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CHAPTER 1 INTRODUCTION 
 

1.1 Overview and Issues 

 

1.1.1 Heavy Oils and Recoveries 

 

Huge accumulations of heavy oil and bitumen in petroleum reservoirs have been discovered and 

extracted in Canada and Venezuela since the mid-1980s. In the past few years, more of these 

unconventional resources containing heavy oil or bitumen have been discovered in Northern and 

Eastern Europe and China, drawing more interest in developing techniques to explore the reservoir 

more effectively and efficiently. The key challenge for producing bitumen is its high viscosity 

which is typically over 500,000 cP and often in the millions of cP at original reservoir conditions 

which renders it practically immobile. In Canada, steam-based recovery processes such as Steam-

Assisted Gravity Drainage (SAGD) are the preferred process of choice for the recovery of bitumen 

from oil sands reservoirs. The injected steam heats the bitumen lowering its viscosity and enabling 

it to move within the reservoir to a production well and then be pumped to the surface. This process 

faces a major challenge which is its greenhouse gas emissions which make the recovery of bitumen 

from oil sands reservoirs among the most emissive globally.  

 

 

1.1.2 Bitumens  
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After the introduction of a precipitant, e.g., an alkane or alkane mixture (paraffinic solvents), this 

stabilization can be disrupted causing the resins to desorb from the asphaltene surfaces. Without 

the resin layer, the asphaltene particles may interact with each other, leading to aggregation. 

Because of the insolubility of the asphaltene molecules in such an alkane-rich solution, more and 

more asphaltene aggregates form and the sizes of the aggregates grows leading to precipitation of 

the aggregate fraction as a solid which we often refer to as precipitated asphaltene. Therefore, with 

more and more solvent (precipitant) added, the aggregated solid size increases gradually, the size 

distribution gets wider, and the precipitated asphaltene increases.  

 

In view of the significance of the asphaltenes precipitation during the production process, 

identifying the conditions at which asphaltene precipitation and deposition occur, is very 

meaningful for reservoir sustainable recovery, especially for bitumens solvent-based recovery. In 

order to understand the effect of solvent conditions on the asphaltene precipitation, it is important 

to determine the onset of asphaltene precipitation and deposition, which is the solvent 

concentration at which asphaltenes start precipitation and deposition. 

 

1.1.6 Emulsions in Bitumen 

 

As is commonly known, crude oil production occurs as an oil-water mixture which is always in 

the form of an emulsion (Schramm, 1992). Emulsions are thermodynamically unstable. If 

sufficient time and coalescence of the droplets is given, the phases will separate and segregate with 

the higher density liquid at the base and the lower one at the top. However, if the density difference 
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is small and the droplets have surface features that prevent or slow coalescence, the emulsion can 

appear to be very stable.  

 

Prior research has shown fluids produced in heavy-oil in situ recovery processes and in all bitumen 

extraction processes are all in the form of an water-in-oil (W/O) emulsion (Zhao & Wei, 2008; 

Yarranton, 2022). The importance of emulsions in oil recovery makes it a focus of recent studies, 

for that, the emulsions have a positive effect on enhancing oil recovery; whereas, most of the time, 

because the increased viscosity of the W/O emulsions compared to pure oils, the formation of the 

emulsions always increase the difficulty to produce the oil from reservoirs.   

 

The properties of the W/O emulsions differ with different crudes, different producing processes, 

and different duration times, even coming from the same field and process. Therefore, it is always 

challenging to evaluate the emulsion stability and viscosity to design appropriate mitigation or 

treatment strategies.  

 

1.1.7 Factors on solvent-based recovery process  

 

The density of the solvent is one of the important factors in determining solvent-based recovery. 

The lighter the solvent injected into the reservoir, the greater the density difference between the 

solvent and the crude oil in the reservoir. Large density differences allow faster solvent 

transportation and spreading across the top of the reservoir, promoting the development of the 

depletion chamber. The large density difference will also help the viscosity-reduced heavy oil or 

bitumen to flow down to the production well driven by gravity drainage. On the other hand, solvent 
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solubility also needs to be considered in solvent-based process. Better solubility means that the 

solvent can dissolve and diffuse more efficiently in heavy oil, and improve the dilution and 

viscosity reduction effect of the solvents. 

 

In terms of production conditions, the injection pressure and temperature are also very important. 

On the one hand, pressure and temperature simultaneously determine the solubility of the same 

solvent in heavy oil, on the other hand, temperature and pressure help the selection of solvents. 

The injection pressure and temperature can determine the injection state of the solvent, and keep 

the vapor phase of the solvent mobile until it touches the oil-solvent interface; due to the saturated 

vapor pressure and solubility of different solvents, the most suitable solvent can be selected 

according to different temperatures and pressures. 

 

The production of liquid solvents is also an important factor affecting the efficiency of solvent-

based techniques. According to research, liquid solvent can improve the solubility of the solvent 

in heavy oil, and the mixing of liquid solvent and oil can improve the fluidity of oil and contribute 

to the better production of heavy oil. However, compared with the vapor solvent, the smaller 

density difference makes the formation of liquid-phase solvents affect the transportation of solvent 

and the gravity drainage of oils. 

 

People also need to study the extent of asphaltene precipitation regarding solvent. Although many 

people worry that asphaltene precipitation and deposition will block the pore path and reduce the 

flow rate, a lower degree of asphaltene precipitation (without affecting the permeability) can 

improve the quality of the heavy oil produced. 
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1.2 Objectives 

 

1. Analyze the solubilities of propane, n-butane, n-pentane, n-hexane, and n-heptane in an 

Athabasca bitumen; design and build up a rapid assessment of the solubility of solvents in 

Athabasca bitumen.  

 

2. Using viscometric measurement method and optical microscopy to determine the onset point of 

asphaltene precipitation and onset point of asphaltene deposition in Athabasca bitumen affected 

by different n-alkane solvents (n-pentane, n-hexane, and n-heptane). 

 

3. Study the effect of different n-alkane solvents (n-pentane, n-hexane, and n-heptane) on the de-

asphalting of the Athabasca bitumen under varying solvent concentrations and temperatures. 

 

4. Evaluate the performance of propane, butane, and hexane solvent-based recovery processes by 

Investigation of the injection rate, oil production rate, solvent production rate, and recovery 

efficiency under different pressure and temperature conducted in a Hele-Shaw cell experiment. 

 

5. Through CyroSEM observation of the average size, particle size distribution, and the number of 

droplets, combined with water content analysis, study the factors affecting the coalescence stability 

and viscosity of the water-in-oil emulsion in bitumen. 
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6. Study the effects of asphaltene precipitation and asphaltene deposition in bitumen on the 

coalescence stability and viscosity of emulsions by observing the water-in-oil emulsions treated 

with different concentrations of n-alkane solvents (n-pentane, n-hexane, and n-heptane). 

 

1.3 Organization of Thesis 

 

Chapter 2 provides a literature review on the subject matter of the thesis. Chapter 3 presents results 

on a new apparatus for rapid assessment of solvent solubility and new solubility data for propane, 

n-butane, n-hexane, and n-heptane. In Chapter 4, a new viscometric method is described for 

determining the onset of asphaltene precipitation when solvent is added. Chapter 5 documents 

research on Hele-Shaw physical model experiments on gravity drainage using steam, propane, n-

butane, and n-hexane. In Chapter 6, a series of observational experiments are done to understand 

the impact of solvent on water-in-bitumen emulsions. Chapter 7 lists overall conclusions and 

recommendations arising from the research documented in this thesis.   
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CHAPTER 2 LITERATURE REVIEWS 
 

2.1 Bitumens 

 

Heavy oils and bitumen occupy a large proportion of the world's oil and gas resources. According 

to statistics, the reserves of heavy oil, extra heavy oil, and oil sand in the world are about 8150×108 

tonnes. Canadian heavy oils are mainly distributed in the Alberta Basin, with 8 large oil fields 

including Athabasca, Cold Lake, and Peace River, and the geological reserves account for about 

32% of the total (Gates, 2014; Chopra, 2010). 

 

Bitumen, an extra heavy oil, is a complex, multi-component mixture. According to the differences 

in solubility and polarity of each component of bitumen, it can be divided into saturates, aromatics, 

resin, and asphaltene, that is, SARA components. The specific gravity of heavy oil and bitumen is 

relatively large, generally above 0.9. The increase in the content of polar substances (resins and 

asphaltenes) increases the specific gravity of crude oil, and the specific gravity can reach up to 1.0 

and higher (Jiayu, 2002; Vasheghani2009). 

 

2.1.1 Resins 

 

Resins, which are a solubility group of materials, consists of tens of thousands of components with 

the same solubility and adsorption properties but differ in shape and size. Resins are soluble in n-

alkanes but not in liquid propane (Andersen & Speight, 2001). They are similar to asphaltenes in 

molecule structure, and characterized by semi-solid, dark, and highly adhesive materials of high 
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molar mass, with a lower molar mass than asphaltenes (Speight, 2006). The definition of resins is 

related to that of asphaltenes, and the asphaltene fraction can be described as more "asphaltenic" 

or more "resinous" depending on where the division between asphaltenes and resins is made. The 

composition of resins varies depending on the precipitant used to separate the asphaltenes. 

Although resins have similar chemical properties to asphaltenes, they are smaller, less polar, and 

less aromatic (Alboudwarej et al., 2003).  

 

The properties of resins are also influenced by the separation process,  the ones obtained through 

the separation with n-heptane will have more of the higher molar mass compounds, while that 

obtained through the separation with lighter n-alkanes such as n-pentane will have a smaller 

amount of larger, heavier asphaltenes. Some resins may co-precipitate with asphaltene due to 

physical entrapment between the precipitating asphaltene matrixes (Farhad, 2014; Mousavi, 2016). 

 

2.1.2 Asphaltenes 

 

In definition, asphaltenes are a solubility class of petroleum fluids that are soluble in benzene or 

toluene (aromatic solvents) and insoluble in excess amounts of n-alkanes such as n-pentane and n-

heptane (paraffinic solvents) (Groenzin, 1999; Sheu, 2002; Speight, 2006; Mansoori, 2009). 

 

As one of the fractions constituting petroleum, asphaltenes are condensed aromatics that are high 

in molecular weight and polarity. It has been proposed that they contain hydrocarbons and some 

heteroatoms such as S, N, O, V, and Ni, and some traces of transition metal elements (Buckley, 

1998). The heteroatoms constituents are reported as cross-linkages in between the asphaltene 
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molecules (heteroatom functional groups), while alkyl groups are located at the edges of the 

molecules (aliphatic side chains) (Strausz, 1992; Groenzin, 1999; Speight, 2006). The molecular 

weight of asphaltenes has been a topic of controversy (Groenzin & Mullins, 1999), but recent 

research suggests that it is around 750 g/mol, with a distribution width of a factor of 2. Asphaltenes 

are reported to tend to self-associate in both model organic solvents and crude oils (Speight, 2006; 

Yarranton, 1996). 

 

Through previous separation experiments and industrial production, it can be known that as one 

of the four fractions in crude oil, the content of asphaltene in heavy oil and extra heavy oil (bitumen) 

is relatively high (Speight, 2006; Luo, 2007). However, Heavy crudes usually have a lower 

tendency to give asphaltene deposition problems despite their higher asphaltene content. The case 

is normally attributed to their higher resin content and lower saturated content (Subramanian, 

2016). 

 

2.2 Asphaltenes Aggregation 

 

Several researchers have described crude oils as a colloidal system in which disperse phase 

includes asphaltenes and resins (Dickie & Yen, 1967; Koots & Speight, 1975; Leon et al., 2000; 

Nellensteyn, 1924; Pfeiffer & Saal, 1940; Speight, 1994, 2006). The gradual concerns about the 

deposited asphaltenes' effect on production led to numerous studies on the asphaltene aggregations 

(Leon et al., 2000; Pan & Firoozabadi, 1998; Park & Ali Mansoori, 1988). Because of the nature 

of the asphaltenes,  where a high affinity to aggregation, asphaltenes are found to be able to self-

associate, and when the condition is changed,  there are even precipitation and deposition during 



 

12 

production (Yerkenov, 2022; Ameli, 2016; Luo, 2009). As the asphaltene aggregations are 

suggested to depend on the colloidal stability of these systems, more and more investigations have 

been conducted regarding the asphaltene aggregation quantifications, conditions, and mechanisms 

(Speight, 1994; Browarzik, 1999; Oh, K., 2004; Gharfeh, 2004; Guzmán, 2017).  

 

The aggregation of the asphaltenes is a process in which the asphaltene particles agglomerate with 

their instability in crude oils to form larger-size particles (Speight, 2006; Porte, 2003).  Even if 

there is no thermodynamic condition variation, the asphaltenes will agglomerate as well, and a 

self-association in which the asphaltene monomers aggregate to nano-scale particles without 

precipitating out is always occurred (Yarranton, 1996). From the proposed literature, asphaltene 

aggregation is a process in which the asphaltene would experience three states: precipitation, 

flocculation, and deposition (Alboudwarej et al., 2003; Groenzin & Mullins, 2000; Speight & 

Moschopedis, 1981; Khanifar, 2011). 

 

 

 

Figure 2.1: Asphaltene precipitation, flocculation, and deposition Processes (Yi, 2009). 
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2.2.1 Asphaltene Self-association and Molar Mass  

 

Recently, more and more concerns about the asphaltene precipitation that might occur in oil 

production led people to focus on the subject of asphaltene self-association (Mousavi et al., 2016). 

Asphaltene self-association is termed for interaction and phenomenon between the asphaltene 

molecules when the asphaltenes are dispersed in oils or solvent medium (Sheu et al., 1991; Speight 

& Moschopedis, 1981). Such asphaltene-asphaltene interaction is defined as the first step of the 

asphaltene precipitation, and the nano-sized asphaltene aggregates originating from the self-

association have been recognized as the precursor before they flocculate into macroscopic particles 

(Mousavi et al., 2016; Sheu et al., 2007).  

 

Many studies of self-association originate from works related to the asphaltene molar mass 

measurements (Speight, 2006). The complex behavior of the asphaltene makes some of its 

properties, such as molecular weights or molar mass, under debate, and techniques for measuring 

to be limited. There have been numerous methods showed that the observed average asphaltene 

molecular weights are on the order of 10,000 or more which are obviously higher than that of 

isolated asphaltene monomers which are of 1500 to 2500 measured by vapor pressure osmometry 

in polar solvents (Speight, 2006).  

 

Yarranton reported that the initial asphaltene molar mass is around 1800 g/mol at concentrations 

below 0.5 kg/m3, and the asphaltene molar mass is found to increase with asphaltene concentration 

until a limiting value of 4000 to 10000 g/mol is reached at a concentration between 10 and 20 
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kg/m3 (Yarranton et al., 2000). Other even reports that the highest measured MW value is over 50 

000 g/mol upon the solvents used, and the molecular weight of monomeric asphaltenes is 1000 

g/mol (Storm & Sheu, 1995). The observations led ones to assume that the asphaltenes associate 

spontaneously in most hydrocarbon media, resulting in higher molecular weights.  

 

2.2.2 Formation of Asphaltene Aggregates 

 

The size of asphaltene stacks is estimated to be about 1 nm both in width and in height, mainly 

comprised of 2 or 3 individual asphaltene molecules (Groenzin & Mullins, 1999, 2000; Oberlin, 

2021; Oberlin & Bonnamy, 1999; Sharma & Mullins, 2007). However, recent laboratory 

centrifugation of a live crude oil indicates that the size of asphaltenes in crude oil is about 2 nm, 

and their aggregation number is between 3 and 8 (Indo et al., 2009). Techniques of small-angle 

neutron scattering and small-angle X-ray scattering measurements detected spherical, or disk-

shaped, particles with diameters of 8 nm or so dispersed both in crude oils and in asphaltene-

toluene mixtures (Carnahan et al., 1993; Ravey et al., 1988; Sheu et al., 1991; Xu et al., 1995). 

And it is believed that the pronounced tendency of asphaltenes to form aggregates in hydrocarbon 

solution is one of their most characteristic traits (Speight, 2006). Indeed, various study of 

asphaltenes aggregation has shown that the physical dimensions and shape of the aggregates are 

functions of the solvent used and the temperature of the investigation (Overfield et al., 1989; Ravey 

et al., 1988; Thiyagarajan et al., 1995). 
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2.2.3 Asphaltene Precipitation  

 

After aggregating to a nano-sized particle spontaneously, asphaltenes are able to further 

agglomerate larger in size till precipitation, a process characterized by phase separation in which 

the asphaltenes form liquid or solid phases that are immiscible from the liquid continuous phase. 

The process could happen either upon condition changes or the oil composition changes during 

production.  Since the asphaltenes start being of great importance once they precipitate out, the 

phase of precipitation is of concern to people (Sheu, 2007; Khanifar, 2011).  

 

While the asphaltene precipitations cause a lot of problems in crude oil production, transportation, 

and refineries (Park & Ali Mansoori, 1988; Taylor, 1992), it is de-asphalting of the heavy oils or 

bitumens that can fulfill an oil upgrade by removing the heaviest and most viscous hydrocarbons 

before they are produced from reservoirs. From such viewpoint, asphaltenes precipitation is seen 

as a good process in oil recoveries, especially for heavy oils and bitumens those that have large 

amounts of asphaltenes, and is a key issue for the better quality of the produced oils (Li, Y., 2021; 

Ovalles, 2022).  

 

The precipitations are always characterized by the stability of the asphaltene fractions in the oils. 

Among the different factors that influence the stability of crude oils, composition plays a main role 

(Buckley, 1998; Andersen, 1990). It has been pointed out that the nature and content of asphaltenes 

together with the nature and content of the dispersion medium are the main factors that determine 

the relative stability of crude oils and related materials (Speight, 2004). Dickie and Yen proposed 

a three-step process for asphaltenes precipitation in oil/solvent mixtures (Dickie & Yen, 1967). 
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The phenomenon is consistent with the solubility change of asphaltenes in crude oil. Some studies 

interpreted the varying amount of the precipitated asphaltenes with the stability of the asphaltenes 

under pressure depletion (Gray, 2015; Kumar et al., 2018; Wiehe & Kennedy, 2000; Tharanivasan 

et al., 2011). First of all, the pressure drop reduces the solubility of asphaltenes in under-saturated 

live oils. The density (molar volume) difference between asphaltenes and crude oils increases 

when the live oils become lighter, and the enlarging density difference contributes to less stability 

of asphaltenes; then, the destabilization by pressure depletion meets the largest extent when the 

condition closes to the bubble point pressure. As pressure declines below the saturation pressure, 

the volatile solution gas is liberated and evaporates from the live oils, and this process makes the 

oil denser which is closer to asphaltene. Thereby asphaltene solubility changes regarding the shift 

in molar volume difference, and in turn, the already precipitated asphaltenes dissolve back into the 

remaining oil phase. That is, the light ends and asphaltenes compete for solvency in the crude oil 

so the loss of light ends implies better solubility of the asphaltene components (De Boer et al. 1995; 

Kokal and Sayegh 1995; Hammami et al. 2000). 
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Figure 2.2: Schematic of asphaltene phase envelope (Akbarzadeh, 2007).  

 

As it is shown in Figure 2.2, the asphaltene phase envelope is divided into two sections by the 

bubble point line. The upper section which represents the asphaltene behaviors in the under-

saturated reservoir condition is above the bubble point and is called the upper boundary of 

asphaltene precipitation. The second section of precipitation depicts the pressure-temperature 

conditions below the bubble point, which is known as the lower boundary of asphaltene 

precipitation.   
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2.2.3.2 Asphaltene Precipitation by Composition Changes  

 

The precipitation of asphaltene is a phenomenon that results from the thermodynamic liquid-liquid 

phase separation, as described by Sirota (Sirota, 2005). This phenomenon is commonly observed 

in two cases: one is the depressurization of live oils explained formerly; another one is where the 

insoluble components (solvents) are added to the system.  

 

It is known that when the composition of crude oil changes, it also causes the precipitation of 

asphaltenes  (Arciniegas, 2014; Subramanian, 2016; Shadman, 2017). Changes in the composition 

of crude oil, often have a significant effect on the insoluble components in the continuous phase 

that dissolves asphaltenes.  The addition of a poor solvent or precipitant to oil leads to a marked 

increase in the yield of asphaltenes just above the onset, as shown in Figure 2.3. However, the 

yield eventually plateaus, and the shape of the yield curve is influenced by two factors: changes in 

the solubility parameters of the medium due to the addition of the precipitant, and the distribution 

of solubility parameters within the asphaltenes. This trend is consistent across all solvents in which 

asphaltenes are insoluble, although the onset and maximum yield may differ depending on the 

solvent used (Akbarzadeh et al., 2005). 
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Figure 2.3: Asphaltene yield with solvent content in the mixture (Yarranton, 2003). 

 

Higher carbon number n-alkanes result in greater solubility of asphaltenes, leading to lower yields 

and higher onsets, as demonstrated in Figure 2.3. This relationship can be explained by the 

decrease in free energy of mixing. When the free energy of mixing decreases, the components in 

the mixture become more compatible. This decrease occurs when the difference between the 

solubility parameters of the medium and the asphaltenes decreases (Barton, 1975; Wiehe et al., 

2005). With an increase in the carbon number of n-alkanes, their solubility parameter increases 

primarily due to the larger size of the molecules and higher heat of vaporization. Consequently, 

the difference between the solubility parameters of the asphaltenes and the precipitant decreases 

for higher carbon number n-alkanes. 
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Research conducted on higher carbon number n-alkanes indicates that the onset of asphaltene 

precipitation increases with an increase in n-alkane carbon number up to a certain point, and then 

decreases with further increases in carbon number. Asphaltene precipitation onsets have been 

studied from bitumens and crude oils diluted with a series of n-alkanes ranging from n-pentane to 

n-hexadecane at room temperature (Wiehe et al., 2005). The onset of asphaltene precipitation has 

a maximum at around carbon number 9 or 10, as indicated by studies involving Athabasca and 

Cold Lake bitumens diluted with n-heptane, n-octane, n-decane, and n-dodecane at 80°C 

(Peramanu et al., 1999a). 

 

 

Figure 2.4: Comparison of weight fraction of precipitated asphaltenes by different solvents 

(Tharanivasan et al., 2009).  
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bonding between the condensed aromatic rings (Dickie & Yen, 1967). And the stacks are believed 

to be dispersed by resins. With the dispersed structure, the self-association may resemble polymer 

systems. 

 

Another intermolecular force that causes asphaltenes to aggregate is hydrogen bonding found in 

the methylation experiments on asphaltene (Barbour & Petersen, 1974; Murgich, 2002). Hydrogen 

bonding between the asphaltene molecules is more likely due to heteroatoms in the functional 

groups. Carbon and hydrogen atoms containing in the asphaltenes make ones to believe that the 

Van der Waals forces are also need to be considered, especially when the polynuclear sheets are 

tightly packed to each other, though the forces are generally weak comparing with others (Murgich, 

2002; Rogel, 2000; Bai, Y., 2021). 

 

Although this research field is still under development and involves many controversies, 

researchers have employed many techniques to describe the asphaltene behaviors and nature of the 

Asphaltene aggregation in oil/solvents, and several models have been established to characterize 

such interaction. Until now, there are generally two types of models have been proposed: 

thermodynamic models and colloidal models.  
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2.2.4.1 Colloidal Models 

 

The earliest colloidal model believed that the asphaltene aggregates from self-association in oil are 

in the manner of colloidal dispersion (Nellensteyn, 1924). Then, several models that belong to 

colloidal hypotheses have been gradually come up with, though an accurate colloidal model for 

self-association is under debate (Dickie & Yen, 1967; Koots & Speight, 1975; Pfeiffer & Saal, 

1940; Speight, 1994, 2006).  

 

2.2.4.1.1 Micelle Models 

 

A hypothetical model that asphaltene molecules are peptized by the less heavy fractions, smaller 

polynuclear aromatic cores and/or longer aliphatic chains components such as resins, are proposed 

regarding colloidal science (Murgich et al., 1996; Pfeiffer & Saal, 1940). One of the key points for 

the model is that the asphaltene aggregates are in the forms of micelles, and the centers of the 

micelles are form by asphaltene molecules adsorptions. Since then, many outstanding 

contributions have been made to demonstrate the colloidal structure and the role of resins in 

dispersing and stabilizing the asphaltenes when it comes up with the micellar model of asphaltene 

self-association in oil has been accepted by the studies (Andersen & Speight, 2001; Barré et al., 

2008; Escobedo & Mansoori, 1997; Galtsev et al., 1995; Li et al., 1999; Mullins, 2011; Priyanto 

et al., 2001; Sheu et al., 2007; Sheu & Mullins, 1995; Sheu et al., 1991). Measurements using the 

laser particle analyzer (Ferworn et al., 1993; Nielsen et al., 1994),  SAXS (Dwiggins Jr, 1965) 

have revealed that the micellar size changes when temperature, pressure, and composition of crude 

are altered. Besides, some researches even concluded the individual asphaltene particle or 
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tensions data, a distinct break points with respect to asphaltene concentration is believed to be an 

indicator to a starting point of the asphaltene self-association (Andersen & Birdi, 1991; Andersen 

& Speight, 1993; Mohamed et al., 1999; Rogel et al., 2000).  

 

On the other hand, there was asphaltene self-association that has been found at the concentrations 

lower than the usual CMCs in the investigation of size exclusion chromatography (SEC) (Andersen, 

1994b). And it has been challenged that such a self-association of the several thousand molecules 

that form the asphaltene fraction is assumed to occur in a narrow concentration range is too 

optimistic from point of the heterogeneity of the system. There are other researchers disagree with 

this surfactant micelle model as well. Groenzin and Mullins demonstrated that asphaltenes do not 

aggregate to form micelles by using a dyes instead of surfactants to model asphaltenes in their 

fluorescence depolarization measurements (Groenzin & Mullins, 1999). Therefore, as the 

concentration range over which the micellization behaviors (aggregations) occurred is being 

questioned, people started to argue that the CMC-like behavior may not be suitable for describing 

asphaltene aggregations (Acevedo et al., 1999; Evdokimov et al., 2003a; Evdokimov et al., 2003b; 

Groenzin & Mullins, 2000). Also, here are speculations that the means by which asphaltenes 

aggregate/associate may be different in solvents and in oils, and the nature of asphaltene 

aggregation makes micelle model inappropriate (Oh & Deo, 2007). 

 

3. Single-asphaltene core 

 

Researchers raised another type of theory for the asphaltene micelle model hypothesis in which, 

when resins and asphaltenes are present together, the asphaltenes in petroleum may exist in form 
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2.2.5 Techniques to Detect Asphaltene Aggregation 

 

The techniques have been employed for the observations of asphaltenes precipitation in organic 

solvents are calorimetric (Andersen & Birdi, 1991; Andersen & Christensen, 2000; Andersen et 

al., 2001), surface tension (Mohamed et al., 1999; Sheu & Mullins, 1995) and interfacial tension 

measurements (Mohamed et al., 1999; Yarranton et al., 2000), vapor pressure osmometry 

(Moschopedis et al., 1976a; Yarranton et al., 2000), and small-angle neutron scattering (Sheu & 

Mullins, 1995; Sheu et al., 1991).  

 

Some techniques are utilized to measure the asphaltene molecular weight (or molar mass) such as 

vapor pressure osmometry (VPO) (Moschopedis et al., 1976b; Moschopedis & Speight, 1976), 

Gel permeation chromatography (GPC) (Artok et al., 1999), and mass spectroscopy (Boduszynski, 

1987). Because of the sensitivity of the equipment, in which the use of very dilute solutions is not 

applicable, VPO measures the MW of the aggregates. In fact, several VPO studies have 

demonstrated that different molar masses can be observed based on different asphaltene 

concentrations, temperatures, and solvents (Moschopedis et al., 1976a; Wiehe, 1992). 

 

Based on high resolution transmission electron microscopy (HRTEM) and fluorescence 

depolarization techniques, the size and number of asphaltene aggregates have been investigated 

(Groenzin & Mullins, 1999, 2000; Oberlin, 2021; Oberlin & Bonnamy, 1999; Sharma & Mullins, 

2007). Indo and his co-workers used a laboratory centrifugation of a live crude oil also determined 

the size and number of the nano-sized particles arisen from self-association in crude oil (Indo et 

al., 2009). Besides, the nature of the asphaltene aggregates that the stacked aromatic sheets holding 
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measured discontinuity value, about 120 mg/L in toluene where self-association is believed to 

occur, agreed with that of surface tension, laser thermal lensing (Acevedo et al., 1999) and 

ultrasonic measurements (Andreatta et al., 2007). 

 

2.3 Onset of Asphaltene Precipitation  

 

Generally speaking, the beginning point of separation of asphaltenes from oils is called the onset 

of asphaltenes precipitation (Buckle, 1999; Speight, 2006). Depending on the mechanisms 

triggering (inducing) asphaltene precipitation, the beginning points are defined as the pressure 

points at which the asphaltenes start precipitation under pressure depletion, or the temperature 

points that can firstly make the precipitation happen once the temperature rises above a certain 

degree, or the solvent concentration points at which the asphaltenes turn to be insoluble in the 

crude oil solutions (Hammami et al., 2000). For the process of the aggregation is divided into three 

phases as described above: precipitation, flocculation, and deposition, the onset is also defined 

based on different stages. Therefore, the beginning point of precipitation at each step is called the 

onset of precipitation, the onset of flocculation, and the onset of deposition of the asphaltenes, 

separately (Rahimi & Gentzis, 2006; Speight, 2004; Escobedo & Mansoori, 1997).  Since the 

flocculation is a process of asphaltene to develop from precipitation to deposition, studying the 

onset of flocculation is non-meaningful.  
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2.3.1 Onset of Asphatlene Precipitation 

 

The mechanism, for oil up-grading by de-asphalting here in bitumen solvent-based recovery, is 

based on the insolubility of asphaltene in a certain concentration of n-alkanes which are the 

extracting solvents (Buckley, 1998). The incremental solvent concentration decreases the 

solubility of the asphaltene monomers in the crude-solvent mixture gradually, and the 

concentration of the adding solvent where the solid or dense phase occurs is the point of asphaltene 

precipitation (Forte & Taylor, 2015; Gonzalez et al., 2007). 

 

2.3.2 Onset of Asphaltene Deposition 

 

Right after the stage of precipitation, the undissolved solid particles start suspending in the system.  

With the precipitants (n-alkane) keep adding, more and more amount of insoluble asphaltene 

precipitate out. The precipitated asphaltene particles tend to aggregate or agglomerate in the 

suspension. In this process of agglomeration which is so-called flocculation, the formed asphaltene 

aggregate increases in size distribution (Mullins et al., 2007). The size distribution of the 

flocculated asphaltene clusters changes with the type of the mixing n-alkane solvent (Sheu, 2002).  

It has been proposed that the floc size distribution decreases with the density of the n-alkane 

solvent increasing and one of the interpretations for this phenomenon is coverage which is the 

number of resin molecules attached to the asphaltene particle surface. The dipole moment and 

dielectric constant of the solvent are found to affect the quality and quantity of precipitation 

(Moschopedis et al., 1976). Also, some concluded that operating conditions like temperature, 
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pressure, and hydrodynamic condition have an influence on the size of the asphaltene floc 

(Anisimov et al., 1995; Funk, 1979).  

 

Once the precipitated and flocculated asphaltene particles increase their volume and size to the 

critical value, the density difference between the dense phase and the lightening phase of the oil 

and solvent mixture promotes the asphaltene particles to settle down under gravity (Mullins et al., 

2012). Typically, during production, the flocculated asphaltene flocs flow with the produced fluids 

and may attach to the surface of the reservoir pores or the pipes (Luo & Gu, 2005; Luo et al., 2007). 

Therefore, asphaltene deposition turns out to be one of the major flow assurance problems in the 

oil industry. Several field problems such as wellbore and reservoir blockage have been reported as 

a result of asphaltene deposition (Sheu & Storm, 1995).  

 

2.3.3 Techniques to Determine Onset of Asphaltene Precipitations 

 

To determine the onset points, crude oil should be diluted with different solvent ratios to obtain 

the concentration at which precipitation occurs (Ekulu, 2010). The incipient of asphaltene 

deposition during adding solvent into crude oil is determined as the onset. Due to the dark color 

of the crude oils, the visual methods are sometimes not efficient for oils unless there is enough 

transparency (Ekulu, 2010; Liu, T., 2015). Normally, the onset of asphaltene precipitation and 

deposition could be observed readily via microscopic observation, and this method is sufficiently 

accurate for light oils of little asphaltene content (Buckley, 1999). Heavy oils and bitumens are 

quite dark that light could not pass readily through them, thus it is difficult to precisely study the 
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onset of precipitation and deposition for such hydrocarbons (Mousavi-Dehghani, 2004; Escobedo, 

1994, 1996). 

 

However, in determining the onset point of asphaltene precipitation and the onset point of 

asphaltene deposition, many studies have not distinguished these two concepts, so when stating 

the determination methods, the targets of the methods applied can only be defined according to the 

measured results and description. Heshburg et al. observed asphaltene deposition using 

microscopic magnification (Buckley, 1996). Because the precipitation process occurs before 

flocculation, and flocculation takes place before deposition, the onset of asphaltene deposition is 

always to be observed as greater than the onset of asphaltene precipitation (Mousavi-Dehghani, 

2004). 

 

2.2.3.1 Optical Microscopy 

 

Optical microscopy is a method in which the solvent/oil mixtures are monitored in high 

magnifications with an optical microscope equipped with a digital camera for image capturing and 

further processing. Optical microscopy was used by several researchers to detect the onset of 

asphaltene precipitation (Hirschberg et al. 1984; Buckley 1996; Junior et al. 2006; Maqbool 2011; 

Rabbani et al. 2011; Hoepfner et al. 2013; Goual et al. 2014; Firoozinia et al. 2016). The growth 

of asphaltene aggregates is a continuous process was stated by observed via optical microscopy 

(Wang, J. X., & Buckley, J. S., 2001). In this approach, some prepared samples with different 

solvent concentrations separately, whereas some used titration of the solvent for observation. A 

detailed procedure for the optical microscopy technique is illustrated in Figure 2.5. 
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Figure 2.6: Micrographs for titration of crude oil by n-heptane at different n-C7 

concentration: (a) blank crude oil, (b) treated crude oil with SWCNTs at 100 ppm (Alemi, 

2021). 

 

2.2.3.2 Refractive Index Measurement 

 

Since the solubility parameter for a complex mixture such as crude oil is an unknown factor, using 

the solubility parameter as the index to measure the solubility of asphaltene in oils is difficult. 

However, because the polarizability root of the solubility parameter and RI, are similar (Buckley 

1996), the Refractive index (RI) measurement could be applied to measure the onset of the 

asphaltene precipitation. When a precipitant is added to crude oil, the resulting mixture can be 

treated as a binary mixture, where the crude oil and the chemical are considered as individual 





 

38 

 

In summary, the RI measurement is a relatively fast method to determine the onset of asphaltene 

precipitation. The refractive index (RI) of light and medium oil samples can be directly measured, 

but it is challenging, if not impossible, to measure the RI values of heavy, opaque oils. To estimate 

the RI values of the mixture of heavy, opaque oils and precipitants, one can extrapolate the RI 

trend (with varying solvent concentrations) to zero concentration of solvent. 

 

2.2.3.3 Interfacial Tension (IFT) Measurement  

 

Because there are heteroatoms present in asphaltenes structure, asphaltenes behave as surface 

activity. The fundamental concept of this methodology is that the onset of asphaltene precipitation 

should be indicated by a sudden change in the Interfacial Tension (IFT) value versus precipitation 

factor such as concentration of precipitant (Mousavi-Dehghani, 2007; Rane, 2012). Therefore lots 

of researchers have used IFT measurements to detect the onset of asphaltene by measuring 

interfacial tension between water and the mixture of crude oil and solvents. Different types of 

equipment can be used to measure Interfacial Tension (IFT). In 1990, Kim et al. employed the Du 

Nouy ring method to measure IFT between a mixture of oil and n-heptane, and water. Mousavi-

Dehghani et al. (2004) also used the Du Nouy ring method to determine IFT between various 

mixtures of crude oil and n-heptane and water, at atmospheric pressure. Acevedo et al. (2005a) 

studied the presence of asphaltenes in the interface of a toluene and water mixture by conducting 

IFT measurements using both the Du Nouy ring and pendant drop methods. Fossen et al. (2007) 

performed a series of pendant drop experiments to measure IFT between asphaltene-toluene 

mixtures and water. They found that the presence of asphaltenes in the mixture decreased IFT, and 
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this behavior was attributed to the surfactant role of asphaltenes at the interface of oil mixtures and 

water (Razipour, 2021). 

 

 
Figure 2.8: IFT between water and Sohio oil/solvents mixture (Mousavi-Dehghani et al. 2004). 

 

Here is an example experiment of the IFT method for determining the onset point (Mousavi-

Dehghani et al. 2004).  A Sohio oil sample containing 4.2 wt% of asphaltenes is treated with n-

pentane and n-heptane separately. It was found that IFT kept almost constant to a certain 

concentration and after which it was suddenly increased, as is shown in Figure 2.8. This point of 

sudden change on IFT versus solvents concentration plot was defined as the asphaltene onset 

precipitation point in terms of the concentration of solvents. 

 

2.2.3.4 Density Measurement and Viscosity Measurement 
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difficulty to produce the oil from the reservoir (Bragg, 2000; Farah, 2005).  The properties of the 

W/O emulsions differ with different crudes, different producing processes, and different duration 

times, even coming from the same field and process (Kar, T., 2014; Velayati, 2020). Therefore, it 

is always challenging to evaluate the emulsion stability and to design appropriate mitigation or 

treatment strategies.  

 

2.4.2 Stability of Emulsions 

 

The stability of emulsions usually refers to the stability regarding coalescence, flocculation, 

Ostwald ripening, creaming, settling, and phase separation (Reddy, 1982; Borwankar, 1992; 

Taylor, 1998; Wang, 2012; Souza, 2015). For the water-in-oil emulsions in heavy oil recovery, 

much of the research carried out on emulsion stability has concentrated on the coalescence and 

flocculation of the droplets over the years (Dreher, 1999; Yarranton, 2007; He, X., 2022).   

 

It is really complicated to assess the factor that affects the emulsion stability since the factors are 

correlated and sometimes the influencing parameters are also the parameters that characterize the 

extent of stability (Schramm, 1992; Sztukowski, 2005).  The factors that have been mentioned are 

interface properties including, components in the external phase that affect the surface activity and 

filming on the interface, rheology of the interface;  viscosity and density of the continuous phase; 

droplets size, size distribution, and numbers (Sullivan, 2002; Fingas, 2011; Abdulredha, 2022).  

 

2.4.2.1 Asphaltene Effect on W/O Emulsions Stability  
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reflected in its ability to ensure that it does not coalesce (Schramm, 1992; JOKELA, 2000; 

Moradi,2011). Therefore, the larger the total interface area of the droplets forming the emulsion, 

the stronger the ability to ensure the stability of the emulsion, and we call it relatively stable. 

Similarly, if the emulsion exhibits weak thermodynamic instability in a certain state, it means that 

its ability to ensure stability in this state is weak, and it is called relatively unstable. 

 

Many experiments on the droplet size distribution of emulsions have come to similar conclusions 

(Sztukowski, 2005; Sullivan, 2007; Jiang, 2007; Politova, 2017; Eley DD, 1988; Andresen, 2007). 

First, when the total volume of the droplets of the emulsion changes, the stability of the inner phase 

with a large volume is high; second, in the water-in-oil emulsion, when the total volume of the 

water phase remains unchanged, the average particle size of the droplets The smaller the value, the 

greater the total surface free energy, and the more stable the emulsion coalescence; third, when the 

coalescence stability decreases, the number of droplets decreases, the size of the droplets increases, 

and, due to the partial particle size increase, the size distribution broadens. 

 

As is shown in Figures 2.10 and 2.11, Maaref used microscopic observation to analysis the stability 

of the water-in-oil emulsions with the effect of brine salinity (Maaref, 2018). Based on the droplets 

size distribution both in the images and the corresponding normal distribution plots, the author 

concluded that the EM2 is less stable after 4 hours. Because the droplet sizes are larger for EM2, 

and the droplet size distribution is a little bit wider for EM2. This indicates that EM2 is less stable 

in comparison to EM1 (EM denotes the emulsions in the literature). 
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Figure 2.10: Microscopic views of emulsion samples, 4 hours after preparation. (a) EM1 and 

(b) EM2  (Maaref, 2018).  

 

 

Figure 2.11: Emulsion droplet size distribution for EM1 and EM2 after 4 hours preparation 

(Maaref, 2018). 

 

For the case shown in Figures 2.12 and 2.13, Maaref states that the emulsion is stable as time 

passes for half a day, since the drop size keeps small and distribution does not change. While after 



 

47 

24 hours, the number of small size droplets decreases, so the emulsion is determined to be less 

stable.   

 

 

 

Figure 2.12: Microscopic views of emulsion samples; 0, 12, and 24 hours after preparation 

(Maaref, 2018). 

 

 

Figure 2.13: Emulsion droplet size distribution at 0, 6, 12, and 24 hours after preparation 

(Maaref, 2018). 
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2.5 Summary 

 

The rich-solvent recovery process not only relies on the solvent dilution of the heavy oil to 

reduce the viscosity but also depends on the extent of asphaltene precipitation to improve the 

quality of the produced crude oil. 

 

Asphaltenes are known to be stabilized in crude oil by resins that coat the surface of asphaltene 

molecules and aggregates. The stabilizing factors may include the hydrocarbon surfactants that 

naturally exist in oils, a strong film composed of hydrocarbon molecules, and solids adsorption. 

When an insoluble solvent is added to crude oil, the asphaltene molecules become unstable due 

to the desorption of the resin molecules. As a result, asphaltenes aggregate until phase separation 

occurs. Because of the aggregation of asphaltenes, asphaltene molecules will undergo self-

association to form a nano-molecule, then aggregate to form micelles, and finally become 

asphaltene solids to precipitate and deposit. Aso, the solvent concentration at which asphaltene 

precipitate is the onset of asphaltene precipitation; and the concentration point that reaches the 

asphaltene deposition is the onset of asphaltene deposition. 

 

Water-in-oil emulsions are highly likely to form in heavy oils and are commonly very stable. 

Asphaltene is a potential hydrocarbon component that can increase the stability of the emulsion 

by adsorbing on the droplet interface of the water-in-oil emulsion. However, it is unclear what 

state of asphaltene affects the stability of the emulsion. Furthermore, the mechanism determining 

the stability of asphaltene emulsions is unclear. 
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3.2 Experimental Method 

 

There have been several methods developed for the measurement of solubility of solvents in 

bitumen by using pressure-volume-temperature (PVT) cells (Karinovi et al., 2011). In nearly all 

of them, it involves a sealed PVT cell at the target pressure that is located within a oven at the 

target temperature. The PVT cell is initially filled with the solvent and the oil and by using either 

a rocker type assembly or a circulation pump, the solvent and bitumen mixture achieves 

equilibrium. Typically, the apparatus for the measurement of solubility in bitumen is large 

involving a lot of labour and cost for each temperature and pressure. Furthermore, due to the 

thermal inertia of the system, changing the temperature of the cell can take a day or more to reach 

the new target temperature. This means, that conducting a series of pressure and temperature 

solubility measurements can take many weeks to complete.  

 

One challenge faced by solubility experiments for viscous oils is the oil viscosity itself. The high 

viscosity leads to slow mixing and low diffusion of the solvent within the viscous oil. This leads 

to time scales for reaching phase equilibrium between the solvent and viscous oil of order of many 

hours to days. 

 

In this work, a new solubility apparatus was designed and assembled, shown in Figures 3.2 and 

3.3, that enabled rapid assessment of the solubility of solvents and bitumen. The PVT cell system 

has sufficient volume required for the anticipated volume of samples that would be collected from 

the system. The PVT cell is surrounded by a heat transfer jacket through which a heat transfer oil 

flows. The heat transfer oil circulates through a hot bath system where a relatively large volume 
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cartridge and the empty cartridge. The solubility is equal to the mass of solvent divided by the 

mass of viscous oil. This can be converted into K-values (the ratio of the solvent mole fractions of 

the vapour and liquid) which are commonly used for solubility and flash calculations as described 

below.  

 

 

 
Figure 3.2: Experimental apparatus.  
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For this test, the two sets of the data points are plotted in Figure 3.4. The comparison demonstrates 

that the device produced reproducible results.  

 

 

 

Figure 3.4: Solubility of propane in Athabasca bitumen versus pressure and temperature.  
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Figure 3.5: Solubility of butane in Athabasca bitumen versus pressure and temperature.  

 

 

Figure 3.6: Solubility of pentane in Athabasca bitumen versus pressure and temperature.  
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Figure 3.7: Solubility of hexane in Athabasca bitumen versus pressure and temperature.  

 

 

Figure 3.8: Solubility of heptane in Athabasca bitumen versus pressure and temperature. 
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CHAPTER 4 ASPHALTENE PRECIPITATION ONSET DETERMINATION BY 

VISCOMETRIC METHOD 

 

4.1 Introduction 

 

Steam-based recovery processes such as Steam-Assisted Gravity Drainage (SAGD) emit a large 

amount of greenhouse gas to the atmosphere making the bitumen realized from the process among 

the most emissive oils globally (Gates and Larter 2014). There is drive to find lower emission 

recovery processes and one option for this are solvent-based processes, and in particular, rich-

solvent processes (Mohan et al. 2022). However, solvents interact with heavy oils and bitumen 

leading to the precipitation of asphaltenes.  

 

The colloidal nature of asphaltene molecules in crude oil has been previously described in Chapter 

2. Asphaltenes are dispersed particles within crude oil that are stabilized by a layer of the resin 

fraction on their surfaces. After the introduction of a precipitant, e.g., an alkane or alkane mixture 

(paraffinic solvents), this stabilization can be disrupted causing the resins to desorb from the 

asphaltene surfaces. Without the resin layer, the asphaltene particles may interact with each other, 

leading to aggregation. Because of the insolubility of the asphaltene molecules in such an alkane-

rich solution, more and more asphaltene aggregates form and the sizes of the aggregates grows 

leading to precipitation of the aggregate fraction as a solid which we often refer to as precipitated 

asphaltene. With more and more solvent (precipitant) added, the aggregated solid size increases 

gradually, the size distribution gets wider, and the precipitated asphaltene increases.  
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The asphaltene aggregations or precipitated asphaltenes in solid phase generated in this way would, 

on the one hand, cause potential harm to the path ways of heavy oil in production by blocking the 

porous media (Buckley, 1998; Rivero-Sanchez, 2021); On the other hand, would enhance the 

quality of the produced crudes through a de-asphalting (Luo, 2007; Ahn, 2016). In view of the 

significance of the precipitation of asphaltenes during the production process, identifying the 

conditions at which asphaltene precipitation and deposition occur, is very meaningful for reservoir 

sustainable recovery, especially for bitumens solvent-based recovery. In order to understand the 

effect of solvent conditions on the asphaltene precipitation, it is important to determine the onset 

point, in other words, it is necessary to determine at what solvent concentration, asphaltenes start 

precipitation or deposition. 

 

Although many methods have been proposed to determine the asphaltene precipitation onset point, 

most of the techniques are more suitable for conventional crude oils with relatively light density 

and viscosity. At the same time, because the experimental conditions for detecting the precipitation 

point are very challenging, many determine methods are hard to meet the required accuracy in 

finding the onset point. For example, when bitumen is treated with a poor solvent (e.g. n-alkanes), 

the onset of asphaltene precipitation is characterized by a certain concentration point of the mixed 

solvent, and this concentration point is test point artificially selected by researchers. In another 

word, it is necessary to have a massive testing points as the potential onset in order to achieve a 

sufficient accuracy of the results. So, the methods involving the preparation of different 

proportions of solvent/oil mixtures separately are difficult to achieve precision, and the number of 

samples to be prepared is very large. In addition, it is found through experiments that the method 

of preparing samples separately has a discontinuity in observation. The precipitation and 
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deposition of asphaltenes are reported to completed in a same and complete process with gradually 

increasing the solvent concentration (Speight, 1975; Shadman, 2016), so when choosing to prepare 

the mixtures separately and observe separately, there will be differences and errors in the 

precipitation phenomenon. Therefore, in order to ensure the accuracy of the determination results 

and to simulate the continuity of the precipitation process, we choose the continuous titration 

method. And a new viscosity measurement method was used to determine the precipitation point. 

This method is based on the relationship between the viscosity of a suspension or colloid and the 

total volume of the dispersed phase in it to track the solvent concentration point at which the phase 

separation of the asphaltenes occurs. 

 

Even though the viscosity of a suspension (solution or colloid) is said to be affected by several 

factors, such as solid particle size, size distribution, shape, and viscosity of the hosting liquid 

(Breki & Nosonovsky, 2018; Paar et al., 2021), some have suggested that it is the total volume 

fraction of the dispersed particles that determine the overall viscosity most (Einstein, 1956; 

Gillespie, 1983; Konijn et al., 2014). Some in the literature have even deduced the conclusion that 

the suspension viscosity is independent of their size and only depends on the occupied volume of 

the solid particles (Einstein, 1956). Based on the correlation between the volume of the precipitated 

asphaltene solid particles and the kinematic viscosity of the bulk liquid mixture, this provides a 

basis for using a viscosity deviation as a means to determine the onset point of the asphaltene 

precipitation upon the addition of paraffinic solvents (Escobedo & Mansoori, 1995).   
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bitumen viscosity versus solvent content, the onset of asphaltene precipitation and aggregation 

could be observed when further addition of solvent leads to a change of the solvent-bitumen 

viscosity trend.  

 

4.1.3 Other Studies 

 

Escobedo and Mansoori first presented a viscometric method for determining the onset of 

asphaltene precipitation in 1995, using a reverse or opaque Cannon-Fenske viscometer, which is a 

type of glass viscometer that has specific tube sizes for different viscosity ranges. Their tests were 

conducted on Mexican crude oils (density of 0.9164 g/cm3 at 25°C and an asphaltene content of 

12.31 wt.%) with n-pentane, n-heptane, and n-nonane. The experiments were conducted at room 

temperature (24-27°C) and atmospheric pressure. Over a wide range of solvent concentrations, the 

viscosity curves showed a change in the slope of the viscosity versus solvent concentration in 

comparison with those of toluene-oil and THFS-oil mixtures, as shown in Figure 4.1. THFS is a 

64 volume percent solution of Tetrahydrofuran in toluene with approximately the same kinematic 

viscosity as n-heptane. One of the main advantages of this method is its applicability to various 

types of crude oil samples, including light and heavy, opaque and transparent, and dead and live 

oils, which is very effective, particularly for darker and heavier crudes, such as heavy oil and 

bitumen since no visual detection is required for the experiments. However, when capillary tubes 

are used for viscometry, they may become blocked by deposited asphaltenes during the 

experiments.  
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Figure 4.1: Kinematic viscosity versus weight fraction of solvent in solutions of crude with 

various solvents (Escobedo & Mansoori, 1995). 

 

The viscometric method was utilized to investigate the impact of inhibitors and dispersants on 

asphaltene precipitation in dead oil samples (Firoozinia et al., 2016; Shadman et al., 2012). Turta 

et al. (1997) also used this approach to determine the onset of asphaltene precipitation in live oil 

samples under reservoir conditions during gas flooding.  
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Hammami et al. (Hammami et al., 1995) observed a linear decrease of the concentration of the n-

alkane titrant at the asphaltene onset with decreasing molecular weight of the titrant. They 

conducted experiments with various titrants, such as CO2, C1, C2, C3, n-C4, n-C5, and n-C6, at 

100°C and 29.9 MPa for a live North Sea stock tank oil. Then some explored the effect of oil 

composition on the onset pressure of asphaltene precipitation for North Sea oil mixtures with 

different ratios of separator oil and separator gas (Fotland et al., 1997).  

 

In another study, researchers determined the onset of asphaltene flocculation for six different crude 

oils using heptane as a solvent through the viscometric method (Meixia et al., 1998). They 

confirmed their findings using the electrical conductance method at 50°C and atmospheric pressure. 

The point of the change of the slope of the viscosity-solvent concentration curve observed for the 

heptane-oil mixture indicated a change of the nature of the dispersion, which was identified as the 

onset of asphaltene flocculation for the solvent mixture system. In contrast, the viscosity of the 

toluene-oil mixture decreased smoothly with the addition of toluene since no asphaltene 

precipitated. 

 

Therefore, the present study is expected to research on the behavior of the asphaltene precipitation 

from bitumen samples with adding n-alkanes, the precipitant solvents. The onset point of the 

asphaltene precipitation is our aim of this study. The changes of the onset with respect to the 

solvent types (n-pentane, n-hexane, n-heptane) and temperature is studied. Based on the known 

difficulties of determining the onset of extra heavy oil, a novel technique-viscometric measurement 

has been used to precisely detect the onset points.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4.3: Components of the viscometer (a) four blade vane rotor, (b) grooved cup, (c) 

double gap rotor, and (d) double-gap cup.  
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Figure 4.4: The entire Concentric Cylinder System on rheometer 

 

The concentric cylinder geometry is suitable for characterizing dispersions with limited stability, 

preventing error from slip at the material/geometry interface, and for bulk materials with 

particulates. The vane and grooved cup provides accurate viscosity measurement when there are 
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particles in the mixture (Barnes & Nguyen, 2001). The rotor vane together with the grooved cup 

containing the liquid sample provides sufficient mixing to keep the particles suspended in the 

sample.  

 

In present study, for experiment conditions, we measured the viscosity at 23° and 60°, and both 

set of measurements are conducted at ambient pressure. To prevent solvent evaporation, the cups 

are covered with a stainless steel ring-shape cap with special material to seal the opened cylinder 

container and the core of the rotor, as is shown in Figure 4.5. Furthermore, to raise the content of 

solvent in the neighborhood of the opening at the top of the cap, solvent was placed on the top 

surface to prevent evaporation from the solvent-bitumen mixture within the cup.  

 

 

Figure 4.5: The concentric cylinder system with stainless steel ring-shape cap.   
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dominates the viscosity behaviour since the profile starts to level off as more solvent is added to 

the system. If solvent dilution dominated, then the mixture viscosity would continue to decrease 

following a similar trend prior to the onset of asphaltene precipitation. However, the results show 

this is not the case. With further addition of solvent, there is greater amount of asphaltene particles 

accumulated within the mixture and the balance between solvent dilution and the suspended 

particles leads to a viscosity curve that is leveling off.  

 

When the pentane content reaches 30.3 wt.%, there is a step change of the viscosity: at this point, 

the viscosity drops from 0.0303 Pa s (30.3 cP) to 0.0087 Pa s (8.7 cP) at 31.5 wt.%. Thereafter, 

the viscosity resumes a smoothly decreasing trend parallel to its prior trajectory similar to that 

before the onset of asphaltene at 23.4 wt.%. The reason for the step change of the viscosity of the 

mixture is because the amount of precipitated reaches a critical concentration where the particles 

are aggregated are large enough that they no longer are suspended and a large fraction of them 

drop to the base of the cup (we refer to this event as asphaltene deposition) and the viscometer is 

now measuring the viscosity of the solvent-diluted oil at the solvent concentration. One 

observation is that the mixture viscosity versus solvent concentration trend is parallel and co-linear 

with the trend prior to the onset of the asphaltene. Thus, the experimental method not only yields 

the solvent-bitumen viscosity prior to asphaltene onset and the value of the content at which onset 

occurs, but also yields the viscosity profile for the solvent and partially de-asphalted bitumen. 

When the solvent content reaches over ~70 wt.%, the amount of asphaltene precipitated in the cup 

starts to interfere with the viscosity measurement and the slope has a slight change.  
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Figure 4.6: Viscosity of the n-pentane/bitumen mixture with solvent titration at 23°C.  

 

Figure 4.7 displays the viscosity profile for mixtures of n-hexane and bitumen at 23°C. For n-

hexane, the initial solvent concentration is set equal to 8.12 wt.% and the corresponding viscosity 

of the solvent-bitumen mixture is 0.7038 Pa s (703.8 cP). Upon addition of solvent to the mixture, 

the viscosity decreases but there is a change of the slope of the viscosity versus solvent content 

curve at 27.6 wt.% solvent: at this point, onset of asphaltene precipitation occurs. The curve 

becomes nearly flat until 37.2 wt.% where there is another step change in the viscosity from 0.0355 

Pa s (35.5 cP) to 0.00661 Pa s (6.61 cP). Thereafter, further addition of solvent exhibits a similar 

slope to that observed prior to the onset of asphaltene. Similar to the n-pentane, the reason for this 

is the deposition of the precipitated asphaltene within the cup.  
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Figure 4.7: Viscosity of the n-hexane/bitumen mixture with solvent titration at 23°C.  

 

Figure 4.8 shows the viscosity decrease when the n-heptane is titrated into the bitumen. At the 

initial weight fraction point of 9.73%, the mixture's viscosity is 1.6267 Pa s (1,626.7 cP). Further 

addition of solvent causes the viscosity of the mixture to drop and at 32.5 wt.%, the slope of the 

curves decreases indicated the onset of asphaltene precipitation. The viscosity is 0.0769 Pa s (76.9 

cP) at this point and with further solvent addition, it drops to are nearly level value of 0.0726 Pa s. 

The onset of asphaltene deposition occurs at 51.1 wt.% solvent content where the viscosity changes 

from 0.0726 Pa s (72.6 cP) to 0.00985 Pa s (9.85 cP). After this point, viscosity decreases with an 

almost constant slope that is similar to the trends prior to the onset of asphaltene.  
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Figure 4.8: Viscosity of the n-heptane/bitumen mixture changes with solvent titration at 

23°C.  

 

In general, as shown in Figures 4.6 to 4.8, the viscosity of the solvent-bitumen mixtures exhibit 

the same general features: the viscosity curve drops due to solvent dilution and then the slope 

declines at the onset of asphaltene and then levels off after which it persists until there is the point 

of deposition and the viscosity drops in a step change. Thereafter, the viscosity profile drops further 

with the addition of solvent following the trend of the viscosity curve prior to the onset of 

asphaltene.  
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wt.% with viscosity 0.456 Pa s (456 cP). The onset of asphaltene precipitation occurs at 53.4 wt.% 

where the viscosity levels off to 0.0028 Pa.s (2.8 cP). The onset of deposition occurs at 63.40 wt.% 

where the viscosity declines to 0.0015 Pa.s (1.5 cP). 

 

 

Figure 4.9: Viscosity of the n-pentane/bitumen mixture with solvent titration at 60°C.  
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Figure 4.10: viscosity of the n-hexane/bitumen mixture with solvent titration at 60°C.  
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Figure 4.11: Viscosity of the n-heptane/bitumen mixture with solvent titration at 60°C. 

 

4.3.3 Optical Observation of the Solvent-Bitumen Mixture at Temperature 23°C 

 

For comparison, we first show a microscopic image of a pure bitumen oil sample, Figure 4.12(a). 

Then, Figure 4.12(b)-(f) shows the precipitation of the asphaltene from a mixture of n-pentane and 

bitumen. Since we determined that the onset of asphaltenes precipitation in the n-pentane mixture 

is 23.4 wt.% in the viscosity measurement, we started to observe from the solvent concentration 

of 20 wt.%. It can be seen that at this starting concentration, no sign of asphaltene precipitation 

can be observed under the microscope. It should be noted that all the concentration denote the 

weight percentage of the solvent later. At 25 wt.% concentration, an increase in the number of tiny 
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(a) no n-pentane (pure bitumen) (b) 20 wt.% n-C5 

  
(c) 25 wt.% n-C5 (d) 30 wt.% n-C5 

  
(e) 35 wt.% n-C5 (f) 40 wt.% n-C5 

  
 
Figure 4.12: Microscopic images of bitumen mixed with different concentration of n-

pentane: (a) no n-pentane, (b) 20 wt.%; (c) 25 wt.%; (d) 30 wt.%; (e) 35 wt.%; (f) 40 wt.% 

(segregates under gravity). 
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Because the onset point of asphaltene precipitation in n-hexane/bitumen mixture obtained in the 

previous experiment is 27.6 wt.%, we take 20 wt.% solvent concentration as the starting point for 

the continuous observation. As shown in the series of graphs in Figure 4.13, we found that 

asphaltene particles increased in number but were very small in total volume as the solvent 

concentration in the mixture increased up to a concentration of 35 wt.%. At a concentration of 35 

wt.%, flocculent particles began to appear in large numbers, and at 40 wt.%, the area of flocs 

increased. When the concentration reached 45 wt.%, the particles aggregated into clusters, and 

some particles showed agglomeration into a continuum. As the amount of particles increases, the 

particle size increases. At a concentration of 50 wt.%, the number of particles were significantly 

reduced since they have segregated from the sample.  

 

From the above results, we can infer that asphaltenes aggregated and precipitated in a large amount 

when the solvent concentration was between 30 wt.% and 35 wt.%, and showed a process of 

flocculation. After that, as the solvent concentration increased, the asphaltene flocs became more 

and more obvious, and a large number of microscopic continuum appeared at the concentration of 

45 wt.%. Between 45 wt.% and 50 wt.%, a large quantities of asphaltenes precipitate out of the 

solution. At this point very little asphaltene remains in the mixture in a dispersed state. 
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(a) 25 wt.% n-C5 (b) 30 wt.% n-C5 

  
(a) 35 wt.% n-C5 (f) 40 wt.% n-C5 

  
(b) 45 wt.% n-C5 (f) 50 wt.% n-C5 

  
 
Figure 4.13: Microscopic images of bitumen mixed with different concentration of n-

hexane: (a) 25 wt.%;,(b) 30 wt.%, (c) 35 wt.%, (d) 40 wt.%, (e) 45 wt.%, and (f) 50 wt.% 

(segregates under gravity). 
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As shown in Figure 4.14, asphaltenes depicted a large amount of precipitation when the n-heptane 

concentration was 40 wt.%. Subsequently, as the concentration of the solvent increased, the 

particle size of the precipitated asphaltene aggregates became larger and the area of the aggregated 

clusters also remained large. After 50 wt.% content, the aggregated flakes started to show a lot of 

fragmentation. After again, the degree of fragmentation of asphaltene clusters became more and 

more obvious. At some point between 60 wt.% and 65 wt.% content, the asphaltenes are 

completely precipitated and segregated under gravity. 

 

  



 

125 

(a)  30 wt.% n-C5 (b) 35 wt.% n-C5 

  
(c) 40 wt.% n-C5 (d) 45 wt.% n-C5 

  
(e) 50 wt.% n-C5 (f) 55 wt.% n-C5 
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of the asphaltene aggregates increase, while on the other hand, the increasing concentration of the 

solvent reduces both the viscosity and density of the host liquid phase, which enlarges the density 

difference between the dispersed asphaltene particles and continuous liquid phase. Once the mass 

of the aggregates reaches a certain critical point where the gravity force on them exceeds the 

intermolecular forces and flow that would keep the particles suspended, a large fraction of the 

precipitated asphaltene sinks and deposits at the bottom of the cup.  Thus, we can speculate that 

the liquid measured in the grooved cup after the "discontinuous" point is a mixture of the de-

asphalted bitumen and the solvents, but it cannot be ruled out that there are still un-deposited 

asphaltene particles in the mixture. 

 

Prior studies such as that of Escobedo and Mansoori's have not observed the discontinuity of the 

viscosity as observed in this work. However, a capillary viscometer would not observe a settling 

event and thus, this point would not be observed. The key advantage of the method used here is 

that this behaviour is observed and that the viscosity measurements after the discontinuity provide 

an estimate of the mixture of the solvent and the up-to-that-point de-asphalted bitumen which if it 

could be determined how to measure the asphaltene content in the oil sample, a viscosity versus 

asphaltene content curve could be derived. This will be the subject of future work.  

 

Moreover, the microscopic observations illustrated and confirmed the onset of asphaltene 

precipitation determined by viscometry. From the results observed under the microscope, we know 

that asphaltene precipitates between 25 wt.% and 30 wt.% of n-pentane concentration, and 

precipitates between 35 wt.% and 40 wt.%. Whereas the precipitation onset point measured by 

viscosity is 23.4 wt.%, and the deposition onset point is 30.3 wt.%. For the observation, there is 
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an inconsistence with results obtained by the viscometric method, with both onset points being 

higher than those of the viscometric results. 

 

Table 4.3: Comparison of onsets of asphaltene precipitation 

 Viscometric method (wt.%) Optical microscopy (wt.%) 
n-C5 23.4 25-30 
n-C6 27.6 30-35 
n-C7 32.5 35-40 

 

Table 4.4: Comparison of onsets of asphaltene deposition.  

 Viscometric method (wt.%) Optical microscopy (wt.%) 
n-C5 30.3 25-30 
n-C6 37.2 30-35 
n-C7 51.1 35-40 

 

When asphaltenes appear in the dispersed phase due to aggregation or precipitation, according to 

Einstein's formula, the total volume change of the dispersed particles leads to an increase in the 

bulk viscosity of the solution. In this case, even tiny change of the precipitated asphaltene volume 

can be detected by the viscosity measurement. However, the observation under the microscope 

requires the asphaltene particles to reach a size recognizable by the naked eye. Therefore, the 

results observed under the microscope are higher. Moreover, the continuous titration experiment 

can avoid the measurement influence caused by the adsorption during the transfer of the asphaltene 

solution. 

 

The asphaltenes precipitated at n-pentane concentrations between 30 wt.% and 35 wt.%, and 

precipitated between 45 wt.% and 50 wt.%. Asphaltenes precipitated between 35 wt.% and 40 wt.% 
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heavier the solvent), the greater is the solvent content required for the onset of asphaltene 

precipitation. This is consistent with the experimental outcomes reported here.  

 

 

Figure 4.15: Determined onsets of asphaltene precipitation compared with other reference 

results (each reference point is labeled by asphaltene content wt.% in the crudes). Data 

taken from the literatures listed in Table 4.5. 

 

Table 4.5: Data of onset determination by other studies from literatures.  
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Resin 
(wt%) 

Asphaltene 
(wt%) 

Solvent C5 % C6 % C7 % C8 % C9 % Technique Authors 

 7 n-C7   65   Refractive Index 
Measurement 

Castillo, 2010 

 6.5 n-C7   29.32   Viscosity measurement Shadman, 2016 
 6.5 n-C7   32.26   Optical microscopy Shadman, 2016 
 12.31 n-C7 35.95  39.87  41.80  Viscosity measurement Shadman, 2016 
 12.32 n-C7 37.96   41.15  43.88  Optical microscopy Shadman, 2016 
 1.9 n-C7   41.17   Viscosity measurement Shadman, 2016 
 1.9 n-C7   44   Optical microscopy Shadman, 2016 
28.5 14.6 n-C7 50 55 57   PR-EOS Sabbagh, 2006 
26.7 15.3 n-C7 46 52 55   PR-EOS Sabbagh, 2006 
19.5 15.1 n-C7 43 50 56   PR-EOS Sabbagh, 2006 
25 15 n-C7   45   PR-EOS Sabbagh, 2006 
19.6 21.8 n-C7   40   PR-EOS Sabbagh, 2006 
37.1 6.8 n-C7   60   PR-EOS Sabbagh, 2006 
38.2 4.7 n-C7   65   PR-EOS Sabbagh, 2006 
21.8 13.6 n-C7   56.5   PR-EOS Samaneh, 2007 
18.7 14.2 n-C7   54.5   PR-EOS Samaneh, 2007 
14.2 16 n-C7   53   PR-EOS Samaneh, 2007 
19.3 14.5 n-C7   54.5   PR-EOS Samaneh, 2007 
26.8 15.5 n-C7 47.33  50.65  53.31    Optical microscopy Wiehe, 2005 
28.7 14.8 n-C7 53.51  56.72  58.00    Optical microscopy Wiehe, 2005 
 5.2 n-C7 32.28  35.69  38.97    Optical microscopy Wiehe, 2005 

 

It is noted that the solvent content where onset occurs from the experiments conducted in this work 

are at the lower range of the data shown Figure 4.15. One reason for this is that our bitumen sample 

is an untreated bitumen sample that has not been exposed to solvent for the separation of water 

from the produced emulsion. Another reason for this is due to the greater sensitivity of the onset 

that is observed from the viscometric technique versus other methods where the onset may not be 

observed until particles are large enough to be viewed. There are other explanations for the 

differences in the onset points of asphaltene precipitation, including the mechanisms and precision 

of the detection techniques, and the definition of the onset point itself based on the method. To 

compare the detection principles of different technologies, we can analyze their advantages and 

limitations. For instance, in the case of the interfacial tension (IFT) measurement approach, the 

sudden change in IFT is defined as the asphaltene onset precipitation point. This method relies on 

the polar molecules of the precipitated asphaltenes absorbing onto the interface between water and 

the oil/solvent mixture, which leads to an increase in the IFT. However, some asphaltenes may 
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behave differently at the interfacial region due to the presence of polyaromatic and heterocyclic 

molecules in their structure, which could introduce some errors in the IFT results. On the other 

hand, the refractive index (RI) measurement method is based on the modified Lorentz-Lorenz 

equation, which indicates that the components with higher polarity have higher RI values. When 

asphaltenes precipitate, they reduce the polarity of the remaining oil phase, which leads to a 

reduction in the RI value of the crude oil. The onset point determined by RI measurement is the 

point where the component of the crude mixture changes and the amount of separated asphaltene 

is large enough to affect the polarity. The accuracy of the RI measurement is critical in determining 

the onset point. Other techniques, such as optical visualization, density measurement, and 

gravimetric methods, rely on the measurable value of the precipitated asphaltenes to determine the 

onset point. However, if the amount of asphaltene aggregates is too small, it could be challenging 

to detect the actual "beginning" point of precipitation. 

 

In contrast, the viscometric method used here to determine the onset point based on the detectable 

particles generated and suspended in the solution, which causes an increase in viscosity. This 

method has its advantages and limitations, but it provides a reliable way to determine the onset 

point of asphaltene precipitation. The viscometric method has the advantage of detecting the 

impact of suspended particles in the micrometer range on viscosity from a colloidal perspective, 

with an accurate measurement capability of viscosity values up to 0.0001 Pa s. This makes it 

possible to detect very small changes in viscosity, which is not easily achievable with dynamic 

observation using weighing devices or microscopes. Therefore, it can be concluded that our 

determined onset point is lower than the reference value, which is understandable given the 

precision of our instrument. 
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Figures 4.16 demonstrate that crude oils with different asphaltene contents have different 

asphaltene precipitation onset points under the same solvent. Although the measured onset points 

for different asphaltenes exhibit a wide distribution without a clear linear relationship, based on 

empirical data and observations, we can generally conclude that the onset point varies with crude 

oils having varying asphaltene contents. The trend shows that the onset point of precipitation 

decreases as the asphaltene content increases, and a large number of reference data support this 

observation. In contrast, the effect of different resin content on the onset point is not as clear or 

consistent, shown in Figure 4.17. Therefore, it can be empirically concluded that the onset point 

of precipitation decreases with increasing asphaltene content, but is unrelated to resin content. 

 

 

Figure 4.16: Onset of asphaltene precipitation as a function of asphaltene content in the 

feed crudes. 
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4.4 Conclusions 

 

A titration-viscometric method was successfully used to determine the onset of asphaltene 

precipitation and the onset of asphaltene deposition for 4 Athabasca bitumen mixtures (bitumen 

without solvent, bitumen with n-pentane,  bitumen with n-hexane, bitumen with n-heptane). And 

the optical microscopy method was applied to detect the onset points as a reference experiment. 

The viscometry results combined with microscopic observation demonstrate that the heavier the 

solvent, the greater the solvent mass fraction needed to obtain asphaltene precipitation. The results 

also show that the higher the temperature, the greater is the amount of solvent required for the 

onset of asphaltene precipitation. The viscometric technique developed provided not only the onset 

of precipitation but also the onset of deposition where the asphaltene particles are large enough 

such that they settled at the base of the viscometer cup. This provided an estimate of the viscosity 

of the mixture of the solvent and the de-asphalted bitumen versus solvent content. It is observed 

that the mixture viscosity after the onset of the deposition point follows the original trend of the 

viscosity curve prior to the onset of asphaltene precipitation. The results imply that for rich-solvent 

recovery processes that there could be both harm to flow (asphaltene deposition in the pore space) 

but also benefits arising from the value-added solvent-upgraded light oil recovered from the 

reservoir. 
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CHAPTER 5 EVALUATION OF RICH-SOLVENT ASSISTED GRAVITY DRAINAGE 

USING PROPANE, BUTANE, AND HEXANE 

 

5.1 Introduction 

 

Huge accumulations of heavy oil and bitumen in petroleum reservoirs have been discovered and 

extracted in Canada and Venezuela since the mid-1980s. In the past few years, more of these 

unconventional resources containing heavy oil or bitumen have been discovered in Northern and 

Eastern Europe and China, drawing more interest in developing techniques to explore the reservoir 

more effectively and efficiently. The key challenge for producing bitumen is its high viscosity 

which is typically over 500,000 cP and often in the millions of cP at original reservoir conditions 

which renders it practically immobile. In Canada, steam-based recovery processes such as Steam-

Assisted Gravity Drainage (SAGD) are the preferred process of choice for the recovery of bitumen 

from oil sands reservoirs. The injected steam heats the bitumen lowering its viscosity and enabling 

it to move within the reservoir to a production well and then be pumped to the surface. This process 

faces a major challenge which is its greenhouse gas emissions which make the recovery of bitumen 

from oil sands reservoirs among the most emissive globally.  

 

Solvent-based recovery processes offer an option for reducing emissions associated with recovery 

where the solvents are injected into the reservoir to dilute the bitumen consequently lowering its 

viscosity. After it is produced to the surface and separated, the solvent can be recycled. Solvents 

can also be used to assist steam-based processes to lower emissions. Solvent-assisted steam 

injection processes such as Expanding Solvent SAGD (ES-SAGD) have been examined for 
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reservoir condition. These results encouraged the utilization of the technique to produce heavy oil 

and bitumen from both thick and thin reservoirs without considering and worrying on high energy 

loss. Since the injection of hydrocarbon solvent into bitumen is a miscible process, which 

abundantly reduces the energy loss compared to traditional SAGD (Mohan et al. 2021). The 

literature reports that only 3% of energy loss encountered in SAGD occurs in solvent assisted 

drainage, which makes the solvent process economical (Singhal et al. 1997).  

 

Solvent injection carried out at pressure close to the saturated vapor pressure of solvent also can 

trigger the process of de-asphalting. As a consequence, the subsequent upgrading of the bitumen 

rejects the heavy fraction containing most of the sulfur and metals within the reservoir (Upreti et 

al. 2007). The surface facilities for solvent injection does not require steam generation units, water 

processing, or recycling and operates at the reservoir temperature with almost no heat loss. Past 

research has shown that the capital and operating costs of solvent injection are estimated to be as 

low as 75% and 50% of those of SAGD, respectively (Cuthiell and Edmunds 2013). However, 

there is one limitation with solvent injection caused by the slow mixing of the solvent with the 

heavy oil and bitumen reserves, resulting in long start-up times and production time with low initial 

rates of heavy oil and bitumen recovery (Mohammadpoor and Torabi 2015). 

 

For most solvent recovery processes, the dual horizontal well arrangement is the same as that of 

SAGD, as shown in Figure 5.1. Vaporized solvent, injected through the top well, flows into the 

depletion chamber within the reservoir and flows to the outer edges of the chamber. The solvent 

then dissolves into the bitumen either at first contact or after multiple contacts diluting the bitumen 

which causes significant reduction of its viscosity which improves oil mobility within the pores. 
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After the oil is mobilized, given the density difference between the solvent vapour and the oil 

phase, it drains under the action of gravity to the bottom production well. The continuous injection 

of solvent into the reservoir maintains the pressure of the depletion chamber enabling its expansion 

of (Jaimes et al. 2019). A narrow mixing zone, shown in Figure 5.2, develops between the solvent 

chamber and the reservoir oil.  

 

 

 
 
Figure 5.1: Well pilot of solvent injection (www.vistaprojects.com). 
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due to the additional viscosity reduction, the production rate increased with de-asphalting by 10 to 

20% depending on the operating conditions. Moreover, they observed that, at a specific 

temperature, if the vapor pressure was lowered by only ~5 psi (~34 kPa), asphaltene precipitation 

did not take place. Oduntan et al. (2001) observed similar findings demonstrating that asphaltene 

precipitation during solvent injection did not cause significant hindrance to oil production in 

porous media and mostly occurred toward the end of the production well. Butler and Jiang (2000) 

reported that asphaltene also gets precipitated at and close to the oil-solvent interface due to very 

high local solvent concentrations.  

 

Except for using single solvent for oil recovery, the utilization of mixed solvent is another 

important approach, since mixtures of light hydrocarbons are less expensive than pure solvents, 

hence, can help remarkably to reduce the operation cost of solvent injection (Mohan et al. 2022). 

Das and Butler (1996) suggested that propane and butane are very effective solvents for solvent 

injection and proved that propane diffuses faster than butane. Using the liquid solvent (pure 

propane, pure butane, or mixtures with a 20-30 mesh Ottawa sand (220 Darcy and 33-35% 

porosity), and the crude oil from the Atlee Buffalo field, Butler and Jiang (2000) investigated the 

effect of temperature, pressure, injection rates, types of solvent, mixed solvents, well spacing, and 

configuration to understand conditions that resulted in high production rates with economic solvent 

requirements. It was found that propane gives a higher production rate than butane. However, the 

mixture of propane and butane (50:50 liquid volume ratio) is more effective than butane alone, 

and the performance is almost equivalent to that of propane. For the investigation of a mixed 

solvent (mixture of propane and butane) injection rate, Butler and Jiang (2000) injected mixed 

solvent at constant rates of 20 and 30 ml/h. The results showed that the increment of injection rate 
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by 50% resulted in only an 11% increase of the production rate, which suggested that the oil 

production rate will not increase significantly with an increase in the mixed solvent injection rate. 

This research studied the effect of a high initial solvent injection rate and concluded that high 

startup rates followed by reduced rates allowed high oil production with less cumulative solvent. 

With this injection strategy, the performance was better than that with a constant injection rate. 

The use of non-condensable gas, such as methane and carbon dioxide, is also feasible as a carrier 

gas for the solvent in solvent injection. The rate of injection of the non-condensable gas should be 

low enough to replace the volume vacated by produced oil as well as to allow a low bypass (Das 

and Butler 1994). Butler and Jiang (2000) studied the effect of the butane (with an almost constant 

methane gas injection rate) injection rate on oil production at injection rates of 10 and 20 ml/h. 

The results showed that, as the injection rate was doubled, the oil production rate increased by 

about 70% due to an increased amount of solvent dissolved in the oil. In another experimental 

study by Talbi and Maini (2003) using a physical model packed with crude oil and glass beads 

(640 D, 35% porosity), a solvent mixture of carbon dioxide and propane was found to extract more 

oil than the mixture of methane and propane at 600 psig (4,137 kPa). However, at a lower pressure 

of 250 psig (1,724 kPa), the improvement in oil production with the first mixture was minor. 

Propane in the experiments was pumped at a constant rate of 40 ml/h. For both mixtures, the oil 

production rate reduced at the higher pressure since the concentration of non-condensable gases 

increased, causing a subsequent decrease of the propane concentration.  

 

In 1993, Mokrys and Butler studied the effect of solvent injection pressure on the solvent injection 

recovery of Cold Lake bitumen and Lloydminster oil. Using propane gas as a solvent in their 

experiments, they found that the rate of heavy oil and bitumen recovery was maximum at pressures 
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Figure 5.3: Hele-Shaw cell design. 

 

Figure 5.4: Front view of Hele-Shaw cell.  
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Figure 5.6: Bitumen filling warm environment setup.  
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Figure 5.8: Experimental setup for SAGD experiments.  

 

For the solvent cases, a schematic and photographs of the apparatus is displayed in Figures 5.9 and 

1.10. The solvent is stored in an accumulation cylinder connected to the ISCO displacement pump. 

Before each experiment starts, the line connecting the heater to the injection valve is wrapped with 

fiber glass insulation. During the experiment, the ISCO displacement pump provides the solvent 

at the target injection pressure. An in-line solvent heater system was constructed, displayed in 

Figure 5.10, for heating and boiling the solvent at the target pressure. The heater has its own 

thermocouple and control system to set the temperature at the target value. Prior to the experiment, 

the solvent is flowed through the bypass system and vented. After the pressure and temperature of 

the solvent reaches the target value, the bypass is closed and the injection valve is opened and 

solvent is injected into the Hele-Shaw cell.  
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Figure 5.9: Experimental setup for solvent injection experiments.  

 

 

Figure 5.10: Experimental setup for solvent injection experiments. 
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5.3.4 Process Operation 

 

For SAGD, after communication has been established between the injector and producer and the 

injection pressure has been set at the target pressure, then the production valve is adjusted until a 

steam-trap (condensed steam and mobilized bitumen) is observed above the production well. 

Thereafter, the process is operated at the target pressure and the production valve is adjusted 

through time to maintain steam-trap control. Multiple liquid sample collection flasks are used 

through times to obtain averaged flow rates during the experimental run. The dry and filled masses 

of the flasks are used to find the liquid volume and then the water is boiled off to find the bitumen 

mass.  

 

For the solvent injection experiments, after communication and the pressure is set at its target value, 

the production valve is adjusted to maintain a solvent-trap condition where there is a liquid pool 

above the production well. Through the experiment, multiple flasks are used to collect liquid 

samples through time. The dry and filled masses of the flasks are used to find the total liquid 

production rate and then if there is any solvent in the liquid sample, it is boiled off to find the 

bitumen mass. The temperature used to boil off the solvent is chosen based on the boiling point of 

the solvent.  

 

The time of establishing communication period varies on the different solvent or operating 

conditions. The start of production is defined as that time at which the first drop of oil is produced. 

At the end of all experiments, injection stops and the production well is opened completely to blow 

down the system. For the solvent cases, the Hele-Shaw cell is opened to examine if there is 
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Figure 5.12: Injection (in cold water equivalent) and production rates for Case 1 (SAGD at 

190C, 1 MPa).  
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Figure 5.13: Injection (in cold water equivalent) and production rates for Case 2 (SAGD at 

215C, 2 MPa).  

 

Figure 5.14 displays views of the Hele-Shaw cell during the Case 1 experiment. The injection and 

production wells are on the right side of the cell. As has been observed in other research in the 

literature, the depletion chamber first grows vertically in the system and then spreads laterally 

across the top of the system. This is because the Hele-Shaw cell is ideal and has no heterogeneities 

that would cause a non-uniform chamber. The steam-trap (liquid pool) is evident above the 

production well. The results show that between the steam chamber and the immobile bitumen, 
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but drops through the blowdown stage to about 0.28 ml/g (this is since no solvent is injected during 

the blowdown while fluids are still being produced).  

 

 

Figure 5.15: Injection and production rates for Case 3 (propane at 100C, 1 MPa). For solvent 

injection rate and solvent-to-oil ratio, solvent is expressed as the displaced volume at 1 MPa. 

Total fluid rate and cumulative fluid produced are the solvent and bitumen volumes 

expressed at standard conditions.   

 

Figure 5.16 displays the evolution of the depletion chamber for Case 3 (injection and production 

wells are on the right side of the image). The chamber has a different appearance compared to the 

SAGD chamber, shown in Figure 5.14, where during the recovery process operation, near vertical 
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6.1.2 Stability of Emulsions 

 

Most emulsions are thermodynamic unstable in that the density difference of the two phases would 

lead to the segregation of the phases, but rather, they possess a certain degree of kinetic stability 

(Sousa et al., 2022). The stability of the emulsion depends on how the dispersed droplets interact. 

Interactions between droplets can happen frequently due to Brownian motion or mixing due to the 

underlying flow. Electrostatic repulsion between like-charged objects is the primary cause of 

repulsive forces between droplets which tends to keep the droplets separated whereas van der 

Waals forces between objects are the primary attractive forces (Alvarado et al., 2011; Wang et al., 

2021). As shown in Figure 6.2, the droplets can undergo aggregation where there is no change of 

the interfacial area or coalescence where the interfacial area changes. Therefore, when the stability 

of the emulsion is considered, it generally refers to their ability to resist segregation. Increasing 

the stability of the emulsion means to prevent droplets with a large interfacial area from coalescing 

in the direction of lowering the total free energy. Interfacial properties between the two phases are 

crucial since emulsified droplets normally have a large interfacial area ( Wang et al., 2021; Sousa 

et al., 2022).  

 







 

201 

4.1.2.4 Interface Films 

 

It is reported that insoluble polar molecules (e.g., long-chain fatty acids) and solid particles exhibit 

an extreme kind of adsorption at the two-phase interface (Aveyard et al., 2003). By concentrating 

at the interface and forming a molecular layer, these interfacial films provide a stabilizing influence 

by lowering the interfacial tension and raising the interfacial viscosity. An increase of the 

interfacial viscosity provides a mechanical resistance to coalescence (Abend et al., 1998). 

Especially for the case of water in heavy oil and bitumen emulsion, it has been reported that 

stabilizing the W/O emulsion is based on the mechanism that a protective action of viscoelastic, 

possibly rigid, films that form on droplet surfaces (Ortiz et al., 2010; Schramm, 1992; Usman et 

al., 2013; Velayati & Nouri, 2021). 

 

On the other hand, it can be seen that the solids have the potential to stabilize emulsions by being 

adsorbed directly at the water/oil interface or by adsorbing on an existing surfactant film 

(Gafonova & Yarranton, 2001; Ortiz et al., 2010; Yarranto, 2022). The solids that adsorb on the 

interface or existing emulsion film can create a steric barrier between adjacent water droplets. This 

barrier hinders droplet collisions, film drainage, and coalescence, resulting in greater emulsion 

stability (Tambe & Sharma, 1993). Additionally, if a tightly packed network structure is created 

with strong particle-particle interactions, the solids can contribute to the mechanical rigidity and 

viscosity of the film. Partial surface coverage by solids can also be sufficient to stabilize emulsions. 

If solids are trapped between drops, they may reduce aggregation and creaming/sedimentation of 

an emulsion phase, further decreasing the chances of coalescence (Yan et al., 2001). Moreover, 
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6.1.4 Emulsions in Bitumen 

 

While the viscosity and density of the continuous phase can affect the interfacial tension of the 

water/oil interface, the impact of polar components like asphaltenes and resins should also be taken 

into account in crude oil emulsions, particularly for those related to bitumen. Many studies suggest 

that when adsorbed at the interface, asphaltenes act as emulsion stabilizers and tend to decrease 

the likelihood of phase-separation between water and oil (Sousa et al., 2022). However, there is 

still debate over the role of resins. 

 

Although the structure of asphaltenes and the way they self-associate are still debated, there is a 

consensus that both asphaltenes and resins are among the most surface-active molecules in 

petroleum. This is due to hydrophilic functional groups that are found within a hydrophobic 

hydrocarbon structure. These hydrophilic groups include acidic and basic heteroatoms that contain 

oxygen, nitrogen, and sulfur, allowing asphaltenes to behave as surfactants and adsorb at the 

water/oil interface. Resins are also believed to be surface active, likely due to the presence of acidic 

heteroatom groups. (Murzakow et al., 1980; Strassner, 1968). 

 

The evidence most commonly cited for the surface activity of asphaltenes and resins is their ability 

to reduce the interfacial tension between liquids. Several studies demonstrate that increasing the 

concentration of asphaltenes or resins in a solution results in a decrease in interfacial tension 

(Schildberg et al., 1995; Mohamed et al., 1999; Yarranton et al., 2000b). While some of these 

studies support micellization as the mechanism for this effect (Leon et al., 2000; Mohamed et al., 

1999; da Silva Ramos et al., 2001; Sheu et al., 1992, 1995; Rogacheva et al., 1980), others do not 
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(Bhardwaj and Hartland, 1994; Yarranton et al., 2000b). The reduction in interfacial tension was 

found to be highest at extreme pH values, indicating that both acidic and basic groups interact at 

the interface (Acevedo et al., 1992; Sheu et al., 1995; Strassner, 1968; Jones et al., 1978). 

 

Although asphaltenes and resins both decrease the interfacial tension of water/oil interfaces, their 

impact on emulsion stability is not always the same. Some studies suggest that resins have higher 

adsorption at the interface, leading to a greater reduction in interfacial tension than asphaltenes at 

the same concentration. Gafonova and Yarranton (2001) found that emulsions formed with resins 

were relatively unstable. On the other hand, other studies indicate that the most stable interfacial 

films and emulsions are formed by a combination of asphaltenes and resins (Mohammed et al., 

1993; Khristov et al., 2000). 

 

6.1.4.1 Film formation of Asphaltenes and Resins 

 

The adsorption of asphaltenes and resins at the water/oil interface has a significant impact on the 

fluidity and stability of the interfacial film. This "skin" formation has been observed since the 

1950s and is believed to be closely linked to emulsion stability (Reisberg & Droscher, 1956). For 

water-in-bitumen emulsions, once the critical concentration of asphaltene and resin molecules is 

reached to form a one-molecular layer at the interface, the resulting film can stabilize the emulsion 

by lowering the interfacial tension and increasing the interfacial viscosity. 

 

Both asphaltenes and resins are surface-active species that can adsorb at the water/oil interface. 

The resulting interfacial films' properties, particularly the rigidity/elasticity and "skin" formation, 
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are believed to be crucial for emulsion stability (Taylor, 1992). These phenomena are of great 

interest because the formation of viscous interfacial films can slow down film drainage during 

coalescence. Reduced coalescence can result in slow or no demulsification of oilfield water-in-oil 

emulsions (Jones et al., 1978). The interfacial film's formation, properties, and their relation to 

emulsion stability depend on several factors, including the materials at the interface, pH, and 

temperature. 

 

6.1.4.2 Solids in Bitumen 

 

Since the early 1900s (Ramsden, 1903; Pickering, 1907), it has been recognized that solid particles 

can adsorb to the interface between water and oil, stabilizing dispersions and emulsions. The 

ability of solids to stabilize emulsions depends on various factors, such as the concentration, 

density, surface properties, size distribution, and interaction with asphaltenes. It has been observed 

that some of the most stable oilfield emulsions, which are difficult to break, contain a relatively 

high proportion of non-asphaltenic solids (NAS) that are usually less than 1 micron in size. These 

solids may include clays or silicates naturally present in crude oils (native solids), corrosion 

products, or precipitated materials such as chemical additives that have become insoluble 

(introduced solids). 

 

Solids that meet the criteria for bi-wettability can originate from natural reservoir solids or 

materials introduced during production and processing. Reservoir solids include silicates, clays, 

quartz, calcite, feldspar, and pyrite (Grim, 1968), with kaolinite being the most common clay 

mineral found in oilsands reservoirs (Gunter, 1992). Other particles that may be present include 
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crystallized paraffins, iron, zinc, calcium carbonate, and iron sulfide (Smith and Arnold, 1987). 

Several studies have identified finely divided clays (i.e., less than one or two micrometers in 

diameter) as stabilizers of water-in-crude oil emulsions (Yan et al., 2001; Bensebaa et al., 2000; 

Kotlyar et al., 1998). As Grim (1968) notes, clays are products of weathering and are deposited as 

sediment. Their properties depend on composition, texture, the presence of adsorbed organic 

materials, and the presence of exchangeable ions and soluble salts. Introduced solids include 

precipitated chemical additives and insoluble corrosion products. 

 

6.1.4.3 Interaction between Solids and Asphaltenes 

 

Kotlyar et al. (1998, 1999) discovered a significant amount of toluene-insoluble organic matter 

associated with the solids, which is in agreement with previous findings by Bowman. Through 

bulk elemental analysis and solid-state C-13 NMR measurements, it was determined that the 

bitumen solids tightly bind to "asphaltene-like" materials, leading to the conclusion that the 

surfaces of the bitumen solids are highly active and can easily adsorb polar, aromatic, toluene-

insoluble organic compounds, including asphaltenes. The interaction between asphaltenes and 

solid surfaces has been extensively studied due to the significant impact asphaltene adsorption can 

have on the wettability of solids. Several authors have investigated this interaction, including 

Kokal et al. (1995), Bantignies et al. (1998), da Silva Ramos et al. (2001), Alboudwarej (2004), 

Acevedo et al. (1995), and Castillo et al. (1998). 

 

What has not been examined clearly in the literature is the impact of solvent on emulsions of water 

and bitumen. Here, we examine, through visual observation, the effects of n-alkane solvents, with 
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used to determine the emulsified water volume fraction by measuring change of the total mass of 

the sample when it is heated to the boiling point of water. 

 

 
Figure 6.4: Viscosity of bitumen versus temperature. 

 

A cryogenic scanning electron microscope (SEM, Quanta FEG 250 manufactured by the FEI 

company; now part of ThermoFisher) was used to examine the morphology of the emulsions. In 

this approach, the samples are cooled to cryogenic temperatures by plunging the sample into liquid 

ethane or a mixture of liquid ethane and propane after which it is cleaved and imaged by using the 

CryoSEM (Gatan cryo stage and Gatan Alto2500 cryo-prep and transfer system. The X-ray image 

for each emulsion identifies carbon and oxygen which clearly indicate the oil and water phases in 

the emulsion. The images from the CryoSEM are analyzed by using the ImageJ software package 

to determine droplet size distributions (NIH 2022).  
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6.2.2 Emulsification and Measurement 

 

During the preparation stage of the experiment, the oil samples were preheated in an oven at 90°C 

for sampling. Also, the electromagnetic stirrer system is heated to 80°C. For the pre-test 

experiment, 30 ml of deionized water and 120 ml of the bitumen, 80 ml of deionized water and 80 

ml of bitumen, and 90 ml of deionized water and 60 ml of bitumen were accurately sampled using 

syringes to achieve 30%, 50%, and 60% water volume percentages, respectively. Different 

proportions of water and oil were gently added to the beaker, and the stirring bar was then placed. 

After the stirring bar had sunk to the bottom of the beaker, the mouth of the beaker was sealed 

with tin foil, and then the system was mixed until the phases were emulsified (typically operated 

for 30 minutes). The same procedure was followed for the main research experiment, where only 

90 ml of water and 60 ml of bitumen were sampled to prepare the emulsion (60 vol.% of water 

content).  

 

For samples that required solvent treatment, the corresponding amount of solvent was dissolved 

into the bitumen first. After waiting for the mixture of solvent and heavy oil to reach equilibrium, 

an appropriate amount of the solution was extracted using a syringe as the oil sample to be used in 

the later emulsification. The processes for both solvent treated and non-solvent treated 

emulsifications are shown in the Figures 6.5 and 6.6. During the stirring process, the rotating speed 

was kept at 1,600 rpm and the temperature was maintained at 80°C. Emulsifying for 12 minutes 

to ensure a complete emulsification (homogeneous emulsion). Figures 6.7 and 6.8 show a 

comparison of the samples before and after the emulsification, and the appearance of the prepared 

water-in-oil emulsions.  
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Figure 6.5: Emulsification with bitumen and water.  

 

 

Figure 6.6: Emulsification with bitumen/solvent mixture and water.  
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Figure 6.10: Comparison of no-solvent treated emulsion samples at versus standing time 

(magnification 250x).  

 

Figure 6.11: Comparison of droplet size distribution of no-solvent treated emulsions at 

different standing time. 

 

6.3.1.1 Impact of 20 wt.% Solvents on W/O Emulsions  

 

The first set of solvent-treated emulsion experiments involved adding of solvent (n-pentane, n-

hexane, and n-heptane) to the bitumen at a solvent content of 20 wt.%. Note that at this solvent 

content, none of the three solvents would yield asphaltene precipitation, as shown in Chapter 3. 

After the solvent was fully mixed into the bitumen, this solvent mixture was then mixed with water 

to formulate the emulsions. The morphology of the emulsions over a time period of 24 hours was 

examined.  
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Figure 6.13: Comparison of droplet size distribution of 20 wt.% of n-pentane treated 

emulsions at different standing time. 
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Figure 6.15: Comparison of droplet size distribution of 20 wt.% of n-hexane treated 

emulsions at different standing time. 

 

In comparison to the n-pentane and n-hexane, the emulsion treated with n-heptane initially had a 

very large number of droplets and the droplet size of suspended water droplets was noticeably 

smaller. After preparation, the frequency of droplets at the average diameter was greater for the n-

heptane case than that of the other case. However, coalescence of the droplets was more rapid 

reaching a more broad profile after 1 hour that appears to have persisted until 24 hours. 

  






































































