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Abstract 

The formation of stable water-in-oil (W/O) emulsions in the oil sands industry is highly 

undesirable because it poses great threats to the downstream operations, such as downstream 

upgrader corrosion, catalyst fouling, increased pumping cost, etc. To break the stable emulsions 

and to assist the separation of water from diluted bitumen, ethylene oxide-propylene oxide (EO-

PO) polymeric demulsifiers are widely used. Understanding factors that affect emulsion stability 

and the role played by the demulsifiers in demulsification is of considerable importance to the oil 

industry. However, studying molecular mechanisms of stabilizing or destabilizing water-in-

heavy oil emulsions is challenging due to the non-transparent nature of crude oil or bitumen even 

in diluted systems, as most measurements are based on visualization of the experimental systems. 

In comparison, measurement of interfacial properties using the oil-in-water (O/W) system is 

much easier, which is often practiced.  

We aim to uncover the relationship between the measured interfacial properties of W/O and O/W 

systems using asphaltene model compounds C5Pe or C5PeC11, as their solutions have better 

optical transparency. The measured interfacial tension of the W/O system was always lower than 

that of the O/W system, indicating a larger amount of surface-active components adsorbed at the 

oilīwater interface in W/O systems. The different amount of surface-active components 

adsorbed due to the reservoir effect (more C5Pe molecules are available for adsorption when oil 

is used as the continuous phase) affected the arrangement of molecules at the interface and hence 

the measured crumpling ratio, dilatational rheology, and coalescence time that could not be 

observed using flat oilīwater interfaces. Although similar trends were observed in most 

situations, the O/W configuration could only give qualitative results for the W/O system. 
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The features of the W/O and O/W systems were also investigated when demulsifier is introduced. 

Specifically, the effect of the EO-PO demulsifier on the interfacial properties of the asphaltene 

model compounds C5Pe or C5PeC11 in xylene solutionīwater interface was studied, with the 

aim to understand the demulsification mechanism and investigate whether the EO-PO 

demulsifier could work similarly through adsorption replacement (the W/O system) and 

competitive adsorption (the O/W system). It was found the surface active EO-PO molecules 

could decrease the interfacial tension and interfacial film rigidity of the C5Pe/C5PeC11īwater 

interface for both W/O and O/W systems. Interfacial pressure-area isotherm, AFM imaging, and 

shear rheology measurements were also carried out using diffusion (simulating adsorption 

displacement in the W/O system) and spreading (simulating competitive adsorption in the O/W 

system) protocols. The results confirmed that C5Pe molecules were responsible for the high 

interfacial film rigidity and the EO-PO demulsifier was able to destroy or avoid the formation of 

the C5Pe network interfacial film. Molecular dynamics simulation revealed that EO-PO 

molecules were more competitive for the interface and could replace most of the adsorbed C5Pe 

molecules, which made the interfacial film unstable. In addition, the adsorbed EO-PO molecules 

could form a new barrier at the interface, which inhibited the adsorption of the C5Pe molecules.  

The demulsification performance of the EO-PO demulsifier on the water-in-diluted bitumen 

emulsions at elevated temperatures was investigated, while the reversed O/W emulsion systems 

were used for characterizing interfacial properties. Generally, better demulsification efficiency of 

the W/O emulsions by EO-PO copolymers was achieved at higher temperatures. As indicated by 

the interfacial tension results of the O/W system, the adsorption of the EO-PO molecules at the 

oilīwater interface was enhanced at elevated temperatures. The droplet contraction experiment 

of the interfacial film using the O/W system revealed that EO-PO copolymers could significantly 
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soften the interfacial film formed at the oilīwater interface, especially at elevated temperatures. 

The breakage of the interfacial film was observed with Brewster angle microscopy. Overall, the 

enhanced EO-PO adsorption could greatly soften and even break the interfacial diluted bitumen 

film at the oilīwater interface at high temperatures, therefore promoting the coalescence of water 

droplets for efficient emulsion breakup.   
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Chapter 1 Introduction  

1.1 Importance of unconventional oil 

Conventional oil is defined as the oil that can be economically extracted from deposits simply 

using standard drilling techniques. Because of this simplicity and relatively low-cost, the world 

has relied on the production of the conventional oil over the past several decades.1-3 Decades of 

oil production have resulted in the extensive use of conventional resources, therefore, the less 

desirable unconventional oil has come to force as important resources. Unconventional oil such 

as heavy oil and bitumen resources is much more difficult to extract as specialized techniques 

and tools are needed. Although these materials are more expensive to produce and process than 

the most conventional petroleum reservoirs, they are available in abundance.4 Albertaôs oil sand 

resource is estimated at 1.7 trillion barrels, or 270 billion m3 (ERCB ST98-2008) of crude 

bitumen, which represents one of the largest single deposit of oil in the world. 

1.2 Oil sand 

1.2.1 Oil sands formation 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-1 Composition of oil sands. 
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Oil sand is composed of quartz sand grains, covered by a film of water and clay, and embedded 

in the heavy oil called bitumen,5 as schematically shown in Figure 1-1. It is widely accepted that 

the oil sands were formed many millions of years ago when Alberta was covered by a warm 

tropical sea. Marine life, mainly plankton and other marine animals, died and fell to the bottom 

of the sea and were embedded by sedimentary materials. Through pressure, heat, and time, their 

tiny bodies were transformed into bitumen products, which then seeped into the surrounding 

sands, forming oil sands.4 

The bitumen content in deposits varies from 1% to 18%. More than 10 wt.% bitumen content is 

considered rich, while less than 6%-8% is considered poor and not economically feasible to mine, 

although it may be mined with a blended stock of higher grade oil sand. 

1.2.2 Oil sands processing 

There are three major oil sands areas in Alberta: Athabasca, Cold Lake, and Peace River. Each 

area is covered by a layer of overburden consisting of muskeg, glacial tills, sandstone, and shale. 

Based on the thickness of the overburden, two main methods are currently used to recover 

bitumen from oil sands: open pit mining and in situ5 mining. 

Open pit mining operations are applied to deposits of the overburden thickness less than 75 

meters. It is estimated that among the oil sands deposits in Alberta, about 20% can be 

economically recovered by open pit mining technology.4 

If the oil sand formation is deeper than 75 meters from the surface, the in situ technique is used. 

Since the oil sand content varies considerably from different deposits as well as within each 

deposit, no single method of in situ recovery can be applied to all oil sand deposits. Steam 

Assisted Gravity Drainage (SAGD) is the most common in situ process currently used. In this 

process, two parallel L-shaped wells are drilled into the deposit. Steam is injected through the top 

well. The injected steam heats the oil sand and reduces the viscosity of bitumen. The bitumen, 

together with the condensed steam, flows downwards into the bottom well and then pumped to 

the surface for further processing. Other in situ methods include Cold Heavy Oil Production with 

Sands (CHOPS), Vapour Extraction (VAPEX), and Cyclic Steam Stimulation (CSS), etc. CHOPS  

involves the deliberate initiation of sand influx into a perforated oil well, sustaining of sand 

influx during the productive life of the well, and separation of sand from the oil for disposal. 
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VAPEX is the same process as SAGD, except that a solvent vapor is injected to reduce the 

viscosity of the heavy oil. The diluted heavy oil will drain to the lower horizontal well by gravity, 

to be produced. CCS is predominately a vertical well process, involving the alternating injection 

of steam and production of oil with condensed steam from the same well. In the initial stage, 

steam is injected into a well. This is followed by a ñsteam soakingò period to heat the oil in the 

area, after which production is commenced. Then the cycle is repeated until production 

diminishes to noneconomic level. 

1.3 Bitumen 

1.3.1 Basics of bitumen 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bitumen is a kind of extra-heavy oil in the oil sands and contains thousands of different 

hydrocarbon components. Bitumen is one of the most complex mixtures of molecules found in 

nature. The data in Table 1-1 show the typical elemental compositions for some Alberta 

Figure 1-2 Basic flow sheet of SARA analysis. 
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bitumen.5 The data of Athabasca bitumen composition illustrate that the bitumen composition 

depends on the exact origin of the sample and varies from one sample to another. 

 

 

Based on the solubility and adsorption characteristics, bitumen can be separated into several 

classes. Asphaltenes are defined as the bitumen or crude oil fraction that is soluble in aromatic 

solvents but insoluble in paraffinic solvents. Maltenes, also called deasphalted bitumen, contain 

all the soluble fractions of bitumen in n-pentane. The maltenes can be further separated into the 

following fractions by column chromatography: resins, aromatics, and saturates. A common 

acronym for this type of solubility and chromatographic separation protocol for petroleum is 

SARA analysis,6 as schematically shown in Figure 1-2.           

1.3.1.1 Asphaltene 

Among all the components in bitumen or crude oil, asphaltenes are the most widely studied. The 

elemental analysis of Athabasca asphaltenes is shown in Table 1-2. Asphaltenes mainly consist 

of carbon, hydrogen, nitrogen, oxygen, and sulfur, and the hydrogen-to-carbon ratio is ~1.2. 40% 

of the carbon atoms are in aromatic rings and 90% of the hydrogen atoms are linked to saturated 

atoms in methyl and methylene groups, indicating a structure of condensed aromatic nuclei that 

carry alkyl and alicyclic chains with heteroatoms.  

                    Table 1-2 Elemental compositions (wt.%) of Athabasca asphaltenes7 

C H N S O H/C 

79.9 8.3 1.2 7.6 3.2 1.24 

 

As mentioned in 1.3.1, asphaltenes are typically defined as the fraction of bitumen or crude oil 

insoluble in paraffinic solvents (typically heptane, but also hexane or pentane) but soluble in 

aromatic solvents.8-10 This definition inherently indicates that asphaltenes have undefined 

molecular structure and chemical composition. The average chemical formula of an asphaltene 

sample may be different between different sources.11 Asphaltene model compound has been 

Bitumen C H N O S 

Syncrude 83.1 10.6 0.4 1.1 4.8 

Suncor 83.9 10.5 0.4 1 4.2 

Cold Lake 83.7 10.4 0.4 1.1 4.4 

Table 1-1 Elemental composition of typical Alberta Athabasca bitumen (weight percent of the 

element; data from Speight). 
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widely used to investigate the mechanism of asphaltene behavior and emulsion stability,12-14 

where single and well-defined systems are used to have much higher control over the interfacial 

behavior and concentrations. Properties of asphaltene and asphaltene model compounds will be 

discussed in detail in Chapter 2. 

1.3.2 Bitumen extraction 

Bitumen from mineable oil sands ore can be recovered using the hot water extraction technique.4 

A typical bitumen extraction scheme is shown in Figure 1-3, where the mined oil sands ore is 

first crushed and then mixed with hot process water and chemical additives, such as caustic soda, 

to form the oil sands slurry. Usually, the slurry has a temperature of 35-55 ÁC and a pH of 8-8.5. 

The slurry is transported to the extraction plant to liberate bitumen. Air is then introduced into 

the slurry to aerate the liberated bitumen. The aerated bitumen has an apparent lower density 

than process water and hence floats to the top of the slurry to form a froth layer ñrichò in 

bitumen. The recovered bitumen froth, on average, contains 60 wt.% bitumen, 30 wt.% water, 

and 10 wt.% solids. Most of the water is in a free form. The solids are entrained in the bitumen 

phase or accumulated at the oilīwater interface.15, 16 Most of the water and solids are then 

removed in the bitumen froth treatment plant prior to upgrading. 

 

               Figure 1-3 Schematic of the bitumen production process for mineable oil sands4. 
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1.3.2.1 Bitumen froth treatment 

Bitumen has almost the same density as water, therefore, a diluent is usually needed to create a 

density difference and reduce the viscosity of overall oil mixture. Based on the types of diluents 

used, two main technologies are currently used in commercial froth treatment operations: 

naphthenic froth treatment and paraffinic froth treatment, as shown in Figure 1-4. 

 

 

 

 

 

 

 

 

 

 

Paraffinic froth treatment involves the addition of a paraffinic solvent, such as hexanes and 

pentanes, to reduce the viscosity and density of bitumen.17 It usually requires a S/B (solvent to 

bitumen) ratio of about 2. Due to the low solubility of asphaltenes in paraffinic solvents, 

asphaltenes precipitate from bitumen, together with the dispersed water droplets and fine solids 

to form complex floccules or clusters of water-solids-asphaltene precipitates. The aggregates 

settle down quickly due to gravity to produce diluted bitumen with a negligible amount of water 

and solids. Thus, a very clean and dry oil product is obtained. 

Naphthenic froth treatment uses hydrotreated or untreated naphtha, ranging from short-chain 

alkanes to aromatic hydrocarbons,18 as the froth diluent. A S/B ratio of about 0.65-0.7 (by 

weight) is used. Mechanical separation equipment, such as hydrocyclone or centrifuge, is 

1.5-2.5 wt.% water  

0.4-0.8 wt.% solids  

    Water in oil 

        emulsion 

Bitumen froth 

Middling 

Paraffinic  

Solvent 

Centrifuge 

Water 

Solids 

Asphaltenes 

Settling 

Naphtha 

Tailing 

  Figure 1-4 Bitumen froth treatment process. 
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employed to assist the separation of solids and water from diluted bitumen. After centrifugation, 

about 1.5 to 2.5 wt.% water and 0.4 to 0.8 wt.% solids remain in the diluted bitumen product.4 

The remaining water is in the form of stable emulsified water droplets (W/O emulsion) of several 

micrometers in size, which is very difficult to remove. 

1.4  Emulsion 

1.4.1 Basics of emulsion 

An emulsion is a mixture of two immiscible liquids, one of which, the disperse phase, is 

suspended as stable droplets in the other, the continuous phase. Emulsions can be found in a 

variety of industries, such as food, pharmaceuticals, cosmetics, and petroleum. Two common 

types of emulsions are water-in-oil (W/O) and oil-in-water (O/W) emulsions (Figure 1-5). 

 

 

 

 

 

 

 

 

1.4.2 Emulsions in the oil industry  

In particular, W/O emulsions are often encountered during the production of crude oils and 

bitumen. In the crude oil industry, water-in-crude oil emulsions (W/CO) are usually formed 

when crude oil and water are intimately mixed at the wellhead, production well, valves, and 

pumps.  The same is true in bitumen recovery by both in situ and open pit mining recovery 

methods. As mentioned in 1.3.2, bitumen is first extracted using warm water, followed by a 

naphtha-based froth treatment and then a two-stage centrifugation, after which 1.5 to 2.5 wt.% 

Figure 1-5 Water-in-oil (left) and oil-in-water emulsions (right). 
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water remains in the final diluted bitumen product. The remaining water exists as emulsified 

water droplets that are hard to remove.  

The formation of stable W/O emulsions in petroleum industry is highly undesirable because salts 

and fines carried with the emulsified water cause corrosion, poison catalysts, reduce throughput, 

and lead to equipment failure in downstream operations.19 W/O emulsions can also significantly 

increase the pumping costs as a result of the dramatic increase in viscosity.20-22 Understanding 

the emulsion stability and demulsification mechanisms is thus very important in petroleum 

industry. 

1.4.3 Stability of emulsions 

Emulsions are thermodynamically unstable because their formation creates a large specific 

interfacial area, with the total energy change given by Equation (1-1), 

                                                              ȹG = ɔo/w ȹA                                                               (1-1) 

                                                        

where ɔo/w  is the oilīwater interfacial tension. Since the interfacial tension is positive in general, 

an increase in the interfacial area by emulsification increases the total system energy, making the 

system thermodynamically less stable. Consequently, phase separation, or what we call emulsion 

breaking, should occur spontaneously, because it can reduce the system energy. Generally, an 

emulsifier or emulsifying agent is needed to stabilize the emulsion. These components may 

stabilize the emulsion by preventing direct emulsion droplet contact or drainage of the thin liquid 

film between emulsion droplets.23, 24 There are three general types of emulsifiers: 

macromolecules (such as synthesized polymers, natural proteins, and so on), colloidal solids, and 

surfactants.  One of the most important properties of a surfactant is its amphiphilicity. Surfactant 

is known to have two well-defined regions: a hydrophilic head group and a hydrophobic tail. The 

most common emulsion stabilization is due to the adsorption of surfactants at the oilīwater 

interface. When adsorbed, the hydrophilic part of the surfactants stays in the polar phase (such as 

water) while the hydrophobic part remains in the hydrocarbon phase (such as bitumen or crude 

oil). The adsorbed surfactants will change the properties of the interfacial film significantly, such 

as reducing the interfacial tension, the film rigidity, and viscoelasticity, etc., thereby altering the 

emulsion stability. Water-in-diluted bitumen emulsions in the petroleum industry are very stable. 

It is widely accepted that the emulsion stability is due to the formation of a mechanically strong, 
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rigid, and viscoelastic interfacial film by the accumulation of surface-active molecules (such as 

asphaltenes, resins, naphthenic acids, and inorganic solids from bitumen, as shown in Figure 1-6) 

around the water droplets. This protective interfacial film prevents coalescence of the emulsion 

droplets in case of collision.    

 

 

 

 

 

 

 

 

 

 

 

 

1.4.4 Demulsification and demulsifiers 

1.4.4.1 Demulsification 

The stability of an emulsion indicates its resistance to aggregation (such as creaming, 

flocculation, etc.) or coalescence. For breaking of an emulsion, there are typically two steps: 

collision of the emulsion droplets, followed by destabilization. For destabilization of the 

emulsions, coalescence and/or flocculation should occur (Figure 1-7). During the flocculation 

process, droplets are brought together to form large aggregates or flocs while maintaining their 

individual drop size. Because of the larger size, the flocs can be removed more easily than 

individual droplets. Coalescence is a process of emulsion droplets merging at contact, resulting 

Adsorption  

 Interfacial film formation 

Oil 

Water 

 Surface-active components 

 

Figure 1-6 Interfacial film formation process. 
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in an increase of droplet size and a decrease in droplet counts, which is always desirable if we 

want to break the emulsion. 

 

 

To achieve efficient breakup of W/O emulsion, heat, electricity, and chemicals are usually used 

to enhance gravity settling of the emulsified water in industry. The use of heat is very effective in 

breaking W/O emulsions by reducing the viscosity of the oil and changing the solubility of the 

natural emulsifiers in the oil.25 Usually, interfacial materials such as solids still stay in the treated 

oil after evaporation of water, which lowers bitumen quality. Alternatively, electrical approaches 

apply an electrical field in the emulsion system.26 Electrostatic coalescence causes charge 

separation at the droplet surface and the droplets act as dipoles. The aligning of the dipoles 

brings the droplets together. The dipole in a droplet also causes the droplet to elongate, which 

stretches the interface and potentially creating pathways for rupture.27 Either of these two ways 

can enhance the coalescence of water droplets. Chemical demulsification consists of the addition 

of a small amount of demulsifiers (usually 1-1000 ppm), usually surfactants, polymers, pure 

solvents, or their mixture,26 to enhance phase separation. It works mainly by weakening the 

interfacial layer on water droplet surfaces. The use of demulsifiers to break W/O emulsions has 

been regarded as an economical and efficient method and is widely applied in petroleum 

industry.28, 29 

Figure 1-7 Emulsion destabilization.  
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1.4.4.2 Demulsifier 

To break W/O emulsions successfully, demulsifiers must have:30-35 1) strong affinity to the 

oilīwater interface with the ability to destroy or at least substantially weaken the protective film 

around the droplets and/or change the wettability of solids; 2) the ability to flocculate or coalesce 

the droplets. 

Chemical demulsifiers destabilize emulsions by three major mechanisms: (1) They exhibit 

greater interfacial activity compared with the stabilizing species and can thus penetrate 

stabilizing films at the oilīwater interface.36, 37 (2) They disrupt and soften (i.e., lower the 

viscoelastic moduli) the stabilizing interfacial film.36, 38, 39 (3) They suppress the interfacial 

tension gradient and the Marangoni-Gibbs stabilizing effect, thus accelerating the rate of film 

drainage and promoting coalescence.33 

Modern demulsifiers are usually mixtures of surface-active macromolecular chemicals, such as 

acid- or base-catalyzed phenol-formaldehyde polymers, ethoxylated and/or propyloxylated 

polyamines, di-epoxides, polyols, and silicone copolymers.40, 41 Most of the active ingredients in 

the chemicals used as demulsifiers are copolymers of ethylene oxide (EO) and propylene oxide 

(PO) of various molecular weights and EO-to-PO ratios.30, 42-46 Three different molecular 

structures are shown in Figure 2-3, representing the linear, star, and branched structures. It is 

reported that the best demulsification performance was achieved by demulsifiers of branched 

molecular structures.44 For EO-PO copolymers, the EO groups in the structure confer hydrophilic 

properties and the PO groups add hydrophobic properties to the demulsifier molecule. Therefore, 

increasing the EO content makes the polymer more hydrophilic, while increasing the PO content 

makes it more hydrophobic. The amphiphilicity of the EO-PO copolymer enables it to adsorb at 

the oilīwater interface, thus affecting the properties of the interfacial film. 

1.5 Objectives and outline of the thesis 

The research performed in this thesis has four goals: (1) To investigate the relationship between 

W/O and O/W systems using asphaltene model compounds as the oil samples, which have better 

optical transparency for both systems. (2) To study the effect of the EO-PO copolymer on the 

waterīxylene diluted asphaltene model compound interface, in order to reveal the 

demulsification mechanism and provide some information on the feasibility of using the reverse 

O/W system to study the interfacial properties of the W/O system when demulsifier is 
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introduced. (3) To provide insights into the destabilization mechanism of the C5Pe interfacial 

film by the EO-PO copolymer and to study how different groups of the EO-PO demulsifier 

behaved at the interface using molecular dynamics simulation, so as to provide information on 

how to design efficient demulsifier for dewatering. (4) To understand the influence of the 

demulsifier dosage, water pH, and temperature on breaking water-in-diluted bitumen emulsions 

using EO-PO copolymer as the demulsifier and to uncover the corresponding destabilizing 

mechanisms using the reverse diluted bitumen-in-water system. To realize those goals, an array 

of experimental techniques was used, including focused beam reflectance measurement (FBRM), 

interfacial film drainage apparatus (ITFDA), Theta Optical Tensiometer (T200), rheometer, 

Brewster angle microscope (BAM), atomic force microscope (AFM), Langmuir trough, and Karl 

Fisher titrator. Among these techniques, FBRM allows in situ and real-time particle size 

measurement, which helps us to gain insight into the kinetics of demulsification. ITFDA is an in-

house apparatus that allows us to measure the film drainage time under a well-controlled external 

force. Tensiometer can be used for the interfacial tension, film rigidity, and interfacial dilatational 

rheology measurements. An AR-G2 rheometer is used to investigate the interfacial shear 

rheology of the interfacial film. BAM and AFM can image the morphological changes of films at 

the oilīwater interfaces with demulsifier addition. Langmuir trough can be used to investigate 

the compressional behavior of the interfacial film by measuring the interfacial pressureīarea 

isotherm. The remaining water content in the emulsion sample can be measured by the Karl 

Fisher titrator. In addition, molecular dynamics simulation was used to model the demulsification 

mechanism at the molecular level. 

The theme of this research is presented in the following chapters. 

Chapter 1: This chapter provides the background and objectives of this study. A brief 

introduction is given on how oil sands ore is processed, how stable emulsions are formed, and 

how to get rid of the emulsions.  

Chapter 2: Several mechanisms by which W/O emulsions are stabilized and destabilized are 

briefly reviewed in this chapter. The correlation between chemical demulsifier performance and 

properties such as molecular weight (MW), relative solubility number (RSN), hydrophile-

lipophile balance (HLB), molecular structure, etc., are also presented.  Properties of asphaltene 

and asphaltene model compounds are also reviewed.  
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Chapter 3: A detailed description of the related techniques used in this work is presented. The 

introduction of the pendant drop technique for the dynamic interfacial tension measurement and 

Du No¿y ring method for the static interfacial tension measurement is given. Characterization of 

the skin formation at the oilīwater interface is conducted by crumpling ratio and dilatational 

rheology measurements using Tensiometer and the corresponding principles are provided. 

Rheometer, BAM, and AFM, which are used for characterizing the shear rheology and 

morphology of the interfacial film, are introduced. Techniques to evaluate the efficiency of 

demulsification, such as droplet size and count measurement by FBRM, coalescence time 

measurements by ITFDA, and remaining water content measurement by Karl Fisher Titrator, are 

also provided. This chapter aims to provide theoretical background information for the following 

chapters. 

Chapter 4: In this chapter, the relationship between W/O and O/W systems is studied, to obtain 

the conditions where we can perform optical measurements using the reverse system, i.e., diluted 

bitumen or crude oil in water, which has better visualization.  

Chapter 5: In this chapter, the effect of the EO-PO demulsifier on the interfacial properties of the 

C5Pe/C5PeC11īwater interface is studied to provide new insights into the molecular mechanism 

of emulsion destabilization. This chapter also provides information on the feasibility of using 

reverse O/W system to study the interfacial properties of the W/O system when demulsifier is 

introduced. In addition, this chapter provides further justification for using C5Pe as the 

asphaltene model compound by investigating whether asphaltene model compound could interact 

with demulsifier molecules in a similar way as that of real asphaltenes and demulsifier 

molecules. 

Chapter 6: Molecular dynamics simulation was used to study the effect of the EO-PO copolymer 

on the C5Pe interfacial film to provide a perspective of the demulsification mechanism at the 

molecular level. In addition, the behavior of different groups of the demulsifier at the interface 

was also studied.  

Chapter 7: In this chapter, EO-PO copolymers are added to a water-in-naphtha diluted bitumen 

emulsion, and the effectiveness of the copolymers in dewatering water-in-naphtha diluted 
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bitumen emulsions at high temperature is investigated, while the reverse O/W emulsion systems 

were used for characterization of the interfacial properties. 

Chapter 8: This chapter draws the overall conclusions and provides recommendations for future 

work.  
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Chapter 2 Literature Review 

2.1 Emulsion stabilization mechanisms 

There are at least four mechanisms by which emulsions are stabilized: (1) electrostatic repulsion; 

(2) steric repulsion; (3) the Marangoni Gibbs effect, which retards film drainage; and (4) thin 

film stabilization. A brief review of each of these mechanisms is given below.47 

2.1.1 Electrostatic repulsion 

Electrostatic repulsion refers to two particles or droplets of the same charge that repel each other. 

For W/O emulsions, electrostatic forces do not play a significant role in the emulsion 

stabilization because that ions are not soluble in the oil phase.47 

2.1.2 Steric repulsion 

Steric repulsion is known as the resistance of the interactions between the adsorbed species on 

different droplet interfaces. In other words, steric repulsion arises from the fact that each atom 

within a molecule occupies a certain amount of space. If atoms are brought too close to each 

other, there is an associated energy cost due to the overlapping of the electron clouds. In W/O 

emulsions, the dispersed water droplets are covered by surfactant molecules and the surfactant 

tail adsorbed at the interface prevents the close contact of the droplets. Therefore, steric repulsion 

may play a significant role in stabilizing W/O emulsions.       

2.1.3 Marangoni-Gibbs effect 

When the continuous liquid phase between the emulsion droplets drains out, an interfacial 

tension gradient (a surfactant concentration gradient) is produced as the surfactants at the droplet 

interface are pulled outward with the draining liquid. Because of the surfactant depletion, a 

diffusion flux is then generated in the opposite direction of the drainage to slow this process. 

This phenomenon is called the Marangoni-Gibbs effect.47-49 In other words, the Marangoni-

Gibbs effect can stabilize emulsions by preventing the drainage of the continuous phase from 

between two nearby droplets. To enhance coalescence by the demulsifier, the interfacial activity 

of the adsorbed demulsifier molecules at the interface must be high enough to suppress or even 

reverse this interfacial tension gradient so as to enhance the liquid drainage.49-53 It has been 

reported by Mukherjee et al.54 that the interfacial shear viscosity must be low to achieve efficient 

emulsion breakage. Since the formation of the viscoelastic interfacial film results in the high 
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interfacial viscosity of the asphaltene-containing systems, this stabilization mechanism is 

unlikely to be significant for water-in-crude oil or water-in-diluted bitumen systems.47 

2.1.4 Thin film  stabilization 

It is widely accepted that emulsion stability is mainly due to the formation of the mechanically 

strong, viscoelastic, and rigid interfacial film around the emulsion droplets, and this film is 

produced by the accumulation of the surface-active molecules and inorganic solids from crude 

oil or bitumen.47, 55-59 The presence of surface-active chemical species (such as asphaltenes, 

resins, and acids as well as fine solid particles) at the oilīwater interface on water droplets has 

been reported extensively. This film has been proven to be able to resist droplet coalescence.60  

 

 

 

 

 

 

 

 

 

 

 

Asphaltenes are reported to be one of the primary causes of emulsion stability in petroleum 

industry.61, 62 The interactions between the polar cores of different asphaltene molecules and 

between the polar cores of the resins with the polar cores of asphaltenes result in the formation of 

the asphaltenic aggregates solvated with resins.47 To form an interfacial film, the asphaltene 

aggregates should be small enough to be held at the interface. The degree of the asphaltene 

Figure 2-1 Effects of solvent composition and resin concentration on the surface activity and 

solvency of asphaltene. 47 
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aggregation depends on both the resin concentration and the aromaticity of the crude oil medium 

or diluted bitumen. Reduced aromatic solvent content or resin concentration encourages 

asphaltene aggregation. Under the condition of moderate asphaltene solvation, a cross-linked 

interfacial network of asphaltenes can be formed at the oilīwater interface, leading to the 

maximum emulsion stability, as shown in Figure 2-1.47   

Acids in crude oil and bitumen are also known to play an important role in W/O emulsion 

stabilization. The adsorption of carboxylic acids and their anions, depending upon conditions of 

pH, can dramatically lower the interfacial tension, thus stabilizing the W/O emulsion.   

Naphthenic acids are reported to stabilize W/O emulsions through the formation of a lamellar 

liquid crystalline phase.63  ARN acids, which are tetra-acids of roughly 1227-1235 molecular 

weight64 appear to stabilize W/O emulsions through the formation of a cohesive film. This film is 

firmly anchored at the interface by binding with divalent cations (such as calcium ions). Acidic 

components of asphaltenes are found to be very interfacial active and can dramatically stabilize 

W/O emulsion films after adsorbing at oilīwater interfaces.65 

 

 Figure 2-2 Effect of the solubility of asphaltenes in resin on particle modification.47  
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An enhancement mechanism for the stabilization of crude oil emulsions has also been brought up. 

The W/O emulsion stability can be significantly enhanced by the adsorption of very small 

inorganic solid particles (with only a few µm or even less in size) at the interfaces. It has been 

reported that silica, clay fines, iron oxides, and some other inorganics are capable of enhancing 

W/O emulsion stability.47 Sullivan et al.47 concluded that these fine inorganic particles can lead 

to dramatically enhanced emulsion stability when suitably modified through the adsorption of 

polar species, such as resins or asphaltenes from crude oil. The adsorption of the organic 

components changes the wettability of these inorganic particles and makes them interfacially 

active.56, 57, 59 The wettability of the particles plays an essential role in stabilizing W/O emulsions 

and the most stable emulsions can be yielded with the smallest particles. The effect of the 

resin/asphaltene ratio on the adsorption ability of asphaltene on the fine particles was also 

demonstrated (Figure 2-247). 

2.2 Emulsion destabilization 

Chemical demulsification has been regarded as an economical and efficient method and is widely 

used in petroleum industry. Correlations between demulsifier performance and properties such as 

molecular weight (MW), hydrophile-lipophile balance (HLB), relative solubility number (RSN), 

demulsifier structure, and EO/PO ratio are reviewed here. HLB of surfactant is a measure of its 

hydrophilicity or hydrophobicity and higher HLB indicates higher hydrophilicity of the 

surfactant. Similar to HLB, higher RSN value represents greater hydrophilicity of the surfactant.  

2.2.1 Chemical demulsifier 

2.2.1.1 Effect of MW on demulsification efficiency 

MW shows a significant effect on the demulsification performance. In general, polymeric 

demulsifiers with low MW are highly interfacial active and can adsorb irreversibly at the 

oilīwater interface, resulting in the coalescence of the emulsion water droplets. Polymeric 

demulsifiers with low MW destabilize emulsions by flocculating nearby water droplets.66 From 

the flocculation point of view, an increase in the MW of the demulsifier will increase the 

flocculation opportunities of the water droplets, resulting in better dewatering efficiency. Pelssers 

et al. reported that poly (ethylene oxide) flocculants must have a MW higher than 106 g/mol for 

successful flocculation of the polystyrene latex particles in water.67  
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Kailey et al.68 systematically studied the effect of MW of EO-PO copolymers on dewatering of 

water-in-diluted bitumen emulsions. They concluded that by increasing the MW of EO-PO 

copolymers, the demulsification efficiency increased.  Wu et al.30 found that when the MW of a 

demulsifier is less than 4000, the demulsifier is not effective regardless of the RSN values. High 

performance of the demulsifier was achieved for an RSN between 7.5 and 12.5 and a MW 

between 7500 and 15000 g/mol, which is consistent with Kaileyôs work as the MW of the 

demulsifier that Kailey et al. used was all under 15000 g/mol. It should be noted that the 

demulsifiers with a MW higher than 15000 g/mol were not tested in Wuôs study. Ethylcellulose 

(EC) is also effective in breaking water-in-diluted bitumen emulsions. Feng et al.69 found that 

over the MW range of 40000 to 180000 g/mol, a better demulsification efficiency was obtained 

for EC with a higher MW. Therefore, it is safe to say that the dewatering efficiency of the 

demulsifier is directly correlated with the MW of the demulsifier. At least for commonly used 

demulsifiers, such as EO-PO copolymers and EC, an increase in the MW results in a higher 

demulsification performance. 

2.2.1.2 Effect of HLB or RSN on demulsification efficiency 

HLB is an important parameter for the characterization of nonionic surfactants. Because HLB is 

difficult to determine experimentally, RSN is usually used to characterize HLB. Wu et al.70 found 

that within the same surfactant family, RSN value has a good linear relationship with classic 

HLB value. Wu et al. established an empirical relationship (Equation (2-1)) between RSN and 

HLB values for the Brij (PEO alkyl ether), Igepal (PEO alkyl phenyl ether), Span (sorbitan 

ester), and Tween (PEO sorbitan ester) surfactant families:70 

                                                               HLB=AĬRSN+B                                                   (2-1) 

where A and B are empirical constants varying with the surfactant family. 

Similar to HLB, RSN demonstrates the hydrophilic and hydrophobic properties of the surfactant. 

The higher the RSN value, the greater the hydrophilicity of the surfactant. The correlation 

between the demulsification efficiency and the RSN value of a demulsifier has been widely 

investigated. Kailey et al.68 proved that demulsification efficiency increased as the RSN value 

increased. Xu et al.29 concluded that for EO-PO copolymers which contain a fixed number of the 

PO units, the demulsification efficiency increased when increasing the EO number in the 



20 

  

molecules. Wu et al.70 reported an optimal RSN value for the demulsification efficiency of the 

surfactant in the same family. For polymerized polyol, oxyalkylated alkylphenol-formaldehyde 

resin, and oxyalkylated alkyl resin, a significant relationship between the percentage of water 

removed and the RSN value in each of the given demulsifier families was reported by Wu et al.30 

For polymerized polyols, demulsifiers with low RSN values from 4 to 5 showed no effect on 

dewatering, while the one with RSN values in the range of 7 to 8 removed water effectively. For 

the alkylphenol-formaldehyde resin family, a bell-shaped curve was obtained, indicating an 

optimum RSN value for dewatering. Similar results were also obtained for the oxyalkylated alkyl 

resin family. 

The results discussed above show that there is no overall correlation between water removal and 

the RSN values of the demulsifiers when taking all types of surfactants into consideration. 

However, a noticeable correlation is observed between dewatering performance and RSN values 

within a given demulsifier family. An optimal RSN range exists in which dewatering efficiency 

reaches its maximum. 

2.2.1.3 Effect of demulsifier structure on demulsification efficiency 

The effect of the demulsifier structure on the dewatering efficiency of W/O emulsions has been 

extensively investigated from different aspects. 

Ramalho et al.44 found that for PEO-b-PPO demulsifiers, the demulsifier with a branched 

molecular structure showed the best dewatering performance, followed by the star and the linear 

structures, as shown in Figure 2-3. They also concluded that compared with the star and linear 

structures, the branched demulsifiers had higher interfacial activity and could decrease the 

interfacial tension to the lowest value. Kailey et al.68 reported that the higher the branching, the 

more efficient the dewatering. EO-PO demulsifiers with five EO-PO branches showed better 

performance on dewatering than that with three EO-PO branches. Sun et al.34 demonstrated that 

the demulsifiers with branched structures were more effective than the linear demulsifiers 

because they left smaller vacancies at the oilīwater interface, making it hard for the surface-

active components in the crude oil or bitumen to adsorb at the interface again. Abdel et al.45 

synthesized two types of EO-PO demulsifiers based the structure of the amines used for the 

synthesis and systematically studied the effect of the structural changes in the prepared 

demulsifiers on their dewatering efficiency of W/O emulsions. They concluded that the 
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demulsification efficiency could be enhanced by increasing the number of EO-PO branches. In 

addition, the disubstituted EO-PO aromatic amine was superior to their monosubstituted 

counterparts in dewatering water-in-benzene emulsions.  

 

 

 

 

 

 

 

 

 

 

 

 Wu et al. investigated the effect of position isomerism of the nonionic surfactants on 

demulsification performance.43 They reported that the sequential block copolymers containing 

more than 40% EO were effective in breaking W/O emulsions and the demulsifier with higher 

EO percentage performed better on emulsion breakage. The reverse sequential copolymers, 

regardless of EO percentage, merely showed little effect on breaking the W/O emulsions. The 

difference in the demulsification performance of the sequential and the reverse sequential 

copolymers should be attributed to the different HLB (RSN), interfacial properties, and steric 

effect between them. 

Xu et al.29 used polyoxyalkylenated diethylenetriamine (DETA) based demulsifiers with various 

EO to PO ratios to destabilize W/O emulsions. They found that the performance of the 

demulsifier is closely correlated with its EO and PO numbers: 1) If the number of PO >> EO, the 
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Figure 2-3 Basic molecular structure of commercial demulsifiers: (a) linear, (b) star, and (c) 

branched. 

                                                         (a) 

 



22 

  

demulsifier was only effective at high dosage for breaking W/O emulsions; 2) If the number of 

EO > PO, only a low demulsifier dosage was required for efficient emulsion breakage. However, 

the demulsification performance decreased at high demulsifier dosage, showing an overdose 

effect; 3) If the number of PO Ū EO, the demulsifier could break the emulsion quickly and 

effectively at a low dosage and no overdosing was observed.    

2.2.1.4 Effect of demulsifier concentration 

An increase in the bulk concentration of the demulsifier can affect the interfacial properties of 

the oilīwater interface in two ways: one is to increase the interfacial demulsifier concentration, 

and the other is to enhance the diffusion of the demulsifier molecules from bulk to new interfaces.  

Abel-Azim et al.45 studied the influence of PPPEA concentration on its demulsification 

efficiency. An optimum concentration existed at which the PPPEA demulsifier showed the best 

demulsification performance. At the optimum concentration, the demulsifier molecules could 

replace the asphaltene molecules at the benzeneīwater interface, which made the protecting film 

around the water droplets to thin and eventually to rupture, providing opportunities for the 

coalescence of the water droplets. A higher concentration may result in the aggregation of the 

demulsifier molecules at the interface, forming a new protective film with greater mechanical 

strength. Pensini et al.71 also reported that overdose of the EO-PO copolymer appeared when 

increasing the demulsifier dosage from 2.3 ppm to 28.8 ppm for the destabilization of the 

asphaltene stabilized W/O emulsions. By investigating the morphology of the interfacial film 

using Brewster angle microscopy, they concluded that the large irregular structures at the 

tolueneīwater interface, which indicates the presence of steric repulsion, are responsible for the 

overdose effect.  

2.2.2 Effect of temperature on demulsification 

2.2.2.1 Effect of temperature on viscosity and density 

It is reported that increasing temperature results in a significant decrease in the bulk viscosity 

and density of the diluted bitumen. Romanova et al.72 studied the viscosity and density of diluted 

bitumen (Athabasca coker-feed bitumen) at elevated temperatures. As shown in Table 2-172, a 

decrease of both the viscosity and density is observed at elevated temperatures, which is 

favorable for the settling of the water droplets. In fact, the settling process depends on the 
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balance between the forces of gravity and viscosity, which can be expressed as Rgv
72 (Equation 

(2-2)):  

  

 

where d is the diameter of the settling particle or droplet, a is the acceleration, ɟp is the density of 

the particle or droplet, ɟm is the density of the medium, ɛ is the viscosity of the medium, and u is 

the velocity of the particle or droplet. A higher Rgv means that it is much easier to obtain an 

effective separation. When evaluating the effect of temperature on demulsification, the varied 

parameters are ɟ and ɛ. Assuming that the changes of other parameters are negligible, Equation 

(2-2) can be simplified to Equation (2-3):  

 

 

 Density 

(g/mL) 

 Viscosity 

(mPa·s) 

 

S/B, wt/wt 60 °C 23 °C 60 °C 23 °C 

  Toluene   

0.09 0.9861 0.9923 486 1381 

0.43 0.9242 0.9592 9.4 24.6 

0.61 0.9214 0.9478 4.4 9.8 

0.87 0.9079 0.9357 1.4 3.4 

1.30 0.8926 0.925 0.6 1.5 

1.73 0.8825 0.9128 0.6 0.9 

  n-heptane   

0.07 0.9574 0.975 188.6 8615 

0.27 0.8987 0.9137 20.4 167.8 

0.41 0.8703 0.8841 7.8 58.8 

0.62 0.8392 0.8518 2.8 23.6 

0.82 0.8176 0.8292 1.3 12.8 

1.16 0.7644 0.8025 0.5 4.8 

× S/B indicates solvent to bitumen ratio 

2.2.2.2 Effect of temperature on interfacial properties 

Menon et al.73 found that the interfacial shear viscosity of the shale oilīwater interface can be 

reduced by increasing temperature, as shown in Figure 2-4.73 The reduction in the interfacial 

       (2-3) 

Table 2-1 Density and viscosity of diluted Athabasca coker-feed bitumen. 

(2-2) 
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shear viscosity could accelerate the film drainage rate between nearby droplets, thereby making 

it possible for coalescence. 

2.2.2.3 Effect of temperature on collision rate of dispersed droplets  

Increasing temperature also increases the number of collisions between two dispersed water 

droplets. This should be due to the increased intensity of Brownian motion at high temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

2.3 Asphaltene and asphaltene model compound 

2.3.1 Asphaltene  

2.3.1.1 Molecular weight of asphaltene 

The determination of the molecular weight (MW) of asphaltenes has been a  controversial object 

for decades.74 The obtained results vary from a few hundred to several hundreds of thousands of 

g/mol. Previous reported asphaltene molecular weight is in the range of 1,000 to 30,000 g/mol. 

Techniques such as vapor pressure osmometry (VPO),75 gel permeation chromatography 

(GPC),76 and mass spectrometry (MS)75, 77 have been used for the characterization of the MW of 

asphaltenes. However, both VPO and GPC suffer from large uncertainties. It is known that 

asphaltene molecules tend to aggregate in their solutions to form dimers, trimers, and so on. To 
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Figure 2-4 Effect of temperature on interfacial shear viscosity of a shale oilīwater interface. 
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estimate the ótrueô MW of the asphaltene in VPO, the solutions should be highly diluted so that 

the degree of association can be regarded as zero.75 However, large experimental errors are 

introduced at high dilutions as the vapor pressure of the highly diluted solution is very close to 

that of the pure solvent. GPC can be used to estimate the molecule size distribution based on the 

elution time of the studied material from a porous column. GPC also suffers from asphaltene 

aggregation as the association of asphaltene makes the molecules bigger. The results at infinite 

dilution can be obtained by extrapolating the results for more concentrated solutions, which also 

results in large experimental errors. It was not until 1999 that reliable results, accounting for the 

molecular aggregation at low dilution, became available. Mass spectrometry75, 77 (MS) is used 

based on the mechanism that the mass-to-charge ratio is measured directly. Fluorescence 

depolarization technique78, 79 is able to deal with highly diluted asphaltene solutions. Asphaltene 

molecular mass obtained using these modern techniques are in the range of 400 to 1500 g/mol, 

with an average value of around 750 g/mol.  

2.3.1.2 Asphaltene structure 

Two main models of asphaltene structure exist in the literature, known as archipelago and island 

models. According to the archipelago model, asphaltenes should have several poly-condensed 

aromatic rings which are connected together via alkyl chains or sulfide bridges.80 All the 

molecular values based on this model are close to those obtained for the acetone-extracted 

Athabasca asphaltenes.81  In the island model, asphaltenes are believed to have a polyaromatic 

core containing condensed aromatic rings with side chains attached.82 The polyaromatic part of 

the island structure contains about seven fused aromatic rings, which is supported by direct 

molecular imaging with high-resolution transmission electron microscopy83 and by studying the 

UV-visible spectra of asphaltenes coupled with molecular orbital calculations.84 

2.3.1.3 Asphaltene aggregation 

Asphaltenes are known to self-associate both in crude oils85 and in model solvents such as 

toluene. The self-association properties of asphaltenes have been extensively studied. It was 

reported that the self-association behavior of asphaltenes depends on thermodynamic conditions 

such as the nature of solvents, temperature, pressure, and the presence of co-solute such as 

resins,86-89 and so on. Several molecular association models have been proposed previously to 
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explain the observed self-association of asphaltenes molecules and some models are briefly 

discussed here.   

Yen90 and later Mullins et al.91 proposed a hierarchical asphaltene aggregation model. The ñYen 

modelò90 was developed at a relatively early stage involving structures of different length scales. 

Yen et al.90 assumed that asphaltene molecules firstly aggregate into ñparticleò by ˊ-ˊ stacking of 

the polyaromatic parts. Several asphaltene particles further self-associate to form micelles. The 

Yen model has been very useful for most contributors in the field. With the improvement in the 

understanding of asphaltenes, a much-refined asphaltene model, ñthe modified Yen modelò,91 

has been proposed. The main asphaltene structure is described as a single condensed aromatic 

ring of moderate-size with peripheral alkyl chains. The asphaltene molecules can form 

asphaltene nanoaggregates with aggregation numbers of Ḑ6 asphaltene molecules and the 

asphaltene nanoaggregates can further aggregate to form clusters with aggregation numbers of 

Ḑ8 asphaltene nanoaggregates. The modified Yen model provides a framework to treat large 

numbers of diverse asphaltene studies. 

Agrawala et al216 reported a linear polymerization-like asphaltene association model. They 

described the polymerization-like association ñreactionsò in terms of terminators and propagators. 

The key concept in this model is that molecules with multiple active sites act as propagators, 

which is capable of linking with other molecules, and molecules with single active sites act as 

terminators. Asphaltenes are primarily composed of propagators. Resins, which are known to 

affect asphaltene association,47 consist primarily of terminators. 

Recently, Gray et al.92 proposed a ñsupramolecular assembly modelò, in which multiple 

interactions, such as ́-ˊ stacking, metal coordination complexes, hydrogen bonding, cooperative 

binding by Brønsted acid-base interactions, and interactions between alkyl and cycloalkyl groups 

to form hydrophobic pockets, etc., are believed to lead to a range of architectures of asphaltene 

aggregates, including host-guest complexes and porous networks. From their perspective, the 

ionic association represents (acid-base interaction) the strongest driving force for asphaltene 

aggregation. 

In a recent review, Yarranton et al.93 discussed an array of experimental techniques to investigate 

the possible size and structure distributions of asphaltene monomers and aggregates. They 
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reported that asphaltenes nanoaggregates have a loose and highly polydisperse structure with 

sizes ranging from 2 to 20 nm.  

2.3.2 Asphaltene model compound 

Asphaltenes are widely reported to be polyaromatic hydrocarbons with amphiphilic properties, 

which consist of fused aromatic rings with alkyl branches attached to the periphery.94-97 Based on 

this structure, several polyaromatic surfactants have been synthesized as the asphaltene model 

compounds by attaching hydrophobic chain(s) to one and alkyl chain(s) of hydrophilic groups to 

the other end of a perylene core.98-100 The synthesized model compounds exhibit similar 

interfacial activities as asphaltenes and Norfgard et al. have reported that both W/O and O/W 

emulsions can be stabilized by the polyaromatic surfactants.98-100  

C5Pe (Figure 2-5, N-(1-hexylheptyl)-Nв-(5-carboxylicpentyl) perylene-3,4,9,10-tetracarboxylic 

bisimide), as one of the model compounds, is composed of fused aromatic rings connected via 

cyclic rings containing heteroatoms of O and N. A pentyl carboxylic acid chain and a hexyl-

heptyl double chain are attached to the fused aromatic rings through nitrogen atoms. The 

molecular weight (MW) of C5Pe (MW of 689 g/mol) falls into the well-accepted MW range of 

asphaltenes. The amphiphilic nature and polyaromatic structure of C5Pe simplify the 

complicated asphaltene nature and structure.101, 102 Both C5Pe and C5PeC11 (Figure 2-5) are 

reported to be suitable asphaltene model compounds.99, 103-106  These model compounds have 

been extensively studied and their properties are briefly reviewed here.  

 

 

 

Figure 2-5 Molecular structure of polyaromatic surfactant C5Pe (MW=689 g/mol) and C5PeC11 

(MW=827.12 g/mol). 

2.3.2.1 Interfacial properties 

The interfacial properties of C5Pe molecules can be assessed by measuring the interfacial tension 

of the C5Pe in toluene solutionīwater (pH=9) interface. C5Pe molecules (1-20 µM) can 

significantly reduce the interfacial tension of the tolueneīwater interface, indicating high 

C5Pe 

C5PeC11 

(a) 

(b) 
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interfacial activity of C5Pe.98, 106  As indicated by the fluorescence spectroscopy results of the 

Langmuir-Blodgett films, C5Pe adopts a head-on conformation at the interface with a face-to-

face packing of the molecules,98 which accounts for the high interfacial activity of the C5Pe 

model compound. C5PeC11 exhibits pH-dependent surface activity. Increasing pH could 

deprotonate the carboxylate functional group of C5PeC11, thereby increasing surface activity. 

The deprotonation could also decrease the molecular tilt at the interface.107 C5Pe also shows pH-

dependent surface activity. 

2.3.2.2 Asphaltene model compound as the emulsion stabilizer 

 

 

 

 

 

Figure 2-6 Molecular structure of PAP (MW=723 g/mol) and BiSA (MW=755 g/mol). 

Nordgård et al.98 compared the stability of emulsions stabilized by C5Pe, PAP, and BisA. The 

structures of PAP and BiSA are shown in Figure 2-6. BisA was not able to form stable 

emulsions while PAP and C5Pe showed good performance on emulsion stabilization, though 

PAP was shown to stabilize emulsions to a less extent than C5Pe. Grimes et al.108 reported that 

when the concentration of C5Pe was more than 0.08 mM, the prepared emulsions were very 

stable and only a very small amount of water was separated even over a long period of about 

6500 min. They also measured the equilibrium interfacial tension as a function of the C5Pe 

concentration and found that the data could be well-fitted by the Gibbs adsorption equation109 

and Langmuir isotherm. Jiebin et al.106 systematically investigated the interfacial properties of 

the C5Pe interfacial film and its role in the stabilization of the W/O emulsions. BAM and AFM 

images showed that the C5Pe aggregates would accumulate at the interface and form a thick 

interfacial layer. The continual accumulation and the time-dependent rearrangement of the C5Pe 

aggregates contributed to form an elastic and rigid interfacial layer, which is essential to prevent 

coalescence of the emulsion droplet.  

BiSA 

PAP 
(a) 

(b) 



29 

  

2.3.2.3 Molecular association and interaction 

Wang et al.104 studied the interfacial behavior of C5Pe molecules on mica surfaces and the 

interactions between the adsorbed C5Pe layers in different organic solvents. They reported the 

formation of the C5Pe aggregates and the irreversible nature of the aggregation. In addition, it 

was also found that the organic solvents can dramatically influence the aggregation behavior and 

molecular interactions of the C5Pe molecules. Weaker or even no adhesion was detected in 

toluene, whereas strong adhesion forces were measured in heptane for the interactions of C5Pe 

films. 

Wang et al.105 investigated the influence of the solution conditions including pH, salinity 

(electrolyte), and cation (Ca2+) addition on the molecular behavior of C5Pe. In basic solutions, 

the carboxylic acid (ïCOOH) head group of C5Pe will be ionized. The ionization of the -COOH 

group increased the hydrophilicity  of the adsorbed C5Pe films, thereby reducing the attractive 

hydrophobic force. In addition, at high salinity, the electric double layer was compressed and the 

hydrophobic forces were weakened, which led to the reduction in. Ca2+ ion could bine strongly 

with two ïCOOH groups and bridge two small C5Pe aggregates, which resulted in the formation 

of large aggregates.   

Liu et al.110 studied the nanoaggregation behavior of the asphaltene model compounds. They 

found that the aggregation number (n) of C5Pe in solution fell into the range of 1 to 31, with a 

large fraction of relatively small nanoaggregates (2 Ò n Ò 11). Compared to that in toluene, C5Pe 

molecules tended to form smaller aggregates in xylene (n=2, 3, 5, and 6), which should be 

attributed to the stronger interactions between C5Pe and xylene via ˊ-ˊ stacking and the larger 

steric effect of xylene. Naphthenic acids could interact with C5Pe to reduce its aggregation level, 

and the strength of the interaction depended on the size and structure of the naphthenic acid 

molecules. 

Pradilla et al.107 investigated the sorption of C5PeC11 at the interface. The adsorption of the 

C5PeC11 molecules at the decaneīwater interface was found to be reversible. In addition, the 

presence of interactions (aggregation) among the C5PeC11 molecules at both the oilīwater and 

airīwater interfaces was confirmed by the surface pressureīarea (Ʉ-A) isotherms. These 

interactions are most likely due to the ˊīˊ stacking and hydrogen bonding forces.  
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2.3.2.4 Molecular dynamics simulation 

Molecular dynamics (MD) simulation has been widely used to study the self-association 

properties of the asphaltene model compounds.111-114 Teklebrhan et al.111 studied the adsorption 

and association behavior of five uncharged polyaromatic surfactants (C5Pe, PAP, TP, PCH, and 

BisA) at the oilīwater interface using MD simulation. In both tolueneīwater and heptaneīwater 

systems, C5Pe molecules tend to predominantly concentrate and position at the interface, 

forming large nanoaggregates. Gao et al.115 reported the formation of the hydrogen bonding 

between the oxygen atom in the carboxyl groups of C5Pe and the hydrogen atoms, which lead to 

aggregation of C5Pe molecules. Jian et al116 investigated the adsorption behavior of the 

polycyclic aromatic compounds (PAC) molecules onto the water droplet in different organic 

solvents. In heptane, the adsorbed PAC aggregates render a straight one-dimensional (1D) rod-

like structure on the small water droplet (radius of 1.86 nm) and a bent 1D structure on the large 

droplet (radius of 1.86 nm). In toluene, evident adsorption of the PAC molecules could only be 

observed in the case of large PAC concentration and large water droplet.  

The orientation of the polyaromatic molecules at the oilīwater interface was also studied 

extensively. Teklebrhan et al.111 reported a side-on or head-on orientation of the uncharged 

polyaromatic molecules at the oilīwater interface. Jian et al.116 reported that the aggregates of 

the PAC molecules tend to have a perpendicular orientation to the water surface where contact 

occurs. Andrews et al.117 also observed a perpendicular orientation of the polyaromatic cores of 

Violanthrone-78 at the solventīwater interface.  

2.4 Summary of the literature review 

Previous studies revealed that the stability of W/O emulsions in petroleum industry is most likely 

due to the formation of a mechanically strong, rigid, and viscoelastic interfacial film by the 

accumulation of surface-active molecules and inorganic solids from crude oil or bitumen47, 55-59 

at the interface. Chemical demulsification is both an effective and economy-efficient method to 

break emulsions. The molecular weight, HLB, relative solubility number, structure, and 

concentration of the demulsifier play important roles in breaking emulsions. Among all the 

demulsifiers, EO-PO copolymer has been extensively investigated29, 30, 42-46 and previously 

reported as an effective additive in breaking asphaltene-stabilized W/O emulsions.71 

Temperature can also affect the demulsification efficiency by lowering the viscosity and density 
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of the oil, changing the interfacial properties of the oilīwater interface, and increasing the 

collision rate of dispersed droplets. It is meaningful to study whether chemical demulsification 

can be combined with temperature treatment to induce better demulsification efficiency. The 

effect of temperature on the demulsification performance of EO-PO copolymers is therefore 

studied in this thesis. 

C5Pe is considered as a suitable asphaltene model compound, which resembles asphaltene in 

terms of structure, molecular weight, interfacial activity, self-association behavior, etc. The use 

of C5Pe asphaltene model compound simplifies the original bitumen system, which is helpful in 

providing a deep understanding of the demulsification mechanism. It should be noted that there 

remains a gap between the two model systems and real crude oils comprising a mixture of 

different types of hydrocarbons. 
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Chapter 3 Experimental Techniques 

3.1 Emulsion droplet size and counts determination by Focused Beam 

Reflectance Measurement (FBRM)  

 

 

 

 

 

 

 

 

FBRM is designed to provide in situ particle or droplet size determination in real time. It can be 

used at operating pressures from vacuum to 150 psi over the operating temperatures of 41°F to 

194 °F. In this study, FBRM was employed to measure the size of the emulsion droplets as a 

function of time under different experimental conditions. The emulsion droplet count in specific 

size range was also given by FBRM.   

 

 

 

 

 

 

 

 

Figure 3-1 Front view (left) and side view (right) of the FBRM system 

Figure 3-2 Front view and side view of the fixed beaker stand  
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All Lasentec S400 probe systems include a Fixed Beaker Stand (FBS) and overhead mixer for 

instrument calibration verification. The whole system is shown in Figure 3-1.  

The fixed beaker stand comes in four separate parts: the base, the support bar with a mixer 

attached, bushings for the probes, and the probe itself (Figure 3-2).  

3.1.1 FBRM probe working principle 

A cut-away schematic of the FBRM probe is shown in Figure 3-3.118 The probe is inserted into a 

flowing process medium. A laser source in the field unit travels down through a set of fiber 

optics into the probe and another set of optics at the tip of the probe focuses the laser beam to a 

very small spot. This is how the focused beam is defined. A motor is used to rotate the set of 

optics at the probe tip so that the focused beam scans a circular path at a constant speed. The 

focused beam usually moves at a high speed between 2 m/s to 8 m/s, depending on the 

application. In this manner, the motion of droplets or particles is insignificant to the 

measurement.   

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2 FBRM probe data collection119 

When a particle or droplet flows across the window, the focused beam intersects the edge of a 

particle or droplet. The particle or droplet then start to backscatter laser light until the focused 

beam reaches the opposite edge (Figure 3-4118). The pulses of backscattered light are collected 

Figure 3-3 Cutaway view of the Lasentec in-process probe 
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and then converted to chord lengths based on the simple calculation of the pulse width (time) 

multiplied by the scan speed (velocity). A chord length120-122 is simplify defined as the straight-

line distance between any two points on the edge of a particle or droplet. This chord length, in 

general, is not equal to the true particle or droplet size. However, with thousand times 

measurements of the chord lengths per second, it is a still good representation of the particle or 

droplet size statically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Two kinds of chord length from FBRM can be obtained: unweighted chord length (UWT CL) 

and square weighted chord length (SWT CL), which can be calculated using Equations (3-1) and 

(3-2).123 

 

 

 

 

 (3-1) 

(3-2) 

Figure 3-4 Working principle: probe detects pulses of backscattered light and records measured 

chord lengths 
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where k is the channel number (the data detected by FBRM are split into 90 channels of different 

size ranges in a logarithmic progression.), ni is the counts in each individual channel, and Mi is 

the midpoint chord length of each individual channel. 

The UWT chord length is number sensitive, which emphasizes the presence of fines in the 

studied samples. On the other hand, a SWT chord length distribution accentuates the contribution 

of larger particles or droplets of a dispersion system. 

3.1.3 FBRM used at high temperature and pressure 

The autoclave was employed to create a high-temperature and high-pressure emulsion system. 

With the help of the autoclave, solvent evaporation is avoided and the high-pressure condition is 

achieved. In order to mount the probe in the autoclave reactor, a branch was made on the side of 

the reactor (Figure 3-5). The best orientation is achieved when the angle of the probe window is 

between 30° and 60° to the flow, though 45° is the optimum angle. Therefore, a 45° angled 

branch was used to mount the probe.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 3-5 Autoclave with a 45° angled branch for FBRM 








































































































































































































