5. 

Figure 4. 10 shows the surface topography of the quartz crystal sensor at t = 50 min tracked 

by AFM imaging immediately. In the case of φc = 1, spherical bitumen nanoaggregates with the 

height of 6-8 nm was observed on the silica surface (Figure 4. 10A and 4. 10D). When φc was 

lowered to 0.75, similar but larger spherical nanoaggregates formed (11-13 nm in height) and some 

irregular bitumen nanoaggregates with the height of 20-40 nm also displayed on the surface 

(Figure 4. 10B and 4.10E). Correspondingly, the surface roughness (Rq) was measured to be 1.50 

nm and 4.00 nm for φc = 1 and 0.75, respectively. Unlike these two cases, the adsorbed bitumen 
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layer in the case of φc = 0.5 was relatively smooth with Rq = 0.50 nm and the average height of 

bitumen nanoaggregates drastically reduced to about 3 nm (Figure 4. 10C and 4. 10F). 

The topography changes of adsorbed bitumen on the surface revealed the distinct bitumen 

morphologies present in bulk solutions. Before the asphaltene precipitation onset (φc > 0.74), some 

bitumen fractions such as asphaltenes were well dissolved but could still readily form primary self-

assembly nanoaggregates through VDW interaction, π-π stacking58 and polymerization-like 

association “reactions”,59 contributing to the main constituent of the adsorbed bitumen layer. 

Adding heptane slightly increased concentrations of insoluble asphaltenes present in solution, 

which could enhance the deposition of asphaltenes to the surface.60 Simultaneously, increasing 

contents of heptane (viz. decrease φc) could promote growth of both soluble and insoluble 

asphaltene aggregates in size possibly due to the stronger VDW attraction among bitumen 

fractions.61 Whereas, after the precipitation onset (φc < 0.74), the poor solubility of asphaltenes in 

heptane-rich environments triggered the generation of large asphaltene particles. Under constant 

temperature and constant flow rate, such large asphaltene particles would have a lower diffusion 

rate than the primary aggregates or even small molecules of asphaltenes.43, 62 As a result, the large 

aggregated particles could be immediately flushed away from the flow module without adsorption 

or deposition because of inertia of convective transfer. That’s why, with φc < 0.75, the adsorbed 

mass suffered a drastic decrease and the surface of adsorbed bitumen layer became relatively 

smooth and flat. The results of QCM-D experiments provide the evidence on the effects of organic 

solvents on the adsorbed mass and surface morphologies of bitumen film on the mineral solids.  
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4.3.3. Sedimentation tests  

The sedimentation test on the macroscopic scale was monitored for the bitumen-treated 

silica solids to analyze contributions of bitumen adsorption behaviors and particle-particle 

interactions to the stability of fine solids in organic media. Hence, two scenarios of batch tests 

were conducted: (1) preparing bitumen-coated fine solids in different bitumen/cyclohexane-

heptane solutions (φc = 1.00, 0.90, 0.75, 0.6 and 0.50) and settling these solids in pure cyclohexane; 

(2) preparing bitumen-coated fine solids in the bitumen/cyclohexane solution and settling these 

solids in the mixed solvent cyclohexane-heptane (φc = 1.00, 0.75, 0.5, 0.25 and 0.00). All the 

treated silica solids were centrifuged in cyclohexane to remove any non-adsorbing bitumen 

fractions or weakly adsorbed bitumen from the solids.  

In the first scenario, structures of bitumen-coated solids were analyzed by infrared 

spectroscopy, which showed typical characteristic peaks of asphaltenes reported elsewhere.63 The 

degree of adsorption of bitumen on the silica solids was quantified by the peak intensity (PI) of 

methylene group (-CH2-) on the solids surface demonstrated by infrared spectroscopy, as shown 

in Figure 4. 11. Peaks located at 2959, 2928 and 2856 cm-1 are assigned to the stretching aliphatic 

bands (ν(CH3 + CH2)) (Figure 4. 11A), and peaks at 1076 and 798 cm-1 reflect Si-O-Si band and 

Si-OH deformation band, respectively (Figure 4. 11B).64 The positive absorbance bands ν(CH3 + 

CH2) indicated the presence of bitumen coating on the solid surfaces, and the negative absorbance 

bands of Si-O-Si and Si-OH indicated the loss of outmost silica surface of solid particles due to 

bitumen adsorption. The peak intensity (PI) of these feature bands was measured from the 

absorbance spectra detected under all solvent conditions, as shown in Figure 4. 11C. It was noticed 

that the increase in PI of hydrocarbon bands (CH2, CH3) was always accompanied with the 

reduction in PI of silica bands (Si-O-Si, Si-OH), demonstrating that the higher degree of bitumen 
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adsorption on the solid particles would result in the smaller exposed surface area of silica. It was 

also found that the changes of CH2 intensity showed the order: PI (φc = 0.75) > PI (φc = 0.9) > PI 

(φc = 1) > PI (φc = 0.6) > PI (φc = 0.5), which was consistent with the order in the adsorbed mass 

of bitumen on the silica sensor revealed by QCM-D experiments: Mass (φc = 0.75) > Mass (φc = 

0.9) > Mass (φc = 1) > Mass (φc = 0.6) > Mass (φc = 0.5) (Figure 4. 11D). Therefore, the CH2 

intensity was used as the indicator of degree of adsorption of bitumen on the silica particles. 

 

Figure 4. 11. Absorbance spectra of silica solids treated by different bitumen/cyclohexane-heptane 

solutions with varied volume fraction of cyclohexane (φc) corresponding to the regions between 

(A) 2700 -3800 cm-1 and (B) 700 - 1300 cm-1. (C) Measured peak intensity (PI) of feature bands 

CH2, CH3, Si-O-Si and Si-OH, and (D) PI of CH2 (black symbol) and adsorbed mass of bitumen 

on the QCM-D sensor at t = 50 min (blue symbol). 
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Figure 4. 12A shows the settling performance of the silica solids with different degree of 

bitumen adsorption (scenario 1). With the degree of adsorption increasing, the ISR showed a 

slowly increment and always kept below 10 mg/s, which indicates an ineffective role of adsorption 

degree in the initial settling process. At long settling time, it was found that the bitumen-coated 

fine solids could not completely settle out and the content of residual solids in the supernatant at t 

= 30 min slightly increased from ~ 400 ppm to ~ 500 ppm when the degree of adsorption was 

raised from 1.0 to 4.6. This result suggested that the higher degree of bitumen adsorption could 

stabilize the suspended fine solids possibly due to the stronger repulsion between solid particles.  

 

Figure 4. 12. Data on initial settling rate (ISR) and residual solids content collected in the 

sedimentation tests (A) as a function of the degree of adsorption of bitumen on the solids and (B) 

as a function of φc in the sedimentation solvent cyclohexane-heptane.  

Figure 4. 12B shows the effects of organic solvents on the settling performances of the 

treated solids with the same degree of bitumen adsorption (scenario 2). A noticeable increment in 

ISR was observed with φc declining. The ISR in pure heptane (~ 59 mg/s) was almost 10 times 

larger than that in pure cyclohexane (~ 6 mg/s). With prolonged settling time, the solids content 

was significantly reduced from ~ 450 ppm to a negligible value via adjusting φc from 1 to 0. Both 

low ISR or high solids content in cyclohexane should be attributed to the strong and long-ranged 
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steric repulsion between bitumen-coated fine solids, suggesting the formation of a stable 

suspension of fine solids in cyclohexane. When the fine solids came into contact during the 

magnetic stir, the weak adhesion between two contact particles in cyclohexane was not comparable 

to the shear forces of stirring that can tear solids apart. In comparison, the high ISR and extremely 

low solids content in heptane indicated the effective particle-particle interactions, which enhanced 

the formation of solids aggregates and destabilize the fine solids in the suspension.  

 

4.4. Conclusions 

In this study, the interaction forces between a silica microsphere and a flat silica substrate 

either clean or coated with bitumen were measured using a colloidal probe AFM in the mixture of 

cyclohexane and heptane. A steric repulsion between the silica microsphere and bitumen-coated 

silica surface was observed in pure cyclohexane caused by the extension of bitumen chains in good 

solvent. Such steric repulsion was gradually weakened with lower volume fraction of cyclohexane 

(φc) and finally turned to a weak attraction in the pure heptane. The range and magnitude of the 

steric repulsion were further enhanced in a symmetric system where both two silica surfaces were 

coated with bitumen layer. The theoretical model, sum of VDW force and steric force, agreed well 

with the force-separation profiles measured during the approach process. The adhesion force 

required to separate two contact solid surfaces was found to increase with decreasing φc.  

QCM-D was applied to characterize the adsorption behaviors of bitumen on a simulated 

silica surface in diluted bitumen/cyclohexane-heptane solutions with varying φc. The results 

showed that the degree of adsorption of bitumen at initial time was mainly controlled by the 

interactions between bitumen and silica surface, while at long time was synchronously affected by 

the diffusion, aggregation, deposition and convection processes. The diffusion of bitumen fractions 
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from the organic media to the silica surface was strongly related to the morphology of bitumen in 

solution. Before the precipitation onset, generation of primary bitumen nanoaggregates contributed 

to the bitumen deposition to the solid surface and were the main constituent of the adsorbed 

bitumen layer. The adsorbed mass and the initial adsorption rate of bitumen increased with 

lowering φc due to the growth of primary aggregates. After the precipitation onset, large aggregate 

particles of bitumen were formed which could be immediately flushed away from the flow module 

without deposition or adsorption to the surface, resulting in the notable decrease in both adsorption 

mass and initial adsorption rate of bitumen.  

The stability of bitumen-coated silica particles was evaluated using semi-empirical 

sedimentation tests with the effects of surrounding organic solvents and the degree of bitumen 

adsorption on solids surface. The results showed that both the ISR and the content of residual silica 

solids in the supernatant were significantly influenced by surrounding organic solvents that could 

mediate particle-particle interactions. The bitumen-coated silica particles were quite stable in 

cyclohexane due to the presence of bitumen coating on the solids surface which produced the steric 

repulsion between two particles, resulting in the low ISR value (~ 6 mg/s) and high solids content 

(~ 450 ppm). The increase in the degree of bitumen adsorption could further slightly increase the 

content of residual solids (~ 500 ppm) remained in the supernatant. The findings in this work 

provide useful insights into the fundamental understanding of stabilization mechanisms of fine 

solids in organic media from the NAE process. 
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61. Hoepfner, M. P.; Vilas Bôas Fávero, C. u.; Haji-Akbari, N.; Fogler, H. S., The Fractal 

Aggregation of Asphaltenes. Langmuir 2013, 29, 8799-8808. 

62. Kurup, A. S.; Wang, J.; Subramani, H. J.; Buckley, J.; Creek, J. L.; Chapman, W. G., 

Revisiting Asphaltene Deposition Tool (Adept): Field Application. Energy Fuels 2012, 26, 5702-

5710. 

63. Liu, D.; Li, Z.; Fu, Y.; Zhang, Y.; Gao, P.; Dai, C.; Zheng, K., Investigation on Asphaltene 

Structures During Venezuela Heavy Oil Hydrocracking under Various Hydrogen Pressures. 

Energy Fuels 2013, 27, 3692-3698. 



98 
 

Chapter 5 Removing Fine Solids in Oil Media through 

Wettability Modification and Water-Assisted Agglomeration 

 

5.1 Introduction 

Removal of fine solids from liquid phase plays a dominant role in many chemical and 

environmental engineering processes with ever-increasing demands on improving the quality of 

product quality and/or alleviating environmental impact of waste residues. Relevant studies in 

aqueous system are well established in various fields such as wastewater treatment, mineral 

processing and paper recycling, while the understanding on the organic systems is very limited 

and the solid/liquid separation still remains challenging in these systems. For instance, difficulties 

in removing mineral solids from coal derived liquids has been a major obstacle to economic 

production of liquefied coal products.1 Similarly, in oil sands industry, fine mineral solids 

(diameter ≤44 μm) can readily find their way into oil, imposing detrimental impacts on the quality 

of bitumen products and processing facilities.2-3 Removing the fine solids suspended in oil media 

is complicated, and in some systems, e.g. non-aqueous extraction (NAE) of oil sands, the solid 

content in oil cannot be lowered to an acceptable level even after a series of elaborate filtration.4 

Therefore, research has been conducted in this work to develop a viable approach to destabilize 

the fine solids suspended in oil media in the context of solids removal in NAE process. 

The concept of NAE was proposed as a potential substitute to the current commercial Clark 

hot water extraction (CHWE) process, which is used in oil sands production,5 to alleviate severe 

environmental issues inherent to CHWE such as massive consumption of fresh water and fast 
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accumulation of slow-settling tailings. In NAE, organic solvent is used to dissolve and liberate 

bitumen from raw oil sands ore and can be ultimately recovered via a distillation process and 

recycled upstream.6-7 Due to high bitumen recovery and good applicability for all kinds of oil sands, 

as well as the generation of dry stackable extraction tailings, NAE has gained increasing attention 

from the industry and academic fields.8-10 However, no commercial NAE process has been 

established, and this has been attributed to some perennial bottlenecks, one of which arises from 

the migration of considerable amount fine solids to oil media. Previous studies have revealed that 

the adsorbed organic matter on the fine solids surfaces plays a dominant role in the formation of 

stable suspension of fine solids in oil media,11-12 making it extremely difficult to remove the fine 

solids by conventional gravitational/centrifugal settling or filtration.  

During the last decades, some attempts have been made to destabilize the fine solids in oil 

media. The most practical strategy is to trigger the formation of large aggregates of the fine solids. 

There are two optional approaches, i.e., homo-aggregation and hetero-aggregation. Studies on the 

homo-aggregation technique have been widely reported. Precipitation of asphaltenes (i.e., major 

fraction of bitumen) by aliphatic solvents (e.g., n-heptane)13-15 can be used to generate the homo-

aggregation of fine solids in organic media because the precipitated asphaltene acts as bonding 

bridges among the fine solids.3, 16-17 Aliphatic solvents can also weaken the steric repulsion 

between fine solids by shrinking adsorbed asphaltene layer on solids surfaces, thereby enhancing 

the particle-particle colloidal attraction.11, 18-20 However, such method requests a substantial 

consumption of aliphatic solvents in order to achieve a relatively low solid content, which would 

apparently increase the cost and difficulty in the subsequent operations.16 

In a hetero-aggregation processes, the solid particles usually aggregate with added process 

aids. For example, after adding ionic liquids (e.g., [Bmmim][BF4]), the solid content in oil media 
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could be significantly lowered.21-25 It has been reported that ionic liquids can preferentially wet the 

solids due to strong electrostatic attraction between the ionic liquids and the mineral surface, which 

effectively displaces the bitumen coating.26-27 The resultant clean mineral solids undergo 

aggregation in ionic liquids and can be readily removed because the highly polar ionic liquids are 

completely immiscible with organic solvent. The drawbacks of ionic liquids are mainly associated 

with their high cost and uncertainty in toxicity to the oil products and the ecological environment. 

Since the 1980s, research work has been conducted to investigate the role of small amount of water 

in agglomerating the fine particles in oil media.28-31 The hydrophilic and relatively clean solids 

were found to be physically trapped by the added water and the formation of solid-water 

agglomerates successfully improved the efficiency of subsequent solids/oil separations.30 

Nonetheless, this method failed to lower solid content to a satisfied level because water was not 

able to wet the hydrophobic bitumen-coated fine solids that account for the majority of mineral 

contaminants in the diluted bitumen. Recently, switchable-hydrophilicity solvents (e.g., tertiary 

amines) have been used to reduce the hydrophobicity of the bitumen-coated solids surfaces.32-34 In 

the presence of CO2, the protonated tertiary amine generated in water can effectively form ion 

pairs with bitumen components to enhance the bitumen liberation from mineral solids. However, 

such aqueous-nonaqueous hybrid extraction with essential high dosage of water inevitably gave 

rise to the formation of oil-water emulsions. 

Inspired by the water agglomeration method, in this work, we have developed a novel two-

step approach to lower the content of fine solids suspended in oil media, that is, to reduce the 

hydrophobicity of the bitumen-coated fine solids and subsequently remove the particles by 

introducing a small amount of water. A cost-effective and environmentally friendly material, 

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-
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PEG), was applied to modify the surface wettability of the bitumen-coated fine solids. The 

hydrophilic PEG segments can reduce the hydrophobicity of the fine solids35 and increase their 

affinity for water,36-38 while the lipophilic PPG segments increase the solubility of the block 

polymer in cyclohexane. The performance of the two-step agglomeration method in removing the 

fine silica particles in cyclohexane was quantitatively evaluated through sedimentation tests. The 

relevant physical interaction mechanisms were investigated using atomic force microscope (AFM) 

and quartz crystal microbalance with dissipation monitoring (QCM-D). Batch sedimentation tests 

were also conducted with addition of only water, PEG-PPG-PEG or PEG-PPG-PEG aqueous 

solution, which highlight the necessity and applicability of the two-step approach. This research 

work will shed instructive light on the development of efficient and economical approaches to 

removing intractable fine solids in oil media, ultimately improving the quality of petroleum and 

petrochemical products and simplifying the technological process to extract oil from the oil sands. 

 

5.2. Materials and Methods 

5.2.1. Materials 

Athabasca bitumen was provided by Syncrude Canada Ltd. Cyclohexane (Certified ACS 

grade, > 99.0%), toluene (Certified ACS grade, > 99.5%) and octadecyltrichlorosilane (OTS, 95%) 

were purchased from Fisher Scientific, Canada. Silica microspheres (~ 5 μm in diameter), silica 

solid particles (~ 0.5-10 μm in diameter), PEG-PPG-PEG (Mn ~ 8400, PEG content ~ 80 wt%) 

and 11-Mercapto-1-undecanol (97%) were purchased from Sigma-Aldrich, Canada. Silicon wafer 

with 0.5 μm thermal oxide film was purchased from the NanoFab, University of Alberta. The AT-

cut crystal (5 MHz) QCM-D sensor coated with 50 nm silica (QSX 303) was purchased from 

Biolin Scientific, Sweden. A bitumen solution (0.1 wt%) was prepared by dissolving bitumen in 
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cyclohexane under sonication for 10 min. The PEG-PPG-PEG aqueous solutions of various 

concentrations (e.g., 25 mg/mL, 55 mg/mL, etc.) were prepared by dissolving PEG-PPG-PEG in 

Milli-Q water with a resistance ≥18.2 MΩ·cm.  

 

5.2.2. Preparation of sample fine particles and flat surfaces 

The bitumen-coated silica particles were used to mimic indigenous mineral fine solids 

found in the NAE bitumen and were prepared according to a method reported elsewhere.39 Briefly, 

10 g silica particles were dispersed in 100 mL bitumen-in-cyclohexane solution and the mixture 

was sonicated for 5 min and agitated under magnetic stirring (1000 rpm) for 10 min to allow 

bitumen adsorption onto the silica particles. The resulting particles were rinsed with cyclohexane 

through centrifugation (4000 rpm) to remove non-adsorbing bitumen components or loose deposit 

from the solid particles. Afterwards, the particles were collected and dried in a fume hood for 48 

h.  

A flat bitumen surface was prepared using a dip-coating method: a pre-cleaned silicon 

wafer (~ 1 × 1 cm2) was immersed in the bitumen-in-cyclohexane solution for 10 min, rinsed with 

cyclohexane to remove any weakly adsorbed bitumen components, and dried in vacuum to remove 

the residual solvent. A PEG-PPG-PEG/bitumen surface was prepared by further dip-coating the 

bitumen surface in cyclohexane containing 1000 ppm PEG-PPG-PEG for 1 min, followed by 

thoroughly rinsing with cyclohexane and drying in vacuum to remove the solvent. The wettability 

of these flat substrate surfaces was characterized by measuring the static water contact angle (WCA) 

in both air and cyclohexane using a contact angle tensiometer (Ramé-hart Instrument Company, 

USA) under ambient conditions. The volume of the water droplet was kept at ~ 0.4 μL throughout 
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this work. The surface topography of the flat substrate surfaces was probed by AFM imaging 

operated on MFP-3D-Bio AFM (Asylum Research, Santa Barbara, CA).  

 

5.2.3 Interfacial tension (IFT) measurement 

The IFT between PEG-PPG-PEG aqueous solution and cyclohexane was measured using 

a goniometer (Ramé-hart Instrument Company, USA). During a typical measurement, 

cyclohexane was first loaded in a syringe connected with a U-shaped needle. The needle was 

immersed into a quartz fluid cell filled with PEG-PPG-PEG aqueous solution and a cyclohexane 

drop with volume about ~ 5-8 μL was generated by the syringe. IFT was measured by analyzing 

the drop profile every two seconds using a camera. 

 

5.2.4. QCM-D measurement 

Adsorption process of PEG-PPG-PEG onto the bitumen-coated silica surface was 

investigated at nanoscale using QCM-D technique under ambient condition. The experimental 

setup and procedures for typical tests have been reported previously.40-42 In this study, the QCM-

D measurement started with flowing cyclohexane over the silica sensor mounted in the flow 

module to establish a stable baseline. Next, bitumen-in-cyclohexane solution was driven to flow 

through the flow module for 10 min, and subsequently the solution was switched to pure 

cyclohexane to sweep the weakly adsorbed bitumen off from the silica sensor. After an equilibrium 

state was reached, PEG-PPG-PEG-in-cyclohexane (1000 ppm) was fed into the flow module. The 

real-time responses of the silica sensor, i.e., shifts in frequency (Δf) and dissipation (ΔD), were 

monitored synchronously during the QCM-D measurement, and the recorded experiment data 
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were analyzed to unravel the adsorption behavior of PEG-PPG-PEG on the bitumen-coated silica 

sensor surface.  

 

5.2.5. Sedimentation tests 

The sedimentation tests followed a modified procedure reported previously.43 Figure 5. 1A 

schematically shows the sedimentation process of bitumen-coated silica particles in cyclohexane. 

Briefly, a suspension of bitumen-coated silica particles (mass fraction ~ 1.0 wt%) in cyclohexane 

was prepared by vigorous agitation through sonication in an ultrasound bath for 5 min and 

magnetic stirring (1100 rpm) for an additional 10 min. Then, a specific amount of additive, i.e., 

water or PEG-PPG-PEG, was introduced to the suspension, and the entire system was stirred for 

another 1 min at constant stirring speed (1100 rpm). The additive content in the suspension was 

expressed on the basis of the amount of cyclohexane used. To analyze the role of additives in 

destabilizing the bitumen-coated silica particles, four types of batch tests were conducted with (1) 

addition of only water, (2) addition of only PEG-PPG-PEG, (3) two-step addition of PEG-PPG-

PEG and water and (4) one-step addition of only PEG-PPG-PEG aqueous solution, respectively. 

Specifically, in batch tests (2) and (3), PEG-PPG-PEG was first dispersed in cyclohexane by 

sonication prior to each addition. Afterwards, the whole mixture was transferred to a 100 mL 

graduated glass cylinder and the variation in the mudline height (h) with time (t) was recorded 

during the settling process, as shown in Figure 5. 1B. The initial settling rate (ISR) at the beginning 

of the process was determined by calculating the initial slope of the settling curve (h vs. t). At 

sedimentation time t = 30 min, supernatants were collected from the cylinder for turbidity 

measurement by Micro-100 Turbidimeter (Fisher Scientific, Canada) and expressed in NTU 

(nephelometric turbidity unit). By evaporating all cyclohexane from the sample supernatant under 
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vacuum, the content of residual solids in the supernatant was obtained by calculating the ratio of 

the residue’s dry weight over the sample’s initial weight. 

 

5.2.6. AFM force measurements and AFM imaging 

All the AFM force measurements were performed on the MFP-3D-Bio AFM. The 

interactions of water droplet with bitumen surface and with PEG-PPG-PEG/bitumen surface were 

investigated using a drop/bubble probe AFM technique,44-48 and the schematics of the experimental 

setup is illustrated in Figure 5. 1C. Details on preparing the water drop probe have been reported 

elsewhere.49-50 Briefly, water droplets were injected into an AFM fluid cell filled with cyclohexane 

using a custom-made ultrasharp glass pipet. In a typical force measurement, a water drop was first 

picked up by an AFM cantilever to generate a water drop probe and the drop-anchored probe was 

then relocated above the flat sample substrate for force measurements. A customized rectangular 

silicon AFM cantilever ended with a circular gold patch (diameter ~ 65 μm, thickness ~ 30 μm) 

was used, and the gold patch was hydrophilized by 11-mercapto-1-undecanol to favorably anchor 

a water drop. The spring constant (k) of the cantilever was calibrated using Hutter’s method before 

loading the water drop.51 The glass substrate of the fluid cell was pre-hydrophobized by OTS to 

facilitate easy lifting of water drop. The nominal velocity of the force measurement was set as 1 

μm/s to minimize the hydrodynamic effect in surface force measurements. The maximum force 

load was set to 2 nN, and the force data was collected and recorded by the AFM software system. 

To measure the interaction forces between two solids surfaces, a colloidal probe AFM 

technique was applied (Figure 5. 1D). A modified procedure according to the literature was used 

for preparing the colloidal probe.52-54 Briefly, a silica microsphere (diameter ~ 5 μm) was glued to 

the end of a triangular tipless silicon nitride AFM cantilever using an epoxy adhesive which was 
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cured for 48 h. Then, the colloidal probe was immersed in the bitumen-in-cyclohexane solution 

for 10 min to allow bitumen adsorption onto the silica microsphere, which was followed by 

thorough rinsing with cyclohexane and complete drying in a vacuum desiccator. The colloidal 

probe was manipulated to approach and retract from the flat substrate samples placed in the fluid 

cell filled with cyclohexane. The maximum force load was set to 5 nN, and the force data was 

collected and recorded by the AFM software system. 

 

Figure 5. 1. Schematics of (A) the process of a typical sedimentation test, (B) initial settling rate 

(ISR) estimated from the settling results of mudline height (h) vs. settling time (t), and the 

experimental setup using (C) drop probe AFM and (D) colloidal probe AFM techniques, 

respectively. 
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5.3. Results and discussion 

5.3.1. Sedimentation tests without additives 

The bitumen-coated silica particles were slightly blackened compared to the bare silica 

particles due to the presence of irreversible adsorption of bitumen on the particles surface. 

Wettability measurements of the bitumen-coated silica substrate surface showed water contact 

angle (WCA) of ~ 91° ± 1°, which was consistent with that of the indigenous fine solids collected 

from the NAE bitumen.4, 55 This result suggests that the adsorption of bitumen components could 

notably increase the surface hydrophobicity of silica surface (i.e., WCA of bare silica surface was 

30° ± 1°).  

 

Figure 5. 2. The sedimentation results of the bare and bitumen-coated silica particles in 

cyclohexane without any additives. The inset displays the photographs of the sample supernatants 

collected at t = 30 min. 

As shown in Figure 5. 2, when no additives were applied, the case of bitumen-coated silica 

particles exhibited an ISR value of ~ 2.5 m/h in cyclohexane, which was 11 times smaller than that 

of the bare silica case (~ 27.9 m/h). After 30 min settling, the supernatant turbidity for bare silica 

particles was measured to be ~ 1.5 NTU and the corresponding solid content in the supernatant 
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was almost negligible. In comparison, for the case of bitumen-coated particles the supernatant 

turbidity and solid content reached ~ 50.5 NTU and ~ 490 ppm, respectively, demonstrating that 

the adsorbed bitumen coating could contribute to the stable suspension of the fine particles owing 

to their hydrophobic nature and the steric inter-particle repulsion in cyclohexane. 

 

5.3.2. Sedimentation tests with addition of water  

Sedimentation tests with addition of only water were conducted to investigate the effect of 

water on destabilizing the bitumen-coated solid particles in cyclohexane. Figure 5. 3A shows the 

measured ISR as a function of water content in the suspension system. It is clear that the ISR value 

increased from ~ 2.5 m/h to ~ 5.3 m/h after a small amount of water (600 ppm) was introduced. 

With increasing the water content added, the ISR continued to increase and reached a plateau (~ 

8.0 m/h) at the water content of ~ 2.5 × 104 ppm. This phenomenon indicate that the added water 

suspended as drops could be able to capture some of the solid particles whose surfaces were 

relatively less hydrophobic possibly due the interfacial-active nature of certain bitumen 

components,55 leading to the formation of solid-water agglomerates that facilitates the particle 

sedimentation to some extent. FBRM measurements showed that the added water in cyclohexane 

under agitation (1000 rpm) displayed a drop size distribution ranging from ~ 10-35 µm in diameter 

at the water dosage of 6000 ppm. Figure 5. 3B shows the variation of supernatant turbidity and 

residual solid content with respect to the different water contents introduced. The supernatant 

turbidity firstly showed an evident drop from ~ 50.5 NTU to ~ 24.5 NTU when the water content 

rose from 0 to 6000 ppm, and then leveled off when the water content was increased further. The 

corresponding relationship between the residual solid content and the applied water content was 

found to follow the similar trend. Clearly, within the applied water contents, the lowest solid 

residue content remained as high as ~ 370 ppm, more than three quarters of that in the case of no 
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additives (~ 490 ppm). This result demonstrates that most of the hydrophobic bitumen-coated silica 

particles could not be destabilized and settle out from the supernatant by simply introducing water 

to the suspension system. 

 

Figure 5. 3. Sedimentation tests of the bitumen-coated silica particles in cyclohexane with the 

addition of only water: (A) the measured ISR and (B) supernatant turbidity and residual solid 

content after 30 min settling as a function of water content in the silica-in-cyclohexane suspensions. 

 

5.3.3. Sedimentation tests with two-step addition of PEG-PPG-PEG and water 

Considering the limited performance of water agglomeration, it can be speculated that the 

hydrophobic nature of bitumen-coated silica particles has played a critical role in the stabilization 

of the particles. Hence, a two-step method has been proposed by applying PEG-PPG-PEG polymer 

as the surface modifier and subsequently introducing water to agglomerate the modified particles. 

As discussed above, the lowest solid content was achieved at 6000 ppm water content in the case 

of addition of only water. In the two-step method, the water content was therefore fixed at 6000 

ppm to examine whether the sedimentation performance could be further improved by modifying 

the surface wettability of the particles, and the settling results are displayed in Figure 5. 4 (wine 
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symbols). It is noticed that an ISR as high as ~ 17 m/h was facilely achieved when only a trace 

amount of PEG-PPG-PEG (~ 70 ppm) was applied (Figure 5. 4A), which doubled the maximum 

ISR (~ 8 m/h) achieved by adding water only. The ISR value rose to ~ 18 m/h as the PEG-PPG-

PEG content increased to 150 ppm. Meanwhile, as shown in Figure 5. 4B and 5. 4C, the residual 

solid content and supernatant turbidity were found to fall sharply to ~ 100 ppm and ~12 NTU, 

respectively, at the PEG-PPG-PEG content of 150 ppm. These results demonstrate that the two-

step agglomeration method could synchronously enhance the settling process and reduce residual 

solid content. Figure 5. 4D shows the schematic physical model associated with the two-step 

method. Compared to the case without any additives, the solid particles modified by PEG-PPG-

PEG should possess stronger affinity for water and could be more rapidly captured by the added 

water. However, the intriguing performance of the two-step method was just observed under low 

PEG-PPG-PEG dosage conditions. With the PEG-PPG-PEG content increasing from 150 ppm to 

1000 ppm, the solid content gradually climbed up to ~ 200 ppm and the turbidity slightly increased 

to ~ 16 NTU. Correspondingly, the ISR underwent a remarkable decline with increasing the PEG-

PPG-PEG dosage. The probable cause is the excessive amount of PEG-PPG-PEG migrating to the 

water/oil interface, which therefore might prevent the water droplets from capturing the dispersed 

particles and adversely affect the sedimentation performance. This proposed hypothesis will be 

investigated in the later section.  
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Figure 5. 4. Sedimentation tests of the bitumen-coated silica particles in cyclohexane with the two-

step method (wine symbol) and the addition of only PEG-PPG-PEG (royal symbol): (A) ISR, (B) 

solid residue content of supernatant and (C) supernatant turbidity as a function of PEG-PPG-PEG 

content added in the particle suspensions. (D) Illustration for the interactions associated with the 

particle settling process using the two-step agglomeration method (black arrow) and with addition 

of only PEG-PPG-PEG (grey arrow).  

To verify the synergistic effects of PEG-PG-PEG and water on destabilizing the bitumen-

coated silica particles, batch tests with addition of PEG-PPG-PEG only were conducted and the 

results are also presented in Figure. 4A-C (royal symbols). Clearly, when the PEG-PPG-PEG 

content were increased from 0 to 1000 ppm, the ISR maintained at very low level and only 

increased from 2.5 m/h to 3.2 m/h, which implies that the addition of only PEG-PPG-PEG was 
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unable to enhance the settling rate (Figure 5. 4A). However, the beneficial role of PEG-PPG-PEG 

in lowering solid content at prolonged settling time (i.e., t = 30 min) was gradually realized by 

raising the PEG-PPG-PEG content. It is interesting to note that the residual solid content decreased 

sharply to ~ 230 ppm when the PEG-PPG-PEG content was increased to ~ 140 ppm, and then 

gradually reached a plateau of ~ 200 ppm when the PEG-PPG-PEG content exceeded 500 ppm 

(Figure 5. 4B). Exhibiting the similar trend, the supernatant turbidity firstly decreased to ~ 14 NTU 

at the PEG-PPG-PEG content of 550 ppm which then leveled off (Figure 5. 4C). The possible 

reason for these results is that the adsorbed PEG-PPG-PEG were able to bridge the neighboring 

particles into small aggregates, and the resultant aggregates could further grow into large ones to 

accelerate gravitational settling (Figure 5. 4D). The settling rate should be controlled by the 

growth-rate of the particle aggregates which however was much slower than the formation of solid-

water agglomerates according to the ISR data. Therefore, even though the addition of PEG-PPG-

PEG only could reduce the solid content, its performance in enhancing the sedimentation rate is 

not significant unless water was added subsequently. In addition, the excessive amount of PEG-

PPG-PEG in the solid suspensions did not further lower the residual solid content, which might 

arise from the saturation of adsorbed PEG-PPG-PEG on the solid particles. The non-adsorbing 

PEG-PPG-PEG ended up precipitation down the bottom of the suspension system when the 

sedimentation test was completed. 

5.3.3. QCM-D adsorption tests and surface force measurements 

The physical mechanism underlying the sedimentation performance of the two-step 

method was explored using both QCM-D adsorption tests and surface force measurements using 

drop prob AFM at the nanoscale. Figure 5. 5 presents the variations in resonance frequency and 

energy dissipation responses versus time (t) for the adsorption test of PEG-PPG-PEG onto a QCM-
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D silica sensor surface. For the sake of simplicity, three harmonics (n = 5, 7, 9) are shown in the 

results. After injection of cyclohexane as baseline (t = 0-2.5 min), the resonance of crystal sensor 

shows a strong negative frequency and positive dissipation shifts synchronously when the silica 

sensor surface was exposed to the bitumen-in-cyclohexane solution, exhibiting a rapid adsorption 

of bitumen onto the silica surface. Then it shows a continuous adsorption with no saturation plateau 

of frequency or dissipation shifts within 10 min, after which the surface was thoroughly rinsed by 

cyclohexane to remove any weakly bounded bitumen components. Only a slight increase in 

frequency and drop in dissipation were observed, responsible for a strong and irreversible 

adsorption of bitumen on the surface. The WCA of the resultant bitumen-adsorbed silica sensor 

was measured to be 92º ± 1º. Upon the introduction of PEG-PPG-PEG, an immediate drop in 

frequency and rise in dissipation responses were detected, which indicates that PEG-PPG-PEG 

adsorbed onto the bitumen surface in cyclohexane. After the initial changes, PEG-PPG-PEG 

continued adsorbing onto the surface with time at a much lower rate considering the milder 

variations in frequency and dissipation. At the end of QCM-D measurements, the sensor surface 

showed WCA of 39º ± 0.5º, demonstrating that PEG-PPG-PEG modified the wettability of the 

bitumen-coated silica surface. The adsorption of PEG-PPG-PEG on bitumen-coated silica surfaces 

in cyclohexane could be driven by the van der Waals interactions between the polymer chains and 

bitumen, as well as the hydrogen bonding interactions of the polar oxygen-containing segments of 

PEG and PPG with the polar groups (e.g., -COOH and -OH) in certain bitumen components.56-57 
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Figure 5. 5. QCM-D measurement of bitumen adsorption and PEG-PPG-PEG adsorption onto a 

silica sensor surface in sequence. The insets show the changes in water contact angle on the 

bitumen-adsorbed silica sensor before and after PEG-PPG-PEG adsorption process. 

The adsorbed PEG-PPG-PEG can also profoundly modulate the inter-particle interactions, 

which have been quantitatively investigated using the colloidal probe AFM technique. Figure 5. 

6A shows the typical force-separation curves measured between a flat bitumen-coated silica 

surface and a bitumen-coated silica probe in cyclohexane. As the colloidal probe approached the 

flat bitumen-coated silica surface, noticeable repulsion was detected which grew steeply when the 

separation distance was smaller than 14 nm. Such phenomenon was attributed to the dominant 

steric force arising from the swelling of interfacial bitumen coatings, contributing to the 

stabilization of bitumen-coated silica solids in cyclohexane.12 During the retraction process, the 

force curve almost overlapped with the approach curve, except for a very weak adhesion at ~ 0.07 

mN/m possibly due to slight interdigitation and bridging behaviors between two contact bitumen 

surfaces. Typical topographic image of the bitumen surface is displayed in the inset of Figure 5. 

6A. Many small protrusion nanostructures were observed due to the self-assembly of bitumen 
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aggregates, and the root-mean-square (rms) roughness of the bitumen surface is about 0.37 nm. 

After being modified by PEG-PPG-PEG, the substrate surface showed polymer nanoaggregates 

with much larger size in comparison with the bitumen aggregates with rms slightly increasing to 

0.51 nm (inset of Figure 5. 6B), which indicates that the adsorption of PEG-PPG-PEG did not 

significantly change the surface roughness. However, the corresponding interaction force 

measured on the PEG-PPG-PEG/bitumen surface had distinct features, as shown in Figure 5. 6B. 

Specifically, the force curve upon approach showed a “jump-in” behavior when the separation was 

close to ~ 7 nm, implying that a strong attraction pulled the two surfaces into contact. Moreover, 

a relatively strong adhesion (~ 0.7 mN/m) denoted by a distinct “jump-out” behavior was recorded 

during the retraction process. These behaviors indicate that the adsorbed PEG-PPG-PEG was still 

capable of physically bridging the bitumen-coated silica particles, supporting our hypothesis that 

small aggregates of silica particles could be formed due to the addition of PEG-PPG-PEG. 

 

Figure 5. 6. Force-separation curves obtained on (A) a bitumen surface and (B) a PEG-PPG-

PEG/bitumen surface in cyclohexane using the colloidal probe AFM technique. The insets show 

topographic images (2 × 2 µm) on the corresponding surface. 
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As discussed above, PEG-PPG-PEG exhibits strong tendency to adsorb onto the bitumen-

coated silica particles and the adsorbed polymer profoundly affected the inter-particle interactions 

in cyclohexane. What’s more, the PEG-PPG-PEG modified particles can be favorably wetted by 

the added water, as indicated by contact angle measurements on the flat substrate surfaces in 

cyclohexane. The WCA was about 123 º ± 0.5º for the bitumen surface and significantly decreased 

to about 42º ± 1 º after the adsorption of PEG-PPG-PEG (insets of Figure 5. 7). The associated 

interaction mechanism was investigated by surface force measurements using the drop probe AFM 

technique, as shown in Figure 5. 7. Here, the piezo-displacement refers to the relative movement 

of the AFM cantilever, and the point where the water droplet was in contact with the substrate 

surface is arbitrarily selected as the zero point. Figure 5. 7A shows the interaction forces between 

a water droplet and the bitumen surface in cyclohexane. The measured force during approach was 

first slightly repulsive due to the weak hydrodynamic repulsion. When the force reached about 0.3 

nN, a small “jump-in” behavior was observed, which indicated that the water droplet came into 

contact with the bitumen surface. This phenomenon may have something to do with the fact that 

some interfacial-active components of bitumen were exposed to the oil media, rendering a weak 

affinity of the bitumen surface for water, which was also responsible for the moderate 

hydrophobicity (i.e., WCA ~ 90º) of the bitumen-coated silica surface. However, the water droplet 

did not detach from the upper cantilever after the contact and the strength of repulsion continued 

growing as the droplet-loaded cantilever kept approaching the surface until the maximum load 

force of ~ 2 nN was detected. During the retraction process, the water droplet sequentially detached 

from the substrate surface and a stepwise “jump-out” behavior was observed before the load force 

returned to zero, which was possibly due to stick-slip movement of the water droplet on chemically 

heterogeneous surface.58-59 The detachment of water droplet also implies the relatively weak 
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affinity of the bitumen surface for water in comparison with the hydrophilized cantilever. In 

striking contrast, the force curve of the PEG-PPG-PEG/bitumen surface showed different 

characteristics, as shown in Figure 5. 7B. After overcoming the weak hydrodynamic force, the 

water droplet suddenly detached from the cantilever and coalesced with the bottom substrate. The 

attachment of water droplet was observed accompanied with the formation of a large drop on the 

surface. This result clearly demonstrated the strong affinity of the PEG-PPG-PEG/bitumen surface 

for water and elucidated the synergistic effects of PEG-PPG-PEG additive and water on the 

agglomeration of the bitumen-coated silica particles. 

 

Figure 5. 7 Measured interaction force of (A) bitumen surface and (B) PEG-PPG-PEG/bitumen 

surface with a water droplet (radius = 35 µm) in cyclohexane. The arrows indicate the movement 

of the water droplet on the cantilever. The inserts display the water contact angle on bottom 

substrate surface measured in cyclohexane. 

 

5.3.4. Settling tests by one-step addition of PEG-PPG-PEG and water 

To further investigate the necessity of the two-step procedure in settling the bitumen-coated 

silica particles, sedimentation tests incorporating a one-step addition of a PEG-PPG-PEG aqueous 
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solution were conducted. Again, the water content was fixed at 6000 ppm. The PEG-PPG-PEG 

contents in the solid suspensions were adjusted by varying the content of PEG-PPG-PEG in 

aqueous solutions. Results of residual solid content obtained from the one-step method were 

compared with those in the two-step method test at three different PEG-PPG-PEG dosages, i.e., 

150 ppm, 550 ppm and 1000 ppm, as presented in Figure 5. 8. The corresponding PEG-PPG-PEG 

concentration in initial aqueous solutions was 25 mg/mL, 90 mg/mL and 150 mg/mL, respectively. 

Clearly, the solid content was much higher in the one-step test than that in the two-step test under 

all PEG-PPG-PEG contents, indicating that the hydrophobic bitumen-coated particles could not 

be effectively destabilized by the addition of PEG-PPG-PEG aqueous drops and demonstrating the 

necessity of the two-step agglomeration method. More importantly, a noticeable upward trend in 

solid content was observed when the PEG-PPG-PEG content was continuously raised from 150 to 

1000 ppm (Figure 5. 9A). At 1000 ppm PEG-PPG-PEG, the solid content reached ~ 455 ppm 

which was close to that in the case of no additives (~ 490 ppm). It is interesting to note that the 

contact angle of PEG-PPG-PEG aqueous drop on the bitumen surface in cyclohexane gradually 

increased from 148º, 155º to 163º when the applied PEG-PPG-PEG concentration in water was 

raised from 25 mg/mL, 90 mg/mL to 150 mg/mL, respectively (insets in Figure 5. 8). This result 

suggested that water drops containing highly concentrated PEG-PPG-PEG were relatively 

deficient in wetting the bitumen-coated silica particles.  
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Figure 5. 8. Solid content of supernatant in the sedimentation tests with one-step addition method 

by adding PEG-PPG-PEG aqueous solution (orange column) and two-step addition method (wine 

column). The inset displays contact angle of PEG-PPG-PEG aqueous drop on the bitumen surface 

in cyclohexane. 

Figure 5. 9 shows the IFT data with different applied PEG-PPG-PEG concentrations in 

aqueous solution. For the PEG-PPG-PEG concentration of 0 mg/ml, the IFT shows a rapid 

reduction during the initial time and turns to be constant with prolonged time. At the equilibrium 

state, the IFT between water and cyclohexane was measured to be ~50 mN/m, which is consistent 

with the value reported elsewhere. For the PEG-PPG-PEG concentrations of 25-150 mg/mL, 

variations of IFT show the same trend, that is, a continuous reduction in IFT was observed with 

time. It was noticed that the IFT decreases with the PEG-PPG-PEG concentration increasing, 

indicating that a growing number of PEG-PPG-PEG migrate to the water/oil interface under higher 

concentration conditions. This result indicates that a growing number of PEG-PPG-PEG occupied 

the water/oil interface under higher concentration condition, which would prevent the migration 
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and adsorption of the bitumen-coated particles onto the interface. Moreover, the PEG segments 

might preferentially reside in the water phase and stay highly hydrated, significantly inhibiting the 

formation of the hydrogen bonds between PEG-PPG-PEG and interfacial-active components of 

the bitumen layer adsorbed on the solid particles. In the case of the two-step method, it’s reasonable 

to assume that the excess amount of PEG-PPG-PEG in cyclohexane would also migrate to the 

water/oil interface, and thereby the introduced water drops heavily occupied with PEG-PPG-PEG 

could not capture the solid particles further. As a result, the addition of PEG-PPG-PEG at high 

dosages to the suspension system negatively affected the sedimentation performance of the two-

step agglomeration method.  

 

Figure 5. 9 (A) residual solid content after 30 min settling in the batch test with addition of PEG-

PPG-PEG aqueous solution. (B) Variation of IFT between PEG-PPG-PEG aqueous solution and 

cyclohexane with different PEG-PPG-PEG concentrations in aqueous solutions. 

 

5.4 Conclusion 

Removing fine solids suspended in oil media is crucial for the achievement of high-quality 

oil products and the simplification of technological processes in many chemical and environmental 
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engineering practices. In this work, a two-step agglomeration process has been developed to 

enhance sedimentation of hydrophobic bitumen-coated silica particles in cyclohexane. In the first 

step a polymer modifier PEG-PPG-PEG was used to alter surface wettability of the bitumen-coated 

silica particles and modulate the inter-particle interactions, and small amount of water was then 

used as the second step to trigger the generation of solid-water agglomerates. The performance of 

this two-step agglomeration method was evaluated by sedimentation tests, which shows high initial 

settling rate (ISR, as high as ~ 17 m/h) and low content of residual solids (~ 100 ppm) in the 

supernatant synchronously at the low PEG-PPG-PEG dosages. Batch sedimentation tests with 

addition of only water, PEG-PPG-PEG or PEG-PPG-PEG aqueous solution were also conducted, 

whose performances were found much less desirable in comparison with the two-step approach. 

In summary, the addition of only PEG-PPG-PEG was also found to be able to significantly 

decrease solid content (~ 200 ppm) in the supernatant but showed extremely low ISR (~ 3 m/h) at 

all PEG-PPG-PEG dosages (0-1000 ppm). The addition of only water achieved a moderately high 

ISR (~ 8.0 m/h) but the resultant supernatant still contained high content of residual fine solids (~ 

370 ppm). The batch test with addition of PEG-PPG-PEG aqueous solution showed that if large 

number of PEG-PPG-PEG migrated to the water/oil interface, the water drops would be relatively 

deficient in wetting the bitumen-coated silica particles, resulting in a large number of solid 

particles (as high as ~ 455 ppm) remaining suspended in the supernatant.  

The underlying physical interaction mechanism of two-step method were analyzed using 

QCM-D adsorption test and AFM force measurement. It was found that the surface of bitumen-

coated silica particles could be effectively modified by PEG-PPG-PEG due to a favorable 

adsorption of PEG-PPG-PEG to the bitumen-coated silica surface in cyclohexane. The modified 

particles were relatively hydrophilic and showed improved water wettability in cyclohexane. As a 
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result, they could be readily captured by the added water to form solid-water agglomerates that 

would then settle much faster in oil media. Our work provides implications for the development 

of practical and facile strategies to destabilize and remove the hydrophobic bitumen-coated fine 

solids in oil media.   
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Chapter 6 Conclusions and Future Work 

 

6.1 Major conclusions 

In this project, surface properties, stabilization and destabilization mechanisms of bitumen-

coated fine solids in organic media have been systematically studied mainly using nanomechanical 

techniques such as AFM and QCM-D with implications on understanding the behavior of the fine 

solids in organic media during the non-aqueous (NAE) extraction process and developing more 

effective and economic strategies of removing the fine solids from diluted bitumen.  

Results of elemental analysis and surface wettability measurements showed a strong 

signature of organic coatings on the surface of fine solids collected from the NAE bitumen, 

suggesting the presence of adsorbed bitumen layer on the solids surfaces. By virtue of AFM force 

measurement and nanomechanical mapping, the distribution of such adsorbed bitumen on the 

surface could be well-defined and was found to be heterogenous instead of homogeneous. The 

regime with thick bitumen layer showed the stretching behavior upon force measurement and the 

relative low modulus value, which indicates that the regime is relatively viscous and soft. In 

contrast, the regime without or with thin bitumen layer experienced a steep and sudden jump-out 

during the force measurement and showed the relative high modulus value. In addition, AFM force 

mapping in water using a hydrophobized AFM tip gave rise to the distribution of hydrophobicity 

of the solid surface, which could also be used to tell the regime with or without adsorbed bitumen 

apart. Specifically, force curves obtained on the mineral regime (no bitumen coating) could be 

well fitted by the classical DLVO theory, while additional hydrophobic attraction should be 

considered to fit the force curves obtained on the bitumen domains. The hydrophobic attraction 
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between the hydrophobized tip and bitumen domains led to an obvious “jump in” behavior during 

approach and relatively long-range “stretching” during separation.  

Interactions between fine solids in organic media were investigated by measuring 

interactions between a silica microsphere and a flat silica substrate using the colloidal probe AFM 

technique. The theoretical model, sum of VDW force and steric force, was applied to investigate 

the interaction mechanisms involving the fine solids. It was noticed that upon approach a steric 

repulsion was observed between the silica microsphere and the bitumen-coated silica substrate in 

cyclohexane, which was attributed to the swelling behavior of bitumen layer in good solvent. In 

the mixture of cyclohexane and heptane, the steric repulsion was gradually weakened when lower 

volume fraction of cyclohexane (φc) was applied, and finally turned to a weak attraction in the pure 

heptane arising from the collapse of the bitumen layer in poor solvent. Under the same solvent 

condition, both the range and the magnitude of the steric repulsion could be enhanced when the 

silica microsphere was also coated with bitumen. During retraction, the adhesion force required to 

separate two contact surfaces was found to increase with decreasing φc. The inter-particle 

interactions mediated by surrounding organic solvent could further significantly impact the 

stability of bitumen-coated silica particles in organic media.  

Behaviors of bitumen adsorption to fine solids in organic media were monitored using 

QCM-D. A silica sensor was used to mimic the mineral solid surface. The results showed that the 

initial adsorption of bitumen was mainly controlled by the interactions between bitumen 

components and the silica surface, while bitumen adsorption at long time was synchronously 

affected by multiple factors such as deposition, diffusion, aggregation, precipitation and 

convection processes. Before the precipitation onset of asphaltenes (i.e., important fraction of 

bitumen), the self-associated primary asphaltene nanoaggregates mainly contributed to the 
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bitumen deposition which accounts for the main constituent of the bitumen layer adsorbed on the 

silica surface, and a slight increase in φc in organic media was found to enhance the bitumen 

deposition. After the precipitation onset, large aggregate particles of asphaltenes were formed 

which were immediately flushed away from the silica surface without deposition, resulting in the 

notable decrease in the amount of adsorption mass. In summary, the largest amount of adsorption 

mass was acquired when φc was close the precipitation onset of asphaltenes. Increase in the degree 

of bitumen adsorption could further slightly enhance the stability of bitumen-coated silica particles 

in organic media. 

The performance of destabilizing fine solids in organic media with assistance of chemical 

additives was intuitively estimated by the sedimentation test. A two-step agglomeration process 

was developed to enhance sedimentation of bitumen-coated silica particles in cyclohexane. A 

polymer modifier PEG-PPG-PEG was first used to alter surface wettability of the bitumen-coated 

silica particles, and small amount of water was then used to trigger the generation of solid-water 

agglomerates. The performance of this two-step agglomeration method was evaluated by 

sedimentation tests, which shows high initial settling rate and low content of residual solids in the 

supernatant simultaneously. It was found that the surface of bitumen-coated silica particles could 

be effectively modified by PEG-PPG-PEG due to a favorable adsorption of PEG-PPG-PEG to the 

bitumen-coated silica surface in cyclohexane. The modified particles were less hydrophobic and 

showed improved affinity for water drops in cyclohexane. As a result, they could be readily 

captured by the added water to form solid-water agglomerates that would then settle much faster 

in oil media. Batch sedimentation tests with addition of only water, PEG-PPG-PEG or PEG-PPG-

PEG aqueous solution were also conducted, whose performances were found much less desirable 

in comparison with the two-step approach. 
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6.2 Original contributions 

This work has provided facile and useful methodologies for characterizing the 

heterogeneous bitumen coating on the surface of indigenous fine solids in NAE bitumen, which 

can be further employed to study heterogeneous surface properties of solid matters in other fields. 

The PeakForce QNM imaging and the AFM force mapping with hydrophobized AFM tip were 

first applied to probe the distributions of nano-mechanical properties and surface hydrophobicity 

of bitumen-coated fine solids, with important implications in better understanding the behaviors 

of solid particles during the NAE process.  

A combined AFM and QCM-D investigation of stabilization mechanism of fine solids in 

organic media during the NAE process has been systematically conducted. The results revealed 

that the steric repulsion arising from the swelling of bitumen layer in good solvent played a 

dominant role in stabilizing the bitumen-coated fine solids. The introduction of small amount of 

poor solvent to the organic media could suppress bitumen swelling, which however could increase 

degree of adsorption of bitumen onto the solid surface. The surrounding organic solvent played a 

crucial role in mediating inter-particle interactions and adsorption behaviors of bitumen to solids 

surfaces synchronously, ultimately affecting the stability of fine solids during the NAE process. 

For the first time, a novel two-step agglomeration method has been proposed to destabilize 

a suspension of bitumen-coated fine solids in oil media, that is, to reduce the hydrophobicity of 

the bitumen-coated fine solids and subsequently remove the particles by introducing process aids. 

In this work, polymer PEG-PPG-PEG was used as the wettability modifier and a small amount of 

water was used to agglomerate the modified fine solids. The results of sedimentation test revealed 

that this two-step method achieved a high settling rate and low residual solid content 



133 
 

synchronously. The underlying physical interaction mechanism of two-step method has been 

studied using the drop probe AFM, colloidal probe AFM and QCM-D techniques. Our work 

provides implications for the development of facile strategies to remove the hydrophobic bitumen-

coated fine solids in oil media during the NAE process.   

 

6.3 Suggestions for future work 

(1) To better elucidate the stabilization mechanisms of fine solids, interactions between bitumen-

coated fine solids in oil media can be more explored. It is recommended that interaction between 

bitumen components and different mineral surfaces, including kaolinite and montmorillonite can 

be investigated. The effects of various organic solvents, such as pentane, ethylbenzene and 

limonene, can be studied to fully understand the stabilization mechanisms of fine solids. 

(2) For the sedimentation test, addition of bitumen to the suspension of fine solids is recommended, 

and the influence of the bitumen addition and the bitumen content can be explored. Moreover, 

different types of polymer modifiers and process aids (e.g., alkaline solution, ionic liquid) can be 

applied to enhance the performance of the two-step agglomeration method. Application of bio-

inspired polymer can be an interesting topic in settling the fine solids. Parameters like wettability 

of polymer modifier, mechanical agitation and temperature can be studied. 

(3) Interactions between water droplet and different solid surfaces in oil media can be studied to 

understand the affinity of fine solids to water. The impacts of organic solvent, water chemistry, 

surface morphology of solid surface can be further studied using the techniques like drop probe 

AFM. 

(4) With improved understanding of the stabilization mechanisms, developed strategies to settle 

and remove the bitumen-coated silica particles can be employed to remove the fine solids in 
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practical NAE bitumen products in oil sands industry. The impacts like solvent/bitumen ratio (S/B), 

and operating parameters such as mechanical agitation and temperature should be further 

investigated and optimized. 
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