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Abstract 

The dynamic interfacial tension and dilatational viscoelasticity behaviors of asphaltenes at 

oil/water interfaces were investigated by means of an oscillating droplet tensiometer. This 

oscillating droplet tensiometer was modified to handle temperature of 120 °C and pressure up to 

700 kPa. For dynamic interfacial tension, the effect of temperature, addition of artificial surfactants 

and aromaticity of solvent were investigated. It was found that increasing temperature, addition of 

surfactant and decreasing the aromaticity of the solvent could decrease the dynamic interfacial 

tension and accelerated the diffusion rate of asphaltenes migrating to the oil/water interface. It was 

also found that the adsorption kinetics of asphaltenes at oil/water interface can be categorized into 

three regimes where the Regime I is the fast diffusion-controlled process and Regime III is the 

slow adsorption-controlled process with the Regime II being the transitional stage in between. For 

interfacial dilatational behavior, the effect of temperature for pure toluene/water system, 

temperature with asphaltenes at toluene/water system, concentration of asphaltenes and salinity of 

aqueous solution were investigated. It was found that increasing temperature of pure toluene/water 

or asphaltenes in toluene/water system can reduce the elastic modulus significantly at different 

oscillating frequencies from 0.1 to 1 Hz. In addition, concentrated asphaltene solutions at oil/water 

phase have shown reduced elastic moduli and decreasing significantly if the frequency increased. 

Finally, as the salinity of aqueous solution increased, the elastic moduli increased as the interface 

became more rigid. These phenomena reveal the general trend in emulsion treating and oil 

recovery in various industrial processes. 
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Chapter 1 Introduction 

1.1 Background Information  

Steam-assisted gravity drainage (SAGD) is a thermally enhanced oil recovery technique in which 

a large quantity of steam is continuously injected to extract heavy oil or bitumen from underground 

formation. Typical steam to oil ratio is around 3 barrel of water and 1 production of bitumen. Due 

to extreme temperature and agitation during the extraction process, complex water-in-oil-in-water 

emulsion is created [1]. Compared to traditional surface mining and other enhanced thermal 

recovery techniques, SAGD has its own advantages and disadvantages: land disturbance is far less 

an issue for SAGD, its elevated temperature translates to higher extraction rate, and much reduced 

water treating costs. One major drawback when dealing with SAGD emulsions is the high viscosity 

of the resulting bitumen (100 – 1,000,000 mPa.S at room temperature) and similar density to water, 

which makes more difficult for its transportation and separation from water [2]. 

A diluent is usually added to reduce the density and viscosity of heavy oil and bitumen. The 

reduced density and viscosity help water/oil separation and ease of transportation [3]. Percentage 

of the diluent addition, composition of the diluent and surfactants present in the diluent will affect 

the emulsion stability and may cause the dehydration of the water from oil phase more difficult. 

These stable emulsions are highly undesirable because they can cause several problems such as 

off-specification crude oils, corrosion in pipes and catalyst poisoning in subsequent crude oil 

processes. Treating these complex emulsions is technically challenging and economically 

unfavorable because of their high stability. Most of the times, chemicals such as emulsion-breaking 

chemistries are required.  
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Some researchers believe that emulsion stability depending on the irreversible adsorption of 

asphaltenes at oil-water interface combining with other natural materials containing resins, clays, 

and naphthenic acid etc. [4, 5]. Asphaltenes are complex aromatic fused rings with aliphatic side 

chains which soluble in aromatic solvents such as toluene and xylene but insoluble in aliphatic 

solvent such as pentane, hexane, and heptane [6, 7]. Asphaltenes have typical molecular weight in 

the range of 400 Da to 1000 Da and consist of aromatic hydrocarbon rings with peripheral aliphatic 

chains, containing heteroatoms such as nitrogen, oxygen and sulphur as well as metal elements 

such as vanadium, nickel and iron [8,9]. Due to their complex composition of asphaltenes, 

pinpointing a defined structure is often difficult. For the past years, two major theories on 

asphaltenes structures are archipelago and island model. However, with improvement of analytical 

techniques, island model is more accepted [10]. The island model supports the molecular weights 

and aromatic fused rings structures of asphaltenes from various sources [11].  

1.2 Asphaltenes aggregation behaviors 

The most interesting characteristics of asphaltenes is the aggregation behavior. Decades ago, while 

the understanding of asphaltenes behaviors at its initial stage, the surface active asphaltenes were 

considered as surfactants. Similar to surfactants in aqueous solution, critical micelle concentration 

(CMC) was used to describe the asphaltenes aggregation behaviors. The CMC ranges were 

determined with types of asphaltenes and solvents used and then empirically fitted to Flory-

Huggins interaction parameters [12]. However, CMC theory fails to describe the aggregation 

behavior of asphaltenes and surfactants. It was observed that micelles formation occurs when the 

concentration of surfactants is above CMC with aggregation number from 50 ~ 100 molecules for 

a typical surfactant in aqueous solution [13]. CMC cannot be determined if the aggregation number 

is less than 50. As the structure and aggregation number difference between asphaltenes and 
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surfactant, CMC was not able to describe the aggregation behavior of asphaltenes. Instead, critical 

nanoaggregation concentration (CNAC) and critical clustering concentration (CCC) began to be 

accepted widely with Yen-Mullins model [10]. Yen-Mullins model specified that the most probable 

asphaltenes is island molecular architecture. Asphaltenes form nanoaggregates with an aggregation 

number less than 10 with sufficient concentration. At higher CCC concentration, asphaltenes 

nanoaggregates further form clusters with relatively small aggregation numbers. The CNAC is 

generally measured as 50 – 100 mg/L or sometimes as low as 20 – 50 mg/L depending on the 

sources of asphaltenes. Stacking of asphaltenes through π-π interaction between polyaromatic 

planes also contributes to the formation of nanoaggregates. Several factors were contributed to 

asphaltenes aggregation: concentration of bulk solution, sources of asphaltenes, system 

temperature and aromaticity of the solvent [11-13].  

1.3 Interfacial Tension Studies 

The interfacial tension is defined as the work which must be done to increase the area of the 

interface between two adjacent phases which do not mix completely with one another [14]. The term 

relates to the liquid/liquid and liquid/solid phase boundaries. The proportionality factor γ is to 

describe surface tension as well as IFT. Energy per unit area (J/m2) and force per unit length (N/m) 

are used to quantify surface tension or IFT. According to the physical meaning, surface tension of 

IFT is a two-dimensional factor associated with energy.  

IFT between the aqueous phase and the organic phase with addition of asphaltenes has been studied 

by numerous researchers to reveal the adsorption behavior of asphaltenes at the oil/water interface. 

Effect of aging time, asphaltenes concentration, and types of solvent, pH effect of aqueous phase, 
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salinity of aqueous phase, temperature and pressure are the most focused aspects in asphaltene IFT 

studies [15 - 20]. 

The effect of temperature and pressure on the interfacial tension for pure solvent system has been 

studied long time ago. The effect of the pressure on interfacial tension for various solvents was 

minimal compared to that of temperature [21]. With less than 200 atmospheric pressure, there is no 

significant change in IFT. However, with temperature increase from 25 °C to 100 °C, significant 

decrease of IFT was observed. With the maximum SAGD surface processing facility operating 

pressure less than 15 atmospheric pressure, the effect of pressure will be ignored for this study.  

For asphaltenes in organic solvent with water system, with increasing aging time, more asphaltenes 

molecules adsorb to the oil/water interface which leads to gradual decrease of IFT. Compared to 

surfactants, asphaltenes has larger molecular weight and are less surface active, it is much more 

difficult for asphaltenes to reach a steady state. The time reaching to the equilibrium could be a 

number of hours [18]. From the studies of aging time, the adsorption process for asphaltenes is a 

slow process compared to surfactant reconfiguration. The equilibrium IFT for asphaltenes was 

empirically obtained. 

The diluent used to reduce the density and viscosity of the bitumen come from different sources 

and their composition varies greatly. As the ratio of aromatic to aliphatic components varies, the 

aromaticity of the organic phase is important. One study found that as the volume percentage of 

the aliphatic solvent increases, the IFT shows increasing trend gradually [22]. However, for this set 

of experiment, the results shown as the composition of aliphatic solvent increases, the IFT 

decreases even though the samples are different. Asphaltenes dissolved in “good solvent” like 

toluene will reach equilibrium faster than “poor solvent” such as pentane and heptane at higher 
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concentrations. Except the adsorption time, the effect of the solvent also correlates to the emulsion 

stability. The emulsion stability has been reported that with the increasing heptane volume 

percentage, the stability increases at first and reached a peak, and finally decreases. For this study, 

the solvent effect of toluene versus heptane combination was investigated.  

In Athabasca oil sands, it is generally believed that the bitumen surrounded by hydrophilic water 

films and then the bitumen can be extracted by aqueous solution [23]. However, in this watery layer, 

it also contains salt accumulated from the formation. During the extraction process, the emulsified 

water contains salt is present in the oil phase. It is crucial to investigate the impact of salt (mostly 

in form of monovalent chloride salt) to the IFT between oil/water interface. With increasing 

concentration of potassium chloride, the IFT of crude oil system was found to decrease slightly 

within a low salinity range and increase afterwards. It was proved that the existence of potassium 

chloride would negatively affect the oil recovery [24].  

It is important to study the adsorption kinetics of asphaltenes at the oil/water interface at elevated 

temperature since at SAGD field, above 200 °C of steam was used to extract bitumen from 

underground. Once reached to the surface processing facility, the temperature is lowered to 120 ~ 

130 °C. One study found that there was no significant influence on adsorption in the range of 5 °C 

to 45 °C for asphaltenes extracted from Brazilian crude oils [25]. Other study shows that IFT and 

elastic moduli at oil/water interface shown little relevance with temperature varying from 23 °C to 

60 °C. In this study, higher temperature (above 100 °C) was used to study adsorption kinetics of 

asphaltenes at different temperatures.  
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1.4 Interfacial dilatational rheology studies 

Rheology describes the deformation and flow behavior of a solid or liquid. Interfacial rheology 

describes the viscoelastic properties at the interface between two immiscible liquids (or gas/liquid 

interface). For petroleum industries, the interfacial rheology between the oil and water interface 

has been linked to the emulsion stability. Interfacial rheology describes the relationships between 

IFT and deformation of the interface as a function of time during an oscillation process [26]. 

Interfacial rheology provides more insight into a dynamic system simulation in the petroleum 

chemical processes. In the surface processing facility of SAGD plant, hence, in free water 

knockout vessel (FWKO), where complex oil-water emulsions are treated, the expansion and 

contraction of the interface between the oil/water under low mechanical agitation can be simulated 

with interfacial rheological experiments. Dilatational and shear deformation are the two main types 

of deformations of interfacial rheology. For dilatational deformation, the shape of the interface is 

constant, and the interfacial area increases and decreases with oscillation with time. For shear 

deformation, the interfacial area remains steady while the shape of the interface is altered. The 

reformation and interaction of two phases with adsorbed asphaltene molecules can be studied with 

different conditions. Effects of aging time, frequency of oscillation, concentrations of asphaltenes, 

pH value of the aqueous phase, salinity of the aqueous phase, aromaticity of solvents, and presence 

of surfactants on the interfacial dilatational rheology studies have been reported by many 

researchers [27]. 

Elastic and viscous moduli are the most important parameters describing the behaviors of 

interfacial elasticities. It was observed that enhancement of elastic modulus and viscous modulus 

was observed with the increasing aging time and a plateau was reached at the end of the 
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experiments [28]. The everchanging IFT and dilatational moduli indicate intermolecular cross-

linking and aggregation of asphaltene molecules at oil/water interface.  

Frequency sweeps are usually used to determine the interfacial dilatational rheology. At low 

frequency, the freshly exposed asphaltenes are able to migrate to the oil/water interface within 

allowable amount of time during each cycle. Therefore, the diffusion controlled process dominates 

at lower frequency. However, there is little time to allow asphaltenes travel to the oil/water 

interface at high oscillation frequencies, the measured elastic moduli are equal to instantaneous 

moduli. Therefore, the elastic moduli are amplified by increase oscillation frequencies [29].  

Considering interfacial rheology studies of the salt effect (mostly sodium chloride) on the oil/water 

system was investigated by Alves [30]. It showed that both elastic and viscous modulus of interfacial 

elasticity were always increased with the increased concentration of sodium chloride in the 

aqueous phase. Our results have shown similar results at 120 °C.  

1.5 Objectives 

The objective of this thesis is to investigate the relationships of dynamic interfacial tensions and 

interfacial dilatational behaviors of asphaltenes present in the oil/water interface under various 

conditions. The instrument used for this study is a modified high pressure high temperature 

pendant drop shape goniometer. By measuring the drop shape factor, the dynamic IFT and 

dilatational moduli are calculated and recorded. For adsorption kinetics, the effect of temperature 

is first investigated. Moreover, the effects of addition of surfactants at different temperature are 

examined as well. And then, the effect of aromaticity of solvent system were examined as well for 

studying the adsorption kinetics.  
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For interfacial dilatational rheology studies, the pure toluene/water system at various temperature 

is used to establish the baseline. Then the asphaltenes containing toluene drop is measured in the 

bulk water system at different temperature to investigate the change in elastic and viscous moduli. 

At very challenging condition of 120 °C, different concentrations of asphaltenes toluene solution 

are evaluated for interfacial dilatational properties. Finally, the asphaltenes/toluene droplet in 

different concentrations of sodium chloride solutions are tested at 120 °C to evaluate the general 

trend of elastic and viscous moduli. All these evidences are the related to emulsion stability and 

oil recovery in the real industry application.  

1.6 Outlines of this thesis 

Chapter 1 introduces the background information about asphaltene, its structure and molecular 

weights and its aggregation behaviors. In this chapter, the current stage of research on IFT and 

interfacial dilatational rheology were also reviewed. 

Chapter 2 explains the techniques used to measure the dynamic IFT and interfacial dilatational 

rheology at high pressures and high temperatures. 

Chapter 3 investigates the effect of temperature on dynamic IFT for asphaltenes at toluene/water 

interface. Effect of addition of artificial surfactants competing with asphaltenes at toluene/water 

interface at different temperatures. At last, the effect of solvent comprised of toluene/heptane was 

used to examine the adsorption kinetics.  

Chapter 4 investigates the interfacial dilatational rheology for various conditions. First, the pure 

toluene/water system was investigated from 30 °C ~ 120 °C under 350 kPa of pressure as the 

baseline. Then the effect of temperature on interfacial dilatational properties were investigated for 

asphaltenes in toluene/water interface. Again, at 120 °C, the different concentrations of asphaltenes 
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solutions were scanned for general trend. Finally, the effect of salinity (sodium chloride) on elastic 

and viscous moduli were shown.  

Chapter 5 summarizes the major conclusions for this thesis. Also, future directions and possible 

improvement on instruments and techniques are discussed. 
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Chapter 2 Experimental Techniques 

2.1 Contact Angle Goniometer and Tensiometer 

The standard goniometer used is ramé-hart Model 250 F4 series specially hand crafted for 

University of Alberta by ramé-hart instrument co. This standard goniometer mainly consists of 

light illuminator, camera, microsyringe and leveling stage for either contact angle or surface 

tension measurement.  

 

Figure 2. 1 Contact angle goniometer and tensiometer built by Ramé-hart Instrument Company 

Since the experiment is conducted under elevated temperature and pressure, a heating chamber has 

been specially made for this application. The chamber is constructed with aircraft grade aluminum 

with two circular sighting windows in line. The syringe penetrated through the top of the chamber 

and can be illuminated and observed by optical camera. The heating chamber is rated for 230 °C 

and 1000 psi. On the back side of the heating chamber, a cartridge style heating element with 400 

W of power bolted on the exterior of the chamber. On the front side of the chamber, a variety of 

NPT threads are fitted with temperature sensor, pressure control/relief, sample in and sample out. 
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A temperature controller measured the chamber temperature and maintain at desired test 

temperature.  

Figure 2. 2 Heating Chamber with sighting windows and optical camera 

Two hand-cranked pumps are used to introduce the bulk liquid and drop phase into the chamber. 

The bulk liquid was firstly delivered into the chamber by pressure differential. Then, hand cranked 

pump was used to consistently apply the pressure to the vessel. A backflow regulator was used to 

control the maximum pressure of the chamber. Any excess liquid pressure can be released through 

exit tube. For the drop phase pump, after initial flushing of the tubing, the drop size can be 

controlled by carefully dialling the pump. Finally, operators can adjust the size of drop phase to a 

desired level.  
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For this study, the maximum temperature reached in the testing was 120 ⁰C due to the wattage of 

heating element. The maximum pressure reached in the testing is 413 kPa to maintain the water 

and solvent in liquid state. Additionally, a dispenser and an oscillator were purchased to study 

dilatational interfacial properties. The dispenser and oscillator differ in volume and speed. The 

oscillator delivered tiny amount of volume less than 10 uL but can oscillator fast up to 5 Hz with 

sinusoidal wave form.  

Figure 2. 3 Schematic Diagram of High Temperature High Pressure Oscillating Drop Goniometer 

For this study, dilatational interfacial properties at high temperature and high pressure was 

investigated. Tremendous amount of effort was spent to modify and pressure-proof the instrument 

to perform high pressure oscillation. A series of parts have been replaced with premium quality 

stainless steel valves and gauges. Since the pressure is not over 413 kPa at 120 ⁰C, PFA flexible 
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tubing was used for any transfer line for visualization and low residue due to smooth inner wall 

finish.  

The bulk phase (aqueous phase most of the case) was first introduced into the pressure chamber 

by applying air pressure to force the liquid flow through. At the top of the chamber, a sample exit 

valve was used to purge any residue air present in the system. After the chamber had been flushed 

with the desired bulk phase, the pressure in the chamber is equal to air pressure in the solvent 

reservoir. If additional pressure is required, the solvent pump can be filled with bulk phase, by 

changing the opening and closing action of two valves, the bulk phase can be introduced into the 

pump and then reached desired pressure. To maintain the pressure, back pressure regulator is 

connected to the pressure chamber, any excess pressure caused by any pumps, oscillator or heat 

expansion can be discharged as liquid into the waste beaker.  

After the bulk phase had been introduce into the pressure chamber, hand crank pump can be used 

to introduce drop phase into the pressure chamber. By carefully cranking the drop phase pump and 

flush the sample line, one can adjust the pendant drop to desired size for experiment. Operator can 

either choose to use interfacial measurement or connect to an oscillator for dilatational property 

measurement.  
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2.2 Pendant drop shape method 

Interfacial and surface tension of liquids are crucial to many processes in the chemical and 

petroleum industry. There is a need for a fast and easy technique with satisfactory accuracy and 

reproducibility. Traditionally, Du Noüy ring and Wilhelmy plate methods are utilized throughout 

the industries and research laboratories. These types of techniques are well suited for surface 

tension and IFT measurement but also time consuming. Drop shape analysis has usually been 

performed by photographing a droplet in an optical path environment, and then the characteristic 

sizes of the droplet can be measured on the photographic prints. Since the advancement of digital 

photography technology and computer processing ability, the droplet sizes can be recorded 

instantly by a charged-coupled device (CCD) camera and processed in real time with minimal 

latency. The obtained sizes and shapes were then further fitted to Laplace equation to calculate 

IFT. 

Figure 2.3 shows a cross-sectional view of a pendant drop. Due to the symmetrical shape of the 

pendant drop, it is convenient to designate the z the axial coordinate and x the radial coordinate. 

The origin is set at the apex of the drop. The arc length coordinate, s, which is the distance of the 

drop contour from the apex. The x-z coordinates of the droplet profile can be expressed as functions 

of the parameter s. The angle that the surface tangent makes with the x-axis is φ, which is also the 

angle of the surface normal with respect to the z-axis.  

The Young-Laplace equation states that the pressure drop across a curved interface is  

∆𝑃𝑃 =  ∆𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ∆𝑃𝑃𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜎𝜎 � 1
𝑅𝑅1

+ 1
𝑅𝑅2
�                                         (2.1) 
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Figure 2. 4 A pendant drop image showing the coordinate system used for determining the 

surface tension. [1] 

Where R1 and R2 are the principal radii of curvature. For the convenience, R1 is set to be the 

principal curvature in the x-z plane and the R2 is set to be the principal curvature perpendicular to 

the x-z plane.  

At the apex (s=0), both radii of curvature are equal to a value designate as R0. 

∆𝑃𝑃 (𝑠𝑠 = 0) = 2𝜎𝜎
𝑅𝑅0

                                                                     (2.2) 

At higher position from the apex, additional hydrostatic force due to gravitational effects from 

the difference in densities 



 
20 

 

∆𝑃𝑃(𝑠𝑠) = 2𝜎𝜎
𝑅𝑅0

+ 𝑔𝑔∆𝜌𝜌𝜌𝜌(𝑠𝑠)                                                          (2.3) 

Where ∆𝜌𝜌 = 𝜌𝜌𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖. Combining Equation 2.1 and 2.3 for the pressure drop are 

equivalent:  

∆𝑃𝑃(𝑠𝑠) = 2𝜎𝜎
𝑅𝑅0

+ 𝑔𝑔∆𝜌𝜌𝜌𝜌(𝑠𝑠) = 𝜎𝜎 � 1
𝑅𝑅1

+ 1
𝑅𝑅2
�                                        (2.4) 

Substituting 1
𝑅𝑅1

= 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 and 1
𝑅𝑅2

= 𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑
𝑒𝑒

 into Equation 2.4 

2𝜎𝜎
𝑅𝑅0

+ 𝑔𝑔∆𝜌𝜌𝜌𝜌(𝑠𝑠) = 𝜎𝜎 �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑
𝑒𝑒(𝑑𝑑)

�                                                 (2.5) 

And solving for 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 yields 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

=  2
𝑅𝑅0

+ 𝑔𝑔∆𝜌𝜌
𝜎𝜎
𝜌𝜌(𝑠𝑠) − 𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑

𝑒𝑒(𝑑𝑑)
                                                     (2.6) 

From the geometry, the terms can be written as 

𝑑𝑑𝑒𝑒
𝑑𝑑𝑑𝑑

= 𝑐𝑐𝑐𝑐𝑠𝑠𝜑𝜑                                                                      (2.7) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑                                                                       (2.8) 

Combining Equation 2.6 – 2.8 making a first order system of non-linear differential equations, 

with initial condition x (0) = z (0) =φ (0) = 0, the equilibrium drop profile can be obtained. It is 

convenient to choose R0 as a characteristic length scale. If �̅�𝑥 = x/R0, 𝜌𝜌̅ = z/R0, and �̅�𝑠 = s/R0. 

Equation 2.6 – 2.8 become 

𝑑𝑑𝑑𝑑
𝑑𝑑�̅�𝑑

= 2 + 𝑁𝑁𝐵𝐵𝑑𝑑𝜌𝜌̅(�̅�𝑠) − 𝑑𝑑𝑖𝑖𝑖𝑖𝑑𝑑
�̅�𝑒(𝑑𝑑)

                                                        (2.9) 
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𝑑𝑑�̅�𝑒
𝑑𝑑�̅�𝑑

= 𝑐𝑐𝑐𝑐𝑠𝑠𝜑𝜑                                                                      (2.10) 

𝑑𝑑�̅�𝑑
𝑑𝑑�̅�𝑑

= 𝑠𝑠𝑠𝑠𝑠𝑠𝜑𝜑                                                                       (2.11) 

Where a dimensionless Bond number is defined as  

𝑁𝑁𝐵𝐵𝑑𝑑 = 𝑔𝑔∆𝜌𝜌𝑅𝑅02

𝜎𝜎
                                                                     (2.12) 

Integrating Equation 2.9 -2.11 with the rescaled initial conditions, 𝑥𝑥 � (0) = 𝜌𝜌̅ (0) =φ (0) = 0, a 

series of curves only relating a function of NBd can be generated. Drop profiles are fit using an 

optimization routine (Rotenberg) that determines the location of apex (offsets for the x and z 

coordinates), scaling factor (R0), and shape (NBd). With these optimized values of R0 and NBd and 

knowledge of density difference and gravity, the surface tension can be calculated from Equation 

2.12 as: 

𝜎𝜎 = 𝑔𝑔∆𝜌𝜌𝑅𝑅02

𝑁𝑁𝐵𝐵𝐵𝐵
                                                                        (2.13) 

Reference 

(1) Lisa Mondy, Carlton Brooks, Anne Grillet, Harry Moffat, Tim Koehler, Melissa Yaklin, 
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Interface Stability, SAND2010-7501 Unlimited Release Printed November 2010. 
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Chapter 3. Adsorption Kinetics of Asphaltenes at Oil/Water 

Interface: Effects of Temperature, Addition of Surfactant 

and Aromaticity of Solvent 

3.1 Introduction 

Asphaltenes are one of most complicated portions of hydrocarbons in the crude oil in petroleum 

industry and majority of research done on crude oil have focused on asphaltenes. Asphaltenes are 

defined conventionally as a solubility class that is soluble in aromatic solvent such as toluene or 

xylene but insoluble in aliphatic solvent such as pentane or hexane [1]. Asphaltenes are the heaviest 

with typical molecular weight in the range of 400 Da to 1000 Da and polar components consisting 

of aromatic hydrocarbon rings with peripheral aliphatic chains, containing heteroatoms such as 

nitrogen, oxygen and sulphur as well as metal elements such as vanadium, nickel and iron [2,3].  

In the Athabasca region where heavy oil and bitumen are dominant in the Northern Alberta. 

Asphaltene contents are usually higher compared to rest of the world. In the mining industry, the 

formation of water-in-oil emulsion is unavoidable and cause processability issues such as high 

water and salt content in the crude oil products. These high water and salt content cause 

contribution to corrosion issues for downstream upgraders. In Steam-assisted Gravity Drainage 

(SAGD) system, more complicated oil-in-water emulsions recovered from the ground and then 

processed by surface facility results in water-in-oil emulsions. The water containing crude oil have 

negative impact on the economics of these oil producers. Asphaltenes are believed to play a crucial 

role of stabilizing such water-in-oil and oil-in-water emulsion system. In addition, the presence o 

resins [4] and solid fines and clays from various minerals [5] with addition of asphaltenes adsorbed 
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to the oil/water interface which is often considered as irreversible process can significantly 

stabilize the complex oil-in-water emulsions. With elongated processing time, asphaltenes present 

in the oil/water interface often form rigid film [6-8] which prevent liquid phase coalescence which 

results in unresolved emulsion [9].  

The effect of temperature and pressure on the interfacial tension for pure solvent system has been 

studied long time ago. The effect of the pressure on interfacial tension for various solvents was 

minimal compared to that of temperature [10]. With less than 200 atmospheric pressure, there is no 

significant change in IFT. However, with temperature increase from 25 °C to 100 °C, significant 

decrease of IFT was observed. With the maximum SAGD surface processing facility operating 

pressure less than 15 atmospheric pressure, the effect of pressure will be ignored for this study.  

With increasing aging time, more asphaltene molecules adsorb to the oil/water interface which 

leads to gradual decrease of IFT. Compared to surfactants, asphaltenes has larger molecular weight 

and is less surface active, it is much more difficult for asphaltenes to reach a steady state. The time 

reaching to the equilibrium could be a few hours [11]. From the studies of aging time, the adsorption 

process for asphaltenes is a slow process compared to surfactant reconfiguration. The equilibrium 

IFT for asphaltenes was empirically obtained.  

The diluent used to reduce the density and viscosity of the bitumen come from different sources 

and their composition varies greatly. As the ratio of aromatic to aliphatic components varies, the 

aromaticity of the organic phase is important. One study found that as the volume percentage of 

the aliphatic solvent increases, the IFT shows increasing trend gradually [22]. However, for this set 

of experiment, the results shown as the composition of aliphatic solvent increases, the IFT 

decreases even though the samples are different. Asphaltenes dissolved in “good solvent” like 
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toluene will reach equilibrium faster than “poor solvent” such as pentane and heptane at higher 

concentrations. Except the adsorption time, the effect of the solvent also correlates to the emulsion 

stability. The emulsion stability has been reported that with the increasing heptane volume 

percentage, the stability increases at first and reached a peak, and finally decreases. For this study, 

the solvent effect of toluene versus heptane combination was investigated.  

In Athabasca oil, it is generally believed that the bitumen surrounded by hydrophilic water films 

and then the bitumen can be extracted by aqueous solution [13]. However, in this watery layer, it 

also contains salt accumulated from the formation. During the extraction process, the emulsified 

water contains salt is present in the oil phase. It is crucial to investigate the impact of monovalent 

salt (mostly in form of chloride salt) to the IFT between oil and water interface. With increasing 

concentration of potassium chloride, the IFT of crude oil system was found to decrease slightly 

within a low salinity range and increase afterwards. It was proved that the existence of potassium 

chloride would affect the oil recovery [14].  

It is important to study the adsorption kinetics of asphaltenes at the oil/water interface at elevated 

temperature since at SAGD field, about 200 °C of steam was used to extract bitumen from 

underground. Once reached to the surface facility, the temperature is lowered to 120 ~ 130 °C. 

One study found that there was no significant influence on adsorption in the range of 5 °C to 45 °C 

for asphaltenes extracted from Brazilian crude oils [15]. Other study shows that IFT and elastic 

moduli at oil/water interface shown little relevance with temperature varying from 23 °C to 60 °C. 

In this study, even higher temperature was used to study adsorption kinetics of asphaltenes at 

different temperatures.  
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3.2 Materials and Methods 

3.2.1 Materials 

In this study, Milli-Q water (resistance of ≥18.2 MΩ∙cm) was used to prepare all aqueous solutions. 

ACS grade of Toluene and n-heptane were purchased from Fisher Scientific Canada.  

The chemical used for this study is Pluronic® L-64 block copolymer surfactant from BASF. The 

composition of the polymer is poly (ethylene glycol)-block-poly (propylene glycol)-block-poly 

(ethylene glycol) and is short for PEG-PPG-PEG. This polymer has average molecular weight of 

2900 Da. CAS number is 9003-11-6. The chemical was purchased through Sigma Aldrich.  

 

Figure 3. 1 Chemical Structure of PEG-PPG-PEG Pluronic® L-64 block copolymer surfactant. 

3.2.2 Asphaltene sample preparation 

Bitumen sample was obtained from a SAGD facility. The sample was first purified by Dean Stark 

Extraction process according to ASTM D6560 procedure [16] using toluene reflux. Then the 

purified bitumen toluene solution was concentrated, toluene was removed from the bitumen in the 

oven. The purified bitumen was then thoroughly mixed with n-heptane with 1:1 ratio and finally 

diluted to 40:1 n-heptane to bitumen ratio (wt:wt) in order to precipitate maximum amount of 

asphaltenes. Asphaltenes particles were filtrated and washed with n-heptane to remove any 
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bitumen residue until the solvent is colorless. Finally, the asphaltene sample were dried, ground 

into powder and store in desiccator before use. 

The asphaltene was measured to exact mass and dissolved in toluene, 7:3 v/v toluene/n-heptane 

and 1:1 v/v toluene/n-heptane to make up 1 % stock solution. Further dilution is required for 

targeting 1000 ppm solution. The asphaltenes solution is preserved in closed container at 4 ⁰C to 

minimize oxidation and evaporation. Before each experiment, the desired asphaltene solution was 

sonicated for 5 minutes and degassed for additional 5 minutes to eliminate any possible bubbles 

present in the solution.  

          The PEG-PPG-PEG polymer is in viscous liquid form. Exact weight amount of 1.0000 gram 

of polymer was placed in the volumetric flask, shook well and finally diluted to 1000 mL as 0.1 % 

(1000 ppm) stock solution. For testing, final dilution to 100 ppm and 25 ppm was utilized.  
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3.3 Results and Discussion 

3.3.1 Effect of Asphaltenes Concentrations: Dynamic interfacial tension versus time 

The effect of asphaltenes concentrations from 50 to 2000 ppm was first studied to establish the 

experimental baseline.  

 

Figure 3. 2 Dynamic IFT of Concentration of 50, 100, 500, 1000 and 2000 ppm of asphaltene in 

toluene pendant drop in water system vs. time at 23 ⁰C. 

A general trend can be observed for the dynamic IFT curves in Figure 3.2: (1) initially, the IFT 

decreases exponentially within seconds; (2) the reduction starts to flatten out; (3) the reduction 

seems to be infinite, even after 5000 seconds of time elapsed, which indicates the system still did 

not reach to equilibrium. Initially for the first 250 seconds, the rapid reduction of interfacial tension 
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is defined by a diffusion controlled process. The asphaltenes adsorbed at oil and water interface is 

resemble to large molecular weight of proteins at air and water interface [17]. For diffusion 

controlled process, Ward-Tordai equation is generally used to describe such behavior as in 

Equation 3.1.  

                                                      𝛤𝛤𝑖𝑖 = 2�𝐷𝐷
𝜋𝜋
𝐶𝐶0√𝑡𝑡                                                                 (3.1) 

Where Γt is the surface excess concentration of materials in this case it is asphaltenes on the 

interface at time t. D is the diffusion coefficient of asphaltenes moving to the interface. C0 is the 

bulk concentration of asphaltenes. According to Sheu [18], the surface excess concentration Γt can 

be correlated to the surface pressure by Equation 3.2 where γ0 and γt are the interfacial tension at 

time zero t=0 and arbitrary time t. R is the gas constant with the value of 8.314 J/(mol∙K), and T 

is the temperature,  

                                                    𝛱𝛱 = 𝛾𝛾0 − 𝛾𝛾𝑖𝑖 =  𝛤𝛤𝑖𝑖𝑅𝑅𝑅𝑅                                                          (3.2) 

Combining Equations 3.1 and 3.2, the Gibbs-Duhem diffusion equation can be deduced as shown 

in Equation 3.3,  

                                                    𝛾𝛾𝑖𝑖 =  𝛾𝛾0 − 2𝑅𝑅𝑅𝑅�𝐷𝐷
𝜋𝜋
𝐶𝐶0√𝑡𝑡                                                      (3.3) 

According to Equation 3.3, γt should be proportional to √t initially for a diffusion-controlled 

process. Therefore, Figure 3.2 was replotted as IFT vs. √t as shown in Figure 3.3. 



 
29 

 

 

Figure 3. 3 Dynamic IFT vs. √𝑡𝑡 for 50, 100, 500, 1000 and 2000 ppm asphaltenes in toluene 

pendant drop in water system at 23 °C. 

Five curves at different asphaltenes concentrations in the Figure 3.3 can be fitted with 2nd order 

polynomial trend line with R square value of 0.99 and above. It indicates that the curves consist of 

three portions of relatively straight linear relationships. These three portions of regions are divided 

into Regime I, II and III with dash lines in Figure 3. Regime I demonstrates the rapid reduction of 

IFT along with time when a fresh drop of asphaltenes in toluene exposed to the water phase. 

Regime III is the stage where the adsorption process reaches to equilibrium slowly. Regime II is 

the transition stage between Regime I and Regime II.  
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Regime I. During the initial stage of asphaltenes adsorption, all five curves in Figure 3.3 shows a 

linear correlation between IFT and √T. The Ward-Tordai model (3.1) and the Gibbs-Duhem 

diffusion model (3.3) can be used to fit the curves. Such behavior is similar to the adsorption of 

proteins onto air-liquid interface or liquid-liquid interface [17, 19-22]. In Regime I, the asphaltene 

behavior at toluene/water interface was dominated by diffusion controlled process. As the 

concentration increases, subtle steeper slopes were observed.   

Table 3. 1 Respective slopes and diffusion coefficients for Regime I for 50, 100, 500, 1000 and 

2000 ppm of asphaltenes in water at 23 °C 

 50 ppm 

asphaltenes 

solution at 

23 °C 

100 ppm 

asphaltenes 

solution at 

23 °C 

500 ppm 

asphaltenes 

solution at 

23 °C 

1000 ppm 

asphaltenes 

solution at 

23 °C 

2000 ppm 

asphaltenes 

solution at 

23 °C 

Slopes -0.099 -0.090 -0.103 -0.113 -0.121 

Diffusion 

Coefficient, D 

(m2/s) 

 

5.08x10-13 

 

1.05x10-13 

 

5.50x10-15 

 

1.65x10-15 

 

4.76x10-16 

 

Based on Figure 3.3 and Table 3.1, the slopes and γ0 can be directly obtained from the linear 

regression of IFT data in Regime I. The diffusion coefficient D is the absolute value of the slope 

k in Regime I of Figure 3.3. Described in Equation 3.4.  

𝐷𝐷 = 𝜋𝜋 � 𝑘𝑘
2𝑅𝑅𝑅𝑅𝐶𝐶0

�
2
                                                 (3.4) 
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As observed in Table 3.1, the diffusion coefficient of asphaltenes to toluene/water interface 

decreases as the concentration of the asphaltenes solution increases from 50 ppm to 2000 ppm.    

Regime II. Regime II is a transition regime between the Regime I and Regime III. In Figure 3.3 

where Dynamic IFT vs. √t, a non-linear relationship was shown. As the time progress from 500 to 

1000 seconds, a slowdown of reduction in IFT was observed. The possible explanation is that as 

the population of asphaltenes at oil/water interface increases, the adsorption is impeded by steric 

hindrance due to the size of the asphaltenes molecules. The results are consistent with the previous 

studies which suggest that after reaching 35 ~ 40 % of asphaltene coverage, the adsorption rate of 

asphaltenes could decline [23]. 

Regime III. In Regime III, the dynamic IFT continues to decrease but with reduced rate compared 

to Regime I and II. At this stage, the toluene/water interface has already been pre-occupied by 

previously adsorbed asphaltenes. Asphaltenes continue to migrate to the interface because of the 

nature of their properties. The resulted long term reduction of IFT could be explained by 

reconfiguration of adsorbed asphaltenes at the interface with long relaxation time [17, 21, 24]. The 

Ward-Tordai equation successfully illustrates the diffusion-controlled process in Regime I but 

does not explain the behavior of long-term adsorption. A correlation reported by Yarranton shows 

that the equilibrium IFT can be described with long term adsorption [25]. It shows that the dynamic 

IFT at long term is proportional to the inverse square root of time (1/√t): 

𝛾𝛾(𝑡𝑡)𝑖𝑖→∞ =  𝛾𝛾𝑖𝑖𝑒𝑒 + 𝑅𝑅𝑅𝑅Γ2

𝐶𝐶0
� 7𝜋𝜋
12𝐷𝐷𝑖𝑖

                                          (3.5) 
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Where C0 is the asphaltenes concentration (mol/m3), γeq is the interfacial tension at equilibrium 

state, Γ is the surface excess concentration at saturation and D is the diffusion coefficient in Regime 

III.  

 

Figure 3. 4 Plots of γt vs. t-0.5 for 50, 100, 500, 1000 and 2000 ppm of asphaltenes pendant drop 

in water at 23 °C (the x-axis is in reverse order) 

Figure 3.4 shows that the extrapolating γt vs. t-0.5 by linear regression to obtain γeq. The equilibrium 

values shown on the intercepts on Y axis on the right side. The Figure 3.4 shows that as the 

concentration of asphaltenes solution increases, the final equilibrium dynamic IFT decreases 

gradually. 
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3.3.2 Effect of System Temperature 

For effect of system temperature on dynamic IFT of asphaltenes/water interface, 1000 ppm of 

concentration was selected to perform all temperature study. 

 

Figure 3. 5 Dynamic IFT of 1000 ppm of asphaltene in toluene pendant drop in water system vs. 

time at 30, 60, 90 and 120 ⁰C. 

Figure 3.5 shows the dynamic IFT between 1000 ppm asphaltene toluene solution pendant drop 

suspended in deionized water at 30, 60, 90 and 120 ⁰C. As shown in Figure 3.5, at 30 ⁰C, the 

dynamic IFT decreases exponentially with first few hundred seconds and then the gradual 
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reduction of IFT slows down with time. For all the temperature ranges from 30 to 90 ⁰C, the same 

trend has been observed. However, the difference between 60 and 90 ⁰C IFT curve seems to be 

less than that between 30 and 60 ⁰C. At 120 °C, the dynamic IFT fluctuates with much larger 

magnitude. There are several explanations to this phenomenon: first, due to the position of the 

heating elements located at the bottom of the vessel, during heating, convection current circulates 

inside the pressure chamber causing the drop to become slightly distorted hence more fluctuating 

reading. Secondly, the heating program is based on a feedback loop, frequent heating and heat loss 

(due to heat shutoff) causing the expansion and contraction of the drop phase liquid (asphaltenes 

solutions). Possible improvements are suggested in Chapter 5. However, the general trend is still 

observed: as the temperature increases from 30 to 120 °C, the dynamic IFT decreases significantly. 

Between 90 to 120 °C, the IFT reduction is not pronounced as from 30 to 60 °C or 60 to 90 °C. 
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Figure 3. 6 Dynamic IFT vs. √𝑡𝑡 for 1000 ppm asphaltenes in toluene pendant drop in water system 

at 30, 60, 90 and 120 °C. 

Regime I: Similar approach is applied as in Chapter 3.3.1. The Figure 3.6 plots IFT vs √𝑡𝑡 of 1000 

ppm asphaltenes in toluene pendant drop in water at 30, 60, 90 and 120 °C. After the root square 

of time conversion in the X axis, the curves can be divided into three regimes similar in Chapter 

3.3.1. For 120 °C curve, the slope value was optimized and approximate due to large fluctuation 

of the data. For Regime I, their respective slopes and diffusion coefficients were calculated and 

tableted in Table 3.2.  

Table 3. 2 Respective slopes and diffusion coefficients for Regime I for 1000 ppm of 

asphaltenes in water at 30, 60, 90 and 120 °C 

 1000 ppm 

asphaltenes toluene 

pendant drop in 

water solution at 

30 °C 

1000 ppm asphaltenes 

toluene pendant drop 

in water solution at 

60 °C 

1000 ppm 

asphaltenes toluene 

pendant drop in 

water solution at 

90 °C 

1000 ppm 

asphaltenes toluene 

pendant drop in water 

solution at 120 °C 

Slopes -0.113 -0.132 -0.120 -0.2 

(approximate) 

Diffusion 

Coefficient, 

D (m2/s) 

1.58x10-15 1.78x10-15 1.24x10-15 2.94x10-15  

(approximate) 

 

From Table 3.2, for 1000 ppm asphaltenes in toluene/water system, as the system temperature 

increases from 30 to 120 °C, the slope decreases gradually and accelerated dynamic IFT reduction 
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was observed. As the temperature increases, the diffusion coefficient increases as well. From 30 

to 120 °C, the diffusion coefficient double in value from 1.58 x 10-15 to 2.94 x 10-15 m2/s.  

 

 

Figure 3. 7 Plots of γt vs. t-0.5 for 1000 ppm asphaltenes pendant drop in water at 30, 60, 90 and 

120 °C (the x-axis is in reverse order) 

Regime III: Figure 3.7 shows that the extrapolating γt vs. t-0.5 by linear regression to obtain γeq. 

The equilibrium values shown on the intercepts on Y axis on the right side. The Figure 3.7 shows 

that as the temperature increases, the final equilibrium dynamic IFT decreases proportionally. The 

reduction of equilibrium IFT at from 90 to 120 °C was not pronounced as the those from 60 to 
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90 °C and 30 to 60 °C. Therefore, at lower temperatures, increasing temperature has largest return 

in decreasing IFT. 

3.3.3 Effect of Addition of PEG-PPG Polymer for Asphaltenes Adsorption Process 

For this Chapter, a PEG-PPG polymer Pluronic L-64 is added into the bulk phase. Based on 

preliminary testing, the dosage selected for L-64 is 25 ppm in bulk water phase. At elevated dosage 

of L-64, the bulk phase became turbid and the IFT measurement was not possible with optical 

approach. At elevated temperature of 120 °C, the optical approach is also not possible due to the 

quality of picture cannot be analyzed by the software.  
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Figure 3. 8 Dynamic IFT vs time for 1000 ppm of asphaltene in toluene pendant drop in 25 ppm 

of Pluronic L-64 water solution at 30, 60 and 90 °C. 

Regime I: 

Same approaches were applied in Chapter 3.3.1: the dynamic IFT is plotted against the √t and the 

plot was generated in Figure 3.9. In this figure, three regimes were also observed and separated 

with dotted lines. Compared to previous experiment of 1000 ppm of asphaltenes pendant drop 

system without the addition of Pluronic L-64 surfactant, the surfactant reduces the dynamic IFT 

significantly for the first 250 seconds in both magnitude and rate at all 30, 60 and 90 °C. 

Interestingly, as the temperature increases, the reduction rate of dynamic IFT decreases. From the 

previous chapter, as the temperature increases, there are significant decreases in dynamic IFT. 

With the addition of 25 ppm of PEG-PPG-PEG polymer, the trends reversed totally opposite with 

asphaltene in toluene in pure water system.  

For this interesting phenomenon, the effect of temperature on micellization may be explained: for 

ionic surfactant, micellization is surprisingly little affected by temperature considering that it is an 

aggregation process. However, non-ionic surfactants tend to show the opposite temperature effect: 

as the temperature raised, the cloud point may be reached at which large aggregates precipitate out 

into a distinct phase. By checking L-64 chemical properties, the 1 % and 10 % solution has a cloud 

point about 58 °C. As the temperature increased, water becomes a less good solvent for 

polyethylene glycol polymer. Therefore, at elevated temperature (60 °C and 90 °C), the turbid 

solution was observed in the pressure heating vessel, the rate change of IFT was not as pronounced 

as the lower temperature at 30 °C.  



 
39 

 

It is also interesting to note that 25 ppm of surfactants masked the effect of 1000 ppm of 

asphaltenes completely. In previous subchapter, with increasing temperature, the initial reduction 

of IFT was observed from 28 mN/m (30 °C) to 18 mN/m (120 °C) for 1000 ppm of asphaltenes 

solution. With the addition of merely 25 ppm of L-64, the initial IFT reduces to 16 mN/m 

regardless of the system temperature. The effect of chemical addition to reduce the IFT was very 

effective compared to the effect of increased asphaltenes concentrations.  

Figure 3. 9 Dynamic IFT vs √t for asphaltene in toluene pendant drop in 25 ppm of Pluronic L-64 

water solution at 30, 60 and 90 °C. 

Table 3. 3 Respective slopes and diffusion coefficients for Regime I for 1000 ppm of asphaltenes 

in 25 ppm of L-64 water solution at 30, 60 and 90 °C 
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 1000 ppm asphaltenes 

toluene pendant drop in 

25 ppm of PEG-PPG-

PEG water solution at 

30 °C 

1000 ppm asphaltenes 

toluene pendant drop in 

25 ppm of PEG-PPG-

PEG water solution at 

60 °C 

1000 ppm asphaltenes 

toluene pendant drop in 

25 ppm of PEG-PPG-

PEG water solution at 

90 °C 

Slopes -0.562 -0.251 -0.153 

Diffusion coefficient, 

D (m2/s) 

3.90x10-14 4.11x10-15 2.02x10-15 

 

Compared to 1000 ppm of asphaltene toluene in pure water system, the addition of 25 ppm of 

PEG-PPG-PEG polymer reduced the dynamic IFT significantly. From the IFT vs. √t plot, the slope 

in Regime I is -0.562 compared to -0.113 for asphaltene toluene/pure water system without 

surfactant addition. With the addition of Pluronic L-64 surfactant, the diffusion coefficient for the 

Regime I increases from 1.58x10-15 to 3.90x10-14, an order of magnitude larger. The PEG-PPG-

PEG polymer dissolved in water formed a film immediately after the contact of asphaltene toluene 

droplet. The hydrophobic methyl group stick into the hydrophobic toluene droplet and formed sites 

for faster asphaltene adsorption.  

As the temperature increases, one would assume that the diffusion coefficient of the 

asphaltene/toluene in surfactant/water solution could increase further. However, this is not the case. 

As the temperature increases from 30 to 60 °C, the diffusion coefficient reduces an order of 
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magnitude lower. As the temperature increase further to 90 °C, the diffusion coefficient decreased 

to half of that at 60 °C. Based on the experimental observation, at elevated temperature, the 

surfactant containing water will gradually become turbid. The asphaltenes adsorbed on the 

interface could be capsuled by the PEG-PPG-PEG polymer and emulsified as micelle in the water 

phase.  

 

Figure 3. 10 Plots of γt vs. t-0.5 in Regime III for 1000 ppm asphaltenes pendant drop in 25 ppm of 

Pluronic L-64 PEG-PPG-PEG water solution at 30, 60 and 90 °C (the x-axis is in reverse order). 

Regime III: the extrapolations of t-0.5 intercept with t=0 where equilibrium interfacial tension 

was obtained. The trend follows with IFT vs. time plot: as the temperature increases, the IFT 
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increases at a final equilibrium value. With the assistance of surfactants, the final equilibrium 

IFT decreases to an incredible low value of 6 mN/m compared to 24 mN/m at 30°C in previous 

chapter.  

3.3.4 Effect of Aromaticity of Solvent for Asphaltenes Adsorption Process 

For this subchapter, the effect of aromaticity of solvent with different volume composition of 

toluene and n-heptane was explored.  

Figure 3. 11 Dynamic IFT vs. Time for 1000 ppm of asphaltene in toluene, 1:1 (v:v) toluene: 

heptane and 7:3 (v:v) toluene: heptane solution at 30 °C. 
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Same approaches were applied from previous chapter. For this chapter of experiment, 1000 ppm 

of asphaltene were dissolved in toluene, 7:3 (v:v) toluene: heptane (7:3 heptol) and 1:1 (v:v) 

toluene: heptane (1:1 heptol). Compared all three curves, the asphaltenes/toluene has highest IFT 

followed by 7:3 heptol and 1:1 heptol. For 7:3 and 1:1 heptol, the magnitude and decreasing rate 

of IFT are quite identical with just few units apart. In the following Figure 3.11, the IFT vs √t was 

plotted to show different regimes.  

 

Figure 3. 12 Dynamic IFT vs. √t for 1000 ppm asphaltenes pendant drop in toluene, 7:3 (v:v) 

toluene:heptane, and 1:1 (v:v) toluene:heptane solution in water system at 30 °C. 
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Regime I: From Figure 3.12, the plot of IFT vs. √t has shown three regimes as described in 

previous chapter. Compared to asphaltenes/toluene system, the 7:3 heptol reduced the IFT 

significantly from 25 ~ 30 mN/m range to 10 ~ 20 mN/m range. With more heptane added into the 

asphaltenes/heptol system, further reduction of IFT was observed but with a fraction of 

improvement for 1:1 heptol solution.  

Table 3. 2 Respective slopes and diffusion coefficients for Regime I for 1000 ppm of asphaltenes 

pendant drop in toluene, 7:3 (v: v) and 1:1 (v: v) toluene:heptane in water at 30°C. 

 1000 ppm 

asphaltenes in toluene 

1000 ppm 

asphaltenes in 7:3 

(v:v) toluene: heptane 

1000 ppm 

asphaltenes in 1:1 

(v:v) toluene: heptane 

Slopes -0.113 -0.316 -0.305 

Diffusion coefficient, 

D (m2/s) 

1.58x10-15 1.23x10-14 1.15x10-14 

 

For the Regime I, the slope of asphaltenes in different solvents were calculated. Then the diffusion 

coefficients were also calculated. Compared to asphaltenes/toluene system, significant increases 

in diffusion coefficient were observed with 7:3 and 1:1 heptol system with an order of magnitude 

increase. As the heptane is a “poor solvent” for large molecular weight aromatic asphaltene 

compound, the asphaltene molecules are likely precipitate out and adsorbed onto the solvent/water 

interface. By decreasing the aromaticity of the solvent system to 1:1 ratio, the diffusion coefficient 

almost remains unchanged. 
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Figure 3. 13 Plots of γt vs. t-0.5 in Regime III for 1000 ppm asphaltenes in toluene, 7:3 Heptol and 

1:1 heptol pendant drop in water solution at 30 °C (the x-axis is in reverse order). 

Regime III: For this plot, the equilibrium dynamic IFT was determined by the intercept of Y axis. 

Compared to pure aromatic solvent based asphaltenes solution, the aliphatic solvent reduces the 

IFT significantly to 7 and 4 mN/m respectively with more reduction with more heptane content.  

3.4 Conclusions 

In this study, the adsorption kinetics of asphaltene at oil/water interface were investigated by 

analyzing dynamic IFT using pendant drop shape method. Effect of system temperature from 30 

to 120 °C, addition of surfactant and composition of solvent were analyzed. Three regimes were 
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found during the adsorption process. Regime I was dominated by short term diffusion-controlled 

process. Regime III was dominated by long term adsorption process. Regime II was a transitional 

regime between regime I and III. For the effect of temperature, it was found that as the temperature 

increases, the dynamic IFT decreases gradually. With addition of PEG-PPG-PEG surfactant, the 

dynamic IFT decreases significantly. However, as the temperature increases with addition of 

surfactant, the effect was reversed due to possible reduced surfactant solubility. By changing the 

aromaticity of the solvent system, it was found that gradual addition of aliphatic solvent reduces 

the dynamic IFT significantly. To conclude, the study simulates a series of conditions 

approximated to industrial operating conditions such as elevated temperature, addition of 

surfactant and the blending of available solvent.  
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Chapter 4 Dilatational Interfacial Properties: Effect of 

Temperature, Concentration of Asphaltenes and Ionic 

Strength 

4.1 Introduction 

Steam-assisted gravity drainage (SAGD) is a thermal enhanced oil recovery process in which 

steam is injected into the ground continuous to extract heavy oil or bitumen from underground. 

Due to the nature of Northern Alberta oil reserves, there are plenty of oil producers are currently 

either adopting, planning, or designing with this process. In this process, 3 barrels of water 

equivalent of steam is used to recovery 1 barrel of bitumen. Therefore, large quantity of produced 

water is generated in this process and resulting a very complex water-in-oil-in-water (W/O/W) 

emulsions [1]. SAGD process offers several advantages in comparison to oil sands surface mining 

process including less surface disturbance and less water usage. However, the biggest drawback 

when dealing with SAGD emulsions is the high viscosity of bitumen and similar density with water 

which makes more difficult for gravity separation [2]. 

The SAGD emulsions have been widely accepted that emulsions are stabilized by surface active 

asphaltenes and resin particles. Asphaltenes are defined as the solubility class of crude oils which 

precipitate in the presence of aliphatic n-heptane, n-hexane or n-pentane solvent. Resins are 

heavier than aromatics and saturates but lighter than asphaltenes. They are soluble in heptane but 

insoluble in liquid propane. Asphaltenes and resins are large polar and polynuclear molecules with 

condensed aromatic ring molecules also containing heteroatoms and metal atoms such as nitrogen, 

oxygen, sulphur, nickel and vanadium. According to Yen-Mullins model, asphaltene molecules 
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will self-associate and form nanoaggregates, with the aggregation number usually less than 10, as 

a result of π-π interaction between condensed aromatic rings. Clusters will be further formed by 

nanoaggregates because of the crosslinking of aliphatic chains [3]. 

Over the decades, extensive studies were linking the emulsion stability to the properties of oil and 

water interface properties such as interfacial tensions and interfacial rheology. Due to the 

complexity of crude oils, simple modular systems are usually used to study the roles of asphaltenes 

played in stabilizing emulsions [4]. A number of studies have been focused on the effect of aging 

time on the IFT [5-10], concentration of asphaltenes [5-8, 11-15], categorized asphaltenes by extraction 

method such as n-pentane and n-heptane [16], polarity of solvent [8, 10, 17], ratio of resin/asphaltene 

[8, 11, 18, 19], temperature/pressure of the oil/water system [14,16, 20, 21] and pH value of the aqueous 

phase [22-24].  

There have been lots of researched done from different perspectives. However, few of them 

explore the possibility of performing the experiment at elevated temperature and pressure. In 

SAGD process, complex oil-in-water-in-oil emulsions are generated by tremendous agitation from 

the steam and pumping action. Then the fluid transported in several kilometer of pipelines into the 

first separator vessel, as known as Free Water Knock Out (FWKO) vessel. Before the emulsion 

entering the FWKO, the reverse emulsion breakers (water clarifier), diluent, and demulsifiers are 

added to enhance the separation process. In FWKO, the separation process is happened at 120 ~ 

140 °C. At this temperature, the water and diluent need to be under specific pressure in order to 

keep them in liquid state for separation. In the field operation, this pressure is usually in the range 

of 340 kPa to 1400 kPa due to vapor pressure imposed by the components in the diluents. In this 

study, a pressure vessel with heating capability was used to increases the temperature to a 
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maximum of 120 °C and pressure up to 340 kPa. At this pressure and temperature, our model 

system comprised of toluene and water remains at liquid state.  

It was well recognized that the water-in-oil emulsions behavior is controlled by the properties of 

the amphiphilic film that formed between water droplets in crude oil interfaces. The interfacial 

tension gradient is induced by resins and asphaltenes, which mainly compose the interfacial film. 

They behave like an elastic film to prevent coalescence therefore create problems down stream 

processing [25-27].  Much research has been conducted in order to associate interfacial rheological 

properties with emulsion behaviors. Several techniques have been used on different measurement: 

with a drop dilation/compression oscillatory tensiometers [10, 28-33]; with a flat interface by means 

of rotating/oscillatory interfacial device [34-36]. Most these studies were using model oil and water 

system. With some of the additives applied such as demulsifiers in order to understand the 

chemical process [37, 38]. Strong correlations between interfacial viscoelastic properties and 

emulsion stability has been confirmed.  

Among these studies, it has been found that the solution of asphaltenes formed a two-dimensional 

gel at the oil/water interface [29]. The theories were in first developed by Chambon and Winter that 

the asphaltene matrix formed a cross linked gel. This behavior is also true for a diluted crude oil 

and a diluted heavy fraction of same crude oil. It is also observed that the gel formation is possible 

even in the absence of asphaltenes. [39, 40] 

Several researches were focused on the correlation between aged time of the film with the 

viscoelastic behavior. It has been concluded that the older is the oil/water interface, more stable is 

the emulsion system [41]. Hence, the elastic moduli increase with film aged time. In the Chapter 3 

of this study, it is also confirmed that for the kinetics of film formation, the rate of change in 
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interfacial tension varies with different process conditions. The ability of some amphilic molecules 

to rapidly adsorb may induce the formation of a rigid film since very short times and determine 

the emulsion stability [42]. 

When inorganic salts are present in the aqueous solution, the water molecules from a cage-like 

hydrogen bonded structure around the salt ions. At the interface, the salts are depleted near the 

interface and the surface excess concentration is negative. As predicted by the Gibbs adsorption 

isotherms with multi components system, interfacial tension increases when surface excess 

concentration is negative.  

The effect of temperature on dilatational rheology of deionized water and toluene system at 120 °C 

was experimented as our baseline study. Then, the dilatational rheology of asphaltene solutions 

with different concentration in toluene were analyzed. Finally, the dilatational rheology of 

asphaltenes solution in saline water at different concentration (ionic strength) was analyzed.  
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4.2 Materials and Methods 

4.2.1 Materials 

In this study, Milli-Q water (resistance of ≥18.2 MΩ∙cm) was used to prepare all aqueous solutions. 

ACS grade of Toluene were purchased from Fisher Scientific Canada. Sodium chloride was 

purchased from Sigma Aldrich Canada. 

4.2.2 Asphaltene sample preparation 

Bitumen sample was obtained from a SAGD facility. The sample was first purified by Dean Stark 

Extraction process according to ASTM D6560 procedure [43] using toluene reflux. Then the 

purified bitumen toluene solution was concentrated, toluene was removed from the bitumen in the 

oven. The purified bitumen was then thoroughly mixed with n-heptane with 1:1 ratio and finally 

diluted to 40:1 n-heptane to bitumen ratio in order to precipitate maximum amount of asphaltenes. 

Asphaltenes particles were filtrated and washed with n-heptane to remove any bitumen residue. 

Finally, the asphaltene sample were dried, ground into powder and store in desiccator before use. 

4.2.3 Interfacial dilatational rheology test 

The same Ramé-hart tensiometer equipped with oscillator was used for this group of experiment. 

The oscillator has a glass syringe and a metal syringe piston with PTFE seal. The piston is attached 

to an actuator for sinusoidal movement. For oscillator, the amplitude of the oscillation was adjusted 

manually to 0.6 uL to successfully adhere the droplet on the syringe tip. The volume of the 

oscillation amplitude is controlled at 10 % of total volume of the drop. Large oscillation volume 

can cause the droplet to dislodge from the syringe tip. The oscillation frequency is set to 0.1, 0.25, 

0.5, 0.75 and 1.0 Hz. Compared to previous researcher’s work, the oscillation frequency is only 

limited to 0.005 to 0.2 Hz. This test explored more on the high frequency of the oscillation. It was 
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worth mentioning that the capability of instruments depends on the mechanical movement of the 

oscillator as well as the maximum frame rate of high-speed camera. As the frequency increases, 

one can expect the quality of the measurement may decrease. Future improvement on the 

instrument are mentioned in the final section of this thesis.  

4.2.4 Data Analyses and tan φ Conversion 

After each dilatational rheology oscillation, the ramé-hart software generates a texted result file. 

The results were copied into Microsoft Excel for data analyses. The following Table 4.1 shows a 

typical data converted into Excel format. 

Table 4. 1 A typical dilatational oscillation results generated by ramé-hart software.  

No. A0 
(mm2) 

A(amp) 
(mm2) 

Gamma 
(mN/m) 

G(amp) 
(mN/m) 

Fi2 
(radians) E´ E´´ tg(d) A/G 

Test 
Number 

Mean 
Surface 

Area 
Area 

Amplitude 
Mean 

Surface 
Tension 

Surface 
Tension 

Amplitude 
Shift in 
Surface 
Tension 

Storage 
Modulus 

Viscous 
Modulus 

Damping 
factor 

Ratio of 
A(amp)/G(amp) 

1 43.85 1.42 28.74 0.22 -1.268 6.64 -1.66 -0.25 6.41 

2 43.93 1.42 28.67 0.23 -1.16 6.9 -1.43 -0.207 6.231 

3 43.9 1.43 28.56 0.22 -1.107 6.79 -1.11 -0.164 6.376 

4 43.87 1.42 28.56 0.24 -1.132 7.26 -1.18 -0.162 5.968 

5 43.85 1.42 28.46 0.24 -1.153 7.25 -1.29 -0.178 5.952 
 

Note that both E” and tan φ written as tg(d) in the table are in negative values. After consulting 

with ramé-hart software developer and programmer, the negative value for phase angle (phase 
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shift) could be generated by the software artifact and can be corrected with their respective absolute 

value.  
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4.3 Theory and Experimental on measuring surface dilatational modules 

The theoretical foundation for measuring surface rheological properties has been well established. 

The analysis of surface dilatational elasticity and viscosity has been reviewed by Lucassen-

Reynders. In this work, the theoretical background and methods are outline below. The surface 

elasticity, E, follows the definition given by Gibbs 

𝐸𝐸 =  𝑑𝑑𝑑𝑑
𝑑𝑑 ln𝐴𝐴

                                                                    (4.1) 

Where γ is the surface tension and A is the surface area. The term surface elasticity infers that E is 

a property of pure elastic surfaces. However, for many cases, the surfaces both contain elastic and 

viscous components and the term “surface dilatational modulus” has been used for this more 

general case. The contribution of the elastic and viscous terms depends on the different types of 

relaxation processes that occur in the surface layer and on the interaction of the surface with its 

surroundings, i.e. the bulk liquid. The equilibrium Gibbs surface elasticity, E0, will then usually 

be different from E. The surface dilatational viscosity, ηd, has been defined according to the 

equation: 

∆𝛾𝛾 = 𝜂𝜂𝑑𝑑
𝑑𝑑 ln𝐴𝐴
𝑑𝑑𝑖𝑖

                                                                       (4.2) 

Where Δγ is the surface tension difference of a constantly logarithmically expanding surface 

compared to that of the equilibrium surface. The parameter ηd will only represent true Newtonian 

types of surface viscosity, however, if the elasticity is zero. In other cases, a complex surface 

dilatational modulus may be written as 

𝐸𝐸∗ = 𝐸𝐸′ + 𝑠𝑠𝐸𝐸"                                                                   (4.3) 
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Where E’ is the storage or elastic modulus and E” is the loss or viscous modulus. The storage 

modulus will be equal to the pure elastic contribution, and E” is proportional to the viscous 

contribution. The total modulus represents a change in the energy of the system with a 

corresponding change in area. The elastic modulus can be thought of as the energy store in the 

system, and the viscous modulus as the loss energy. The elastic and viscous moduli can be 

expressed as total modulus, |𝐸𝐸|, and the phase angle, φ, as follows: 

𝐸𝐸′ = |𝐸𝐸|𝑐𝑐𝑐𝑐𝑠𝑠𝜑𝜑                                                                    (4.4) 

And  

𝐸𝐸" = 𝜔𝜔𝜂𝜂𝑑𝑑 =  |𝐸𝐸|sinφ                                                             (4.5) 

The viscous modulus is the product of the frequency of oscillation, ω, and the interfacial viscosity, 

𝜂𝜂𝑑𝑑 .  

 

 

 

 

 

 



 
60 

 

4.4 Results and Discussions 

4.4.1 Interfacial Dilatational Rheology of Toluene/Water System at 30, 60, 90 and 120 °C 

 

Figure 4. 1 Effect of oscillation frequency on elastic moduli in the system of toluene in water over 

a range of 0.1 Hz to 1.0 Hz at 30, 60, 90 and 120 ⁰C. The curves are visual aids only. 

First, a blank system of toluene/water was tested to establish the baseline. The instrument was 

thoroughly cleaned and rinse with toluene followed with acetone and then water to remove any oil 

or surfactant residue may be present in the system. With each fresh toluene drop suspended in the 

water, 10 minutes of aging time was given thorough out the experiment. 
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For this subchapter, the effect of oscillation frequency and temperature were explored. Frequency 

is one of the most important indictors investigated by many researchers. Most of the research were 

focused on lower frequency region from 0.01 Hz to 0.1 Hz. However, in this study, the frequency 

varied from 0.1 Hz to an order of magnitude higher at 1.0 Hz. For 30 °C and 60 °C elastic curves, 

it was observed that as the frequency increased from 0.1 Hz to 0.5 Hz, the elastic moduli increases 

slightly. Above 0.5 Hz, the elastic moduli decreased slightly and were in same level at 0.1 Hz. At 

0.1 Hz, as the temperature increased gradually from 30 °C to 120 °C, every 30 °C of temperature 

change decrease the elastic moduli about 0.4 mN/m. For 90 °C and 120 °C, the slight increase of 

elastic moduli was not observed from region of 0.1 Hz to 0.5 Hz. Instead, rapid decrease of elastic 

moduli was observed. Both curves show that at 0.75 Hz, the elastic moduli were reduced to 1 ~ 

1.5 mN/m. At higher frequencies, the values of elastic moduli seem to be random. From Quintero’s 

work, it has been found that for the higher oscillation values, elastic moduli become almost 

independent of the frequency for frequency > 0.1 Hz [44]. 

This strong evidence indicated that as the temperature increases, the moduli for pure toluene and 

water interface decreases. Hence, at elevated temperature, the toluene/water interface was softened, 

and the emulsion stability decreases. This explained that for certain oil purification process such 

as SAGD operation, an elevated temperature was highly desirable simply because of weakened 

emulsion stability. 
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Figure 4. 2 Effect of oscillation frequency on viscous moduli in the system of toluene in water 

over a range of 0.1 Hz to 1.0 Hz at 120 ⁰C. The curves are visual aids. 

For 30°C viscous modulus curve, it started at about 1 mN/m. As the frequency increased, it remains 

at same level through the range between 0.1 Hz to 1.0 Hz. Compared to 30 °C curve, the 60°C 

modulus curve shows this trend with augmented effect: as the temperature increased, the viscous 

moduli increased gradually with significant change above 0.75 Hz to 8 mN/m. For 90 °C and 

120 °C curves, both curves exhibited similar trends with significant increase on viscous moduli 

with increased oscillation frequencies. They increased to 29 and 25 mN/m respectively at 1.0 Hz. 

The difference between the two curves are much less compared to the differences between those 

curves of 60 °C and 90 °C. One can conclude that with increased temperature, the viscous moduli 
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increase significantly for toluene/water interface. In addition, at higher temperatures, viscous 

moduli increase much more with higher oscillation frequencies.  

 

Figure 4. 3 Effect of oscillation frequency on phase angles in the system of toluene in water over 

a range of 0.1 Hz to 1.0 Hz at 120 ⁰C. The curves are visual aids. 

The phase angle which is the time lag between the pre-set and the resulting sinusoidal oscillation 

is determined for each measuring point. This angle is always between 0 ° and 90 °. For the solid, 

gel-like state, the phase angle is between 0 ° and 45 °. For the fluid state, the phase angle is between 

45 ° and 90 °. Phase angle represents a combination of elastic and viscous moduli. For 30 °C 

profile, as the oscillation frequency increases, the phase angle remains less than 10 ° which 
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indicates that at low temperature, the toluene/water interface remain relatively rigid. With 

increased temperature and increased oscillation frequency, the phase angle increases to near 45 °, 

hence, more liquid state. At 90 and 120 °C, with 0.5 Hz of oscillation frequency, the phase angle 

increases above 70 °. One can conclude that the interface between toluene and water behaves more 

as a viscoelastic liquid. With higher temperature and higher frequency, more viscoelastic liquid 

property was demonstrated.  

4.4.2 Interfacial Dilatational Rheology of 1000 ppm of Asphaltenes in Toluene vs. Water 

System at 30, 60, 90 and 120 °C 

 

Figure 4. 4 Effect of different temperature on elastic modulus for 1000 ppm of asphaltene/toluene 

pendant drop vs. frequency in water at 30, 60, 90 and 120 °C. Curves are visual aids only.  
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The same test was repeated with 1000 ppm of asphaltenes in toluene pendant drop in water at 

different temperatures. Compared to toluene/water system in the previous subchapter, 1000 ppm 

of asphaltenes/toluene in water system at 30 °C has slightly higher elastic moduli above 10 mN/m. 

Compare all three temperature curves, increased temperatures reduce the elastic moduli by 1.5 

mN/m per 30 °C of change. From Chapter 3, it has been observed that as the temperature increases, 

the dynamic IFT decreases with increased diffusion coefficient. It is easy to observe that as the 

temperature increases, the diffused asphaltenes film onto the toluene/water interface was softened 

as the elastic moduli decreased. With the frequency increases, the elastic moduli did not decrease 

much as the behavior displayed with pure toluene/water (or simply independent of higher 

frequencies). Adsorbed asphaltenes formed semi-rigid layer to maintain solid-like behavior of 

asphaltenes pendant drops. 
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Figure 4. 5 Effect of temperature on viscous moduli of 1000 ppm of asphaltenes/toluene pendant 

drop in water at 30, 60, 90 and 120 °C. Curves are visual aids only. 

With 1000 ppm of asphaltenes from 30 °C to 120 °C, the viscous moduli look almost identical. As 

the frequency increases, the viscous moduli gradually increase from 1 to 15 mN/m. Compared to 

pure toluene and water system, there is drastic difference: for toluene/water system, as the 

temperature increases, the viscous moduli increase significantly. In other word, the asphaltene film 

formed between the toluene/water interface is insensitive to temperature change. The elasticity of 

the asphaltene film does reduce as the temperature increases, but the viscosity of the asphaltene 

films is independent of the temperature variation. 

-2.50

2.50

7.50

12.50

17.50

22.50

0.00 0.20 0.40 0.60 0.80 1.00 1.20

1000 ppm 30 ⁰C

1000 ppm 60 ⁰C

1000 ppm 90 ⁰C

1000 ppm 120 ⁰C

Frequency, Hz

Vi
sc

ou
s 

M
od

ul
us

 (m
N

/m
)

P = 350 kPa



 
67 

 

Figure 4. 6 Effect of oscillation frequency on phase angles of 1000 ppm of asphaltenes/toluene 

pendant drop in water at 30, 60, 90 and 120 °C. The curves are visual aids. 

For a demonstration of viscoelastic property, the phase angle shows that as the frequency increases, 

the phase angle also increases. This is majorly due to the increase in elastic moduli because viscous 

moduli remain no different with temperature change. As the oscillation frequency increases, the 

resulting asphaltene films shift from gel state to a liquid state. With increased temperature, more 

liquid property was observed.  
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4.4.3 Interfacial Dilatational Rheology of 100, 1000 and 10000 ppm of Asphaltenes in 

Toluene/Water Interface at 120 °C 

 

Figure 4. 7 Effect of oscillation frequency on elastic modulus in the system of 100, 1000 and 

10000 ppm of asphaltenes in toluene solution at 120 ⁰C. Curves are visual aids. 

For the elastic moduli with different concentration of asphaltenes concentration in toluene at 

120 °C, as the concentration increases, the elastic moduli of each curve decrease gradually. As 

shown in Chapter 3.3.1, as the concentration of the asphaltenes/toluene increases, the diffusion 

coefficients of asphaltene molecules decrease. However, the highest concentration tried in the 

previous research was 2000 ppm. Here at 10000 ppm, significant reduction of elastic moduli was 

observed which indicates more asphaltenes adsorbed at toluene/water interface. 
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As discussed in Chapter 4.4.1, the elastic moduli may be independent of the oscillation frequency. 

However, in this subchapter for 10000 ppm of asphaltene solutions, as the frequency increases, 

the elastic moduli decrease significantly.  

 

Figure 4. 8 Effect of oscillation frequency on viscous modulus in the system of 100, 1000 and 

10000 ppm of asphaltene in toluene solution at 120 ⁰C. Curves are visual aids. 

As the frequency increased from 0.1 to 1.0 Hz, all three viscous moduli increase significantly. 

However, as the concentration of asphaltenes increases, no major difference was observed. From 

this result, one can conclude that the viscous moduli are independent of asphaltene concentrations.  
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Figure 4. 9 Effect of oscillation frequency on phase angle in the system of 100, 1000 and 10000 

ppm of asphaltene in toluene solution at 120 ⁰C. Curves are visual aids. 

For phase angle measurement, as the frequency increases, the phase angle increases to near 90 ° 

and more liquid properties were displayed for all three curves. Still, the contribution factor is 

elastic moduli since the viscous moduli do not vary much with concentration. As the concentration 

of asphaltenes increases, more liquid property was observed for the film formed in the 

toluene/water interface.  

0.00

20.00

40.00

60.00

80.00

100.00

0 0.2 0.4 0.6 0.8 1 1.2

100 ppm

1000 ppm

10000 ppm

Frequency (Hz)

Ph
as

e
An

gl
e 

(D
eg

re
e)

T = 120 °C
P = 350 kPa



 
71 

 

4.4.4 Interfacial Dilatational Rheology of 1000 ppm of Asphaltenes/Toluene Solution in 10, 

100 and 500 mM of Sodium Chloride/Water Solution at 120 °C 

 

Figure 4. 10 Effect of oscillation frequency on elastic modulus in the system of 1000 ppm of 

asphaltene in toluene solution with 0, 10, 100, 500 mM of NaCl solution at 120 ⁰C. Curves are 

visual aids only.  

For this set of study, the sodium chloride solutions were prepared from 10, 100 to 500 mM of 

concentration. 1000 mM of concentration was also made. However, at higher salt concentration at 

120 °C, the brine solution reacted with aluminum pressure vessel with very fast rate. Results cannot 

be obtained.  
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Across all frequencies from 0.1 Hz to 1.0 Hz, as the frequency increased, the elastic moduli remain 

relatively the same level. As the salinity of the aqueous solution increased from 10 to 100 mM of 

concentration, about 3 mN/m of increase of modulus was observed. Further increased the salt 

concentration, more increment of elastic moduli was observed. It is suggested that as the salinity 

of the solution increased, more rigid films were formed between the asphaltenes/toluene solution 

and water. Therefore, high emulsion stability can be expected.  

When inorganic salts are present in the aqueous solution, the water molecules from a cage-like 

hydrogen bonded structure around the salt ions. At the interface, the salts are depleted near the 

interface and the surface excess concentration is negative. As predicted by the Gibbs adsorption 

isotherms with multi components system, interfacial tension increases when surface excess 

concentration is negative. As the interfacial tension increases, increased elastic moduli is 

expected.  
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Figure 4. 11 Effect of oscillation frequency on viscous modulus in the system of 1000 ppm of 

asphaltene in toluene solution with 0, 10, 100, 500 mM of NaCl solution at 120 ⁰C. Curves are 

visual aids only.  

The general trend has been observed that as the oscillation frequency increases, the viscous moduli 

increase. With the increase of salinity of brine solution from 10 mM to 500 mM, the viscous moduli 

decrease gradually. At lower frequencies less than 0.5 Hz, the difference in viscous moduli were 

insignificant. However, with higher oscillation frequency at 1.0 Hz, 2 mN/m of modulus reduction 

was observed. As the salt concentration increases, the asphaltene films formed between the toluene 

and brine solution becomes less liquid-like. Compared to previous Chapter 4.4.2 and 4.4.3, 
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temperature and asphaltene concentration has little effect on viscous moduli. However, the salt 

concentration has pronounced effect on viscous moduli of asphaltene in toluene/water system.  

 

 

Figure 4. 12 Effect of oscillation frequency on phase angle in the system of 1000 ppm of 

asphaltene in toluene solution with 0, 10, 100, 500 mM of NaCl solution at 120 ⁰C. Curves are 

visual aids only.  

For phase angle measurement, as the oscillation frequency increases, the phase angle increases for 

different salt concentrations. At higher frequencies above 0.5 Hz, the trends are clear: with 

increased sodium chloride concentration, the phase angle decreases gradually. The phase angle 
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further confirms that as the salt concentration increases, the asphaltene films in toluene/water 

interface becomes more rigid resulting high emulsion stability.  

 

4.5 Conclusions 

The general trend observed in these series of testing is that as the oscillation frequency increases, 

the viscous moduli increase. For interfacial dilatational rheology of pure toluene/water system at 

various temperature from 30 to 120 °C, as the temperature increased, the elastic moduli decrease, 

and viscous moduli increase. For 1000 ppm of asphaltenes at toluene/water interface, as the 

temperature increased, the elastic moduli decreased significantly across all frequencies. The rigid 

glassy asphaltenes films were softened at higher temperature. For viscous moduli, no significant 

changes were observed with temperature change. For various concentration of asphaltene/toluene 

solution from 100 ppm to 10000 ppm at 120 °C, as the frequency increased, they have shown 

decreased in elastic moduli. As the concentration of asphaltenes increased to 10000 ppm, 

significant reduction in elastic moduli were observed. Little change was observed in viscous 

moduli with concentration. With the presence of sodium chloride in the aqueous phase, the 

interfacial dilatational properties were measured. As the salt concentration increased, the elastic 

moduli increased significantly. Viscous moduli had shown increasing trend as well. Elevated 

salinity induced the formation of more rigid asphaltene films at the oil/water interface. 
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Chapter 5 Conclusions and Future Works 

5.1 Major Conclusions 

In this thesis, dynamic IFT and interfacial dilatational rheology under high temperature and high 

pressure have been conducted for asphaltenes at oil/water interface. Effect of temperature, 

surfactants and aromaticity of solvent have been studied for the adsorption kinetics of asphaltenes 

at oil/water interface. For dilatational interfacial study, pure toluene/water system was established 

as baseline, the effect of temperature, concentration of asphaltenes solutions and effect of salinity 

in aqueous phase were investigated. 

1. For adsorption kinetics, based on the rate of decreasing IFT curves, three regimes can be 

observed. At each regime, the reduction of IFT was dominated by different process.  

2. At Regime I, the reduction of IFT can be fitted into a linear relationship with the square 

root of time. The relationship agreed with Ward-Tordai model and indicates that Regime 

I was a diffusion-controlled process. Regime II was a transitional stage where the steric 

hindrance of adsorbed asphaltenes prevent the continuous diffusion/adsorption of new 

asphaltenes, leading to reduced decay rate of dynamic IFT. Regime III was the 

continuous adsorption of asphaltenes to the oil/water interface and reconfiguration of 

adsorbed asphaltenes. Gibbs adsorption model was used and the equilibrium was reached. 

The equilibrium IFT was determined by extrapolating the dynamic IFT curve with the 

inverse square root of time and intercept at Y axis for final equilibrium value.  

3. For dynamic IFT vs. time for 1000 ppm of asphaltenes at toluene/water system, with 

increasing temperature from 30 to 90 °C, the dynamic IFT decreased significantly and 

the diffusion process accelerated.  
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4. For dynamic IFT vs. time for 1000 ppm of asphaltenes at toluene/water system with the 

addition of 25 ppm of PEG-PPG-PEG surfactants, at 30 °C, the addition of surfactants 

reduces the dynamic IFT with a factor of greater than 3. The diffusion coefficient 

increased an order of magnitude larger. With the increase of temperature gradually to 

60 °C and 90 °C, the decay rate of dynamic IFT decreased compared to that of 30 °C.  

5. With increased volume percentage of heptane in solvent system comprised of toluene 

and heptane, greater reduction of dynamic IFT was found for this asphaltenes sample.  

6. For interfacial dilatational rheology measurement, the general trend relating oscillation 

frequency is that as oscillation frequency increases, viscous moduli and phase angles 

increase.  

7. For interfacial dilatational rheology of toluene/water system at various temperature from 

30 to 120 °C, as the temperature increased, the elastic moduli decreased, and viscous 

moduli increased in general, hence, an increase in phase angle.  

8. For 1000 ppm of asphaltenes at toluene/water interface, as the temperature increased, the 

elastic moduli decreased significantly across all frequencies. The more rigid glassy 

asphaltenes films were softened at higher temperature. However, for viscous moduli, no 

significant changes were observed.  

9. For various concentration of asphaltene/toluene solution from 100 ppm, 1000 ppm and 

10000 ppm at 120 °C, as the frequency increased, they have shown decreased in elastic 

moduli. As the concentration of asphaltenes increased to 10000 ppm, significant 

reduction in elastic moduli were observed. Little change was observed in viscous moduli. 
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10. With the presence of sodium chloride in the aqueous phase, the interfacial dilatational 

properties were measured. As the concentration increased, the elastic moduli increased 

significantly as well. Viscous moduli had shown decreasing trend. 

5.2 Future Works & Possible Improvement 

In this thesis, IFT and dilatational rheology of asphaltene solutions under different conditions have 

been investigated. To further improve the experiment for better accuracy and capabilities, the 

following modification and experiments should be performed in the future. 

1. The temperature control is crucial for this experiment. The temperature control contains 

two folds: first, the heating element for current setup is limited to 400 W. To achieve even 

higher temperature, more wattage is required. The ideal wattage is about 1200 W for 115 

V application. For the size of this vessel, it can reach 250 °C with specially made fiber 

glass insulation. 

2. Secondly, the temperature fluctuation should be minimized. This instrument setup uses 

single loop temperature feedback system. The thermocouple is directly in contact with bulk 

fluid. However, the heating element and vessel which made of metal conduct the heat 

slowly creating a delay in temperature sensing. The temperature fluctuation has been 

observed in the vessel where convection current observed from the camera. To remedy this, 

a double loop temperature feedback system should be used: one thermocouple feedbacks 

the temperature of pressure vessel and heating element, and the 2nd thermocouple measured 

the inside fluid temperature. This allow the heating element limited to certain temperature, 

and then the fluid catch up the exterior temperature gradually. The best option is to use a 

liquid circulation bath from renowned manufacture. The liquid circulation bath is 
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exceptionally keeping the temperature in very close range of 0.01 °C. However, for this 

application, the circulation pump generates pulsation and vibration could impede the 

sensitive pendant drop measurement. 

3. The material of the pressure vessel should be improved. The current pressure vessel is 

made of certain grade of aluminum. Aluminum is excellent at conducting heat and being 

light weight. However, while performing experiment with 100 mM and 500 mM of NaCl 

at 120 °C, one can observe that the aluminum surface has been etched away by the high 

temperature brine solution. At 500 mM of NaCl, the reaction rate was fast. Therefore, no 

higher concentration of brine solution was experimented.  

4. Throughout the whole experiment, majority of modification was performed on oscillator. 

The original manufacture stated that the oscillator should not be used under pressure. 

However, based on their calculation and design, the oscillator can certainly handle less than 

700 kPa of pressure. At lower frequency around 0.1 Hz at 120 °C, the oscillator plunger 

piston needs to overcome 340 kPa of liquid pressure with very precise movement. One 

observed that the piston was having trouble to move smoothly and resulting slight 

intermittent lagging motion. For future works, a piston should be designed to allow both 

side of the piston to fill with liquid to balance out the liquid pressure. Therefore, a smooth 

motion can be achieved.  

5. High-speed camera and image requisition. The maximum oscillation frequency achieved 

in this study was 1 Hz. Sometimes, experiments with oscillation frequency higher than 1 

Hz can be achieved, however, due to the requisition speed of the camera system, the camera 

system installed on this goniometer was not able to record the full sinusoidal cycle of the 

dilatational changes. Due to the intermittent image capture between cycles, erroneous 
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numbers could be generated. For oscillation frequency of 1 Hz, a minimum of 10 image 

captures is required to successfully display a sinusoidal wave form, hence a factor of 10. 

10 frames per second camera system is required. For higher frequency such as 3 Hz, 30 

frames per second frame rate is required. Future high-speed camera or programming 

required for high oscillation frequency capturing. Higher frequency helps simulate the 

condition happened in the real system where agitation and fluid velocities are much greater 

than in laboratory conditions.  

6. Chemical Evaluation: More chemistries with different chemical families and structure 

variations can be tested. Compared to most literatures, the IFT testing were conducted at 

ambient laboratory temperature. Based on the behavior of the chemical tested in the article, 

at different temperatures the chemistries may behave very differently.  
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