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ABSTRACT 

 

 Asphaltenes are one of the component fractions in crude oil and can destabilize due 

to a change of pressure, temperature, or composition. Destabilized asphaltenes can 

precipitate and deposit, causing numerous problems and challenges during oil production 

and processing such as plugging, fouling, and emulsion stability. Thermodynamic models 

were previously developed to investigate and predict the phase behavior of asphaltenes 

using experimental data that assumed the destabilized asphaltenes reach their equilibrium 

state immediately after changing system conditions. However, asphaltene precipitation has 

previously been shown to be a slow aggregation process suggesting that the previous 

thermodynamic models might be inaccurate and misrepresent the behavior of asphaltenes.  

Reversibility is a requirement for the application of equilibrium thermodynamics 

to predict the phase behavior of mixtures. In this work, asphaltene precipitation was found 

to be a reversible process, and the cause of the partial reversibility conclusion in previous 

work was discovered to be a neglected slow aggregation process. This finding reinforces 

the importance of a slow aggregation process as it shows that considering the kinetics can 

significantly alter the conclusions.  

The aggregation rates of asphaltenes have also previously been investigated and 

found that the aggregation rates of asphaltenes depend on thermodynamic driving forces. 

This study shows that asphaltene aggregation and deposition highly correlate with 

thermodynamic driving forces, but the deposit growth was governed by diffusion 

limitations. This investigation reveals that thermodynamic properties can directly 
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investigate the asphaltene behavior, and the diffusion limitation finding can lead to 

developing a new and more accurate deposition model.  

In addition, for the first time, the presence of inorganic solids was observed to 

increase the rate of asphaltene precipitation. A model was developed to quantify the rate 

of asphaltene precipitation under different process conditions. This investigation leads to a 

clearer understanding of the complex asphaltene aggregation process that occurs in real 

and heterogeneous systems. The usages of inorganic solids as nucleation sites to remove 

unstable asphaltenes and decrease the asphaltene problems during the production are 

potentially possible.   

The findings from this dissertation emphasize the essentials of precipitation kinetics 

and provide ideas to decreases the asphaltene problems and understanding the behavior of 

asphaltenes using the thermodynamic properties. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Asphaltenes  

The global liquid fuels consumption was approximated at 90 million barrels per 

day (b/d) in 2012 and has since been increasing.1 The consumption is predicted to be 100 

and 121 million b/d in 2020 and 2040, respectively.1 Crude oil and condensate production 

were 80% of all-liquids fuels,2 and the current global oil value is estimated at $90 trillion 

in the ground.3 Crude oil is a complex mixture of hydrocarbons and consist of saturates, 

aromatics, resins, and asphaltenes called SARA fractions.4–8 Asphaltenes are defined as the 

heaviest oil fraction, and they are soluble in aromatics solvent (e.g., toluene) and insoluble 

in n-alkanes (e.g., n-heptane).5,7,9–21 A change of pressure, temperature, or composition 

during operation of wells can destabilize asphaltenes.4,22–24 Destabilized asphaltenes can 

precipitate and deposit in processing and refining equipment leading to decreases in oil 

productivity, production downtime, and downstream issues such as fouling in heat 

exchangers.4,7,13,17,25 The removal cost of deposited asphaltenes in the near well bore for a 

deepwater well can be around $3 million plus $1.2 million US dollars of the production 

lost per day.26 

Various techniques have been utilized to measure the molecular weight of 

asphaltenes such as mass spectrometry and molecular diffusion.27,28 The mass spectrometry 

methods such as two-step laser mass spectrometry29 and laser desorption ionization 
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(LDI)30,31 measures the charge-to-mass ratio by inducing a charge on the molecule. The 

molecular diffusion techniques such as time-resolved fluorescence depolarization 

(TRFD)31,32 and fluorescence correlation spectroscopy (FCS)31,33 measure a diffusion 

constant and relate to molecular mass by comparison with model compounds. Both mass 

spectrometry and molecular diffusion techniques have provided similar results that the 

average molecular weight of asphaltenes can range from 300 to 1,400 g/mol. The two most 

accepted structure models of asphaltenes are the continental or island model and the 

archipelago model.34–37 The island model is composed of a condensed polycyclic aromatic 

hydrocarbon core with a shell of alkyl side chains as shown in Figure 1.1a.34,35,37 For the 

island model, the interaction between the polyaromatics core generates an attraction force 

for aggregation that is limited by the steric repulsions between the aliphatic chains 

surrounding the aromatic core.34,38 Figure 1.1b demonstrates the archipelago model, which 

consists of several aromatic cores that are connected by alkyl chains34–37, and asphaltene 

aggregation occurs by bridging and hydrogen bonding.34 However, rather than investigate 

the fundamental structure and behavior of asphaltenes in the micro scale, which is in 

nanometer length, asphaltene precipitation in the macro scale was focused on this study.  

 

 

Figure 1.1 Structure models of asphaltenes: island model (a) and archipelago model (b).34 
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1.2 Asphaltenes Precipitation  

Asphaltene precipitation is extensively investigated. A common technique to study 

asphaltene destabilization is to add a diluent/precipitant (e.g., naphtha or n-alkanes) to a 

crude oil/bitumen to induce precipitation in the laboratory.21,39,40 Normally, n-pentane or 

n-heptane is added to crude oil at a volume ratio of 40:1, which is the ASTM D2007 

standard, to measure the asphaltene content in the solution. The destabilized asphaltenes at 

the 40:1 ratio are named after the precipitant used, such as pentane-asphaltenes and 

heptane-asphaltenes. Using the lower carbon number of n-alkanes as precipitants increases 

the amount of precipitated asphaltenes.41 However, lower carbon number precipitants have 

a higher propensity to evaporate, which adds experimental difficulty. In order to perform 

experiments accurately and conveniently, n-heptane is usually used as an asphaltene 

precipitant for laboratory studies.  

Different techniques such as optical microscopy,7,40,42 ultraviolet-visible (UV-vis)  

spectroscopy,43 and refractive index measurements42,44 have been used to detect the 

instability of asphaltenes. Previous work7,40,45 used n-alkanes as a precipitant to destabilize 

asphaltenes, and the quantity of asphaltenes precipitating as a function of time was 

monitored. Asphaltene precipitation was found to take weeks or months to be detected at 

sufficiently low precipitant concentrations indicating a slow kinetic aggregation 

process.7,21,42,46 A larger size and higher mass of precipitated asphaltenes were observed as 

time passed using an optical microscopy and a centrifugation-based separation technique 

as shown in Figure 1.2. At higher heptane concentrations, asphaltene destabilization may 

be detected over shorter experimental durations but an accurate measurement of the 

asphaltene solubility may require additional time.7,40 This finding has revealed that 

asphaltene precipitation does not only depend on precipitant and precipitant concentration,  
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Figure 1.2 Results demonstrate the kinetic precipitation of asphaltenes.40 Left: Precipitated 
asphaltenes images in 50 vol % heptane in K-1 oil as a function of time using an optical 
microscope.40 Right: Mass percentage of asphaltenes precipitated for K-1 oil as a function 
of time for different heptane concentrations using a centrifugation-based separation 
technique.40 

 
but there are also kinetic delays to the results playing an important role.  

Experiment conditions used to investigate asphaltene precipitation are normally 

limited due to the limitation of techniques. Thermodynamic models have been developed 

to investigate and predict the phase behavior of asphaltenes at the full range of conditions. 

The assumption that solution instantly reached the equilibrium state after adding a 

precipitant was normally applied, and the experimental data were used to develop the 

thermodynamic models.44,47 However, as discussed that asphaltene precipitation is a slow 

aggregation process, the results and conclusions of previous work might not be reliable and 

should be questioned due to neglecting the slow kinetic precipitation.  Neglecting the 

kinetic effects can result in inaccurate measurement of the asphaltene stability region and 

solubility, which is the essential data for developing the model, resulting in misleading 

thermodynamic models and conceptual understanding of asphaltene behavior.  

Another misleading conclusion is that thermodynamic models that have been used 

to investigate asphaltene phase behavior have been developed by assuming that asphaltene 

precipitation is a reversible process. Reversibility is a requirement for the application of 
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equilibrium thermodynamics to predict the phase behavior of mixtures.48,49 However, 

previous work has demonstrated that using pressure and composition-induced aggregation, 

asphaltene precipitation is a reversible process, but only partially reversible using 

temperature changes.4,11,12,47,50–58 Therefore, in order to be able to develop the 

thermodynamic model, asphaltene reversibility should be reinvestigated, and the 

experimental data needs to take into account the slow aggregation process of asphaltenes. 

The finding of reversibility can suggest whether the thermodynamic models are appropriate 

to investigate the phase behavior of asphaltenes. If the asphaltene precipitation is not a 

reversible process, the colloidal models, which assume an irreversible process of 

asphaltene precipitation, might be more suitable. 

 

1.3 Asphaltene Precipitation With Surfaces  

Previous work45,46,59 has demonstrated that the aggregation rates of asphaltenes 

from the slow aggregation process depend on thermodynamic driving forces tested with 

various crude oils, model oils, and n-alkanes. The thermodynamic driving force was found 

to be able to estimate and predict the aggregation rates of asphaltenes. Asphaltene 

deposition such as asphaltenes deposited inside a pipeline also normally occurs during oil 

production, but asphaltene deposition has not been investigated whether such relationship 

is also present. The results from previous work45,46,59 suggest that the relationships between 

kinetic aggregation, deposition, and thermodynamic driving forces might also exist, but it 

is still not clear. The finding of the relationship can result in a better understanding of the 

properties that govern asphaltene aggregation, deposition, and growth processes, which can 

better help develop the model to predict the asphaltene behavior. 
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 Asphaltenes cannot only deposit inside the pipeline but also deposit on inorganic 

solids, which are generally present in the bitumen extraction process.25,37,60,61 The 

difference between bitumen and crude oil can be indicated by the density.8  The density of 

bitumen and crude oil are >1,000 and 815-855 kg/m3, respectively.8 The bitumen can be 

extracted from oil sand, which is a combination mixture of sand, clay or other minerals, 

water, and bitumen, utilizing a hot water separation process developed by Karl Clark in 

1920s25,37,60,61 as shown in Figure 1.3. In the hot water separation process, the oil sands are 

crushed to make smaller particles, and water at 50−80 °C is added. Bitumen is recovered 

by flotation called bitumen froth, which consists of 60 wt% bitumen, 30 wt% water, and 

10 wt% mineral solids.25,37,60  A diluent is added to the froth to reduce the viscosity of the 

oil phase and provide a density difference between oil and inorganic contaminants (e.g. 

water and solid), called a bitumen froth treatment process.25,60,62 Diluents are typically an 

n-paraffin or naphtha, which is a petroleum distillation cut and has carbon numbers in the 

range of C5 to C12. The diluted bitumen, water, and inorganic solids separate by 

gravitational settling and a higher purification of bitumen compared to the bitumen froth is 

produced, which has impurities of 2-5 wt% water and 0.5-1 wt% solid.25,37 None 

 

 

Figure 1.3 Schematic diagram of hot water separation process.25 
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of the previous work has investigated the kinetic precipitation of asphaltenes with the 

presence of the inorganic solids even though the solids are always present in the production. 

This investigation leads to a better understanding of the asphaltene aggregation process in 

systems with inorganic solids and the possible mechanisms for asphaltene precipitation. 

 

1.4 Overview of Chapters 

In all previous temperature-reversibility experiments,11,12,50–52,56 a precipitant was 

added to aid in destabilizing asphaltenes and/or the effect of experimental time for 

complete asphaltene precipitation and redissolution was not considered. Reversibility of 

asphaltenes using temperature-induced aggregation was reinvestigated in this study using 

a novel experiment that considered the kinetic precipitation of asphaltenes by performing 

experiments at the equilibrium state and is shown in Chapter 2. Determining whether the 

asphaltene precipitation process is reversible or not will provide valuable insight to model 

asphaltene phase behavior. The results could suggest that the thermodynamic or colloidal 

models better represent the asphaltene behavior. The root cause(s) of the previous results 

indicating partial reversibility of asphaltene precipitation was also investigated.  

 In Chapter 3, a combined investigation of asphaltene precipitation and deposition 

is presented. Asphaltene precipitation was investigated as a function of precipitant types 

and concentrations. The growth of asphaltene precipitation was also simulated and 

modeled using a geometric population balance model. Asphaltene deposition was studied 

using a capillary apparatus by measuring pressure drop inside of the capillary tube. The 

higher pressure drop indicates the higher occurrence of asphaltene deposition. A 

relationship between asphaltene aggregation and deposition was explored using 

Hildebrand solubility parameters. Rather than studying asphaltene precipitation and 
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deposition independently as was done previously, this study investigated both processes in 

order to have a better understanding of their relationship.  

In Chapter 4, kinetic precipitation of asphaltenes with the presence of inorganic 

solids in bitumen was investigated. Kinetic precipitation of asphaltenes has previously been 

investigated with low asphaltene content and without the presence of dispersed 

solids.7,21,40,46,63–65 However, bitumen samples, such as Athabasca bitumen, have high 

asphaltene content and solids are also present. A combined homogeneous aggregation and 

heterogeneous nucleation model was developed to quantify the rate of asphaltene 

precipitation under the explored experimental conditions. Characterization of the solids 

was performed using Scanning Electron Microscopy with Energy Dispersive X-ray 

Spectroscopy (SEM-EDS). This investigation leads to a better understanding of the 

asphaltene aggregation process in systems with inorganic solids and provides a simple 

model that can estimate the rate of asphaltene precipitation under different process 

conditions. Moreover, this work provides a potential new tool to increase the rate of the 

often-slow kinetic precipitation of asphaltenes using inorganic solids as nucleation sites to 

remove unstable asphaltenes. 

Chapter 5 discusses the main conclusions and proposed future work. 
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CHAPTER 4 

 

KINETIC PRECIPITATION OF ASPHALTENES WITH THE PRESENCE  

OF INORGANIC SOLIDS IN BITUMEN 

 

4.1 Introduction 

Asphaltenes are the heaviest and most polar fraction of crude oil and are defined as 

the material that is soluble in aromatic solvents (toluene) and insoluble in n-alkanes (n-

heptane).1–4 Asphaltenes generally consist of a polyaromatic core with various alkyl side 

chains and contain heteroatoms (N, S, and O) and trace metals (e.g., Ni, V, and Fe).5 

Changes in pressure, temperature, and composition during oil or bitumen production and 

processing can destabilize asphaltenes.3,4,6–9 Destabilized asphaltenes can precipitate and 

deposit in processing and refining equipment leading to decreases in oil productivity, 

production downtime, and downstream issues such as fouling in heat exchangers.5,7,8,10,11  

In the bitumen hot water extraction process, bitumen froth is formed with an 

approximate composition of 60 wt% bitumen, 30 wt% water, and 10 wt% inorganic 

solids.11–17 In this work, the term “inorganic solids” or “solids” will refer to the non-

asphaltenic solids, including clay mineral,  and other insoluble organic matter. In 

Athabasca bitumen, the dominant component of clay minerals is 69 wt% kaolinite and 28 

wt% illite with specific surface area, SSA, of 10-20 and 65-100 m2/g, respectively.12 A 

diluent (e.g., naphtha or n-paraffin) is added to the froth to reduce the viscosity of the oil 

phase and provide a density difference between the oil and inorganic contaminants (e.g., 
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water and solid).11,16,18 However, adding these diluents can lead to asphaltene 

destabilization in the oil phase, resulting in an engineering optimization problem.  

Previous studies have investigated the kinetic precipitation of asphaltenes using 

conventional light to heavy crude oils, with asphaltene fractions below 11 wt% and without 

the presence of inorganic solids.2–4,7,19–21 A larger size and higher mass of precipitated 

asphaltenes were observed as a function of time using optical microscopy and 

centrifugation-based separation techniques.2–4,7,19–21 These results demonstrate that 

asphaltene precipitation is a kinetic aggregation process. Failure to consider the slow 

kinetic precipitation process can lead to inaccurate asphaltene solubility and stability 

measurements. In this work, “kinetic precipitation of asphaltenes” refers to the observation 

that the total mass separated by centrifugation as a function of time increases as the quantity 

and size of precipitated asphaltenes grows. Asphaltene precipitation can take several weeks 

or months to be detected at low diluent concentrations, ≤50 vol% n-heptane in crude oils, 

provided slow precipitation kinetics occur.2–4,7,19–21 In this work, the kinetic precipitation 

of asphaltenes was investigated using bitumen samples, which contains higher asphaltene 

fractions than previous studies and also have dispersed inorganic solids.2–4,7,19–21 

Without the presence of seeds (i.e., surfaces or interfaces), self-nucleation or 

homogeneous nucleation occurs when nuclei form uniformly in the parent phase.22,23 

However, inorganic solids are normally present in bitumen, at a concentration typically on 

the order of 10 wt%.11–17 When seeds are present, nuclei can form on the surface of seeds, 

and this process is called heterogeneous nucleation.22,23 The energy barrier for phase 

transition occurring during heterogeneous nucleation is lower than in homogeneous 

processes because of reduced surface energy required to form a new phase on the surface 

of a nucleation site.22 In this work, the term “homogeneous aggregation” means self-
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nucleation and aggregation of asphaltenes. The term “heterogeneous nucleation” refers to 

the asphaltene precipitation process that occurs on solid surfaces. The heterogeneous 

nucleation process may occur when asphaltene molecules, nanoaggregates, or clusters of 

nanoaggregates in the solution adhere to a solid interface.  As will be demonstrated in this 

study, when solids are present, both the homogeneous aggregation and heterogeneous 

nucleation mechanisms need to be considered.  

Previous work has used various techniques to investigate asphaltenes that adsorbed 

on solid surfaces, such as transmission electron microscopy (TEM) equipped with an 

energy-dispersive X-ray diffraction (EDX) detector,24,25 Nuclear magnetic resonance 

spectroscopy (NMR),24 UV depletion detection,26,27 X-ray powder diffraction (XRD),28–31 

and a quartz crystal microbalance with dissipation (QCM-D).32 The surface of solid 

particles, such as kaolinite,24,26,28,29,33–35 illite,24,26,28,29,34 montmorillonite,28 chlorite,28 and 

gold,32 has been previously shown to have an affinity for the adsorption of polar and 

aromatic compounds, including asphaltenes.24–29,32–34 It is well documented that 

asphaltenes as individual molecules or aggregates can adsorb on surfaces.36–39 Asphaltene 

adsorption depends on numerous factors, including asphaltene chemical, structural, and 

source characteristics,26,40 total solid surface area,30 surface chemical and physical 

properties,26,40 and crude oil solvency.27,40 For example, larger total surface area of solids 

adsorbs higher masses of asphaltenes,30 higher molecular weight asphaltenes tend to 

preferentially adsorb on surfaces,26 and increasing the solvent strength decreases 

adsorption.40 Thus, the interaction of asphaltenes with solid interfaces is expected to alter 

the precipitation process. The terminology adopted in this study differentiates between 

adsorption, the spontaneous process occurring without a bulk phase transition, and 

heterogeneous nucleation, the process where a bulk phase transition is assisted by a solid 
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interface. In this study, the kinetic precipitation of asphaltenes as a function of solid 

content, solvation strength, and petroleum source was investigated.  

Asphaltene aggregation modeling without the presence of inorganic solids has been 

investigated using a geometric population balance model, PMB, which is based on the 

Smoluchowski equation.3,21 The previously applied PBM simulates the growth of 

asphaltene aggregates from the nanometer to micrometer size by modelling the aggregation 

of two asphaltene monomers to form a dimer, and so on.3,21 The aggregation process 

continues until larger particles are formed and the model is validated by experimental 

measurements of the separated centrifuged mass. At each step of aggregation, the model 

fundamentally assumes a second order reaction where the aggregation rate depends on the 

two colliding particle concentrations and each pair of colliding species have a different rate 

constant.3,21,41 Previous work3,21 has also shown that the model results are in close 

agreement with experimental data using various diluent types (e.g., n-alkanes) and 

concentrations. The results have suggested that a PBM model is appropriate to simulate the 

asphaltene precipitation process without inorganic solids. However, studies that 

investigated heterogeneous adsorption or deposition generally have a less defined 

modelling approach. Asphaltene adsorption occurs spontaneously while asphaltene 

deposition is induced when a bulk phase transition occurs, such as adding heptane into an 

oil solution. Previous work has investigated asphaltene deposition on different surfaces: 

stainless steel beads,42 capillary pipes,2,3,39 and polymers.43 It was found that asphaltene 

deposition could be explained using a diffusion-limited model,3,39,42,43 and this conclusion 

provides a pathway for a heterogeneous precipitation mechanism to be modelled. In this 

investigation, a combined homogeneous aggregation and heterogeneous nucleation model 

was developed to study the rate precipitation of asphaltene as a function of solid content.  
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The objective of this work is to investigate the impact of solids on the kinetic 

precipitation of asphaltenes. Asphaltene precipitation was monitored as a function of time, 

diluent concentration, and solid content using two types of bitumen samples with naphtha 

and heptol as diluents. Scanning Electron Microscope with Energy Dispersive X-ray 

Spectroscopy (SEM-EDS) was applied for investigating solid morphology, elemental 

component, and specific surface area (SSA). A combined homogeneous aggregation and 

heterogeneous nucleation model was established to quantify the influence of solid content 

on the kinetic rate of precipitation of asphaltenes. This investigation leads to a better 

understanding of asphaltene aggregation in systems with inorganic solids and provides a 

simple model that can estimate the rate of asphaltene precipitation under different 

conditions. The conclusions and modeling results are transferable to different geometries 

and system compositions. Moreover, this work provides a potential new tool to increase 

the rate of the often-slow kinetic precipitation of asphaltenes using inorganic solids as 

nucleation sites to reduce experimental time and better purify the bitumen due to larger 

size of solids and asphaltenes.  

 

4.2 Experimental Methods 

4.2.1 Materials 

Two types of Athabasca bitumen samples, called BF1 and BF2, were used, which 

contained different weight fractions of dispersed inorganic solid material. Naphtha (N) and 

heptol (H, heptane-toluene blends) were used as the diluents (D). Syncrude Canada Ltd. 

provided bitumen (B) and naphtha (N) samples. High-performance liquid chromatography 

(HPLC)-grade toluene (T) and n-heptane (C7) were purchased from Fisher Scientific. 

Various heptol solutions at C7 to toluene volume ratios of 82:18 (H82), 85:15 (H85), 87:13 
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(H87), and 90:10 (H90) were used. In this study, the D/B ratio is presented by mass ratio 

and vol%. 

 

4.2.2 Asphaltene Precipitation 

A diluent was added to a quantity of bitumen to obtain the desired ratio (by mass), 

called diluted bitumen. The diluted bitumen was homogenized using a Fisher Scientific™ 

Model 505 Sonic Dismembrator at 35% amplitude for 4 minutes. The solution was stirred 

continuously using a magnetic stir bar. Two 10 mL samples were taken using a glass pipette 

at various times (t1, t2, t3, etc.) and then transferred to two 15 mL centrifuge tubes. The 

tubes were centrifuged in an Eppendorf centrifuge 5430R using a relative centrifugal force 

(RCF) of 3,000 g for 10 minutes to separate the precipitated asphaltenes and solids, called 

the “cake,” from the solution. The supernatant was decanted, and a washing solvent, C7, 

was added to the cake to remove nonasphaltene entrapped oil (i.e., maltenes). The cake 

with C7 was sonicated using a Branson Ultrasonics 1800 unit for approximately 15 

minutes. This washing procedure was continued until the supernatant was a visibly clear 

solution. The cake was then dried in a vacuum oven (4.9 psi absolute pressure) at 75 °C for 

approximately 24 h, and the weight of the dry cake that contained precipitated asphaltenes 

and solids was recorded. The dry cake mass was recorded when the mass was constant as 

a function of drying time, indicating that all excess n-heptane had been removed. The mass 

percentage of precipitated asphaltenes and solids, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 (g asphaltene precipitated 

and solids/g bitumen×100%), as a function of time was measured.  

After the supernatant was decanted, the cake of some samples contained a quantity 

of inorganic solids that entrapped oil and soluble asphaltenes along with the precipitated 

asphaltenes. During the washing step, C7 was added, and it destabilized the soluble 
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asphaltenes contained within the entrapped oil. These destabilized asphaltenes affect the 

weight measurement because the mass of asphaltenes precipitated due to the diluent 

addition and the washing step were measured simultaneously resulting in overestimation 

of 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎. This observation is called the entrapped oil effect. To obtain the mass of 

only the precipitated asphaltenes due to the diluent and solids present, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎, the 

results need to be corrected. A material balance was developed to estimate the mass of 

asphaltenes precipitated due to adding C7 during the washing step so that 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 

without the entrapped oil effect could be obtained. Details can be found in the Appendix.  

 

4.2.3 Solid Content Measurement 

The original solid content in the bitumen samples was measured using two 

approaches: toluene/bitumen (T/B) dilution and kinetic sample toluene washing. The solid 

content measurement using the T/B dilution method used a similar procedure discussed in 

the Asphaltene Precipitation section, but toluene was used as both the diluent and the 

washing solvent. The experiments were performed twice at a T/B ratio of 3.4 (80 vol% 

toluene), and the solution was homogenized using a Fisher Scientific™ Model 505 Sonic 

Dismembrator at 35% amplitude for 160 seconds. A solution was taken after 24 hours of 

mixing time with the toluene. This T/B procedure in this study is similar to previous work 

to measure the solids content of bitumen samples.44 In the kinetic sample toluene washing 

approach, approximately 50 dried cake samples from the Asphaltene Precipitation 

experiments were washed twice with 10 ml toluene. This process dissolved asphaltenes 

from the cake, and after centrifugation for 10 minutes at 3,000 g and decanting the 

supernatant, only the solids remained in the tube. In both methods, the weight of the solids 
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was measured after drying in the oven and the mass percentage of solids, 𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 (g solid/g 

bitumen × 100%), was obtained. 

The mass percent of solids, 𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎, was used to calculate the precipitated asphaltene 

mass percent, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎, by 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 − 𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎. Thus, the quantity of asphaltenes 

precipitated, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎, as a function of time at different conditions was obtained. Moreover, the 

equilibrium mass percent of asphaltenes precipitated at long times, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒, was obtained 

by averaging 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 values after 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 remained constant as a function of time from mixing 

the oil with the diluent. 

 

4.2.4 Solids Removal  

The effect of solid content on the kinetic precipitation rate of asphaltenes from 

bitumen was investigated by varying the quantity of solids in the diluted bitumen. To 

accomplish this task, bitumen samples were pretreated to partially or near completely 

remove solids before performing the Asphaltene Precipitation experiments. For partial 

solid removal, bitumen samples were mixed with a diluent to obtain a D/B ratio of 0.5 and 

the solution was centrifuged for 10 minutes at a RCF of 3,000 g. The supernatant was 

extracted, and more diluent was added to the supernatant to reach the desired ratio for the 

Asphaltene Precipitation experiments. In the near complete solid removal approach, 

bitumen samples were also mixed with a diluent to obtain a D/B ratio of 1, and the solution 

was centrifuged for 3 h at an RCF of 7,200 g. Again, the supernatant was extracted and 

further diluted to the desired concentration. The solid content that remained in the solution 

after the pretreatment procedure was measured using the kinetic sample toluene washing 

approach, which is discussed in Solid Content Measurement section. 
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4.2.5 Scanning Electron Microscopy With Energy-Dispersive X-ray Spectroscopy, 

SEM-EDS, for Solid Investigation  

The properties of the inorganic solids were investigated to determine the 

morphology, elemental component, and specific surface area (SSA) using a Helios 

NanoLab™ 650 scanning electron microscope with energy-dispersive X-ray spectroscopy. 

A similar approach as in the Asphaltene Precipitation experiment was used to prepare solid 

samples, but n-heptane was added into bitumen samples at a ratio of 40:1 (wt%). Two 10 

mL samples were taken and centrifuged for 3 h at a RCF of 3,000 g. The cake, which 

consists of precipitated asphaltenes and solids, was washed with n-heptane and dried. 

Another solid sample was taken from the dry cake samples that contained precipitated 

asphaltenes and solids in Asphaltene Precipitation experiments. Both of the dry cake 

samples from two preparation methods were washed with toluene to dissolve the 

precipitated asphaltenes using the same approach in Asphaltene Precipitation experiment. 

The solid samples were then mixed with 5 mL toluene and sonicated for 2-3 minutes to 

disperse solids and dropped on a strip of copper tape for imaging with the SEM.   

 

4.2.6 A Combined Homogeneous Aggregation and Heterogeneous Nucleation Model   

The purpose of the model was to investigate the rate of asphaltene precipitation as 

a function of solid content and solvent quality (diluent types and concentrations). An 

experimental data set from the Asphaltene Precipitation experiments was used to tune the 

model, and then model predictions were compared to a second data set. A faster rate of 

asphaltene precipitation in the experiments is defined as when the observed mass separated 

at a fixed time from mixing with a diluent is greater compared to another sample.  The 

precipitation model provides quantitative values of the total, homogeneous, and 
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heterogeneous precipitation rates.   

Homogeneous aggregation rate, 𝑟𝑟ℎ𝑠𝑠 [mol/(m3 s)], was modeled as a single second 

order reaction, −𝑟𝑟ℎ𝑠𝑠 = 𝑘𝑘ℎ𝑠𝑠𝐶𝐶𝐴𝐴2, based on a simplification of a population balance model 

(PBM)3,21. The variable CA [mol/m3] is defined as the concentration of asphaltenes in the 

diluted bitumen that has been destabilized, but has not been separated from the mixture. A 

single reaction and rate constant of the homogeneous aggregation, 𝑘𝑘ℎ𝑠𝑠 [m3/(mol s)], is 

assumed unlike in the PBM where multiple simultaneous reactions occur with rate 

constants varying for each pair of aggregate sizes. The homogeneous rate constant, 𝑘𝑘ℎ𝑠𝑠, is 

expected to be a function of diluent type and concentration. The rate of heterogeneous 

nucleation, −𝑟𝑟ℎ𝑒𝑒 [mol/(m3 s)], was modeled as a first order reaction, −𝑟𝑟ℎ𝑒𝑒 = 𝑘𝑘ℎ𝑒𝑒𝐶𝐶𝐴𝐴, based 

on diffusion limited deposition3,39,42,43. Details on the first order reaction derivation are in 

the Appendix. The rate constant of heterogeneous nucleation is 𝑘𝑘ℎ𝑒𝑒 [1/s] and is written by 

𝑘𝑘ℎ𝑒𝑒 = 𝐷𝐷
𝛿𝛿
𝐴𝐴
𝑉𝑉

= 𝑘𝑘𝑚𝑚∅𝑏𝑏𝜌𝜌𝑏𝑏𝑆𝑆 (𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎) where 𝐷𝐷 [m2/s] is the diffusivity, 𝛿𝛿 [m] is the boundary 

layer thickness, 𝐴𝐴 [m2] is the solid surface area, 𝑉𝑉 [m3] is the total solution volume, ∅𝑏𝑏 is 

the volume fraction of bitumen, 𝜌𝜌𝑏𝑏 [g/m3] is density of bitumen, 𝑆𝑆 (m2/g) is the specific 

surface area, and 𝑘𝑘𝑚𝑚 = 𝐷𝐷
𝛿𝛿
 [m/s] is the mass transfer coefficient. When inorganic solids are 

present, the model allows for asphaltenes to precipitate both homogeneously and 

heterogeneously. The total rate of asphaltene precipitation, 𝑎𝑎𝐶𝐶𝐴𝐴
𝑎𝑎𝑑𝑑

 [mol/(m3 s)] is written by: 

 

From eq. (1), 𝐶𝐶𝐴𝐴 as a function of time can be obtained by integration and the end 

result is shown below. The details of the derivation can be found in the Appendix. 

 𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝑑𝑑

=  𝑟𝑟ℎ𝑠𝑠 +  𝑟𝑟ℎ𝑒𝑒 = (−𝑘𝑘ℎ𝑠𝑠𝐶𝐶𝐴𝐴2) + (−𝑘𝑘ℎ𝑒𝑒𝐶𝐶𝐴𝐴) 
(1) 
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𝐶𝐶𝐴𝐴 =

𝑘𝑘ℎ𝑒𝑒
𝑘𝑘ℎ𝑠𝑠

��1 +
𝑘𝑘ℎ𝑒𝑒

𝑘𝑘ℎ𝑠𝑠𝐶𝐶𝐴𝐴0
� 𝑒𝑒−𝑘𝑘ℎ𝑒𝑒𝑑𝑑 − 1� 

(2) 

 

The maximum concentration of unstable asphaltenes that precipitate from the 

solution, 𝐶𝐶𝐴𝐴0 [mol/m3], is obtained from the Asphaltene Precipitation experiments and 

depends on the diluent type and concentration. Values of 𝐶𝐶𝐴𝐴0 are determined by 𝐶𝐶𝐴𝐴0 =

(𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒/100)×∅𝑏𝑏×𝜌𝜌𝑏𝑏
  𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎

, where 𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 is an asphaltene nanoaggregate molecular weight, 𝜌𝜌𝑏𝑏 is 

the density of bitumen (assumed as 1000 kg/m3, and ∅𝑏𝑏 is the volume fraction of bitumen. 

The molecular weight of asphaltenes is in the range of 500-7,500 g/mol from molecules to 

nanoaggregate, and asphaltene nanoaggregates have 4-10 monomers.45 The asphaltene 

nanoaggregates are assumed to be the structures that aggregate and influence the rate of 

asphaltene precipitation. In this study, 𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎 is assumed to be 2,000 g/mol, which is the 

possible minimum value. From the model in eq. (2), if 𝑘𝑘ℎ𝑠𝑠 and 𝑘𝑘ℎ𝑒𝑒 are known, the 

simulated results of 𝐶𝐶𝐴𝐴 as a function of time can be determined and converted to the mass 

percent of asphaltenes precipitated from the diluted bitumen, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒 −

�𝐶𝐶𝐴𝐴×𝑀𝑀𝑀𝑀𝑎𝑎𝑎𝑎𝑎𝑎×100%
 ∅𝑏𝑏×𝜌𝜌𝑏𝑏 

�. The experimental values of mass percent of asphaltenes precipitated, 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎, as a function of time were used to fit the precipitation rate constants.  

For the conditions where there were no inorganic solids, 𝑘𝑘ℎ𝑒𝑒 was fixed at a value 

sufficiently low, 10-10 [1/s], as to effectively eliminate the heterogeneous precipitation 

mechanism. The 𝑘𝑘ℎ𝑠𝑠 that resulted in the minimum sum square error (SSE), which is the 

summation of the squared difference between the predicted and experimental results, was 

selected as the best fit. When solids were present, the previously determined 𝑘𝑘ℎ𝑠𝑠 was held 

at a constant value for the same diluent type and concentration. The heterogeneous rate 

constant, 𝑘𝑘ℎ𝑒𝑒, was then varied and at the minimum SSE, 𝑘𝑘ℎ𝑒𝑒 (and subsequently 𝑘𝑘𝑚𝑚) was 
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obtained.  

The model was applied to experiments performed with different diluent types and 

concentrations, bitumen samples, and solid contents. Asphaltene aggregation processes, 

such as onset time and collision efficiency, have been previously related to the reciprocal 

of the difference between the asphaltene and surrounding liquid Hildebrand solubility 

parameters squared, 1/(δasp-δsolution).3,20,46,47 The onset time is defined as the time when 

particle sizes reach 0.5 µm as detected using optical microscopy, and the collision 

efficiency refers to the probability of an asphaltene collision resulting in adhesion event 

using a PBM.3,20,21,46,47 Following the approach of previous work, a relationship between 

𝑘𝑘ℎ𝑠𝑠 and 1/(δasp-δsolution)2, was established from the model fits. This relationship was used to 

estimate 𝑘𝑘ℎ𝑠𝑠 as a function of solvent quality, which is a function of diluent type and 

concentration. The experimental and simulated 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 values as a function of time are directly 

compared. The combined homogeneous aggregation and heterogeneous nucleation model 

provides quantitative values for the rate of asphaltene precipitation with and without solids.  

  

4.3 Results and Discussion 

The experimental results of the Solid Content Measurement using the T/B dilution 

method and the kinetic sample toluene washing approach are shown in Table 4.1. Both 

methods produced similar solids contents results within experimental uncertainty. In this 

study, the original solid contents for BF1 and BF2 are reported as 1.32% and 0.66%,  

 

Table 4.1 Solid content (wt%) in the bitumen samples. 
Bitumen samples Solid content (wt%) 

T/B dilution method Kinetic sample toluene washing approach 
BF1 1.32±0.08 1.22±0.13 
BF2 0.66±0.04 0.65±0.14 
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respectively, following the T/B dilution approach measured value.  

Figure 4.1 shows the experimental results of mass percent of precipitated 

asphaltenes as a function of time along with the model fits at minimum SSE between the 

experimental data (points) and simulated results (dashed line) using H82/BF2 mixtures at 

diluent ratios of 3.8, 5.7, 7.6, and 9.5 (84.20, 88.88, 91.42, and 93.02 vol% H82) with 

0.66% and 0% solid contents. At every D/B ratio performed, the mass percent of 

precipitated asphaltenes at the 0.66% solid content had a higher value than that at the 0% 

solid content during the early experimental times (0 to 2 hours). The results reveal that the 

rate of asphaltene precipitation increases with higher solid content. At sufficiently high 

solid contents, there was no or difficult to detect kinetic precipitation of asphaltenes. As 

the D/B ratio is increased, the impact of the solid content because less pronounced due to 

 

 

Figure 4.1 The mass percentage of precipitated asphaltenes as a function of time (points) 
and model fits (dashed line) using H82/BF2 solutions at diluent ratios of a.) 3.8 (84.20 
vol%), b.) 5.7 (88.88 vol%), c.) 7.6 (91.42 vol%), and d.) 9.5 (93.02 vol%) with 0.66% and 
0% solid content. The experiments were performed twice, and results are indicated using 
two marker styles. 
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an increase in the homogeneous aggregation rate, as will be discussed below. The 

equilibrium mass percent of asphaltenes precipitated increases with increasing D/B ratio 

as shown in Table 4.2, which is in good agreement with previous work3,4,7,19. The results 

demonstrate that at higher D/B ratios, the solvent strength of the diluted bitumen is reduced 

and both the mass of precipitated asphaltenes and the rate of their precipitation increase. 

Values of the equilibrium mass percent of asphaltenes precipitated at the same D/B ratio 

for different solid contents have similar values, indicating that the presence of the solids 

does not impact the overall solubility of asphaltenes. The one exception to this observation 

is for the mixtures at the D/B ratio of 3.8, and Figure 4.1 demonstrates a trend of increasing 

mass percent of asphaltenes precipitated with time at the 0% solid content. We interpret 

this observation as asphaltene precipitation having not reached the equilibrium state after 

8 hours. Thus, the equilibrium mass percent of asphaltene precipitated for ratio 3.8 between 

the 0.66% and 0% solid content cannot be compared. However, it is expected that if the 

experiments were performed for a longer time, the values would be the same. Similar  

 

Table 4.2 The mass of precipitated asphaltenes at equilibrium, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒, at different diluent 
types and concentrations in BF2 sample for various D/B ratios with 0.66% and 0% solid 
content. 
 

Solution Ratio 
(wt%) 

𝒇𝒇𝒂𝒂𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆 (%) 
0.66% solid 0% solid 

H82/BF2 3.8 0.95±0.20 N/A 
5.7 3.35±0.21 2.79±0.43 
7.6 4.36±0.37 4.25±0.27 
9.5 4.58±0.29 4.29±0.32 

H85/BF2 3.8 2.21±0.28 - 
H87/BF2 3.8 2.79±0.15 - 
H90/BF2 3.8 5.06±0.68 - 
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equilibrium values between the 0% and 0.66% solid content experiments demonstrate the 

reliability of the experimental results because the solid content is not expected to influence 

the asphaltene solubility. The negative mass percent of precipitated asphaltenes at the 

diluent ratio of 3.8 with 0% solid is likely due to an overcorrection of the entrapped oil 

procedure and is within the experimental uncertainty. The simulated results (dashed lines) 

and discussion are provided later in the modeling section below. 

The influence of solvent quality on the kinetic precipitation of asphaltenes was 

investigated at a fixed solid content and H/B ratio, but the ratio of heptane to toluene in the 

heptol diluent was varied. Figure 4.2 (Left) provides the mass percent of asphaltenes 

precipitated as a function of time and H ratio in H/BF2 solutions at a diluent ratio of 3.8 

with a 0.66% solid content. No kinetic precipitation was observed for the H82 and H90 

heptol ratios, and the mass percent of asphaltenes precipitated was approximately constant 

as a function of time, indicating rapid kinetics of precipitation. Kinetic precipitation was 

observed using H85 and H87 diluents. An overall faster rate of asphaltene precipitation 

was observed as the H/B ratio was increased, which agree with the results in 

 

 

Figure 4.2 The mass percentage of precipitated asphaltenes as a function of time (points) 
and model fits (dashed line). Left: different H ratios in BF2 at a diluent ratio of 3.8 (84.20 
vol%) with 0.66% solid content. Right: N/BF1 solution at a diluent ratio of 6 (88.88 vol%) 
with 1.32% and 0.25% solid content. The simulated results were calculated using 𝑘𝑘ℎ𝑠𝑠 and 
𝑘𝑘𝑚𝑚 that were obtained from Figure 4.1. 
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Figure 4.1 that the decrease in solvent quality increase the rate of asphaltene precipitation. 

Additional experiments were performed using the BF1 sample and naphtha as the diluent. 

Figure 4.2 (Right) shows the mass percent of asphaltenes precipitated as a function of time 

using N/BF1 mixtures at diluent ratios of 6 (88.88 vol%) with the full 1.32% and partially 

removed 0.25% solid contents. In agreement with the results above, increasing solid 

contents were found to increase the rate of asphaltene precipitation. The results of Figure 

4.2 and Figure 4.1, provide similar trends and demonstrate general applicability of the 

findings despite the different diluent type and bitumen sample used. These findings support 

that both solid content and solvent quality affect the precipitation rate of asphaltenes. The 

details of the simulated results (dashed lines) are presented in the modeling section. 

Numerical values of the equilibrium mass percent of asphaltenes precipitated in Figure 4.2 

are also presented in Table 4.2.  

Figure 4.3 shows SEM images of the inorganic solids extracted from the BF1 and 

BF2 sample. The solid morphologies observed were similar with kaolinite in published 

SEM images of Athabasca clay minerals.48 Previous work has reported the specific surface 

area, SSA, of kaolinite to range between 8-21 m2/g,12,30,49–52 and in this study the SSA was 

 

 
Figure 4.3 SEM images of solids in bitumen samples. Left: Solid from C7:B solution at the 
diluent ratio of 40:1 method using BF2 sample. Right: Solid from Asphaltene Precipitation 
experiment using BF1 sample. 
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estimated to be 8.0 ± 1.9 (Left) and 12.1 ± 3.2 (Right) m2/g assuming disk shape and a 

kaolinite density of 2.6 g/cm3.53 The details of the SSA estimation procedure are provided 

in the Appendix. The Al:Si atomic ratio of the solids was measured using EDS and was 

found to be 2:1.4 (Left) and 2:2.5 (Right), which is similar to the Al:Si ratio found in 

kaolinite, 2:2. The visual morphology, elemental composition, and SSA estimate suggest 

that the solids in this investigation were predominantly kaolinite.  

The rate and mechanisms of asphaltene precipitation were investigated using the 

combined homogeneous aggregation and heterogeneous nucleation model. Figure 4.1 

provides the model fits superimposed on the measured results of the mass percent of 

asphaltene precipitated as a function of time, diluent concentration, and solid content for 

H82/BF2 dilutions. The model results demonstrate a good fit with the experimental 

measurements, and values of 𝑘𝑘ℎ𝑠𝑠 and 𝑘𝑘ℎ𝑒𝑒 for the results in Figure 4.1 are estimated and 

provided in Table 4.3. It was observed that 𝑘𝑘ℎ𝑠𝑠 increases with increasing D/B ratio, 

demonstrating that the model can quantify the experimentally observed faster rate of  

homogenous asphaltene precipitation as the D/B ratio is increased. A single value of 𝑘𝑘𝑚𝑚=  

 

Table 4.3 Numerical values of 𝑘𝑘ℎ𝑠𝑠 and 𝑘𝑘ℎ𝑒𝑒 as a function of diluent type, concentration, 
and solid content for experiments using H/BF2 mixtures. 

Solution Ratio 
(wt%) 

𝒌𝒌𝒉𝒉𝒉𝒉 
(m3/(mol s)) 

𝒌𝒌𝒉𝒉𝒆𝒆 
(1/s) 

Note 

H82/BF2 3.8 9.0×10-6 4.1×10-3 From a comparison of simulated 
and experimental data at the 

minimum SSE 
5.7 2.5×10-4 2.9×10-3 
7.6 1.4×10-3 2.3×10-3 
9.5 3.6×10-3 1.8×10-3 

H85/BF2 3.8 7.1×10-5 4.1×10-3 From the relationship between 
𝑘𝑘ℎ𝑠𝑠 and 1/(δasp-δsolution)2 and 

fitting 𝑘𝑘𝑚𝑚 
H87/BF2 3.8 2.8×10-4 4.1×10-3 
H90/BF2 3.8 2.0×10-3 4.1×10-3 
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5.0 × 10-9 m/s is able to accurately model the precipitation rate of asphaltenes with solids 

present, and the calculated values of 𝑘𝑘ℎ𝑒𝑒 that vary based on the solid content are reported 

in Table 4.3. The decrease in 𝑘𝑘ℎ𝑒𝑒 as the D/B ratio increases is explained by a dilution effect.  

The results in Figure 4.1 for the H82/BF2 mixtures were used to estimate 𝑘𝑘ℎ𝑠𝑠 and 

𝑘𝑘ℎ𝑒𝑒, and the predictive capabilities of the model were tested on the results in Figure 4.2, 

which had different diluent types and concentrations, bitumen samples, and solid contents. 

In Figure 4.2, experiments at 0% solid content were not performed and 𝑘𝑘ℎ𝑠𝑠 could not be 

determined directly. To estimate 𝑘𝑘ℎ𝑠𝑠 values, a relationship between 𝑘𝑘ℎ𝑠𝑠 and 1/(δasp- 

δsolution)2 was developed for the H82/BF2 precipitation experiments. A correlation function, 

determined directly. To estimate 𝑘𝑘ℎ𝑠𝑠 values, a relationship between 𝑘𝑘ℎ𝑠𝑠 and 1/(δasp-

δsolution)2 was developed for the H82/BF2 precipitation experiments. A correlation function, 

𝑘𝑘ℎ𝑠𝑠 = 2 × 1019 �exp (−9.772 × 108

�𝛿𝛿𝑎𝑎𝑎𝑎𝑎𝑎−𝛿𝛿𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
2)�, was found to fit the measured values 

appropriately, and this relationship was use to estimate 𝑘𝑘ℎ𝑠𝑠 under different experimental 

conditions, with values of δasp = 20100, δB = 18250, and δN = 15500 Pa0.5 as determined 

from previous work54–56. Using the correlation, 𝑘𝑘ℎ𝑠𝑠 values were calculated for the H/BF2 

and N/BF1 experiments and the model fits are presented in Figure 4.2.  The values of 𝑘𝑘ℎ𝑠𝑠 

for the H/BF2 mixtures (Figure 4.2 (Left)) were reported in Table 4.3 and the 𝑘𝑘ℎ𝑠𝑠 value 

for the N/BF1 solutions (Figure 4.2 (Right)) was 1.9 × 10-4 m3/(mol s). The same value of 

𝑘𝑘𝑚𝑚 previously obtained was still held constant at 5.0 × 10-9 m/s. Using this approach, the 

kinetic precipitation model demonstrated accuracy to represent the experiments presented 

in Figure 4.2 despite the difference in the bitumen source, diluent concentration, and 

diluent type. The results suggest that the model is reliable and appropriate to investigate 

and predict the kinetic precipitation of asphaltenes at various solid contents, diluent types 
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and concentrations, and source bitumen samples. 

The appropriateness of the fitted kinetic heterogeneous nucleation parameter, 𝑘𝑘𝑚𝑚, 

was investigated by order-of-magnitude analysis. The diffusivity, 𝐷𝐷, of soluble asphaltenes 

in toluene has been measured previously with DOSY-NMR and ranges between, 3 × 10-11 

and 3.5 × 10-10 m2/s depending on the asphaltene concentration.56–58 However, insoluble 

asphaltenes are what is precipitating in this study, and lower 𝐷𝐷 values than previous work56–

58 on fully soluble asphaltenes are expected. Assuming a spherical shape for insoluble 

asphaltenes and using the Stokes-Einstein equation with 𝐷𝐷 = 10-13-10-12 m2/s and 30 Pa s 

for bitumen viscosity,59 the hydrodynamic radius of asphaltenes can be estimated to be 0.1-

2.4 µm. These values are reasonable due to the expected larger hydrodynamic radius of 

precipitating asphaltenes compared to the soluble asphaltene value of 0.002 µm measured 

previously using DOSY NMR58. From 𝑘𝑘𝑚𝑚 = 𝐷𝐷
𝛿𝛿
 (detail in Appendix), for 𝐷𝐷 values ranging 

between 10-13 and 10-12 m2/s, the boundary layer thickness, 𝛿𝛿, was estimated to be between 

2 to 20 µm, which seems reasonable because the radius of solids was also in the micron 

range, 0.1-0.6 µm from SEM images. The maximum asphaltene thickness, 𝑙𝑙 [µm], on the 

solid surfaces was calculated assuming that all insoluble asphaltenes precipitated following 

the heterogeneous mechanism. The asphaltene thickness was estimated from 𝑙𝑙 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴

=

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎⁄
𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠×𝑆𝑆

 assuming 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎 = 1.2 g/cm3. Table 4.4 shows the calculated asphaltene thickness 

as a function of bitumen source, diluent concentration, diluent type, and solid content. The 

results demonstrate the predictable conclusions that asphaltene thickness increases with a 

higher mass of precipitating asphaltenes or lower solid content. The range of the asphaltene 

thickness was found to be 0.02 to 0.8 µm, which are in the same order of magnitude of 

radius of solids from SEM images and calculated hydrodynamic radius of asphaltenes.  
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Table 4.4 The calculated asphaltene thickness as a function of bitumen source, and 
diluent concentration, diluent type, and solid content. 

Diluent Bitumen Ratio 𝒇𝒇𝒂𝒂𝒉𝒉𝒔𝒔𝒔𝒔𝒔𝒔 Maximum asphaltene thickness (µm) 
S=8.0±1.9 m2/g S=12.1±3.2 m2/g 

H82 BF2 3.8 0.66 0.15±0.05 0.10±0.04 
H82 BF2 5.7 0.66 0.53±0.17 0.35±0.12 
H82 BF2 7.6 0.66 0.69±0.22 0.45±0.16 
H82 BF2 9.5 0.66 0.73±0.23 0.48±0.17 
H85 BF2 3.8 0.66 0.35±0.11 0.23±0.08 
H87 BF2 3.8 0.66 0.44±0.14 0.29±0.10 
H90 BF2 3.8 0.66 0.80±0.25 0.53±0.19 
N BF1 4 1.32 0.03±0.01 0.02±0.01 
N BF1 4 0.25 0.16±0.05 0.10±0.04 
N BF1 6 1.32 0.05±0.02 0.03±0.01 
N BF1 6 0.25 0.27±0.09 0.18±0.06 

 

These order of magnitude results suggest that 𝑘𝑘𝑚𝑚 obtained in this study is within reasonable 

ranges based on the modeling assumptions. 

The simulated and experimental results demonstrate that the asphaltene 

precipitation process depends on the rates of the heterogeneous and homogeneous 

precipitation mechanisms. The rates, 𝑟𝑟ℎ𝑠𝑠 and 𝑟𝑟ℎ𝑒𝑒, were calculated from experiments 

performed at various H ratios in BF2 at ratio a diluent ratio of 3.8 with the 0.66% and 0% 

solid contents. The rates depend on time, but in Table 4.5 the results at the initial time, 

<0.01 h, are shown for the purpose of discussion. The rate of heterogeneous nucleation was 

observed to be upwards of 500 times faster than the rate of homogeneous aggregation. 

However, as the solvent strength decreased and the quantity of precipitating asphaltenes 

increased, the rate of homogeneous aggregation could exceed that of heterogeneous 

nucleation.  

The kinetic precipitation of asphaltene results can be divided into 2 categories based 

on the experimental conditions: Figure 4.4 (Left): Varying solid content at fixed solvent  
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Table 4.5 Numerical values of 𝑟𝑟ℎ𝑠𝑠 and 𝑟𝑟ℎ𝑒𝑒 using various H ratios in BF2 at ratio a diluent 
ratio of 3.8 at 0.01 h. 

Solution 𝒇𝒇𝒂𝒂𝒂𝒂𝒂𝒂,𝒆𝒆𝒆𝒆  
(%) 

𝒓𝒓𝒉𝒉𝒉𝒉 mol/(m3 s)) 𝒓𝒓𝒉𝒉𝒆𝒆 mol/(m3 s)) 𝒔𝒔𝑪𝑪𝑨𝑨
𝒔𝒔𝒅𝒅

 (mol/(m3 s)) 
0.66% and 0% solid 0.66% solid 0% solid 0.66% solid 

H82/BF2 0.95±0.20 5.9×10-6 3.3×10-3 5.9×10-6 3.4×10-3 
H85/BF2 2.21±0.28 2.4×10-4 7.7×10-3 2.4×10-4 7.9×10-3 
H87/BF2 2.79±0.15 1.5×10-3 9.4×10-3 1.5×10-3 1.1×10-2 
H90/BF2 5.06±0.68 2.1×10-2 1.3×10-2 2.1×10-2 3.3×10-2 

 

 

Figure 4.4 Possible results of kinetic precipitation of asphaltenes with different solid 
contents and mass of precipitated asphaltenes in the solution. 
 
power (constant mass of precipitated asphaltenes), and Figure 4.4 (Right): Fixed solid 

content while varying solvent power (varying mass of precipitated asphaltenes).  

In Figure 4.4 (Left), increasing the concentration of solids increases the rate of 

heterogeneous asphaltenes precipitation, resulting in an overall faster rate of asphaltene 

precipitation. At sufficiently high solid content the rate of precipitation is fast enough so 

that no kinetic effects are observed. The definition of what quantity of solids represents a 

“high” solid content depends on the solvent power, which is a function of bitumen source, 

diluent type, and diluent concentration. The rate of asphaltene precipitation also depends 

on the solvency power of the diluted bitumen mixture, which influences the mass of 

precipitated asphaltenes. At a fixed solid content but with varied solvency power, 

experiments can be divided into 3 cases, as shown in Figure 4.4 (Right). Case 1 at high 
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solvent power demonstrates no observable kinetic precipitation of asphaltenes. In this case, 

a low mass of asphaltene precipitate and the likelihood of asphaltenes encountering a solid 

interface is greater than encountering another precipitating asphaltene. Consequently, 

unstable asphaltenes precipitate predominantly following the heterogeneous nucleation 

mechanism. For case 2, a higher mass of asphaltenes precipitates and both the rate of 

homogeneous aggregation and heterogeneous aggregation increase. Because of the greater 

quantity of precipitating asphaltenes, kinetic precipitation can be observed. In case 3, the 

highest mass of asphaltenes precipitate and both homogeneous aggregation and 

heterogeneous precipitation are rapid. Thus, the fastest rate of asphaltene precipitation is 

observed in case 3.  

The newly observed heterogeneous precipitation mechanism presented in this study 

has a number of potential impacts on laboratory studies and industrial observations. The 

developed model shows that the heterogeneous precipitation with the dispersed solids, 

which in this case is kaolinite, is a function of the surface area, and it is expected that the 

deposition of asphaltenes on a variety of dispersed solid types should exhibit similar 

behavior. However, further investigation is recommended and underway. Asphaltene 

deposition experiments have also previously been performed using a number of surfaces: 

stainless steel beads,42 capillary pipes,2,3,39 and polymers.43 We suspect that this 

heterogeneous precipitation mechanism will also be present not only for dispersed solids 

but also with other surfaces meaning that the developed model is also can be used with 

other surfaces. However, further studies are suggested because surface properties might 

also play a role in the heterogeneous mechanism. Moreover, a potential new tool to increase 

the rate of the often-slow kinetic precipitation of asphaltenes using inorganic solids as 

nucleation sites to remove unstable asphaltenes is potentially possible.  At low precipitant 
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concentration, asphaltene precipitation can take weeks to reach equilibrium.2,3,7,19,20,60 

Removing the kinetic effect can help in measuring the asphaltene solubility at low 

concentrations, which is a significant barrier to generate accurate data to develop 

thermodynamic models to investigate and understand asphaltene precipitation. For the 

production perspective, eliminating kinetics can help removing unstable asphaltenes at the 

beginning of production, which could reduce asphaltene precipitation and deposition 

problems. However, the solids can increase the corrosion issues meaning that asphaltene 

and corrosion problems should be considered simultaneously if inorganic solids are used. 

 

4.4 Conclusion 

The rate of asphaltene precipitation is affected by dispersed inorganic solids 

following the discovered heterogeneous precipitation mechanism. A heterogeneous and 

homogeneous precipitation model was developed, and the results provide accurate fits to 

the experimental results as a function of the bitumen source, diluent type, diluent 

concentration, and solid content. Under most circumstances, the rate of heterogeneous 

nucleation was observed to be faster than the rate of homogeneous aggregation, but as the 

solvent strength decreased, homogeneous aggregation could become the dominant 

mechanism. This finding can lead to a potential new tool to increase the rate of the often-

slow kinetic precipitation of asphaltenes using inorganic solids as nucleation sites to 

remove unstable asphaltenes. As a result, the asphaltene problems during the production 

could be reduced and the essential solubility data for modeling the phase behavior of 

asphaltenes could conveniently be obtained.  
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CHAPTER 5 

 

CONCLUSION AND FUTURE WORK 

 

5.1 Conclusion 

The findings from this dissertation emphasize the importance of precipitation 

kinetics and provide ideas and understanding on the behavior of asphaltenes.  Chapter 2 

shows that the conclusions can be significantly changed from partial to full reversibility of 

asphaltene precipitation if the kinetic effect is considered. The results indicate that the 

experimental data used to validate and benchmark the thermodynamic models should be 

allowed to reach the true equilibrium state, meaning that the kinetic precipitation of 

asphaltenes needs to be considered. The thermodynamic models can be used to investigate 

the asphaltene behavior for a full range of operating conditions in the petroleum 

production, which is unlike experimental methods. In addition, with the inorganic solids as 

shown in Chapter 4, the rate of asphaltene precipitation can be greatly increased. The usage 

of inorganic solids to increase the rate of asphaltene precipitation would make obtaining 

the experimental data at the equilibrium state become easier and more convenient to 

develop thermodynamic models. Moreover, Chapter 3 demonstrates that thermodynamic 

properties can possibly be used to predict the time when asphaltenes start depositing and 

the aggregation process using the relationship of asphaltene deposition, asphaltene 

aggregation, and thermodynamic driving forces. The deposit growth was demonstrated to 

be a transport limited deposition process, which can lead to developing a new and more 
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accurate deposition models. The aggregation process with the presence of solids was 

successfully modeled based on the finding of a transport limited deposition process. The 

model can potentially provide the roughly ideas on how to design the bitumen process to 

eliminate the kinetic precipitation of asphaltenes. Eliminating kinetics using inorganic 

solids can help removing unstable asphaltenes at the beginning of production, which reduce 

asphaltene precipitation and deposition problems. 

 

5.2 Future Work 

5.2.1 Reversibility of Asphaltene Precipitation in Micro Scale  

Asphaltene precipitation is a reversible process while this behavior was 

investigated on the macro scale, as shown in Chapter 2, it is not clear in the micro scale. 

The results in the micro scale will reconfirm if the thermodynamic models are appropriate 

to model the asphaltene phase behavior. On the micro scale, stable and soluble asphaltenes 

are generally molecule, nanoaggregate, and cluster strutures in the solution ranging size 

from 1.5 to 5 nm detected by X-ray/Neutron Diffraction and Small-Angle X-ray/Neutron 

Scattering (SAXS/SANS).1–5 After a change of pressure, composition, or temperature, 

stable asphaltenes destabilize and become unstable and insoluble asphaltenes. The sizes of 

insoluble asphaltenes are >500 nm but due to the limitation of previous techniques, 

insoluble asphaltene sizes of <40 nm were detected.4,6 Ultra-Small Angle X-ray Scattering 

(USAXS) is a recommended technique to detect stable and unstable asphaltenes 

simultaneously. USAXS is a powerful instrument that can detect and measure the size and 

shape of asphaltenes from nanometer to micrometer length scale, which is a wider size 

range than SAXS/SANS.7,8 Asphaltene solutions, such as crude oil or model oil 

(asphaltenes in a solvent), will be loaded in the glass capillary tubes which are then sealed. 
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The temperature will be varied inside the instrument and changes in size and shape of 

asphaltenes from stable nanoaggregates to unstable asphaltenes can be monitored. The 

temperature is an easier parameter to be changed inside the instrument compared to 

composition and pressure changes. If asphaltenes precipitation are a reversible process in 

the micro scale, the size and shape before and after the change of temperatures should be 

similar. Moreover, USAXS can be used as a new tool to monitor instantaneous asphaltene 

destabilization using temperature-induced aggregation. It would be the first time to be able 

to observe the size and shape of destabilized asphaltenes at the initial time, which provides 

new knowledge of asphaltene behavior at the initial time.   

 

5.2.2 Asphaltene Deposition Using the Change of Temperature  

Asphaltene precipitation induced by changes in composition, pressure, and 

temperature has been shown by previous work and this work to be a fully reversible 

process. Asphaltene deposition was investigated using a capillary apparatus, and a 

precipitant was used to destabilized asphaltenes as shown in Chapter 3 and previous 

work.9–14 However, temperature is often an easy experimental parameter to manipulate in 

the laboratory at atmospheric pressure conditions. Chapter 3 shows that the relationship 

between the kinetic aggregation process and the deposition detection time with the 

solubility parameter is present using different precipitant types and concentrations and the 

deposit growth is a diffusion-limited process. However, only one temperature was tested.  

Figure 5.1 shows the proposed a capillary apparatus using a change of temperature to 

destabilize asphaltenes. Asphaltene solutions are kept in the reservoir that is stirred 

continuously and held at a constant temperature. The different temperatures destabilize 

different amount of asphaltenes, which change the solubility of asphaltenes in the solution.  
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Figure 5.1 Proposed capillary apparatus using the change of temperature to destabilize 
asphaltenes. 

 
The decreases in temperature decrease the solubility of asphaltenes in the solution. 

The temperature in the reservoir is held at elevated temperature to ensure that asphaltenes 

are all soluble in the solution. The solution is fed to the capillary tube using a pump at a 

specified flow rate. Pressure transducers are located at the beginning and the end of the 

capillary to measure the pressure drop inside the tube. The capillary tube is designed to be 

inside of a bigger tube, which acts as a heat exchanger to control the temperature inside the 

test section of the capillary. The heat exchanger is lower the temperature of the solution 

inside the capillary tube and asphaltenes deposit on the tube, which can detect by the 

increase of the pressure drop. The temperature is also measured at the outlet of the capillary 

tube to measure the change of temperature, and then the solution is fed back to the reservoir. 

The solution in the reservoir can be heated and flowed through the tube to collect the 

deposited asphaltenes back to the solution.  

In this proposed work, pressure drop at different temperatures can be measured, 

which can validate the relationship between the kinetic aggregation process and the 

deposition detection time with the solubility parameter and the diffusion-limited process 

of deposit growth. If the relationship holds true for all other temperatures, it will help 
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investigating and understanding the asphaltene aggregation and deposition meaning that 

by knowing the thermodynamic driving forces at operating temperature, the asphaltene 

aggregation and the staring deposit time can be easily estimated. Furthermore, if a 

precipitant was used to destabilize the asphaltenes, more solution is required at a higher 

flow rate, but in this proposed system the solution can be reused, which allows the 

experiments to be performed at different flow rates and shear rates. This system allows to 

test if the growth of deposited asphaltenes is always diffusion limited using different shear 

rates. Investigation of the thermodynamic driving force that causes this behavior in order 

to understand asphaltene deposition is also recommended.  

 

5.2.3 Inorganic Solids  

Inorganic solids were found to increase the rate of asphaltene precipitation as 

shown in Chapter 4, but it is not clear what type of solids play the most significant role. In 

this work, many inorganic solids are present in the samples, and the highest quantity of any 

single solid type is kaolinite clay.15 This explanation might be the reason why only kaolinite 

was found in this work using SEM-EDS. Studying the influence of different inorganic solid 

types on the kinetic precipitation of asphaltenes is recommended. Samples such as 

asphaltenes in toluene with different solid types (e.g., kaolinite and illite), which are the 

solids that are present in the bitumen extraction process,16 can be used. A precipitant will 

then added to the samples at a designed precipitant concentration to destabilize the 

asphaltenes. The mass of precipitated asphaltenes will be measured as a function of time 

to investigate the rate of asphaltene precipitation. The results can indicate which solid types 

play the most significant role on the kinetic precipitation of asphaltenes. Moreover, 

different specific surface areas might also affect the kinetics, and further investigation is 
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needed. To investigate this effect, one type of solid can be used and the experiment repeated 

with varied size of solids in the samples. Smaller sized inorganic solid particles at the same 

overall weight loading will have a greater specific surface area compared to larger particles. 

These findings will provide more information in designing the conditions such as the type 

and size of inorganic solids to eliminate kinetics during the production process. For the 

production perspective, eliminating kinetics can help by removing unstable asphaltenes at 

the beginning of production, which improves the purification of bitumen during the 

process. Moreover, at low precipitant concentration, asphaltene precipitation can take 

weeks to reach equilibrium.9,17–20 Removing the kinetic effect can help in measuring the 

asphaltene solubility at low concentrations, which is a significant barrier to generate 

accurate data to develop thermodynamic models to investigate and understand asphaltene 

precipitation. 
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APPENDIX 

 

SUPPORTING INFORMATION 

 

A.1 Material Balance on the Asphaltene Cake 

A material balance was developed to estimate the mass of precipitated asphaltenes 

due to adding C7 in the washing step, 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤𝑎𝑎𝑎𝑎ℎ, so that 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 without the entrapped 

oil effect was obtained. Due to the entrapped oil in precipitated asphaltenes and solids, 

adding n-heptane during the washing step of the Asphaltene Precipitation experiments 

leads to additional precipitated asphaltenes. These precipitated asphaltenes increase the 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 measurement meaning that the 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 needed to be corrected to obtain 

accurate 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 values without the mass of precipitated asphaltenes formed during 

the n-heptane washing. In order to eliminate the precipitated asphaltenes due to adding n-

heptane, a material balance was used as shown below. It is defined that the mass of wet 

cake is mass of the cake after the solution was centrifuged and supernatant was decanted, 

𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒; 

 

Where 𝑚𝑚𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 is the mass of entrapped oil in wet cake, 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 is the mass 

of solids in wet cake, and 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 is the mass of precipitated asphaltenes due to the addition 

of a diluent. The mass of precipitated asphaltenes due to adding n-heptane in the washing 

step, 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 can be estimated using 

 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 = 𝑚𝑚𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 (S3) 
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 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7  × ∅𝐵𝐵  × 𝑉𝑉𝐷𝐷/𝐵𝐵 × 𝜌𝜌𝐵𝐵 (S4) 

 𝑉𝑉𝐷𝐷/𝐵𝐵 =
𝑚𝑚𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝜌𝐷𝐷/𝐵𝐵
 (S5) 

 

Where 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 is the mass percentage of precipitated asphaltenes due to heptane 

addition, ∅𝐵𝐵 is the volume fraction of bitumen in diluted mixture, 𝑉𝑉𝐷𝐷/𝐵𝐵 is the total volume 

of entrapped oil, 𝜌𝜌𝐵𝐵 is the density of bitumen (1 g/cm3), and 𝜌𝜌𝐷𝐷/𝐵𝐵 is the density of the D/B 

solution. The density values of heptane, toluene, and naphtha were 0.68, 0.86, and 0.75 

g/cm3, respectively. From equation (S4) and (S5), 𝑚𝑚𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 can be identified as shown 

below. 

 
By combing equation (S3) and (S6), 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 and 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 can be derived to an 

equation for 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷; 

 
A dry cake sample consists of solids and precipitated asphaltenes due to the 

diluent and heptane, so the mass of the dry cake, 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 is 

  
 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 =  𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 (S9) 

 
Thus, from equation (S8) and (S9), 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 can be achieved. 

 𝑚𝑚𝑒𝑒𝑎𝑎𝑑𝑑𝑒𝑒𝑎𝑎𝑎𝑎𝑎𝑎𝑒𝑒𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × 𝜌𝜌𝐷𝐷/𝐵𝐵

 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7  × ∅𝐵𝐵
 (S6) 

 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 =
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × 𝜌𝜌𝐷𝐷/𝐵𝐵

 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × ∅𝐵𝐵
+ 𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 (S7) 

 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 = 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 −
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × 𝜌𝜌𝐷𝐷/𝐵𝐵

 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × ∅𝐵𝐵
−𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 (S8) 
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 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 =  𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 −
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × 𝜌𝜌𝐷𝐷/𝐵𝐵

 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × ∅𝐵𝐵
−𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 + 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 (S10) 

 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 =  𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 −
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × 𝜌𝜌𝐷𝐷/𝐵𝐵

 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × ∅𝐵𝐵
+ 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7  

(S11) 

 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 =
𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 − 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒

𝜌𝜌𝐷𝐷/𝐵𝐵
 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 × ∅𝐵𝐵

− 1
 (S12) 

 

From eq. (S12), in order to estimate the 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 value, the 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒, 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒, 

𝜌𝜌𝐷𝐷/𝐵𝐵, ∅𝐵𝐵, and 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 were needed. The 𝑚𝑚𝑤𝑤𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 and 𝑚𝑚𝑎𝑎𝑒𝑒𝑑𝑑 𝑐𝑐𝑎𝑎𝑘𝑘𝑒𝑒 were obtained by weight 

measurement and both 𝜌𝜌𝐷𝐷/𝐵𝐵 and ∅𝐵𝐵 were known parameters from the experimental setup. 

Thus, only 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 was needed to be able estimate the 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7. It was assumed that all 

asphaltenes in the entrapped oil precipitate during washing step. Thus, the 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 was the 

maximum asphaltenes that can precipitate due to C7, called 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚, and it was 

determined by performing additional experiments. The experiments were performed by 

adding n-heptane into bitumen samples at 40:1 (%wt.), and the solution was used in a 

similar approach as discussed in Asphaltene Precipitation experiment. It was found that 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚 of BF1 and BF2 samples were 14.7 ± 0.1%, and BF2 = 14.4 ± 0.1%, 

respectively. Thus, 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 can be determined and 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 without entrapped oil 

effect was estimated. However, in the experiments, some of the asphaltenes precipitated 

due to adding diluent so 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 should not be the same as the 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚. Thus, the new 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7 was needed using an iterative method. After using 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚 value in eq. (S12), 

the 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 was obtained. This 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 was corrected with 𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 so that 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 

(mass percentage of precipitated asphaltenes due to diluent) was obtained. This 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐷𝐷 

represents how much asphaltene precipitated due to the diluent and because 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚 
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was known, the new 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑐𝑐7 can be estimated using 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑐𝑐7 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝐶𝐶7,𝑚𝑚𝑎𝑎𝑚𝑚 − 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎, 𝐷𝐷. The new 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑐𝑐7 was used and 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 was obtained. The process was repeated until the new 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑐𝑐7 had the same value as the previous 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎,𝑐𝑐7. By using this method, 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎 

without entrapped oil issue was obtained. 

 

A.2 The First-Order Reaction of the Heterogeneous Nucleation 

Following the work by Fávero et al.,92 heterogeneous nucleation was modeled using 

a reaction of AD where A is unstable asphaltenes that can destabilize from the solution 

and D is deposited asphaltenes on the surface. Fick’s first law was used to investigate the 

heterogeneous nucleation based on the diffusion-limited conclusion from previous 

work.20,63,89,92  

 First, it is assumed that the mass transport process is at steady state and the one-

dimensional Fick’s first law is used: 

 
 

𝐽𝐽 = −𝐷𝐷
𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝑑𝑑

 
(S13) 

  
Where 𝐽𝐽 [mol/m2 s] is the molar flux, 𝐷𝐷 [m2/s] is the diffusivity coefficient, and 𝐶𝐶𝐴𝐴 

[mol/m3] represents the bulk concentration of unstable asphaltenes that have destabilized 

from the solution, and 𝑑𝑑 [m] is the position in length. Using the thin film approximation to 

evaluate the concentration derivative above where there is a stagnant thin film surrounding 

the solid surfaces with a thickness, 𝛿𝛿 [m], and the concentration at the bulk and surface is 

𝐶𝐶𝐴𝐴 and zero, respectively, the flux of asphaltene, J, depositing can be estimated: 

 
 

𝐽𝐽 = −𝐷𝐷
(0 − 𝐶𝐶𝐴𝐴)
(𝛿𝛿 − 0) =

𝐷𝐷
𝛿𝛿
𝐶𝐶𝐴𝐴 

(S14) 
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To estimate the rate of heterogeneous nucleation, the solid surface area, 𝐴𝐴 [m2] and 

total solution volume, 𝑉𝑉 [m3], were used; 

 
 

−𝑟𝑟ℎ𝑒𝑒 =
𝑑𝑑𝐶𝐶𝐴𝐴
𝑑𝑑𝑑𝑑

=
𝐽𝐽𝐴𝐴
𝑉𝑉

=
𝐷𝐷
𝛿𝛿
𝐴𝐴
𝑉𝑉
𝐶𝐶𝐴𝐴 = 𝑘𝑘ℎ𝑒𝑒𝐶𝐶𝐴𝐴 

(S15) 

  
From eq. (S15), it can be seen that 𝑟𝑟ℎ𝑒𝑒 can be represented as a first order reaction bulk 

phase reaction to model the surface deposition processes. The value for 𝐴𝐴 can be 

determined from 𝐴𝐴 = 𝑆𝑆(𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎)(𝑔𝑔𝑏𝑏), where 𝑆𝑆 (m2/g) is the specific surface area and 𝑔𝑔𝑏𝑏 (g) 

is the mass of bitumen in the sample. Thus,  

 
 𝑘𝑘ℎ𝑒𝑒 =

𝐷𝐷
𝛿𝛿
𝐴𝐴
𝑉𝑉

=
𝐷𝐷
𝛿𝛿
𝑔𝑔𝑏𝑏
𝑉𝑉
𝑆𝑆 (𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎) =

𝐷𝐷
𝛿𝛿
∅𝑏𝑏𝜌𝜌𝑏𝑏𝑆𝑆 (𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎) = 𝑘𝑘𝑚𝑚∅𝑏𝑏𝜌𝜌𝑏𝑏𝑆𝑆 (𝑓𝑓𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎) (S16) 

 
Where ∅𝑏𝑏 is the volume fraction of bitumen, 𝜌𝜌𝑏𝑏 [g/m3] is the density of bitumen, 

and 𝑘𝑘𝑚𝑚 [m/s] is the mass transfer coefficient. Values of 𝑘𝑘ℎ𝑒𝑒 at different conditions can be 

estimated assuming that 𝑘𝑘𝑚𝑚 is a constant value.  

 

A.3 Derivation of the Rate of Asphaltene Precipitation 

 As discussed that the rate of asphaltene precipitation is 

 
 𝑑𝑑𝐶𝐶𝐴𝐴

𝑑𝑑𝑑𝑑
= (−𝑘𝑘ℎ𝑠𝑠𝐶𝐶𝐴𝐴2) + (−𝑘𝑘ℎ𝑒𝑒𝐶𝐶𝐴𝐴) 

(S17) 

 
−�

𝑑𝑑𝐶𝐶𝐴𝐴
(𝑘𝑘ℎ𝑠𝑠𝐶𝐶𝐴𝐴 + 𝑘𝑘ℎ𝑒𝑒)𝐶𝐶𝐴𝐴

𝐶𝐶𝐴𝐴

𝐶𝐶𝐴𝐴0

= � 𝑑𝑑
𝑑𝑑

0
 

(S18) 

   

 From ∫ 1
𝑚𝑚(𝑎𝑎𝑚𝑚+𝑏𝑏)

𝑑𝑑𝑑𝑑 =
ln(� 𝑏𝑏

𝑎𝑎𝑎𝑎+𝑏𝑏−1�)
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The negative sign of exponential term is used to satisfy the equation.  

 

A.4 Specific Surface Area Estimation 

 From the SEM images, solid particles were assumed to have a disk shape with 

radius, 𝑟𝑟 (µm), and height, ℎ (µm). The ImageJ software was used to measure 𝑟𝑟 and ℎ for 

approximately 10 particles in SEM images. Specific surface area, 𝑆𝑆 (µm2/g) can be 

estimated from surface area divided by mass of particle. The surface area, 𝐴𝐴 (µm2), can be 

calculated using 𝐴𝐴 = 2𝜋𝜋𝑟𝑟2 + 2𝜋𝜋𝑟𝑟ℎ. The particle mass, 𝑚𝑚 (g), can be obtained from 𝑚𝑚 =

𝜌𝜌𝑉𝑉 where 𝑉𝑉 (µm3) is particle volume (𝑉𝑉 = 𝜋𝜋𝑟𝑟2ℎ) and 𝜌𝜌 (g/µm3) is the particle density. 
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