
 

 

Rheology of Bitumen at the Onset of Asphaltene Aggregation and its Effects on 

the Stability of Water-in-Oil Emulsion    
 

 

by 

 

Saeed Mozaffari 

  

  

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the degree of 

 

Master of Science 

 in  

Chemical Engineering 

 

 

 

 

 

Department of Chemical and Materials Engineering  

University of Alberta 

 

 

 

 

 

 

 

  

 

 

© Saeed Mozaffari, 2015 

 

 

 

 

 



 

 

Abstract 

Asphaltenes are the heaviest fraction of bitumen. Asphaltenes not only play an 

important role in the high viscosity of bitumen but also in the water-in-oil (W/O) 

emulsion stability. Nevertheless, their exact function in the stability mechanism 

of W/O emulsion still remains unresolved. It is observed that asphaltenes are 

very inclined to form aggregates in organic solvents, especially in aliphatic 

solvents. The existence of such aggregates alters the rheological properties of 

bitumen in macro-and nanoscale. In this thesis, the focus of the study is on the 

role of asphaltenes aggregation on rheological properties of diluted bitumen. The 

influence of solvents with different degree of aromaticity on asphaltenes 

aggregation/precipitation is further investigated. Further, nanofluidic chips are 

designed and fabricated to enable us to inspect the fluid properties (such as 

penetration, velocity, and viscosity) in the nano-confinement geometry. 

Capillary-driven flow is used to transport pure solvents and diluted bitumen 

(with or without the presence of asphaltenes aggregation). Finally, theoretical 

predictions are applied to analyze and compare the data with the experimental 

values based on capillary filling phenomena.         
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Chapter 1: General Introduction 

1.1 Introduction 

An emulsion is a mixture of two immiscible liquids which is thermodynamically 

unstable, even though kinetically stable.
1, 2

 Emulsions have found enormous 

applications in food, pharmaceutical, and cosmetic industries.
3
 However, 

emulsions are not always desirable. Formation of very stable water-in-crude oil 

emulsions is a major problem in petroleum industry, and particularly in the 

recovery of bitumen from the vast resource of oil sands in Alberta. During 

heavy/crude oil production, vigorous agitation when the oil flows through 

wellbores, valves, and pump impellers, along with the presence of indigenous 

natural surfactants, asphaltenes and fine solids, emulsify some water into small 

droplets.  

Presence of salt in water droplets can cause severe problems such as corrosion of 

pipelines and refinery equipment.
4, 5

 Emulsified water droplets can add up to the 

viscosity of crude oil leading to a significant increase in the cost of pumping, 

transportation, and lead to a possible environmental damage.
2, 6

 Large water 

droplets can be easily removed using standard gravitational settling or 

centrifugation methods, the few micron-sized droplets however, are difficult to 

separate. 

 Due to the presence of various species in the bitumen or heavy crude oil, W/O 

emulsion becomes stabilized.
7
 Interestingly, the molecular mechanisms that 

determine the W/O emulsion stability are still unknown.
2
 Acidic molecules 
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present in the crude oil contribute in the stability of W/O emulsion.
2
 These acidic 

molecules are capable of ionization at the W/O interface and can considerably 

lower the interfacial tension.
8, 9

 Some of these stabilizing acids are alkyl 

carboxylic acids, fused aromatic ring acids, alkylbenzene carboxylic acids, and 

naphthenic acids.
2
  

Fine inorganic solid particles, such as clays, silicas, and iron oxides are found to 

engage in the stabilization of W/O emulsion through surface modification. Crude 

oil species like resins and asphaltenes can be adsorbed at the surface of small 

inorganic particles, therefore; make the small particles interfacially active.
2
                

Asphaltenes as the heaviest fraction of bitumen are widely acknowledged to play 

a critical role in the stability mechanism of W/O emulsion.
7, 10

 Asphaltenes are 

considered as one of the main mechanisms for stabilization of W/O emulsion. 

Despite numerous scientific studies to elucidate how asphaltenes contribute to 

the stability mechanism, their exact role is not well-understood.
11

 Asphaltenes 

are weak surface-active agents that cannot lower the interfacial tension as other 

bitumen fractions like resins.
12

 Moreover, asphaltenes mostly consist of 

hydrophobic part and does not possess a well-defined amphiphilic structure.
11

 

Therefore, asphaltenes cannot be considered as a type of surfactant. 

 Asphaltenes are defined as a solubility class of molecules that are soluble in 

toluene but insoluble in n-heptane or n-pentane.
1
 Asphaltenes form aggregates 

even in aromatic solvents such as toluene.
13

 Asphaltene molecules initially form 

nano-aggregates and then nano-aggregates can evolve to larger structures, such 

as clusters and precipitates.
11, 14

 The presence of solid asphaltenes is associated 
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to various industrial problems such as catalyst deactivation, low distillate yields, 

equipment failure, and pipeline plugging.
14-16

  

High viscosity of bitumen is mostly determined by the asphaltenes content and 

the interactions between asphaltenes and maltenes.
17

 The various techniques 

used to reduce the viscosity of bitumen/heavy oil include heating, addition of 

liquid diluents, steam injection, and emulsification.
18, 19

 Dilution is the most 

preferred method to reduce the bitumen viscosity.
18

 Therefore, use of light 

hydrocarbons is essential for facilitating bitumen transportation. Solvent 

aromaticity and degree of dilution are important parameters in the formation of 

asphatenes aggregates.
20

 There are clear evidences that at the critical solvent to 

bitumen ratio (S/B) asphaltenes aggregate and form large precipitates.
20-22

 

Regarding the role of asphaltenes in the stability of W/O emulsion, it is found 

that above the critical S/B ratio where asphaltenes precipitation takes place, 

sudden changes at the interfacial characteristic of W/O occur.
21, 22

 Below critical 

S/B ratio, the W/O interface is fluid while above the critical dilution rigid 

interface can be observed.
21, 22

 It is well-appreciated that at the W/O interface, 

asphaltenes are responsible for formation of viscoelastic layer.
23, 24

 The 

viscoelastic layer is mechanically strong and deemed to be a mechanism for 

stabilization of W/O emulsion.
24

 Asphaltenes can aggregate with resin molecules 

at the interface and hinder water droplets to coalesce through steric repulsion and 

as a result enhance the emulsion stability.
25

 It has been reported in few studies 

that asphaltene can form hydrogen bonds with water molecules and stabilize the 

emulsion.
26, 27
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In the recent studies, it is observed that at the W/O interface stable and rigid oil 

film prevents two approaching water droplets to coalesce and form a larger water 

droplet.
11

 Drainage of thin oil film stops at the thickness of less than 100 nm. 

This phenomenon was addressed to the formation of hierarchical asphaltenes 

aggregation that changes oil rheology from Newtonian to non-Newtonian by 

inducing a tiny yield stress.
11

 Therefore, it is of a great importance to further 

investigate how asphaltenes affect the oil rheology under the nano-confinement 

geometry.
28

  

With the rapid advances in the field of nanotechnology, fabrication of 

nanostructure features became feasible. Due to the emergence of nanofluidics, 

numerous studies regarding transport phenomena in the nanoscale have been 

conducted. Modeling of transport phenomena inside nanofluidics is different 

from microfluidics as the effect of wall in the nanometer scale becomes more 

influential.
29

 Nanofluidics is the study of fluid flow in the 

nanochannels/nanopores with at least one characteristic size below 100 nm.
30

 

High surface area to volume ratio, and comparable channel size with bio-

molecules like DNA and proteins are the distinctive characteristic of nanofluidic 

systems.
31

 Various applications of nanofluidics include single cell analysis
32

, 

water purification
33

, DNA sensing
34

, and energy conversion
35

. To fabricate 

nanofluidic devices, several nanofabrication methods, such as photolithography, 

electron beam lithography (EBL), focused ion beam (FIB), nanoimprint 

lithography (NIL), and self-assembly have been used.
31, 36, 37
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Nanochannels with different aspect ratio (AR) of cross sectional area can be 

fabricated, where AR is the ratio of height to width. 
38

 In one dimensional (1-D) 

nanochannels only one dimension (height or Width) is in the nanometer scale. 

However, in two dimensional (2-D) nanochannels both dimensions are in the 

nanometer scale.
38

 Ultra low AR (i.e., w h ) nanochannels can be considered 

as 1-D systems which facilitates theoretical analysis.
39

 Furthermore, 1-D 

nanochannels provide higher volumetric flow in comparison with 2-D 

nanochannels.
40

  

Electro-osmotic flow (EOF) is the preferred method for fluid transport inside the 

nanofluidic systems.
29

 An interesting application of EOF systems is to separate 

the components of a mixture.
41

 However, one of the main limitation of this 

method is that it can be applied to the aqueous solutions.
42

 Pressure-driven flow 

is another method of fluid transport which can be used for any fluid type unlike 

EOF flow.
42

  

Owing to the large surface area to volume ratio in the nanoscale, surface-liquid 

interactions become important.
43

 Therefore, capillary action in the nanofluidics 

is very prominent.
44

 Furthermore, the wetting properties of channels wall play an 

important role in the spontaneous filling of liquid inside nanochannels.
45

 The 

liquid filling kinetics through capillary action was first studied by Washburn.
46

 

Several studies demonstrated that liquid filling speed in the nanochannels 

deviates from the theoretical predictions.
43, 44, 47

 Such deviation was attributed to 

the variation in dynamic contact angle
43, 48

, or to the electro-viscous effect
44

. 

Fluid transport inside the nanofluidic system can provide an insight into the 
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effect of nano-confinement on the fluid viscosity and other rheological 

properties. In this regard, capillary-driven flow is a promising method to analyze 

the flow of complex fluids in the nanoscale. Further, this method can be applied 

to study the flow of heavy crude oil and bitumen inside nanoporous media. 

1.2 Research Objectives 

Bitumen is an organic material with a complex molecular structure. Bitumen is 

also a mixture of diverse hydrocarbons in which their properties are very 

similar.
49

 Due to the complex chemistry of bitumen, bitumen chemical structure 

is not yet precisely determined. In the petroleum industry, there is a standard 

method to classify bitumen fractions into four groups. Saturates, Aromatics, 

Resins, and Asphaltenes are the four distinct fractions of bitumen known as 

SARA classification.
50

                

Asphaltenes are the most studied components of heavy crude oil and bitumen. 

Asphaltenes are still the least understood fraction of bitumen.
51

 As already 

mentioned in the introduction part, asphaltenes are the most aromatic and the 

heaviest components of bitumen and heavy crude oil.
11

 Asphaltenes have large 

applications in paving, coating, and encapsulation of hazardous waste.
52

 On the 

other hand, negative impacts of asphaltenes on the petroleum industries are 

emulsion stabilization, low production yield, and bitumen high viscosity.
14

 

The first objective of this study is to understand how time evolution of 

asphaltenes aggregation/precipitation affects the viscosity of diluted bitumen. 

Efficiency of centrifugation on asphaltenes removal and viscosity was also 

analyzed. Furthermore, different types of solvent were used to investigate how 
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solvents with different degree of aromaticity alter the rate of asphaltenes 

aggregation/precipitation. 

The second objective of this thesis is to design and fabricate a nanofluidic chip 

for in-situ monitoring of the filling kinetics of various pure solvents and 

mixtures. High speed camera was used to trace the position of advancing liquid 

with time and a labview program to record the data. Experiments have been 

conducted with various bitumen concentrations above and below critical S/B 

ratio in the nano-confinement geometry. 

Finally, nanofluidic chip was utilized to examine the impact of asphaltenes 

aggregation on the diluted bitumen rheology. Furthermore, theoretical 

predictions were developed to make a comparison with the experimental data.              

1.3 Thesis Layout   

The work in this thesis is divided into four chapters. In Chapter 1 (the current 

chapter), a general overview of asphaltenes role in the stability mechanism of 

W/O emulsion, and also in bitumen rheology (in both macro-and nanoscale) 

have been demonstrated. Afterwards, the main objectives and scope of this 

research have also been presented.  

Chapter 2 is focused on the effect of asphaltenes aggregation on the rheological 

properties of bitumen. In the introduction part, a brief definition of asphaltenes 

and their contribution in the bitumen viscosity have been presented. Further, by 

considering asphaltenes as colloidal dispersion of particles, viscosity modeling 

was performed to estimate the volume fraction of bitumen and asphaltenes in the 
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mixture. The use of such viscosity modeling can be helpful to estimate some 

limited values which may not be possible experimentally.  

In chapter 3, a detailed literature review on the application of nanofluidic 

devices, their unique features, and the main methods of fluid transport in these 

miniaturized devices have been discussed. The procedure and schematic for 

fabrication of nanofluidic chip and further surface analysis were demonstrated.  

A description of capillary-driven flow as the method of fluid transport in our 

experiments was given. The method for bitumen sample preparation above and 

below the critical S/B ratio was established. We tried to examine a possible role 

of asphaltenes in diluted bitumen rheology when aggregates formed in the nano-

confinement geometry. Furthermore, theoretical prediction was used to inspect 

the filling kinetics of Newtonian and non-Newtonian Bingham fluid.    

Finally, in Chapter 4, we summarize the major findings of the conducted 

research and propose some directions and suggestions for the future     

investigations.   
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Chapter 2. Effect of Asphaltenes Aggregation on Bitumen 

Rheology  

 

2.1 INTRODUCTION 

Asphaltenes cause severe problems in the heavy crude oil transportation, oil 

recovery, water removal, and catalyst efficiency.
4, 15, 16, 21, 23, 53-55

 Asphaltenes are 

defined as a fraction of crude oil that is soluble in toluene and insoluble in 

pentane or heptane.
56

 As a solubility class the asphaltenes consist of large variety 

of molecules
2
 which are different almost in any kind of property, such as 

molecular weight, functional groups and polarity, and only their solubility 

behavior in aromatic and aliphatic solvents are similar.
11, 14, 15

 Furthermore, the 

asphaltene content is the parameter that affects the viscosity of bitumen.
57, 58

 

Bitumen is the residue of a refining process in the petroleum industry which 

mainly originates from the crude oil. Bitumen is a complex material that its 

viscosity is very temperature dependent.
59

 Bitumen fractions based on SARA 

classification are categorized into four groups of Saturates, Aromatics, Resins, 

and Asphaltenes. These fractions are different in several properties, such as 

molecular weights, hydrogen to carbon ratio (H/C), and polarity.
50

   

Asphaltenes have a density between 1.1–1.2 g/cm
3 

and H/C ratio of 1.1–1.2 at 

the room temperature.
60

  

 

A version of this chapter has been submitted to the journal of Energy & Fuels 

and is under review for publication. 
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Asphaltenes are solids, shiny and black. Asphaltenes as the largest and heaviest 

fraction of bitumen are known for their high tendency to form aggregates.
11, 14, 61

 

Aggregation mechanism of asphaltenes is responsible for reduction of 

asphaltenes diffusivity.
62

    

The aggregation number of nano-aggregates is reported to be less than 10.
14

  

It has been a long debate on determination of asphaltene molecular weight. 

Recently, the asphaltene average molecular weight was reported to be around 

750 Da.
62

    

Bouhadda et al.
63

 based on viscosity results found that asphaltenes form 

spherical aggregates in toluene solution at volume concentration up to 0.15. 

Eyssautier et al.
62

 by using small angle neutron and X-ray scattering techniques 

proposed a disk shape model for asphaltene nano-aggregates. The aggregation of 

asphaltenes is not limited only to nano-aggregates but is rather a hierarchical 

process that includes formation of nano-aggregate clusters and large precipitate 

particles.
14

 Asphaltene clusters consist of nano-aggregates. The evolution of 

asphaltene growth from its molecule to form cluster is shown in Figure 2.1. 

    

Figure 2.1. Formation of asphaltene cluster from its molecule.
14
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In order to enhance water and solids removal or to facilitate transportation of 

bitumen, an addition of light hydrocarbon is required to reduce the viscosity and 

density of bitumen. Solvent to bitumen ratio (S/B) and solvent composition 

(aromaticity) have a profound impact on the formation of asphaltene 

aggregates.
20, 53

 There is a critical S/B, at which an apparent asphaltenes 

precipitation is observed.
20-22

 The observation of asphaltenes aggregates and 

their precipitation have been originated from the study of W/O emulsion.
20, 21

 In 

this regard, there is a transition from fluid to rigid interface at the onset of 

asphaltenes precipitation. The results of critical S/B ratio (thick line) for 

different solvents are summarized by Tchoukov et al.
20

 and shown in Table 2.1. 

 

  

Table 2.1. Summary of critical S/B ratio for different solvents.
20

 

 

The rate and degree of the asphaltene aggregation/precipitation is determined by 

the asphaltene solubility properties in the used solvent. Pressure, temperature, 

phase separation, and variations in the composition are the key parameters that 

enhance the asphaltenes precipitation.   
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Sheu
15

 reported the effect of aging on the viscosity of 2.1 wt.% asphaltenes in 

heptane/toluene (25:75) solution. Viscosity increase of about 30% was noticed 

after 400 min aging. This change in the viscosity was addressed to the 

flocculation of asphaltenes. Similarly, molecular dynamic study suggested that 

as the bitumen ages, asphaltenes aggregation develops and bitumen viscosity 

increases.
50 

Recently, Tchoukov et al.
12

 compared the viscosity of asphaltenes, 

maltenes and bitumen in toluene solutions in the concentration interval             

0–100 g/L and found that the asphaltenes content determines the viscosity of 

bitumen to a large extend. Eyssautier et al.
64

 investigated the rheological 

behavior of asphaltenes in toluene in the concentration range  from                      

0 to 20.0 vol % at temperatures between 80 and 240
o
C and  found a Newtonian 

fluid behavior for all samples.  

It has been well-supported in a number of studies that asphaltenes play a crucial 

role in the stability of water-in-crude oil (W/CO) emulsions.
1, 21, 65, 66

 The role of 

asphaltenes aggregation on rheological properties of oil and W/CO emulsions 

has been extensively studied.
12, 16, 24, 58, 64

 

 It is important to note that asphaltenes molecular structure is different from a 

surfactant. Asphaltenes do not have a well-defined hydrophilic and hydrophobic 

part in their structure which is the characteristic of a surfactant.
11

 A typical 

molecular structure of a surfactant and asphaltene are shown in Figure 2.2a and 

Figure 2.2b. 
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Figure 2.2a. A molecular structure of an anionic surfactant known as Sodium 

Dodecyl Sulfate (SDS).
11

 

    

 

 

Figure 2.2b. A molecular structure of asphaltene.
11

   

 

To address the role of asphaltenes in the stability mechanism of W/O emulsion, 

Spiecker et al.
24

 pointed out that the formation of asphaltene film at oil-water 

interface exhibits viscoelastic behavior and yield stress. Studying the drainage of 

the oil films between water droplets, Czarnecki et al.
11, 67

 proposed that in 

proximity of water/oil interface the asphaltenes can form not only small 

aggregates but also a supra-molecular network structure that changes the 
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rheological properties of the film liquid from Newtonian to non-Newtonian with 

a finite yield stress.  

Despite the fact that a number of studies report data on viscosity of diluted 

bitumen at different concentration, temperature and pressure, until now, the 

effects of aging and asphaltenes aggregation have not been studied 

systematically. In order to investigate the effects of aging and S/B ratio on 

rheological properties of diluted bitumen we studied solutions at concentrations 

above and below the critical S/B. One day after preparation, the solutions were 

centrifuged to remove the initially formed precipitates and any fine solids that 

might be present; then the solutions were left to age for different times - up to 30 

days when the viscosity of the supernatant was measured. Finally, based on 

viscosity models available in the literature, the effective volume fractions of 

bitumen and asphaltenes were evaluated.  

 

2.2 EXPERIMNTAL SECTION 

2.2.1. Materials  

Athabasca coker feed bitumen supplied by Syncrude Canada Ltd was used in 

this work. The bitumen was diluted with n-heptane (HPLC grade Fisher 

Scientific), toluene (Optima, Fisher Scientific), and a mixture of heptane and 

toluene at the volume ratio of 80:20, which is referred in the text as heptol 

(80:20). The heptol (80:20) was selected because it has similar solubility 

properties to commercial naphtha used in froth treatment by Syncrude Canada 

Ltd. 
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2.2.2. Solutions Preparation and Procedures 

 Stock solutions of 50 wt.% bitumen in toluene, heptane and heptol (80:20) were 

used to prepare solutions with concentrations 5 – 45 wt.% in the studied 

solvents. Freshly prepared solutions were allowed to age for one day. The 

supernatants were collected and centrifuged at 16,000 g for 60 min at room 

temperature to ensure that all precipitates and fine solids are removed. After that 

the centrifuged solutions were aged for 0, 2, 7, or 29 days (the total aging time is 

1, 3, 8, and 30 days) and used in viscosity and bitumen content measurements. 

To investigate the efficiency of centrifugation for removal of the initial 

precipitates in the solutions we conducted experiments with 5 and 11 wt.% 

bitumen in heptol (80:20) and heptane solutions, which were aged for 15 min 

and centrifuged at 16,000 g for 60 and 180 min. The different centrifugation time 

did not lead to any change in the measured viscosity of the samples. 

2.2.3. Bitumen Content Measurement  

The bitumen content of the samples aged for different time was estimated by 

taking 2 mL solution from the middle of the vial and spraying it on a filter paper 

(Grade 5, GE Healthcare Life Sciences). The filter papers were left under a fume 

hood for 15 min (the weight did not change if longer time was used) to evaporate 

the solvent. The net weight of dry bitumen was used to calculate the bitumen 

content of the samples. 

2.2.4. Viscosity Measurements 

 Viscosity measurements were performed by using ARG2 rheometer (TA 

Instrument) in Flow Sweep Mode. Peltier concentric cylinder system was 
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selected as this geometry is more compatible with low viscosity measurements. 

The operating gap was set to 5917.1 μm. The equilibration time in steady state 

sensing was 5 seconds. Viscosity and shear stress were measured by varying 

shear rate from 1 to 150 s
-1

. The experiments were repeated three times to ensure 

the accuracy of the measurements. For all experiments the temperature was set to 

23 0.02
 o

C. Pure solvents with a known viscosity, such as water, heptane, and 

toluene were used to calibrate the viscosity measurements. The schematic of 

rheometer and concentric cylinder geometry are illustrated in Figure 2.3.  

 

                   (a)                                                                          (b)  

 

                Figure 2.3. (a) Rheometer and (b) Concentric cylinder geometry.   
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2.3. RESULTS AND DISCUSSION 

2.3.1. Viscosity of Aged Diluted Bitumen Solutions 

Bitumen Diluted in Heptol (80:20) 

We followed the changes of the viscosity of bitumen dissolved in heptol (80:20) 

over period of 30 days for three different concentrations 5, 11, and 40 wt.%. For 

each concentration six solutions were prepared and aged for different times. The 

measured samples were taken from the supernatant of unperturbed solutions. 

Figure 2.4 shows the variation of viscosity of bitumen as a function of time. The 

viscosity of 40 wt.%  bitumen sample did not change in time. The viscosity of 5 

and 11 wt.% almost reached a plateau after 8 days and it decreased of about     

12 % after 30 days. 

 We did not observe formation of precipitates for 40 wt.% solutions and apparent 

sediment was formed at the bottom of vials for 5 and 11 wt.% solutions. This 

observation agrees with previously reported value for critical S/B ratio in case of 

heptol (80:20) S/B ratio.
11, 12, 20, 67

 As the initial precipitates formed in the 

solution at bitumen concentrations of 5 and 11 wt.% were initially removed out 

by centrifugation as described in Materials section, the results in Figure 2.4 

support the notion that above the critical S/B the aggregation of asphaltenes and 

formation of precipitates which can settle is a  continuous process in agreement 

with Long et al.
68

 who also reported continuous process of asphaltenes 

aggregation. The secondary asphaltenes precipitation continues for days.
20
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Figure 2.4. Viscosity of bitumen diluted in heptol (80:20) as a function of aging 

time. The errors in viscosity measurements are less than 0.008 mPa∙s. 

 

Viscosity of Bitumen in Heptane 

Viscosity change with aging for bitumen dissolved in heptane solutions is shown 

in Figure 2.5. Similarly to the heptol (80:20) case, for the concentrations above 

critical S/B ratio, 5 and 11 wt.%, the viscosity of the supernatant decreased 

significantly in time, ~ 9 % drop after 30 days. The decrease of the viscosity is 

most likely related to the precipitations of asphaltenes and their settling at the 

bottom of the vial.  

Another possibility could be that even though the asphaltene aggregates stay 

dispersed in the solution, they become more compact and their effective volume 

in the solution decreases, which reduces the solution viscosity.  
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Figure 2.5. Viscosity of bitumen diluted in heptane as a function of aging time. 

The errors in viscosity measurements are less than 0.008 mPa∙s. 

 

Viscosity of Bitumen in Toluene 

 The viscosity of bitumen diluted in toluene did not change with time. The 

viscosity of 11 wt.% bitumen in toluene solution was constant at 0.85 mPa s    

for up to 30 days. The experimental errors in viscosity measurements were 

determined to be less than 0.008 mPa∙s. Centrifugation at 16,000 g for 60 min of 

aged solutions of bitumen in toluene did not change the viscosity of the solution, 

which confirms the absence of precipitates and large aggregates in these 

solutions. 

The viscosity measurements of diluted bitumen solutions in time showed two 

different trends: (1) viscosity of bitumen diluted in heptane and in heptol (80:20) 
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above the critical S/B ratio decreased with aging; (2) viscosity of solutions of 

bitumen in heptane and in heptol (80:20) below the critical S/B ratio and in 

toluene did not change with aging. 

2.3.2. Bitumen Content of Supernatant of Aged Solutions 

 One possible explanation of the results in the previous section is that even after 

the initial precipitates were removed (all solutions were left to rest for one day 

after preparation and then centrifuged before being aged for prolonged periods) 

the process of aggregation continues and leads to formation of large aggregates 

that settle out of the solutions. Then the supernatant of the solution becomes 

depleted of asphaltenes and consequently the measured viscosity is reduced. To 

check this hypothesis we have measured the bitumen content of supernatants for 

solutions above the critical S/B after different aging times. The result show that 

the bitumen content in the bulk of the solutions decreases with aging time, see 

Figure 2.6. After 30 days of aging the bitumen content decreased of about 29% 

in heptol (80:20) and 35% in heptane. The initial asphaltenes concentration in 

heptane is about 14 g/L and the estimated asphaltenes content after 1 and 8 days 

reaches to 2.6 and 0.8 g/L, respectively. The decreased bitumen content indicates 

the formation of large aggregates in the solution that settle down and as a results 

the measured viscosity is reduced. Above the critical S/B, initially we observed a 

fast precipitation, which takes place for a less than one hour, followed by a slow 

precipitation process with the time scale of several days.                
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Figure 2.6. The bitumen content and volume fraction of 11 wt.%  bitumen 

diluted in heptol (80:20) and heptane as a function of aging time. 

 

2.3.3. Newtonian Behavior of Bitumen Solutions 

As we mentioned in the Introduction, it was suggested recently that asphaltenes 

aggregation is the reason for non-Newtonian drainage of thin liquid film 

(separating two water phases) for bitumen in heptol and in heptane solutions at 

concentrations above the critical S/B ratio.
11, 12, 20, 67

 Such non-Newtonian 

behavior of the film liquid was proposed to be a new mechanism for stabilization 

of water in oil emulsions.                   

The experiments that showed such non-Newtonian behavior were performed for 

a similar system and concentrations as the system studied in this work. However, 

this previous work was for thin liquid films, where the oil drains at confined 

geometry between two water/oil interfaces in close proximity of less than       
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100 nm. We tried to examine a possible non-Newtonian rheology in the bulk of 

our solutions by measuring the shear stress versus shear rate. As illustrated in   

Figure 2.7 and Figure 2.8, the y-axis and x-axis represent the shear stress and 

shear rate of 5 wt.% bitumen in heptol (80:20) and heptane, respectively. The 

graphs clearly show that the intercept is very close to the zero. We also plotted 

the results for 11 wt.% bitumen in toluene, heptane and heptol (80:20) that is 

shown in Figure 2.9. We found a linear dependence with well-defined slope for 

different solvents, which corresponds to Newtonian liquids of different 

viscosities. The Newtonian character of bulk solution of bitumen is not a surprise 

and agrees with previous works.
16, 17, 64

 It looks like non-Newtonian behavior is 

important in small gaps and in presence of water/oil interfaces. 

 The confirmation of possible non-Newtonian behavior in bulk solutions 

probably will require more sensitive methods capable of detecting the small 

values of the reported yield stress.
11, 67
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Figure 2.7. Shear stress versus shear rate for 5 wt.% bitumen in heptol (80:20). 

Sample was centrifuged at 16,000 g for 60 min with 7 days aging time. 
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Figure 2.8. Shear stress versus shear rate for 5 wt.% bitumen in heptane. Sample 

was centrifuged at 16,000 g for 60 min with 7 days aging time. 
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Figure 2.9. Shear stress versus shear rate for 11 wt.% bitumen in different 

solvents. Samples were centrifuged at 16,000 g for 60 min with 0 day aging 

time. 

2.4. Theoretical Section 

2.4.1. Effective Volume Fraction of Dispersed Bitumen and Asphaltenes  

The evolution of asphaltenes aggregation from the molecular to the cluster state 

was first presented by Yen et al.
69

 They investigate the structure of asphaltenes 

by using X-Ray Diffraction (XRD) technique. Asphaltenes have been studied 

extensively based on colloidal approach. Numerous efforts have been made to 

define a solid model to evaluate the viscosity of asphaltenes solution, however; 

this issue is still unresolved.
70

 Prediction of heavy crude oil and bitumen 

viscosity based on asphaltenes content is very important since asphaltenes 

content significantly influence the viscosity unlike other fractions of bitumen.   
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Several empirical and semi-empirical viscosity modeling have been proposed but 

it seems that these models still cannot describe every asphaltene systems.
70

       

In these sections we intend to analyze the viscosity results in terms of colloidal 

suspension models. The relationship between the relative viscosity r (ratio of 

solution viscosity to the dispersing liquid viscosity) and the volume fraction of 

dispersed phase  (hard spherical particles) can be expressed as
71, 72

 

     
2

0 11r k k      (1) 

where 0k
 
and 1k account for the Einstein and Huggins constants, respectively. 

The viscosity of suspension of non-interacting spherical particles can be 

presented with the Einstein equation: 

     1 2.5r    (2) 

This equation is valid in a diluted regime, where 0.15  .
73

 

For hard spheres of different sizes, Roscoe
74

 proposed the following relation of 

relative viscosity as a function of volume fraction. 

     

5

2(1 )r 


   
(3) 

This equation reduces to the equation (2) in high dilution regime. 

Pal and Rhodes
75

 developed a semi-empirical model using the effective medium 

approach to express the following model: 

5

2'(1 )r K 


                                                                                         (4) 

where 'K  is the solvation coefficient. This coefficient is considered to be the 

effect of solvent (i.e. continuous phase) immobilization at the particles surface.
70
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Therefore, when particles are solvated they have larger volume in comparison 

with their dry state. If we plot the 
2

5
r


 as a function of   then expect a straight 

line with a slope of 'K  and an intercept of 1. 

Krieger
76

 proposed the popular semi-empirical model in which the effect of 

particles jamming is also taken into the consideration. The model is presented as  

5

2

max

(1 )r








                                                                                   (5) 

where max is defined as the maximum volume fraction packing of particles. 

If we consider bitumen or asphaltenes as colloidal dispersions of spherical 

particles in the solution, the equation (2) and (3) can be used to estimate the 

volume fraction of bitumen/asphaltenes.  

2.4.2. Effective Volume Fraction of Dispersed Bitumen 

Roscoe model was used to estimate the volume fraction of dispersed bitumen 

since Einstein model is limited to dilute regime. The change of effective volume 

with aging time is compared for 11 wt.% bitumen in different solvents. As 

illustrated in Figure 2.10, the effective volume of bitumen in toluene is nearly 

constant while those of heptol (80:20) and heptane are decreasing with aging. 

The decrease in the initial values of effective volume fraction of bitumen in 

heptol (80:20) and heptane is related to the precipitation and rejection of some of 

the asphaltenes during the centrifugation of initial solutions.  

Both, the Roscoe and Einstein models were used for estimation of effective 

volumes of 11 wt.% bitumen in heptane. Results based on the two models 

converge at lower bitumen volume fraction, as expected. The difference in the 
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estimated bitumen volume fraction can be explained with the fact that Roscoe 

model accounts for spherical particles which vary greatly in size and 

hydrodynamic interactions between the particles are taken into the consideration, 

unlike in the Einstein model.  

 

 

Figure 2.10. Effective volume fraction of bitumen in different solvents as a 

function of aging. The errors in the estimated volume fraction are less than 

0.006. 

2.4.3. Volume Fraction of Dispersed Asphaltenes 

The viscosity of bitumen is determined mainly by the asphaltenes subfraction.
12

 

If we assume the deasphalted bitumen to be the continuous phase and consider it 

as a medium for the dispersed asphaltenes, the relative viscosity can be defined 

as a ratio of the viscosity of aged bitumen solution to the viscosity of the 
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deasphalted bitumen solution. We considered 30 days aged 5 and 11 wt.% 

bitumen solutions to represent deasphalted bitumen as no noticeable asphaltenes 

precipitation occurred after further dilution with heptane. The volume fraction of 

dispersed asphaltenes for different aging times can be estimated again using 

equations (2) and (3). The effective volume fractions of asphaltenes versus aging 

time are shown in Figure 2.11 and Figure 2.12. The difference in the volume 

fraction of asphaltenes in heptol (80:20) and heptane with the same bitumen 

concentration can be explained by lower solubility of asphaltenes in heptane than 

in heptol (80:20) and different rates of asphaltenes aggregation and precipitation 

in these solvents. 

 

 

Figure 2.11. Volume fraction of asphaltenes as a function of aging in bitumen 

solutions. The errors in the estimated volume fraction are less than 0.008. 
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Figure 2.12. Volume fraction of asphaltenes as a function of aging in bitumen 

solutions. The errors in the estimated volume fraction are less than 0.009.  

  

2.5. CONCLUSION  

Asphaltenes initially form small nano-aggregates and then evolve into nano-

aggregate clusters which eventually form larger particles and precipitate. 

According to our results, it is telling to state that aging the bitumen solution 

above the critical dilution accounts for reduction in the viscosity. This 

phenomenon can be addressed to the incessant asphaltenes aggregation and 

precipitation resulting in their removal from the bulk phase. On the other hand, 

removal of small nano-aggregates by centrifugation led to a small decrease in the 

volume fraction of dispersed bitumen which cannot induce significant effect on 

the viscosity. The observed time dependence of the viscosity reduction suggests 



31 

 

that the asphaltenes aggregation/precipitation is a continuous process with the 

time scale of weeks. Newtonian fluid behavior was observed for bitumen 

solutions at room temperature for different solvents regardless of critical S/B 

ratio. Viscosity modeling shows that the effective volume fraction of bitumen in 

toluene is larger compared to heptol (80:20) and heptane. The reduction in 

volume fraction of bitumen based on viscosity modeling agrees with the 

experimental values. Moreover, by comparing the volume fraction of bitumen 

and asphaltenes in heptane and heptol (80:20), the lower value is observed for 

heptane. This observation corresponds to the insolubility of asphaltenes and 

higher precipitation rate in heptane. These results add to current understanding 

of the relation between aggregation of asphaltenes and viscosity of diluted 

bitumen, which is important for improving heavy oil extraction and processing 

technologies. 
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Chapter 3. Nanofluidic Devices for Rheology Analysis of Diluted 

Bitumen 

 

 3.1. INTRODUCTION 

Nanofluidics is defined as the study of fluid flow in spaces with at least one 

critical dimension below 100 nm.
30

 In the recent decades, nanofluidic devices 

have found wide range of applications in rheological analysis
77

, molecular 

separation
78

, drug delivery
79

 and desalination
33

. In addition, very low sample is 

needed in nanofluidic platform which provides great opportunity to study the 

biological system, such as single cell.
32

 Nanofluidic devices acquire extremely  

high surface area to volume ratio, therefore, surface-liquid interactions become 

extensively important.
80

  

Due to immense interest in this area, disposable devices and low cost fabrication 

methods are highly attractive for many research institutes.
36

 Various materials 

including silicon, glass, polydimethylsiloxane (PDMS) and 

polymethylmethacrylate (PMMA) are currently used to fabricate nanofluidic 

devices for specific applications.
31

 Nanofluidic devices made out of glass have 

the advantages of optical transparency, electrical isolation and high mechanical 

strength.
81

 Moreover, Glass chips have good compatibility with organic solvents, 

such as, heptane, toluene, and pentane. Glass-glass bonding is a crucial step in 

the fabrication steps.  

A version of this chapter has been submitted to the journal of Microfluidics and 

Nanofluidics and is under review for publication.   
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Thermal fusion bonding at high temperature enhances the bonding strength, 

however, channels distortion and collapse can happen for a long time process of 

bonding at high temperature.
82

 Successful and effective glass-glass bonding 

depends on the surfaces cleanness and flatness, channels aspect ratio, bonding 

temperature and applied pressure.
81, 82

      

Nanofluidic devices can also be fabricated with different aspect ratios (AR) for 

the variety of applications. AR is defined as the ratio of channel height to width. 

Kuo et.al
83

 reported the fabrication of nanochannels in glass with the depth of 20 

nm and aspect ratio of 0.001 using thermal fusion bonding. Pinti et.al
84

 

fabricated ultra-low AR (i.e., w h ) nanochannels as shallow as 16 nm in 

borosilicate glass using PDMS adhesive bonding. Ultra-low AR nanochannels 

can provide higher volumetric flow for the same pressure drop in comparison to 

the channels which acquire nanometer scale in two dimensions.
38

 

Ultra-low AR nanochannels facilitate the flow analysis as the flow can be easily 

traced via optical microscope. Pressure-driven and electro-osmotic flows (EOF) 

are the main methods of fluid transport in micro-nanofluidic devices. EOF 

systems are the preferred methods where the separation of mixture is desired.
41

 

However, their applications are limited to the aqueous solutions.
42

 Unlike in 

EOF, Pressure-driven flows can be used for any type of solvents. Therefore, 

pressure-driven flows receive great attention when using organic solvents .
42

 

In the nanofluidic devices, large pressure drop is expected due to the extremely 

small hydraulic diameter of system. Thus, high pressure up to MPa and very low 

flow rate are necessary to generate the flow and avoid nanofluidic chip damage. 
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Fluids at the nanoscale exhibit different properties from those observed in the 

bulk. Hibara et al.
85

 investigated aqueous solutions properties in the             

nano-confinement geometry by time-resolved fluorescence spectroscopy. They 

found that the solutions have larger viscosity in the nanochannels in comparison 

with their bulk values. In their point of view, the interaction between the channel 

wall and hydrogen bond network might be the reason for increase in the 

viscosity.  Tamaki et.al
42

 developed a nanofluidic platform to control the flow in 

the nanochannels. They observed the viscosity of aqueous solution at the 

nanoscale is larger than that of measured in the bulk which was attributed to the 

effect of size confinement on solution viscosity. 

Large surface area to volume ratio is the characteristic of nanofluidic systems; 

therefore, capillary action is found to be very important.
44

 Capillary action is the 

result of adhesion force between liquid-wall and air-liquid surface tension that 

leads to spontaneous filling of nanochannels.
45

 Wall surface properties play a 

key role in the filling kinetics of liquids in the nanochannel.
45

 However, the way 

liquid wets the nanoscale surface is not fully understood.
86

 

In the nanoscale channels van der Waals forces also become important and their 

interplay with surface tension forces changes liquid wetting properties.
87, 88

 

Liquid surface tension, dynamic contact angle, channel hydraulic diameter, 

liquid nature (i.e. Newtonian or non-Newtonian) and its viscosity are the main 

parameters in determining liquid filling kinetics.  

As shown in several studies, penetration velocity of capillary flows in the 

nanoscale differs from the theoretical predictions.
43, 44, 47, 89

 Tas et al.
44
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investigated the capillary filling of water in 100 nm deep channel and they found 

the filling speed of water is lower than the expected values achieved by theory. 

This observation was addressed to the electro-viscous effect. Kuo et al.
45

 

compared the experimental filling velocity of water in the nanochannels with 

numerical and theoretical results. They found that filling velocity in the 

experimental results is in good agreement with the numerical analysis but lower 

than the predicted values based on Washburn
46

 model.  

Several studies demonstrated that the liquid filling speed decreases as the 

nanochannel size reduces.
43, 45

 Kim et al.
43

 studied the wetting properties of non-

polar prepolymer liquid inside nanofluidic system. Multi-curvature meniscus 

was observed at the front of advancing liquid which attributed to the presence of 

intermolecular interactions near to the nanochannel wall. Rossi et al.
86

 by using 

environmental scanning electron microscopy (ESEM) showed that water 

confinement inside carbon nanotubes and its interaction with the wall are 

responsible for the formation of complex meniscus shapes. 

Despite numerous researches on rheology of various liquids in the micro-

nanoscale, there are few studies on the heavy oil and bitumen flow in such small 

scale.
28, 90-92

 Bitumen acquires an intricate structure which is categorized in to 

the SARA classification (i.e. saturates, aromatics, resins, and asphaltenes).
93

 

Asphaltene is a fraction of bitumen composed of various molecules.
2
 Asphaltene 

is soluble in toluene but insoluble in alkanes such as pentane or heptane.
56

 

Moreover, asphaltene is a determining factor in high viscosity of bitumen.
12, 57, 58
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To decrease the density and viscosity of bitumen during the process of bitumen 

recovery from oil sands, addition of light hydrocarbon solvent is of a great 

importance. Furthermore, at the critical solvent to bitumen ratio (S/B), 

asphaltene starts to aggregate.
20-22

  

Various studies have been conducted to study the role of asphaltenes in the 

stability of water-in-crude oil (W/CO) emulsions.
1, 11, 21, 65-67

 Bouriat et al.
94

 by 

conducting interfacial rheology pointed out that asphaltenes form a 2-D network 

at the water in oil (W/O) interface. Spiecker et al.
24

 explained that the 

asphaltenic film formed at the W/O interface shows a viscoelastic behavior. 

Recently, Czarnecki et al.
11, 67

 and Tchoukov et al.
12

 by applying thin liquid film 

technique demonstrated that asphaltenes form 3-D structure at the W/O interface 

that alter the rheology of thin oil film from Newtonian to non-Newtonian with 

small yield stress at the thickness of between 50– 100 nm. 

This study aims towards characterizing of oil film rheology below and above 

critical S/B ratio in a length scale comparable to the film thickness where oil 

film rheology changes as proposed by Czarnecki et al.
11, 67

 Nanofluidic device 

provides a great opportunity to measure the rheology of oil film in the nanoscale 

length which is not possible using conventional rheometer. Using 

nanofabrication technology, nanofluidic devices will be developed which allows 

the simultaneous measurements of fluid velocity and viscosity. 

  

3.2. EXPERIMENTAL SECTION  
 

3.2.1. Nanofabrication 
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Square borofloat glass substrates with the thickness of 1.1 mm were initially 

cleaned in piranha solution (96% H2SO4 and 30% H2O2 with the volume ratio of 

3:1) for 15 min to remove organics and metallic contaminants. Substrates were 

placed into the dump rinser to clean the substrates from piranha solution using 

de-ionized water and then dried in the Spin Rinse Dryer. A positive photoresist 

(HPR 504) was spun on the substrates and soft-baked at 115 
o
C for 30 min in 

Despatch/Blue M oven. Standard UV lithography was applied to pattern the 

nanochannels, and then the photoresist was developed in 354 developer to 

remove the exposed areas. After developing the photoresist, nanochannels with 

rectangular cross-sections were etched into the glass substrates by reactive ion 

etching (Trion RIE). The etching rate was determined to be 33 nm/min. The 

etching depth as a function of time is plotted in Figure 3.1. After the etching was 

finshed, photoresist removal was eased with 30 min ultrasonication in acetone.  

Atomic force microscopy (Dimension Edge, BRUKER) was used to measure the 

etched surface profile. Schematic of nanofabrication and surface profile 

measurements are shown in Figure 3.2 and Figure 3.3, respectively. Then, holes 

were drilled through the unpatterned substrates. In addition, the etched and 

unpatterned substrates were cleaned in the piranha solution for 15 min, and 

pressed together to form a temporary bonding. 
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Figure 3.1. Etching depth as a function of etching time using reactive ion 

etching (RIE). 

 

 

Figure 3.2. Schematic of nanochannels fabrication   
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 Figure 3.3. AFM image of centimeter long, 15 μm wide, and 47 nm deep 

channel etched by RIE. The mean roughness (Ra) was determined to be 0.6 nm. 

 

 

3.2.2. Materials  

 

In this study, Athabasca bitumen was provided by Syncrude Canada Ltd. The 

bitumen was further diluted with different solvents, such as n-heptane (HPLC 

grade Fisher Scientific) and heptol (80:20) that is a mixture of heptane and 

toluene with the volume parentage of 80:20. Heptol (80:20) was used as its 

solubility properties is close to the naphtha; an industrial solvent mainly used for 

froth treatment.     

 3.2.3. Bitumen Samples Preparation and Procedure 

 

50 wt.% bitumen in heptol (80:20) was used to prepare various concentrations of 

5, 11, 20, and 40 wt.% diluted bitumen. In all concentrations asphaltenes 

aggregation/precipitation occurs except for 40 wt.% bitumen that is below 

critical S/B ratio. Samples were aged for one day to allow the most of solid 
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particles (i.e. mostly asphaltenes) to settle down. Afterward, supernatants of 

diluted bitumen were collected and centrifuged at 16,500 g for 30 min at the 

room temperature to enhance removal of small precipitates. To examine the 

effect of centrifugation on removal of small aggregates and how removal of 

small aggregates affect the filling process of bitumen, we prepared 5 wt.% 

bitumen in heptol (80:20) solutions, which first aged for 1 day and centrifuged at 

16,500 g for 30 min and 90 min. Different centrifugation time did not exhibit 

any noticeable effect on the filling kinetics of bitumen solutions. The Capillary 

filling process for all solutions was also repeated three times.           

3.2.4. Viscosity Measurements  

 

Rheometer ARG2 (TA Instrument) was selected to carry out viscosity 

measurements. The rheometer was equipped with a temperature control to 

accurately record the data in the specified temperature. Concentric cylinder 

geometry was used as it is suitable for low viscosity measurements. The 

operating gap was set to 5.9 mm as suggested by user manual. However, 

changing the gap had negligible effect on the measured viscosity. Shear rate was 

ranged from 1 to 100 s
-1

. The Experiments were repeated several times and 

carried out at the 23  0.02
 o
C. For the calibration purposes, several pure solvents 

such as water, ethanol (Fisher Scientific), and methanol (Fisher Scientific) were 

used. 

3.2.5. Surface Tension and Bulk Contact Angle Measurements  

Surface tension of bitumen solutions diluted in heptol (80:20) and pure solvents 

were measured at the room temperature using Process Tensiometer (Kruss K-
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12). The surface tension data was recorded after 1 min. The contact angle 

measurement was performed via Theta Optical Tensiometer (T200 Biolin 

Scientific). The bulk contact angle of various samples was measured on the 

etched surface of borofloat glass. The etched surface has similar surface 

properties as the nanochannels that we used in the experiment.  

The reported data for surface tension and bulk contact angle as illustrated in the 

Table 3.1 are the average of three distinct measurements.  

3.2.6. Position and Speed of Moving Liquid Meniscus  

High speed camera was applied to monitor the position of advancing liquid 

inside nanochannels. The system was equipped with Labview program to record 

the data simultaneously.  

 

3.3. THEORY 

3.3.1. Newtonian Fluid 

Behavior of fluid flow at nanoscale is different from the macroscale one. Flow in 

microfluidic system dominates by low Reynolds number and exhibits Laminar or 

Stokes flow.
29

 It is predicted to be the same for nanofluidic systems.
29, 95

. For 

rectangular and ultra-low aspect ratio nanochannel, the nanochannel can be 

approximated with the parallel plate geometry. The governing equation for 

solving the Newtonian fluid flow by considering the fact that inertia effect can 

be neglected is given by:
96
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2

2f
VP

x y

x


  
 

                                                                                  (1)  

where ,P ,x ,f and xV correspond to fluid pressure, penetration distance, fluid 

viscosity and fluid velocity, respectively. In the capillary filling phenomena, the 

pressure drop is equal to the constant Young-Laplace capillary pressure.
97

 

Schematic of capillary-driven flow in a horizontal channel is shown in        

Figure 3.4. 

 

Figure 3.4. Capillary filling of a liquid in the horizontal channel.   

The capillary pressure in rectangular and ultra-low aspect ratio channel is shown 

as follow: 

2 cos cP
h

 
                                                                                                          (2) 

By solving equation (1) and combining with equation (2), moreover, assuming 

quasi-steady state condition, the penetration distance as a function of time and 

filling speed of advancing liquid can be expressed as
44, 46
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f

h t
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 


                                                                                                      (3) 
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 


                                                                                                       (4) 

where h is the channel height,  the air-liquid surface tension, and c the liquid 

advancing contact angle.   

3.3.2. Non-Newtonian Bingham Plastic Fluid 

The constitutive equation for Bingham flow in the parallel plate geometry can be 

demonstrated as  

 

0 0

0

 ,          

0,   ,       plug flow

x
yx B yx

x
yx

dV

dy

dV

dy

    

 


  



  


                                                (5) 

where yx , 0 , and B account for shear stress, Bingham yield stress, and 

Bingham fluid viscosity. Using the momentum balance the Cauchy stress 

equation is expressed as 

yxP

x y


  
 

                                                                              (6) 

By solving equation (5) and (6), we modified equation (7) solved by Bird et al.
96

 

to relate the liquid velocity xV  in the capillary to the penetration distance x :  

 

0 0

32
   z 3 1

1
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x P P
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
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By substituting equation (2) into equation (7), we get 
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When
0 0  , the equation (8) simplifies to equation (4) for Newtonian Fluid. 

Hence  x
dx

V
dt

 , the penetration distance as a function time is given by 
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 where z =
2

h
. The equation (9) can be solved numerically using MATLAB 

software. We applied the trapezoidal rule which is defined in the MATLAB. The 

spacing was chosen small enough in such a way that the final result would not 

change significantly.          

 

  3.4. RESULTS and DISCUSSION 

 3.4.1. Capillary-Driven Flow of Pure Liquids 

Filling kinetics of pure water, ethanol and methanol have been studied in the 

ultra-low AR channel with a depth of 47 nm. The liquids were first introduced to 

the nanochannel via capillary action through the 2 mm holes. To analyze the 

liquids filling kinetics, high speed camera with a frame rate of 20 images/second 

was used to simultaneously record the filling process.  

In all experiments, geometry parameters of nanochannels, such as depth and 

width were kept the same. Furthermore, experiments were conducted at the room 

temperature. The position of advancing liquids as a function of square root of 
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time for different pure liquids is plotted in Figure 3.5. The graph shows for all 

liquids the penetration distance linearly changes with a root square of time. This 

linear dependency is expected for flow of Newtonian fluid. If we assume the 

contact angle of advancing liquid to be constant and equal to the measured 

values in the bulk, therefore; equation (3) can be used to calculate the theoretical 

viscosity in the nanochannel. For methanol and ethanol, the theoretical viscosity 

is very close to the bulk viscosity measured directly by ARG2 rheometer. For 

ethanol, the variation of theoretical viscosity as a function of penetration 

distance was plotted in Figure 3.6. In the case of water, theoretical viscosity 

seems to be larger. Several researches put a lot of efforts to understand whether 

the viscosity in the nanoscale is different from the macro one.
42, 44, 85

 

Nevertheless, this subject seems to be very challenging. Despite the fact that  

viscosity of water was reported to be larger in the nanoscale than in the bulk, 

however; addition of salt to the water could significantly reduce the electro-

viscous effect.
44

 Therefore, the observed difference in the bulk and nanoscale 

viscosity became small.
44

  

Filling kinetics of both methanol and ethanol is in good agreement with the 

theoretical predictions. However, as we expected the filling speed of pure water 

was slower than the calculated value from theory. In order to understand how the 

liquids deviate from the theoretical predictions, we can rewrite equation (3) as 

follows: 

(10)                                                                 x t
k
                                                                                                         
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where 
cos

3

c

f

h
k

 


 . Based on theory, the plot of x

k
versus t  should 

have the slope of unity. By assuming that the advancing contact angle is constant 

and the viscosity in the nanochannel is equal to the measured value in the bulk, 

x
k

versus t  can be plotted for different liquids. Figure 3.7 shows that the 

ethanol and methanol follow the theoretical trend quite well. However, water 

deviates from the theoretical prediction.               

In the case of water, we also observed formation of air bubbles. This 

phenomenon was reported in literature as well.
44, 47

 

As shown in Figure 3.8, the y-axis and x-axis are representatives of advancing 

liquid velocity and penetration distance, respectively. Equation (4) clearly shows 

that the velocity decreases as the liquids penetrates further (
1

Vx
x

 ). As time 

goes by, more liquid will be sucked into the channel. Due to the fact that 

capillary pressure that pulls the liquid inside is constant, the liquid velocity has 

to decrease as it penetrates further.         
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Figure 3.5. The Penetration of pure liquids as a function of t
0.5

 in nanochannel 

with the depth and width of 47 nm and 15 um, respectively. 
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Figure 3.6. The variation of theoretical viscosity for ethanol as a function of 

penetration distance in nanochannel with the depth and width of 47 nm and 15 

um, respectively. 
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Figure 3.7. The variation of x
k

as a function of t
0.5

 for capillary flow of pure 

liquids in nanochannel with the depth and width of 47 nm and 15 um, 

respectively. 
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Figure 3.8. The velocity of advancing liquids as a function of penetration 

distance in nanochannel with the depth and width of 47 nm and 15 um, 

respectively. 

 

3.4.2. Capillary-Driven Flow of Bitumen Solutions 

To study the filling process of bitumen solutions in the nanofluidic system, 

bitumen with various concentrations 5-40 wt% were diluted in the                

heptol (80:20). The position of advancing meniscus as a function of square root 

of time for bitumen solutions is shown in Figure 3.9. It can be seen from the 

graph that the position of advancing meniscus changes linearly with square root 

of time. Figure 3.10 illustrates how bitumen solutions with different 

concentrations follow the theoretical prediction. By considering the experimental 

errors, the results for heptol (80:20), 5 and 11wt.% bitumen in heptol (80:20) are 
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in good agreement with the theoretical result. However, we observed a large 

deviation as the bitumen concentration increases. In the case of 20 and 40 wt.% 

bitumen diluted in heptol (80:20), the large variation in the dynamic contact 

angle of advancing meniscus within the line of wetting was noticed. As shown in 

Figure 3.11, Figure 3.12, Figure 3.13, and Figure 3.14, the dynamic contact 

angle of advancing meniscus continuously changes as the 40 wt.% bitumen 

diluted in heptol (80:20) penetrates further. Therefore, no well-defined contact 

angle can be observed. We can conclude that assumption of constant contact 

angle in the case of 20 and 40 wt.% bitumen diluted in heptol (80:20) is totally 

invalid and in our opinion it is the main reason for the observation of such large 

deviation. In the studied length scale of bitumen solutions penetration, we also 

observed formation of air bubbles in the case of 20 wt.% bitumen diluted in               

heptol (80:20) and is presented in Figure 3.15. Presence of asphaltenes 

aggregates might be responsible for limiting the liquid flow and leading to 

formation of air bubbles in the nanochannel. 

Advancing meniscus velocity as a function of penetration distance for bitumen 

solutions is shown in Figure 3.16. After penetration of liquids for distance of 

about 0.5 mm, the meniscus velocity of 20 and 40 wt.% bitumen diluted in             

heptol (80:20) drops to 0.13 and 0.04 mm/s, respectively.  

Nanochannel blockage repeatedly occurred very fast during capillary filling of 

20 wt.% bitumen diluted in heptol (80:20) which is clearly as a result of 

asphaltenes aggregation/precipitation. However, the nanochannel blockage did 

not occur for a long time in the case of 40 wt.% bitumen diluted in heptol 
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(80:20). This observation further acknowledges the absence of asphaltenes 

aggregation/precipitation in the case of 40 wt.% bitumen diluted in heptol 

(80:20).       

By measuring bulk contact angle of bitumen solutions on the etched surface of 

glass as described in the section 3.2.5, we noticed that as bitumen concentration 

goes up the contact angle also increases. This observation suggests that solution 

hydrophobicity will be affected by the bitumen content in the studied solvent. 

The degree of hydrophobicity increases with increase in the bitumen 

concentration. The measured contact angle for 5 and 40 wt.% bitumen diluted in 

heptol (80:20) is shown in Figure 3.17 and Figure 3.18. The results for measured 

physical properties of different liquids and the theoretical values are summarized 

in Table 3.1.     
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Figure 3.9. The Penetration of bitumen solutions diluted in heptol (80:20) as a 

function of t
0.5

 in nanochannel with the depth and width of 47 nm and 15 um, 

respectively. 
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Figure 3.10. The variation of x
k

as a function of t
0.5

 for capillary flow of 

bitumen solutions diluted in heptol (80:20) in nanochannel with the depth and 

width of 47 nm and 15 um, respectively. 
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Figure 3.11. Empty Reservoir before filling with 40% bitumen. 

 

 

 
 

Figure 3.12. Capillary filling of 40 wt.% bitumen diluted in heptol (80:20) at     

t= 0.3 s. 
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Figure 3.13. Capillary filling of 40 wt.% bitumen diluted in heptol (80:20) at     

t= 1.4 s. 

 

Figure 3.14. Capillary filling of 40 wt.% bitumen diluted in heptol (80:20) at     

t= 6.7 s. 
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Figure 3.15. Formation of air bubbles during capillary filling of 20 wt.% 

bitumen diluted in heptol (80:20). 
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 Figure 3.16. The velocity of advancing bitumen solutions diluted in              

heptol (80:20) as a function of penetration distance in nanochannel with the 

depth and width of 47 nm and 15 um, respectively. 

 

 

 

 

 

Figure 3.17. The measured bulk contact angle of 40 wt.% bitumen in heptol 

(80:20) on borofloat glass 0.3 s after the contact. The mean contact angle was 

about 26 degree.  
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Figure 3.18. The measured bulk contact angle of 5 wt.% bitumen in heptol 

(80:20) on borofloat glass 0.3 s after the contact. The mean contact angle was 

about 12 degree.  

 

Liquid Surface 
tension 
(mN/m) 

Bulk contact 
angle (θb) 

Depth 
(nm) 

Theoretical 
viscosity 
(mPa·s) 

Measured 
bulk viscosity 

(mPa·s) 

Water 72.2 15 47 1.52 0.96 

Methanol 22.8 7 47 0.59 0.58 

Ethanol 22.2 9 47 1.46 1.40 

Heptol (80:20) 22.5 11 47 0.43 0.44 

5% bitumen-90 min 21.8 12 47 0.54 0.50 

5% bitumen-30 min 21.8 12 47 0.55 0.51 

11% bitumen 21.7 14 47 0.70 0.64 

20% bitumen 21.1 18 47 2.40 0.90 

40% bitumen 19 26 47 6.6 2.8 

 

Table 3.1. The values of different liquids physical properties. 

3.4.3. Capillary-Driven Flow of Bingham Plastic Fluid  

As already mentioned in the Introduction part, above the critical solvent to 

bitumen ratio (S/B), asphaltenes form aggregates. In the recent studies, it was 

proposed that formation of asphaltenes aggregates at the W/O interface prevents 
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the thin oil film breakage when two water droplets approaching each other.
11

 The 

oil film drainage stops at the thickness less than 100 nm. The reason behind this 

observation was attributed to the change in the rheology of thin oil film from 

Newtonian to non-Newtonian Bingham Plastic as a result of asphaltenes 

aggregation. The schematic of oil film drainage from the study of W/O emulsion 

is illustrated in Figure 3.19.
11

 In this section, our objective was to examine a 

possible Bingham Plastic behavior of oil film in the presence of asphaltenes 

aggregation in the same scale (less than 100 nm) as oil film drainage stops.  

The experiments were conducted with the similar conditions (i.e. same bitumen 

concentration and temperature) as the non-Newtonian Bingham Plastic behavior 

of thin oil film was reported. We also chose glass chip as the glass surface has 

the hydrophilic nature similar to the water droplets. Furthermore, as already 

mentioned in Section 3.3.2, the related equations for capillary filling of Bingham 

Plastic flow were developed to help us analyze the experimental results. Figure 

3.20 shows the theoretical predictions for Bingham Plastic fluid with different 

values of yield stress ( 0 ). It is clear that as the value of 0  increase the        

non-linear relationship between penetration distance and square root of time 

becomes more distinctive. The reported value of yield stress in the drainage 

study of thin oil film was less than about 0.1 Pa. By comparing the experimental 

data in the case of 5 wt.% bitumen diluted in heptol (80:20) with the theoretical 

predictions of Newtonian and non-Newtonian Bingham Plastic fluid (when 0 is 

equal to 0.1 Pa), it is difficult to acknowledge that 5 wt.% bitumen diluted in 

heptol (80:20) demonstrates a Bingham Plastic behavior in the nano-confinement 
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geometry. If the bitumen sample could penetrate for a longer time, we might be 

able to determine whether the bitumen sample is non-Newtonian or not. 

However, due to the technical problems such as nanochannel blockage and some 

defects in the fabricated nanochannels during the capillary filling process, we 

could not conduct the experiments for a longer time. 

 The meniscus velocity of a Bingham Plastic fluid as a function of penetration 

distance is plotted in Figure 3.21. The graph shows that the velocity decreases 

faster for the larger values of
0 . It can be noted that the difference between 

Bingham Plastic fluids with different values of 
0  is more noticeable in Figure 

3.20, where penetration distance is plotted versus square root of time in 

comparison with Figure 3.21.           

 

 

Figure 3.19. Schematic of thin oil film drainage from W/O emulsion study.
11
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Figure 3.20. The theoretical prediction of Bingham Plastic flow penetration as a 

function of t
0.5

 distance in nanochannel with the depth and width of 47 nm and 

15 um, respectively. 
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Figure 3.21. The theoretical prediction of Bingham Plastic velocity as a function 

of penetration distance in nanochannel with the depth and width of 47 nm and 15 

um, respectively. 

 

3.5. CONCLUSION  

Capillary filling process of different liquids was performed in the 47 nm deep 

and 15 um wide nanochannels. In the case of pure liquids (water, ethanol, and 

methanol), the position of advancing meniscus changed linearly with the square 

root of time which is the character of Newtonian fluid. Filling kinetics of ethanol 

and methanol agreed well with the theoretical models. However, water 

demonstrated lower filling rates in comparison with the theoretical values. For 

20 and 40 wt.% bitumen diluted in heptol (80:20), the large variation in dynamic 

contact angle was observed that is the reason for substantial deviation from the 
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theoretical predictions. In the case of 20 wt.% diluted bitumen, the presence of 

asphaltenes aggregates often led to fast blockage of nanochannel. Asphaltenes 

aggregates may also limit the liquid flow and cause air bubbles formation. For 

40 wt.% diluted bitumen, much longer penetration time was noticed compared to 

20 wt.% diluted bitumen. This observation further proves the absence of 

asphaltenes aggregates in the 40 wt.% bitumen sample. Theoretical models were 

developed to predict the capillary filling kinetics of Bingham Plastic fluid in the 

nanochannels. It was noticed as the value of yield stress increases, the non-linear 

relationship between position of advancing meniscus and square root of time 

becomes more pronounced. Furthermore, when the value of yield stress was less 

than about 0.1 Pa, it became hard to differentiate between Newtonian and 

Bingham Plastic fluid behavior. Nanochannels can be a suitable model to 

analyze the flow of heavy oil in the nano-porous media like rocks.          
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Chapter 4. Conclusions and Future Work 

 

4.1 Concluding Remarks   

The work presented in this thesis is mainly focused on the rheology study of 

diluted Athabasca bitumen above and below the critical S/B ratio in macro- and 

nano-confinement scale. Conventional rheometer is used to study the bulk 

rheology of bitumen solutions in different type of solvents. Finally, nanofluidic 

devices are fabricated based on well-defined nanofabrication techniques which 

enable us to perform rheological analysis of desired fluid in the nanoscale not 

possible using conventional rheometer. The main conclusions of the conducted 

research in this thesis are listed below.            

 Above the critical S/B ratio, asphaltenes initially form nano-aggregates. 

These nano-aggregates form larger structures called clusters which grow 

to the large asphaltene particles and eventually precipitate out of the 

bitumen solutions.         

 Viscosity of bitumen solutions diluted in heptane and heptol (80:20) 

above the critical S/B ratio decreased with aging time up to several days. 

The reduction in the viscosity was attributed to the formation of 

asphaltene aggregates, which ultimately precipitated out and 

consequently decreased the bitumen volume fraction in the solutions.  
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 Time dependency of the viscosity reduction further indicates that the 

formation of asphaltene aggregates/precipitates is a continuous process 

which has a time scale of about weeks.
98

  

 Viscosity of bitumen solutions diluted in heptane and heptol (80:20) 

below the critical S/B ratio and also in toluene did not change with aging 

time. This observation suggests that the formation of large asphaltene 

aggregates/precipitates did not occur in these solutions.  

 Rate of asphaltenes aggregation/precipitation depends on the solvent 

composition (degree of aromaticity). Based on viscosity modeling and 

experimental observation, the higher precipitation rate was observed in 

the case of heptane compared to heptol (80:20).  

 All bitumen solutions diluted in different solvents at the room 

temperature demonstrated a Newtonian fluid behavior regardless of the 

critical S/B ratio. 

 Ultra-low aspect ratio nanochannels made out of glass enabled us to 

easily monitor the capillary filling process of pure liquids and bitumen 

solutions in the nano-confinement geometry. Furthermore, the theoretical 

analysis was eased as ultra-low aspect ratio nanochannels could be 

modeled as 1-D systems. 

 To analyze the flow in our nanofluidic system, capillary-driven flow was 

selected since it did not require pump for fluid transport and could be 

applied to any type of solvents.  
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  Filling kinetics of bitumen solutions diluted in heptol (80:20) with low 

bitumen concentration (less than about 11 wt.%) is in good agreement 

with the theoretical predictions. Nevertheless, for 20 and 40 wt.% 

bitumen diluted in heptol (80:20), considerable deviation from the theory 

was observed. For all bitumen solutions during capillary filling process, 

the position of advancing meniscus linearly changed with the square root 

of time that implied the bitumen solutions behave similar to the 

Newtonian fluid.  

 The filling speed of 20 and 40 wt.% bitumen diluted in heptol (80:20) 

was found to be much lower than the theoretical values. This deviation 

was attributed to the large variation in the dynamic contact angle of 

advancing meniscus. Therefore, the assumption of constant contact angle 

during capillary filling phenomena was incorrect.  

 Formation of asphaltenes aggregates in the case of 20 wt.% bitumen 

diluted in heptol (80:20) often blocked the nanochannels path and led to 

short penetration distance . Moreover, the air bubbles were formed in the 

nanochannels. This might occur due to the presence of aggregates which 

limit the fluid flow. However, these phenomena were not observed for 

40 wt.% bitumen diluted in heptol (80:20) which confirms the absence of 

asphaltene aggregates in the bitumen solutions below the critical S/B 

ratio.  

 The theoretical predictions for capillary filling kinetics of Bingham 

Plastic fluid in the nanochannel were developed to examine a possible 
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non-Newtonian Bingham Plastic rheology in the bitumen solutions above 

the critical S/B ratio.  

 In the case of Bingham Plastic fluid, we noticed as the value of yield 

stress increased the non-linear relationship between penetration distance 

of advancing liquid and square root of time became more distinguishable. 

  Since in the case of bitumen solutions above the critical S/B ratio, the 

reported values of Bingham yield stress was less than about 0.1 Pa, it was 

difficult to distinguish between Newtonian and Bingham Plastic 

rheology. Therefore, we could not determine if 5 wt.% bitumen diluted in 

heptol (80:20) is Bingham Plastic fluid in the nano-confinement 

geometry or not. 

 We had a hypothesis that asphaltene aggregation might change the 

rheology of bitumen. We took a macroscopic approach as well as a 

nanoscopic approach. Both techniques have a detection limit for yield 

stress, and so far considering their detection limit, we have not measured 

any yield stress. This implies that aggregation does not seem to change 

the rheology of bitumen, or even if it does, the effect is too small to 

detect.       

 

4.2 Future Work 

For the future investigations in the field, the following recommendations and 

suggestions are presented that might help to answer some of the unresolved 

problems.  
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 In fact, the bulk rheology of bitumen solutions above and below the 

critical S/B ratio was performed under ambient conditions. The effect of 

different temperatures and pressures on bitumen rheology can be studied. 

It also reveals how the aggregation mechanism of asphaltenes might be 

affected under different conditions. 

 We estimated the small volume fraction of dispersed asphaltenes in the 

bitumen solutions based on simple and well-known viscosity models 

available in the literature. However, there are experimental methods that 

can be used for determination of asphaltenes content in the bitumen 

solutions and might provide more accurate data.    

 In the study of capillary filling kinetics in the nanofluidic system, the 

width and depth size of fabricated nanochannels were fixed. However, 

nanochannels with different size of depth and width can be fabricated to 

examine the effect of channel size on the capillary filling kinetics of 

various solutions.  

 Nanofluidic chips were made out of the glass substrates. The glass 

acquires a hydrophilic surface. It would be interesting to alter the glass 

surface properties through the surface treatment and make the surface 

hydrophobic. Afterwards, the change in the dynamic contact angle of 

advancing meniscus and subsequently in the meniscus filling speed can 

be studied. 

 In our study, the capillary-driven flow was used to transport the fluid in 

the nanochannels. As it was mentioned in the Chapter 3, the contact 



70 

 

angle variation during capillary filling is problematic since in the 

theoretical predictions, the dynamic contact angle is assumed to be 

constant which in reality it is not. Pressure-driven flow can be used to 

study the fluid rheology. The advantage of this method is that it is 

independent of contact angle. However, it is worth to mention that in the 

case of bitumen solutions nanochannels with larger cross-sectional area 

are needed to reduce the high pressure drop and prevent channel 

blockage. 
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APPENDIX A: MATLAB Code for Solving Equation (9) 

Presented in Chapter 3 

clear all; 

clc; 

gamma= 21.8*10^-3; %N/m 

thetta=12*pi/180; 

H2=23.5*10^-9; %m 

H=2*H2; 

tau0=5.0; %Pa 

miu=0.55*10^-3;   %Pa.s 

DP=-2*gamma*cos(thetta)/H; 

y=linspace(-H2,H2,100); 

x=linspace(2*10^-4,3*10^-3,100); 

%avu=tau0^3*H./(12*gamma^2*(cos(thetta))^2*miu).*x.^2 -tau0*H/(4*miu)- 
gamma*cos(thetta)./(6*miu.*x); 

ct=tau0.*x./(gamma*cos(thetta)); 

avutt= 1/3*gamma*cos(thetta)*H2./(miu.*x).* ( 1-3/2.*ct+1/2.*(ct).^3  ); 

newavv= gamma*cos(thetta)*H./(6*miu.*x); 

hold on 

figure(1) 

%plot(x,avutt,x,newavv) 

plot(x*10^3,avutt*10^3) 
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xx=linspace(0,3*10^-3,1000); 

for i=1:1:length(xx) 

xin=linspace(0,xx(i),1000); 

f= 1/3*gamma*cos(thetta)*H2/miu./xin .*(1- 3/2*tau0/gamma/cos(thetta).*xin 
+1/2.*(tau0/gamma/cos(thetta).*xin).^3); 

fx=1./f; 

time(i)=trapz(xin,fx); 

end 

xnew=(gamma*cos(thetta)*H/3/miu.*time).^0.5; 

hold on 

figure(2) 

plot(sqrt(time),xx*10^3) 

%plot(sqrt(time),xx,sqrt(time),xnew) 

%expriment data 

tex=[0.45 

0.63 

0.89 

1.22 

1.61 

2 

2.45 

2.92 

3.46 

]; 

xex=[3.30E-01 
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4.70E-01 

6.90E-01 

9.68E-01 

1.21 

1.54 

1.9 

2.28 

2.65 

];  

vex=[9.20E-01 

6.46E-01 

4.40E-01 

3.13E-01 

2.50E-01 

1.96E-01 

1.59E-01 

1.33E-01 

1.14E-01 

]; 

hold on 

figure(2) 

plot(tex,xex) 

hold on 

figure(1) 

plot(xex,vex)              


