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ABSTRACT 

Water-inaude oil emulsions are oftea an undesired byproduct of petroleum production 

and processing. Emulsions increase the volume sad viscosity of oil which add significantly 

to  operating costs. Water-in-crude oil emulsion can also form during oceanic oil spills 

impending clean up operations. It is well established that the stabiity and treatment of 

these emulsions mainly depend on the presence of a rigid film on the emulsion interface. It 

is believed that this film is composed of naturally ocauTiag crude oil constituents, such as 

asphaltenes, resins and fine solids. 

In this thesis, the role of asphaltenes, resins and native solids in stabilizing water-in- 

hydrocarbon oil emulsions was investigated by measuring the interfacial composition and 

stabiity of model emulsions composed of water with mixtures of toluene, heptane, 

asphaltenes resins and solids. It was found that the amount of asphaltenes adsorbed on the 

emulsion interface increased as the asphaltene bulk concentration increased. However, 

emulsion stability decreased over the same concentration range. These results suggest that 

asphaltenes change configuration on the intaface. The addition of either a good solvent or 

resins was found to reduce asphaltene adsorption and to reduce emulsion stability. Resins 

were able to completely replace asphaltenes on the in terfk  at high concentrations. Native 

solids were found to have no affect on asphaitene adsorption but to significantly enhance 

emulsion stability. 
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CHAPTER 1 

INTRODUCTmN 

1.1 GENERAL DESCRIPTION 

The formation of water-in-crude oil emulsions is one of the problems that petroleum 

producers have to deal with during oil recovery, treatment and transportation. Produced 

water can come either from the original reservoir water saturation, or as a result of 

secondary or tertiary production methods. In refining processes, water comes either as 

result of "washing out" of contaminants present in crude oil, or as the result of steam 

injection to improve  ona at ion. While water and oil can initially be present as 

independent phases, agitation and shearing forces in the wellbore, chokes, valves, pipelines 

and pumps enhances mixing, causing the formation of crude oil emulsions. 

Emulsions are undesirable because the volume of dispersed water occupies space in 

processing equipment and pipelines, increasing capital and operating costs. Furthermore, 

the physical properties and characteristics of oil change significantly upon emulsification. 

The density of emulsion can increase &om 800 kg/m3 for the original oil to 1030 kg/& for 

the emulsion. The most significant change is observed in viscosity, which typically 

increases fiom a few mPes or less to about 1000 mPa*s (Fingas et al., 1993). 

Produced water has a high concentration of chloride salts, which can lead to scaling, 

corrosion problems, and catalyst poisoning in the refining equipment. In order to eliminate 



salt &om the oil before it is refined, emulsions undergo a desalinating process. In this 

process, the crude oil and produced water are deliberately mixed with fiesh water ('%rash 

water") and emulsified. Then the desalter emulsions are broken and the majority ofthe salt 

and water is separated fiom the oil. The separation of desalter emulsions is very dBicult 

since most of these emulsions are very stable. Furthennore, some of the oil stays trapped 

in the emulsion and causes sludge generation (McLRan and Kilpatric, 1997). 

Another problem associated with water-in-crude oil emulsions is their formation during 

oceanic oil spills. Agitation fiom the action of waves, wind and currents leads to 

emulsification of the oil spilled in the ocean. These emulsions significantly increase the 

quantity and viscosity of the spilled material. The amount of water in the emulsions can 

make up between 60 to 80 volume percent of the emulsion, increasing the volume of 

spiUed pollutant 3-5 times the original size (Fingas, 1995). The high viscosity of the 

emulsion effdvely changes spilled oil fmm a liquid to a semisolid material. This solid- 

like behavior highly complicates and increases the cost of cleanup operations. 

In order to minimize production problems associated with crude oil emulsions and meet 

environmental concerns, petroleum operators need to prevent their formation or to break 

them. In some cases when the formation of emulsions is a result of poor operation 

practices, it is possible to prevent emulsion formation. However, in m y  instances 

emulsion f o d o n  is inevitable. The exclusion of water during recovery &om the oil 



wells and prevention of agitation is ddticult or impossible to achieve, ard emulsions must 

be treated- 

The treatment of water-in-crude oil emulsions involves the application of chemical, 

thermal, e lea r id  process7 or their combinations. It is based on the principle of coalescing 

dispersed water droplets into larger droplets. Eveatually7 a separate water phase is formed. 

In order to bring about coalescence of water-in-oil emulsions, a rigid interfacial film 

surrounded the water droplets must be weakened or broken. This is often accomplished by 

applying heat and/or by adding properly selected chemicals. The later are referred to as 

dehydration chemicals or  demulsiiias. Their effectiveness depends on the composition of 

the oil in the bulk phase and on the interfi.  

As will be discussed later, the film encapsulating the water droplets is fonned by adsorbed 

solid particles or sdiace-active materials. The rigidity and structure of this film determines 

the stability of the emulsion. Unfortunately, since crude oil is an extremely complex 

mixture of many thousand of compounds, it is diflicult to identify the role of any of these 

compounds in crude oil emulsion stabilization. Despite extensive research, even the 

composition of the intedwial film is poorly understood. Therdore, it is almost impossible 

to predict the paformance of danulsifiers or other treatment methods. In most cases, 

emulsifiers are selected by trial and error, and crude oil emulsion resolution is still more of 

an art than a science. 



Nevertheless, some progress bas been made in the understanding of water-in-crude oil 

emulsions. The rigid intahcial hilm surrounded water droplets is believed by numy 

researchers to be composed predominantly of asphaltenes, resins and/or fine solids 

(Strassner, 1%8; McLean md Kilpatric, 1997; Yan et. al., 1999). Asphaltenes are d&ed 

as a solubility class of petrol- that is they are soluble in toluene but insoluble in n- 

heptane or n-pentane. Resin molecules are sduble in both types of solvents. Asphaltenes 

are composed of plyaromatic hydrocarbons that consist of condensed aromatic rings and 

aliphatic side chains along with a variety of hctioaal p u p s .  Resins are composed of 

moIecules with similar structure, but lower molecular weight, fewer functional groups, and 

a higher hydrogenhrbon ratio. 

Resins and asphaltenes are considered to be surface-active (Sheu et al., 1995; Ese d al., 

1998). This may allow them to accumulate on the watedoil interface where they form a 

rigid film. The behavior of asphaltenes and resins in crude oil is still poorly understood. 

Asphaltenes are known to &associate in crude oil (Koots and Speight, i975). It is also 

proposed that resin molecules may adsorb on the associated asphaltenes and form 

aggregates (Dickie and Yen, 1967). Therdore, aspbahenes and resins may adsorb on the 

interfhce as independent molecules, or different types of aggregates. It has been observed 

that asphsltene concentration, the residasphaltene ratio, and asphaltene solubility in the 

continuous oil phase of an emulsion are the primary hctors governing the stabiity of 

water-in-crude oil emulsions (McLean and Kilpatrick, 1995; Ese at al., 998). However, it 



is still not clearly known what role resins and asphdtenes play in the formation of 

interfacial film and hence in water-in-crude oil emulsion stabiition. 

Fine solids, such as sand, clay, silica and organic particles are also able to s t a b i i  

emulsions (Menon et al., 1988; Yan et al., 1995). However, the role of solids and the 

mechanism of their action in crude oil emulsion stabii t ion is only partly understood. 

1.2 OBJECTLVES 

The key to understanding the role of asphaltenes, resins and solids in the emulsion stability 

is to determine what is adsorbing on the emulsion i n t d c e .  Hence, the main objective of 

this study is to measure the composition of the interfacial film formed by asphaltenes md 

resins; that is, to determine mass of nuf'iactive compounds per area of the water/oil 

emulsion interfbce. These data may provide idormation in what form asphaltenes and 

resins adsorb on the interfm. 

The determination of the intdcia l  composition can be conducted at various bulk oil phase 

compositions, such as different solvents, asphaltene and resin concentrations, and 

residasphaltene ratios in the continuous phase. A comparison of the interfhcial 

composition at various conditions can provide more insight on the mechanism of emulsion 

stabdimtion by asphaltenes aad resins. 



F i y ,  the stabiity of the asphaltene and/or resin water-in-oil emulsions can be related to 

the interfacial composition. The comparison of emulsion stability at different continuous 

phase composition is another good tool for understanding the behavior of asphaltenes and 

resins on the emulsion interfbce. 

While the main god of this study is to investigate the role of asphrltenes and resins in the 

stabiition of emulsions, the role of native solids in emulsion stabilization will be also 

considered. It is known that asphaltenes removed fkom bitumen by precipitating them with 

a solvent contain some solid material (Yamanton, 1997). Therefore solids present in the 

asphaltene m i o n  may intdbre with the adsorption of asphaltenes and/or resins on the 

emulsion interfa. Moreover, the solids may overshadow the stabiition capacity of 

asphaltenes and resins. Therefore, the role of native solids in emulsion stabition needs 

to be examined. This can be done by comparing the interfacial composition and emulsion 

stability of emulsions prepared with and without solids. 

In summary, the objectives of the study are restated below: 

1. To measure the interfacial composition (the mass per area) of the emulsions 

stabilized by asphdtenes and resins 

2. To relate the intdacial composition to the continuous oil phase composition 

(asphaltene and resin concentration, solvent type, and asphaltene/resin ratio) 

3. To relate intafacd composition and emulsion stabiity 

4. To examine the role of sotids in emulsion stabilization 



To avoid the complexity of a bitumen system, model emulsions were used to measure the 

i n t e ~ d  composition and emulsion stabiity. The dispersed phase in the model 

emulsions was prepared born the de-ionized water. The oil continuous phase in these 

emulsions contained various concentrations of asphaltenes, resins and solids, dissolved in 

mixtures of toluene and heptane. Aspbaltenes and resins were extracted from Athabasca 

and Cold Lake bitumens. 

A combination of int&al tension, emulsion drop size distribution and continuous oil 

phase composition measurements was used to determine the interfacial film composition. 

The interfacial tension measurements were used to identify the average area per molecule 

on the waterloil hterf&ce. The area per molecule was determined fiom the slope of the plot 

of inteflacial tension versus the log concentration of the dace-active material. 

The other necessary data are the surfsce area of the emulsions and the total mass of 

asphaltems and resins on the interface. The d a c e  area of model emulsions was 

calculated from the water volume and the Sauter mean diameter of the water droplets. The 

Sauter mean diameter was determined from drop size distributions obsewed with an invert 

microscope equipped with a video camera and image analysis software. 

The mass of material on the int- was determined &om the change in bulk phase 

concentration upon emulsification. The conceantion of asphaltenes and resins in the 

continuous phase after emulsification was measured by collecting continuous phase 



samples, evaporating the solvent and weighing asphalteneresin-solid residue. The 

combination of surfbce area and cnntinuous phase concentration measurements was used to 

determine the intedkial composition in tarns of mass per area. The results were used to 

construct an appropriate adsorption model of asphaltenes and resins on the emulsion 

interface. 

1.3 THESIS STRUCTURE 

This thesis is separated into six chapters. Chapter 2 serves as a general introduction to the 

subject of water-in-crude oil emulsions. The first d o n  of this chapter reviews the basic 

emulsion principles with a rmin facus on Wars controlling the stability of emulsions. 

Following that is a section describing characterization of the asphaltenes and resins, with 

the main focus on the mechanisms of their association and s u b - a c t i v e  properties. 

Following that, a section provides a description of the research conducted in the area of 

crude oil emulsions. 

Chapter 3 describes the experimental work used to obtain results for this study. This 

includes: separation of asphaltenes, resins, and solids fkom the bitumen, interfacial tension 

measurements of the asphaltenes and resins, model emulsions preparation, drop size 

analysis, stability tests, and gravimetric determination of adsorbed asphaltenes and resins 

on the emulsion interfhce. 



Chapter 4 summarites the results obtained from the int-al tension measuremeats for 

mixtures of varying composition of asphaltenes, resins, toluene, heptane and water. The 

int&al tension measurements were used to test a micellization in these mixtures, as well 

to determine the in tdc ia l  areas for the asphaltem and resins. 

The main findings of this research are presented in Chapter 5. In particular, the effe* of 

solids content, asphaltene and resin concentration, and solvent composition on the 

interfacial composition and stability of model water-in-heptol emulsions is assessed. 

Chapter 6 summarizes the conclusions of the study and provides recommendations for 

additional research required to fbrther characterize stabiity mechanisms of water-in-~~de 

oil emulsions. 



LITERATURE REVIEW AND BACKGROUND 

201 INTRODUCTION 

Crude oil emulsions vary widely in their physical properties and stability characteristics. 

Although surf- phenomena determine the fbndamental properties of petroleum emulsions 

in terms of stability and drop size distribution, the bulk composition of the crude oil also 

plays an important role in crude oil emulsion characteristics. Hence, in order to investigate 

crude oil emulsions, it is both necessary to understaud the fimdamental concepts involved 

in emulsion formation and to  h o w  the properties and composition of crude oil. The first 

and second sections of Chapter 2 provide a necessq  background for understanding 

petroleum emulsions. The first d o n  sets out the basic principles of colloidal science 

involved in emulsions within the context of their applicability to petroleum emulsions. The 

second section of this Chapter provides a detailed characterization of crude oil and its 

components. The third and final section is a discussion of the research done in the area of 

crude oil emulsions. 

2.2 EMULSION CHARACTERISTICS 

2.201 Basic Principler of Emulsion Formation 

Emulsions have long been a subject of study, since they are widely present in everyday litt. 

We are all acquainted with food emulsions (i.e. milk, butter, and mayonnaise) and cosmetic 



11 

emulsions (i.e. creams, lotions, and shampoos). In the petroleum industry many stages of 

oil recovery and treatment processeq such as oil-sands &on, resemoi fluid flow, 

refining processes, and transportation through pipelines, are often accompanied by 

emulsion formation. Water-in-oil armlsioas also form during oceanic oil spills and are 

known as bbchocolate mousse" based on their appearance. 

An emulsion is defined as a mixture of two immiscib1e liquids where one of the phases is 

dispersed in the other in a form of droplets. The dispersed phase is often referred to  as the 

internal phase, and the continuous phase is called the external phase. For the petroleum 

industry, the two immiscible liquids are usually water and crude oils or refined 

hydrocarbons. 

Depending on which phase is continuous or dispersed the following two types of emulsions 

may be distinguished: 

Oil-in Water (Om (for oil dispersed in water) 

Water-in-Oil (WIO) (for water dispersed in oil) 

The more common emulsion formed in the petroleum industry is the water-in-oil type, 

which is often referred to as a regular emulsion. An oil-&water emulsion is often called a 

reverse emulsion. More complex multiple water-in-oil-hater (W/O/W) and oil-in-water- 

in-oil (OMIIO) emulsions may also fonn. A multiple W/O/W emulsion contains water 

droplets dispersed in oil droplets, which are in bun dispersed in a contirmuous water phase. 
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Some examples of occurrence and type of emulsions in petroleum industry are presented in 

Table 2.1. 

Table 2.1. Examples of Emubions in the Pebokum Industy (Schramm, 1992) 

Occurrence Usud Type 
I 

Well-head emulsions W/O 

Oil sand flotation process, fioth W/O or O/W 

Oil spill mousse emulsions WIO 

Heavy pipeline emulsions O N  

Oil sand flotation process s l m y  O N  

Emulsion drilling fluid, oil-emulsion mud O N  

Emulsion drilling fluid, oil- base mud W/O 

Asphalt emulsion O N  

Enhanced oil recovery in situ emulsions OW 

The natural tendency of most immiscible watedoil mixtures is to form two separate liquid 

phases. Therefore, to create an emulsion, the oil and water must be agitated with dc i en t  

energy to disperse one phase in the other. The greater the energy, the smaller the drop size 

of the dispersed phase. 

Water-oil mixtures tend to form separate phases because an oil-water M a c e  carriers 

excess energy. The energy arises because oil and water molecules an brought into contact 
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at the interface and are no longer surrounded by like molecules. The energy is manifiested 

as an interfacial tension which is a 2D analogue of pressure. An oil-water mixture tends to 

minimire the energy by minimidng its internal area. First, the dispersed phase droplets 

have spherical form and second, the droplets tend to coalesce into larger droplets 

eventually lead'ing to complete phase separation. In order to maintain an emulsion a third 

agent is required that adsorbs on the intedhce and prevents coalescence. Such agents are 

known as emulsifiers. 

In summary, three conditions are necewuy for the formation of the either of the emulsion 

types: 

1. The presence oftwo immiscible or mutually inso1uble liquids 

2. The introduction of agitation sutFicient to disperse one liquid in the other 

3. The presence of an emulsification agent 

23.2 EmulsiQhg Agents 

Emulsifiers are compounds, which adsorb on the interface where they reduce interfhial 

tension and may form a viscous layer. Both layer formation and reduced interfacial tension 

increase emulsion stabiity. 

Solid particles, such as silica, clay and wax, can act as emulsifiers. They adsorb on the 

i n t d c e  and create a structural barrier. Their presence at the i n t d c e  also prevents the 

thinning of the liquid film between droplets. Both e&as prevent drops fiom hsing 

tog*. In the petroleum industry so l ids-s tabi i  emulsions are often encountered 
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during separation of oil from wastewater, separation of fines from shale oil, and during the 

extraction of bitumen fiom oil sands (Sanford, 1983; Menon et al., 1985). 

The ability of solids to stabilize emulsions has been known for a long the .  Pickering 

(1907) and Briggs (1921) found that for solids to act as anulsifiling agents, solid particles 

must collect at the intedhce and they must be wetted by both the oil and water phases (i-e., 

both phases have a strong afbity for marcirnidng intdcial contact with the solid). This 

condition implies that the solid must have a contact angle in the region of 90" at the three 

phase (oil / water I solid) contact line. The strength of aftinity to one of the phases 

determines the type of emulsion. For example, a water-iwil emulsion forms when the 

particle has more sty to oil. Here, the particles on the interface will reside mostly in 

the oil and will form a steric barrier on the sudhce of water droplets. Hence, water droplets 

are stabilized. 

in order to collect on the interface, the particles also must be very small relative to the 

droplet size of the emulsified phase (the particle should be at least 100 times less then 

diameter of emulsion droplet (Kitchner et al., 1968)). When particles are small the radius 

of mature of the meniscus between the particles is small, and the force of attraction 

between particles is large. That is, the smaller particIes form a more coherent film on the 

interface, which increases emulsion stability. 

The most commonly known emulsifiers are surfbctants. A surfactant molecule consists of 

two parts each havine an mty to a difZbrent phase. Most SUrfsctants contain polar 
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hydrophilic groups or @headsH, and hydrophobic non-polar organic "tails", containing 10 or 

more carbon atoms. The polar head groups of the swfkctant molecule may be either ionic 

or nonionic in nature. The most commonly known nonionic groups are polyoxyetethylene 

moieties, -(C2240k, where x ranges fkom 3 to 20. Iomc groups may be either cationic 

(i.e. quatenmy ammonium groups -NH33, anionic (i.e. sulfate -SO*; d o n a t e  -Sa0, and 

doxylate 4029, or zwitterionic, where both positively and negatively charged groups 

are present (Hiemenz and Rajagopalan, 1997). S w f i s  adsorb on an waterloil interfhce 

in such a way that the polar groups are incorporated into the water while the hydrocarbon 

part of the molecule is oriented away fkom the water. 

For water-in-oil emulsions, a surfhctant with a large tail (for example a polymer surfactant) 

can form a physical or stenc barrier on the i n t d c e  and stabilize the emulsion. When the 

surfactant covered water droplets approach each other, the outennost layer begin to 

overlap. The easuing repulsion forces prevent droplets approaching close enough to 

coalesce. 

For oil-in-water emulsions, surfactants stabilize emulsions by means of a charge 

stabilization mechanism. In a high dielectric medium, such as water, the surface of oil 

droplets becomes charged due to the presence of adsorbed surfirctants with various ionic 

groups on their interface. The droplets attract the counter-ions &om the water medium, but 

those of the same charge (co-ions) are repelled. The charged s d t c e  plus the neutraliziag 

shell consisting of the excess counter-ions is lmown as the electrical double layer. The 

counterion shell may be quite diffuse depending on the influence of the electrical forces 
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and t h d  motion. Therefore, the droplets may act as charged spheres at finite separation 

distances. The overlap of the electrical double layers causes an electrostatic repulsive force 

between the droplets. If the force is strong enough it will prevent droplets &om 

approaching each other and coalescing. 

2.2.3 Emulsion Stability and Destabilization 

Most emulsions are not thermodynamically stable because increasing the interfacial area 

between two liquid phases increases the system f k e  energy. As mentioned previously, an 

emulsion tends to rninirnize its free energy by mhimhg its interfircial area through 

coalescence of the dispersed droplets. However, if emulsifiers are present, the emulsion 

may exhibit an apparent stability. An emulsion is deemed stable when the number, spatial 

arrangement and size distribution of droplets in the emulsion are not changing within the 

given time interval. If an emulsion is unstable, rearrangements of droplets occur and the 

emulsion may separate into two bulk liquids. 

Stability of emulsions is a relative concept. Depending on the particular emulsions, the 

time interval at which emulsion remains stable can vary from a few seconds to years. In 

diffent processes there are Merent specifications for stability. In the case of cosmetic 

and food emulsions, it is beneficial for the producer that the emulaed system retains high 

stabiity. In the petroleum industry, emulsion stabiity may or may not be desired. 

Edsion stability is affected by many fkctors, such as the properties of initial phases, drop 

size, temperature, mount and nature of emulsifier. A desired stabiity of an emulsion may 

be achieved by varying these factors. 
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If an emulsion is not treated, a certain mount of water will separate &om the oil by natural 

processes of emulsion destabilization: creaming or sedimentation, flocculation, coalescence 

and Ostwald ripening. These proasses clffect emulsions in different ways. Creaming and 

flocculation do not change the drop size distribution, but change the spatial arrangements 

within it, while coalescence and Ostwald ripening cause a change in the size distribution of 

the droplets, but may not a&Et the spatial arrangements. Each process is described below. 

Destabilization of an emulsion due to flocculation, coalescence and creaming is determined 

by the shape of the interaction energy potential m e  presented in Figure 2.1. This 

particular example indicates the short-range interactions between emulsion droplets that are 

described by the DLVO theory of colloidal stability. In this theory, developed by 

Dexjaguin, Landau, Verwey, and Overbeek, the total energy of interaction is the sum of the 

London-van der Waals attractive energy and electrical double layer repulsive energy 

between particles. The total energy of the interaction forces in Figure 2.1 is characterized 

by the existence of a maximum and a primary minimum at close separation distances, as 

well as a secondary minimum at large separation distances. The murimurn represents the 

repulsive energy barrier to coalescence. The primary and the secondary minima represent 

the separation distances where droplets are able to flocculate. 

Creaminn 1 Sedimentation 

Under the influence of gravity, separation occurs when there is a difference between the 

density of the dispersed and the continuous phases. In case of WlO emulsion, if the density 



DROPLET SEPARATIW - 

Figure 2.1 Potential energy curve between two droplets showing van der 
Waals and electrostatic potentials (Robins et al., 1998) 
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of water is greater, droplets of water sink through the medium . This process is known as 

In OMT emulsions the equivalent rise of oil drops is known as creaming. 

Creaming and sedimentation are reversible processes and the initial emulsion condition can 

be reestablished by applying gentle agitation of the mixture. Creamhglsedimentation bring 

droplets into closer contact and can be an important step in breaking emulsions. 

Creaming/sedimentation wiil occur in all emulsion systems except those with very dfise 

double layer where electrostatic repulsion dominates. 

Flocculation 

Flocculation is the process where droplets form aggregates without the rupture of the 

s t a b i i g  layer on the water/oil intafhce. The formation of aggregates leads to enhanced 

creaming, since droplets rise fhster as the effective radius increases. Aocculation can 

either be a reversible process, d g  in the secondary nbimum of interadion energy 

profile (Figure 2.1), or an irreversible process, occurring at the primary minimum. 

Flocculation is enhanced in polydispene systems since the difference in moving speed of 

larger and smaller drops increases the probability of aggregation 

Coalescence 

Creamed or flocculated droplets may undergo coalescence - the process in which two or 

more droplets fuse and form a single larger droplet. Coalescence changes the drop size 

distribution and ultimately leads to complete phase separation. The probabiity of two 

approaching droplets coalescing is detemined by the behavior of the thin film trapped 

between the two droplets. When the film has thinned to some critid thickness, it ruptures 
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and the droplets coalesce. There are many f ao r s  affkcthg film thinning and rupture, such 

as the density and viscosity of the liquid phases, the droplet size, the concentration and type 

of the emulsifying agent, and the forces acting on the i n t d c e  (Menon and Wasan, 1985). 

Coalescence is the most important -or in treating crude oil emulsions. 

Ostwald R i d s  

Any droplet in an emulsion may undergo Ostwald ripening. The ripening involves mass 

transfer between droplets of diffaent curvature through their su~ound'ig continuous 

medium. The concentration of the dispersed phase material at the surface of a drop is 

inversely proportional to the radius of the curvature. Hence large droplets have less surtace 

concentration in comparison with small droplets. Mass transfer occurs along the 

concentration gradient &om s d  droplets to large droplets. That is, small droplets shrink 

and eventually disappear while large droplets increase in size. This process leads to a 

change in the drop size distribution. However, it is a very slow process and can be 

neglected in most practical applications. 

2.2.4 Emubion Treatment Methods 

Methods of emulsion breaking are designed to facilitate drop coalescence and usually 

creaming/sedimentation as well. This is achieved by combination of physical 

(gravitational, thertnal and electrical) and chemical methods. 

Many emulsion treatments involve heating. Heating has several effects that increase 

coalescence. It reduces the viscosity of the oil. This allows a water droplet to settle more 
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rapidly and enhances thinning between colliding droplets. Heating also increases the 

droplets' molecular movement and intensities their collisions. Heating can also enhance 

the action of demulsifiers, causing them to work more efliciently. However, the drawback 

of the method is the high cost of heating up liquid phases. It can also cause a significant 

loss of lower-bo'ig point hydrocarbons. The remaining oil has lower API gravity, which 

in turn leads to lower value of the oil. 

Electrostatic methods of emulsion treatment are only used for water-in-oil emulsions. An 

applied electrical field causes the water droplets to become polarized and align themselves 

with the lines of electric force. This alignment places the positive and negative poles of the 

droplets in close proximity to each other. The induced dipole creates an attractive force 

drawing the droplets together. The electric field also distorts and thus weakens the 

inteficial tilm probably by reorienting the polar surtactant molecules. The induced 

attractive force and weakened film enhance coalescence. 

The action of chemical dernulsifias is based on counteracting or displacing emulsion 

stabilizers. For demulsifiers to work they must reach the owwater interface, migrate to the 

protective tilrn surrounded the emulsiiied droplets, and displace or minimize the effect of 

the nrmlsifjhg agent at the intaface. This leads to the coalescence. Chemical emulsion 

breakers are usually specific for each particular site or type of crude oil. Since the number 

of indigenous emulsifiers in crude oils is huge, the number of demulsifier combinations is 

also numerous. Most daaulsifiers used in breaking crude oil emulsions are blends of the 

following types of compounds: polyglycols and polyglycol esters, low-molecular and high- 



molecular resin derivatives, sulfonates, polymerhed oils and esters, allcanolamine 

condensates, oxyrtrylated phenols, and polyamine derivatives (Grace,1992). These 

variations in chemical properties provide a wide range of demulsifier actions. However, 

the mixing of various demdsifiers should be done with can to ensure compatibility of its 

ingredients with each other. An incompatible combination may cause the opposite e f f i  

and increase emulsion stability. 

In general, emulsion breaking processes combine the metbods described above in three 

main stages. F i i  an emulsion is destabilized by applying heat or various chemicals to 

weaken the interfkial 6lm surrounded the water droplets. Second, an application of 

moderate agitation or an electrical field intensifies the contact rate of the dispersed 

droplets. This increases coalescence and leads to the formation of larger droplets. Third, 

the coalesced droplets are separated &om the continuous phase by providing sufficient 

settling time and arranging a flow pattern that induces settling. 

The treatment of "chocolate mousse" water-in-oil emulsions formed during oil spills 

requires the initial mechanical skimming of the mousse using specially designed skimmers. 

The skimmed emulsions are than treated in a similar way as other crude oil emulsions, 

particularly by applying chemicals and/or heating. 

In petroleum production, diffamt environments, varieties of crude-oil types and 

emulsions, make each emulsion breaking procssll unique. However, chemical 

demulsification is the most widely applied method of treating crude-oil emulsions. This 
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treatment method is attractive for oil producers for rnany reasons. Chemical application is 

easy and reasonably inexpensive. Demulsifiers can even be added prior to emulsification 

in order to inhibit emulsion formation. Chemical additives minimize the use of heat and 

reduce settling time. They provide a flexible method of emulsion resolution, since the 

additives can be easily adjusted to changes in emulsion or crude oil characteristics. The 

cost-effectiveness of chemical methods for emulsion braking depends on proper chemical 

selection and application Nonetheless, most chemical treatments are designed based on 

experience because no methods are available to predict emulsifier performance a priori. 

The optimization of chemical treatment requires a proper understanding of not only of 

demulsifiers but also of the properties of the naturally occurring emulsitiers that stabilize 

the emulsions in the first place. 

2.3 CRUDE OIL COMPOSITION 

2.3.1 Clrrssirication of Petroleum Fractions 

It is well known that crude oil is one of the most complex mixtures of organic compounds. 

Its composition can vary significantly based on its reservoit's place of origin, age and depth 

(Speight, 1991). Crude oils mainly consist of carbon and hydrogen although there are 

some heteroatom present, such as oxygen, s u b  and nitrogen, as well as structures with 

incorporated metallic molecules such as vanadium, nickel and iron. There is a wide 

variation in physical properties fiom the lighter oils to the bitumens. For this reason 

several classification systems of petroleum were proposed b a d  on diffaeat criteria: 

density (specific gravity or API gravity), viscosity, boiling cut, WC ratio, heteroatom 

content, and solubiity class. 
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The classification of interest here is the solubility class. The most commonly used 

solubility classes are saturates, aromatics, resins and asphaltenes. The method of dividing 

crude oil into these four classes is called SARA hctiomtion, based on the first letters in 

the name of the classes. SARA fhctionation is illustrated in Figure 2.2. 

In the first step, the crude oil is deasphelted by mixing 40:l volume ratio of pentane to 

bitumen. The precipitated fraction of the bitumen is the asphaltenes. At the next step, the 

deasphalted oil is separated into saturates, aromatics and resins using clay-gel adsorption 

chromatography. In this method, resins adsorb on Attapulgus clay, aromatics adsorb on 

silica gel, and saturates elute directly. The aromatics and resins are then removed using a 

mixture of solvents of equal volume d o ,  i.e. toluene/pentane and toluene/acetone 

respectively. The SARA analysis of typical Alberta oil sand bitumens is shown in Table 

2.2 A more detailed description of the SARA hcti011~tion method is given in the 

Chapter 3. 

Table 2.2 SARA Fractionation of Alberta Oil Sands Bitumens (Ptramanu et a, 1998) 

Athabwca Cold Lakt 

Aspbdtents (wt %) 17.28 15.25 

Resins (wt 96) 25.75 24.8 1 

Aromatics (wt 96) 39.7 39.2 

Saturates (wt 5%) 17.27 20.74 
I 



40 volumes n-Heptane / n-Pentane 
Fiiter 

Precipitate Deasphalted oil 

Silica Gel 

n-Pentane + Toluene Acetone +Toluene 

Attapulgus Clay 
n-Pentane 

Figure 2.2 Schematic of SARA hctionation of crude oils 



As SARA hctions are solubility classes and are separated by their physical behavior 

rather than their chemical nature, each of the hctioons consists of thousands of molecular 

species with various properties and chemical structures. Nonetheless, each class contains 

characteristic types of molecular species. 

The composition and structure of the saturate and aromatic Mans of crude oils are well 

defined in comparison with asphaltenes and resins, due to their relative simplicity. The 

saturates consist mostly of alkyl cyclodkanes ranging from one to five rings (Strausz, 

1989). In Alberta and Cold Lake bitumen the di- and tricyclic compounds are 

predominant. The aromatic M o n  consists of homologues of mono, di- and tri-nuclear 

aromatic series. The sulfur compounds are represented by benzo-, dibenzo-, 

naphtobenzothiophenes and alycyclic sulfides. Nitrogen compounds are present in the 

form of carbamles, benzolquinolines and their higher aromatic derivatives. Since the 

research is concerned with aspbltenes and resins, their chemistry is reviewed in more 

detail. 

29.2 Asphaltenes 

Asphaltenes are dark brown to black amorphous powders, have a specific gravity just 

above unity, and molar masses of 1OOO to 10,000 dm01 (Speight, 1994). They are the most 

aromatic and highest molar maps -on of oil. It is believed that asphaltenes strongly 

influence some physical properties of petroleum, especially s m c  gravity and viscosity. 



2.3 -2.1 As~haltene Elemental Composition 

The elemental composition of asphaltene molecules is quite well determined. Summarized 

data on asphaltenes from crudes of different origin shows that the variation in the elemental 

composition born one oil to another is not significant (Table 2.3). For example, as was 

reported by Moschopedis and Speight (19761, the W C  ratios of asphaltenes are usually in 

the range of 1.15 * 0.05 %. The constancy of this ratio has led to a general belief that 

asphaltenes do have a characteristic chemical composition and structure, which may pennit 

a more meaningful description than that ofjust a solubility class. The nitrogen content is 

also somewhat similar (0.6 S3.3 96). The most variations are seen in oxygen content 

(0.3% 4.9 %) and sulfUr content (0.3 '96-10.3 %). This may be due to reactions between 

petroleum and oxygen or s u b  (and sulfk-containing materials) present in crude oil 

(Speight, 1994). Asphaltenes also contain metals, including nickel, vanadium and iron. 

2.3.2.2 As~haltene Molecular Structure 

Although the elemental composition of asphaltenes is quite well determined none of the 

molecules fiom the asphaltme hction have been positively identified. There is still no 

single view regarding the structural characteristics of these compounds. However, certain 

generalities have been noted tiom available analytical data. 

The information obtained by use of hfhd and nuclear magnetic resonance spectroscopic 

techniques (Speight et al., 1972; Yen, 1979; Strausz, 1989) indicated that asphaltenes 

contain condensed aromatic rings with short aliphatic satwated side chains and polar 

heteroatoms, such as oxygen, nitrogen, and s u b  distributed in various locations. The 
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condensed aromatic ring systems may contain about 6 rings or can be much larger and 

comprise up to 20 rings. 

Table 2.3 Ekmentd Composition of Various n-Ptntrne and n-Heptane Precipitated 
Aspbdtenes (Speight, 1991) 

Investigation of fimctional groups and the location of heteroatoms in asphaltenes was 

mainly done by mass and nuclear-magnic resonance spectrometay. Oxygen has been 

identified in various fbnctional groups, such as hydroxyl in phenols, alcohols and 

carboxylic acids, carbonyl in esters, ketones, and in form of ethers in heterocycles 

Cwbon (wt %) 

Hydrogen (wt %) 

Nittogen (wt %) 

Owl- (wt yo) 

Sdhr (nt .A) 

H/C Ratio 

NIC Ratio 

OIC Ratio 

S/C Ratio 

Canada Irrrn Kuwait 

n-pent 

79.5 

8 -0 

1.2 

3.8 

7.5 

1.21 

0.013 

0.036 

0.035 

n-pent 

83.8 

7.5 

1.4 

2.3 

5.0 

1.07 

0.014 

0.021 

0.022 

rr-pent 

82.4 

7.9 

0.9 

1.4 

7.4 

1.14 

0.009 

0.014 

0.034 

n-bcpt 

78.4 

7.6 

1.4 

4.6 

8.0 

1.16 

0.015 

0.044 

0.038 

n-hept 

84.2 

7.0 

1.6 

1.4 

5.8 

1.00 

0.016 

0.012 

0.026 

a-hept 

82.0 

7.3 

1 .O 

1.9 

7.8 

1.07 

0.010 

0.017 

0.036 
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(Bestougeff and Byramjee, 1994; Moschopedis and Speight, 1976). Data on Athabasca 

asphaltenes indicated that h u t  75 % of the oxygen is concentrated in the hydroxyt 

hctional group (BestougH and Byramjee, 1994). 

Moschpedis and Speight (1976) suggested that nitrogen occurs in carbowles and amides. 

A small amount of nitrogen is present in porphyrin complexes. Sulfiv is present as part of 

heterocycles, such as benzothiophenes, and naphthene bawthiophenes. S u b  may dso 

o c w  in other forms such as allql-alkyl d d e s ,  alkyl-aryl sulfides and uyl-aryl sulfides 

(Yen, 1974). It has been shown that majority of metal atoms (especially nickel and 

v d u m )  are included in petroporphyrins (Yen, 1974; Strausq 1989). However, it is still 

unknown ifthe porphyrins are an integral part of the asphdtene structure (Speight, 1991). 

Based on the determined pdyaromatic structures and bctional groups which exist in 

asphaltene molecules, some researches have attempted to create an "average molecular 

structuren and assign specific molecular configurations to asphaltene constituents (Strausz 

et al., 1989, 1992; Murgich et d., 1999). An example of the hypothetical representations of 

an asphaltens m o l d e  is shown in Figure 2.3. However, the complexity of this petroleum 

fiaction makes the determination of a suitable molecular model a very di£Eicult task. There 

is no guarantee that the model is a true representation of an asphaltene molecule. Hence 

molecular models have limited sigdicance for understand'ig the chemical nature of 

asphaltenes. They can also be misleading, especially when thae is uncertainty in molar 

mass data (Stonn et al., 1994; Speight, 1994). 



Figure 2.3 Hypothetical representation of an average asphaltene molecule 
(Strausz et al., 1992) 
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2.3 -2.3 Asbhaltene Molar Mass 

Speight and co-workers (1985) published an overview of the numerous techniques used for 

asphaltene molar mass determination. They reported tht  different analytical techniques 

display a discrepancy in measured molar mass of over two orden of magnitude (fiom 600 

to 300,000 glmol) as shown in Table 2.4. There are several reasons for this huge variation. 

Since the asphaitme system is polydispersed, Merent d y t i c a l  techniques give a 

Merent average molar mass, (e.g. mass average versus number average molar mass). 

Another source of discrepancy is the variation in the conditions of the experiments. 

Molar mass measurements &om solution techniques like vapow pressure osmometry 

(VPO) indicate that the asphaltene molar mass depends on solvent, temperature and 

asphaltene concentration (Moschopedis and Speight, 1976). These observations indicate 

that asphaltenes have some form of the association in many solvents, especially at high 

asphaltene concentrations and low temperatures. 

The difference in molar masses obtained by using different techniques, solvents and 

temperature indicates that the carefbl choice of experimental conditions and methods are 

extremely important in obtaining meaningfbl results. Vapour pressure osmometry (VPO) 

and gel-permeation chromatography (GPC) are the two most wmmonly used methods 

nowadays. However some research indicates that plynuclear aromatic structures of 

asphaltenes cause them to adsorb on polysterene gel, which makes GPC invalid wehe a 

el.. 19%). Furthermore, GPC needs calibration since molar mass is usually obtained in 

polystyrene molar mass equivalents. Most researchers accept VPO to be the most accurate 
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method when a good solvent, such nitrobenzene or dichlorobewne is used (Moschopedis 

and Speight, 1976; Wiehe et at., 19%). 

Table 2.4 Average M o b  Mms of Aspbdtents from Several Cmda Determined by 
Diffemnt Experimental Methods (Moscboptdir and Speigbt, 1976) 

Method Molar Mass (g/mol) 
I 

Ultracentdbgation 20,000 - 30,000 

Osmotic pressure 20,000 - 80,000 

Ultratiltration 80,000 - 140,000 

Boiling point elevation 2,500 - 4, 000 

Freezing point depression 600-6000 

Vapour pressure osmometry 1,000 - 8,000 

Viscosity 900-2,000 

X-ray DifEaction 40, 000 

It has been concluded that the measured molar mass &om l0,OOO to 100,000 dm01 or more 

is the measured molar mass of asphaltene aggregates rather than molecufes. Strausz (1989) 

reported the average molar mass, measured by VPO for Athabasca asphaltenes is -3600 

glmol. It is considered now that the molar masses of asphaltene molecules ranges from 

lo00 to l0,OOO dm01 (Speight, 1994). 

2.3.3 Resins 

The content of resins in crude oils ranges &om 240 wt %. Koots and Speight (1975) 

observed that the resin content of a aude oil is higher but proportional to the asphaltene 
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concentration. Crude oils with a small amount or no asphaltenes have a lower 

concentration of resins than those with larger amount of asphaltenes. 

Resins are dark brown or black, semi-solid, very adhesive materials, have a specific gravity 

near unity, and molar mass ranging firom 500 to 2000 glmol. The molecular species within 

the resins are similar to those in the aromatics. However resins species have higher molar 

mass, greater polarity, lower WC ratio, and higher heteroatom content than the aromatics. 

In &ct, aromatics, resins and asphaltenes can be considered as a continuum of molecular 

species where molar mass, polarity and heteroatom content increase f?om aromatics to 

resins to asphaltenes. 

2.3.3.1 Resin Elemental C o r n w o n  

The resin fiaction consists of carbon (85 3 wt %), hydrogen (10.5 * 1 wt %), oxygen (1.0 

0.2 wt %), and nitrogen (0.5 r 0.15 wt %). The content of these elements in resins of 

various crudes varies over a narrow range. The widest range is obsecved in sulfur content 

(0.4 to 5.1 wt %) (Speight, 1991). In general, the heteroatom content of resins is less than 

that of asphaltenes (Koots and Speight, 1976). The elemental composition of petroleum 

resins &om various crude oil is shown in Table 2.5. 

Resins have a much higher W C  ratio than asphaltenes, which indicates that they are less 

aromatic than asphaltenes. Aspbaltenes are presumed to be a maturation products of resins; 

in the maturation process the cyclic portion of resin molecules undergoes aromatization 

(Speight, 1991). 
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Table 2.5 Elemental Composition of Petmleum Resin8 (Speight, 1991) 

Canada Iraq Italy Kuwait USA 
I 

Carbon (wt 94) 86.1 80.4 79.8 83.1 85.1 

Hydrogen (wt %) 11.9 10.7 9.7 10.2 9.0 

Osygen (wt %) 1.1 2.4 7.2 0.6 0.7 

Nitrogen (wt 0.5 0.7 trace 0.5 0.2 

Sulfur (wt 96) 0.4 5.8 3.3 5 -6 5.0 

E/C Ratio 1.66 1.59 1.46 1.47 1.27 

O/C Ratio 0.009 0.022 0.067 0.005 0.006 

N/C Ratio 0.005 0.007 - 0.005 0.002 

S/C Ratio 0.002 0.027 0.030 0.025 0.022 . 

2.3.3 -2 Resin Molecular Structure and Molar Mass 

Structural studies of resin molecules have not been as intensive as they have been for 

asphaltenes. Originally resins were presented either as long parafbic chain molecules 

with naphthenic rings in the center, or as condensed aromatic and naphthenic ring systems 

with heteroatoms scattered in diffkrent locations (Speight, 1991) (Figure 2.4). Now it is 

generally believed that resin molecules are composed of a highly polar end group, which 

may incorporate oxygen, wrldrr or nitrogen, and a long non-polar padinic group 

(Hammami et al., 1998). Nitrogen is present in resins in the form of pyrrole and indole 

groups. Infhred spectroscopic data dso indicated the presence of ester, ketone and acid 

hctional groups. Sulfur is present in form of cyclic sulfides. 



Figure 2.4 Hypothetical representation of an average resin molecule 
(Speight, 199 1 ) 
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Magnetic resonance data indicated that resins m o l d e s  are much smaller than asphaltenes 

(Speight, 1991). Furthermore the determined molar mass of the resins hction is lower 

than that of the asphahenes. The comparison of literature data demonstrates that resin 

molar mass does not appear to vary with method or experimental conditions. It is likely 

that the molar masses of resins daerrnined by Merent methods can be considered as a true 

molar masses (Speight, 1991). The molar masses of resins derived fiom different crude 

oils are present in Table 2.6. 

Table 2.6 Average M o b  Mass of Resins fmm Several Crudes (Speight, 1991; 
Peramam et d., 1-8) 

Source Molu Mass (g/mol) 

Canada - Athabasca (Pertmanu et al., 1998) 947 

Canada - Cold Lake (Permunu et al.. 1998) 825 

Iraq (Sitwight, 1991) 791 

Italy (Spight, 1991) 812 

United States (Spight, 1991) 845 

Kuwait might ,  1991) 860 

2.3.4 Asphaltenu and Resins as SurCace-Active Materials 

As was indicated above both asphaltene and resins molecules have various oxygen, suhr, 

and nitrogen functional groups as well as aromatic structures with long aliphatic side 
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chains. These firactional groups are hydrophilic and the hydrocarbon structure is 

hydrophobic. This resembles the molecular structure of mrhctants, d e s c r i i  earlier. This 

similarity in structure leads to the assumption that asphsltenes and resins are surface-active. 

To date, there are only few published studies on the intdcial properties of resins with 

respect to the water/oil interhce. However, Murzakov et al. (1980), and Layrisse et al. 

(1984) proposed that due to the presence of heteroatom hctional groups, especially acid 

groups, resins are surfhce-active compounds. 

Asphaltene surface activity has been investigated more inteosively. An important step in 

this research was the separation of asphaltenes according to their chemical hctions, i.e. on 

acidic, basic, amphoteric and neutral compounds. Asphaltenes were separated into these 

subfiactions by cation and anion resin chromatography (Kisilew, 1979), and silica gel 

chromatography (Radajak et a!., 1979). The presence of non-neutral molecules is 

indicates that asphaltenes are likely to be swfkce active. 

Asphaltene surface activity is clearly demonstrated by reduction in interfacial tension with 

an increase in asphaltene content (Rogacheva et al., 1980; Khulbe et al., 1988; Sheu et al., 

1995; Marques et al., 1997; Yarranton, 1997). Acevedo et al. (1992, 1995) and Sheu and 

Shields (1995) obsaved that the reduction in interfhcial tension of asphaltenes disso1ved in 

toluene over water is highest at high and low pH. This indicates that both acidic and basic 

groups participate in the interaction on the interfhce. Surface activity of asphaltenes was 

also conhned by adsorption of asphaltenes on hydrophilic swfkes ( G o d e z  et al.. 
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1994). Interestingly, that the auve of IFT of asphaltenes dissolved in toluene versus pH 

parallels to that of aude oils (Acevedo a al., 1992). This leads to conclusion that 

asphaltenes are the key surface-active materials in aude oils. 

2.3.5 Asphdtene and Rain Association 

The behavior of asphaltene and resins in crude oil and various soluti011~ is the most 

intriguing issue in asphaltene research at present. Many researchers believe that 

asphaltenes are able to seEassmiate, based largely on molar mass measurements, as was 

mentioned previously. However, there is no common opinion on the nature of the 

association. The proposed models fall into two major categories: cdloidal models and 

thermodynamic molecular models. The first group considers asphaltene associates to be 

colloid particles dispersed in the oil medium by resins, which surround the asphaltene 

molecules. The second approach treats asphaltenes as solvated, macromolecular solutes 

and regards the resins parts as an independent component of the solvent medium. 

2.3.5.1 Colloidal Models 

The &st model of asphaltene aggregation was proposed more than half a century ago by 

Dutch scientists Nellensteyen (1938), and Heiffix and Saul (1939). According to their 

theory asphaltenes are solvated in the oil by non-asphaltenic molecules (usually resins) and 

form "micdksn, or more properly colloids pigwe 2.5). Resins, acting as peptizing agents, 

maintain the asphaltenes in a crude oil in a colloidal dispersion as opposed to a solution. 



7- 
Aromatics Saturates 

Figure 2.5 PfeBer-Saal model of an asphaltene-resin complex 
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Dickie and Yen (1967) postulated that asphaltenes are present in the center of rnicelles as 

clusters rather than as single molecules. Their model is based on X-ray a c t i o n  data of 

solid asphaltenes. They suggested that aspbaltene colloids are the aggregation of stacks of 

polycyclic aromatic compounds. The elementary unit of the stack is disk-like particle with 

a flat central part composed fiom firsed aromatic rings, and periphery made up of naphtenic 

rings and aliphatic chains. On average, five particles are held together by x- r bonds. Lin 

et al. (1991) later proposed that polycyclic aromatic cores are comected by sulfide, ether, 

aliphatic and naphtenic linkages. Yen (1974) reported that interplanar and aliphatic 

spacing were equal to 0.35 and 0.5 mn respectively (Figure 2.6). Later X-ray dmaction 

experiments by SBert (1984) indicated the similar lattice spacing between asphaltene 

molecules. 

The size and shape of asphaltic clusters were also studied by small angle X-ray scattering 

(Stonn et al., 1991; Henog a al.; 1988; Kim and Long, 1977; Sirota, 1998) and small 

angle neutron scattering techniques (Sheu a d., 1995; Overfield et al., 1989; Ravey et al., 

1988). The proposed structure of asphaltene d o i d s  based on these studies is 

contradictory. Herzog et al. (1988) presented evidence that asphaltenes in benzene exist as 

discs-like macromolecules of about 0.34 nm in thickness and radii in the range of 1.3-80 

nm. Similar results were obtained by Acevedo and co-workers (1995) using gel- 

permeation chromatography. Ravey et d. (1988) obsewed a discotic shape for asphaltene 

aggregates with radii in the internal 0.6-80 nm and thickness of about 0.6-0.8 mn. Reerink 

(1973) using viscosity and electron microscopy measurements proposed a flat ellipsoidal 

shape of asphaltene aggregates, while Ovedield et al. (1989) proposed rod-like particles. 
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Sheu et al. (1991), and Storm et al. (1991) observed spherical or disk-like asphaltene 

aggregates in solution with radii of 5 nm. 

The role of resins in asphaltene aggregation is controversial. In the colloidal model, the 

presence of resins is necessary for the dispersion of asphaltenes. Moreover, some 

researchers indicate that resins of one crude oil do not contribute to the solubility of the 

asphaltenes fiom another crude oil. This may occur because the resins have selectivity for 

some adsorption sites on the asphaltene molecules (Kmts and Speight 1976; Murgich et al. 

1999). However, Sheu et al. (1992). observed that asphaltenes alone were able to form 

stable aggregates in organic solution without presence of resins. Hence, the presence of 

resins is not necessary for asphaltenes to fonn dispersed aggregates. 

The mechanism of asphaltene-asphaltene and asphaltenaresins molecular aggregation is 

still poorly understood. Few interaction mechanisms have been proposed. It has b a n  

suggested that asphaltene stacking is caused by rr-z interactions between delocalized 

electrons in t'sed aromatic ring core (Diclrie and Yen 1967). Hydrogen bonding is another 

mechanism of asphaltene self-association that has also been proposed as an important mode 

in asphaltenes-resins interactions (Strausz 1989). In this mechanism, the association 

occurs due to donor-acceptor interaction with phenolic or alcoholic OH and carbozole or 

porphyrins NH groups acting as hydrogen donors, and basic nitrogen and aromatic rings 

acting as hydrogen acceptors. Another mechanism could be metal-electron interactions 

between heavy metal ions such as vanaciium and nickel and electron pairs in pyrrolic or 

potphyrin fimctional groups. 
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Figure 2.6 Dickie-Yen model of an asphaltene colloid 
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As opposed to the model of Yen, Speight proposed that asphaltenes exist in petroleum 

micelles not as stacks of molecules, but rather as single asphrltene molecules mounded 

by resins. Intdcial tension measurements indicate a change in the slope of the interfkcial 

tension on a plot of interfacial tension vs. aspbaltene concentration (Speight 1991; Sheu et 

al. 1992). This can be evidence of the association of asphsttenes into true surfactants-like 

micelles. Andersen and Birdi (1991) suggested that asphaltems form reversed micelles, 

with polar moieties associated in the aater of micelle, surrounded by the nonpolar parts of 

the same molecule. Thy determined the endothermic heat of demicellization of asphaltene 

micelles. 

2.3.5 -2 Thennodynmnic Molecular Modd 

Hirschberg et al. (1984) proposed an alternative model in which asphaltenes are seen as a 

single lumped fiaction of the oil. In this model the asphaltene monomer corresponds to the 

asphaltene sheet defined by Yen. Asphdtene phase separation is modeled in the same way 

as other hydrocarbon phase separations usually using equation of state or regular solution 

theory. Hirschberg et al. (1984) later expanded his theory proposing that the "purew 

asphaltenes aggregate by a linear "polymerization" process. In the crude oil the 

polymerization is redud by the asphaltene-resin association. 

To date, there is iasufficient evidena to prove or discount any of the proposed models. It 

is still not clear in which form asphaltenes and resins are present in solution. Some models 

incorporate ideas of both thermodynantic and colloidal models. Kawanka et al. (1988) 

suggested that it may be possible that asphaltenes are present in crude oil partly as 
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dissolved molecules and partly as asphaltene clusters, suspended by resin molecules 

adsorbed onto the asphaltene surface. This hypothesis is supported by the observed wide 

range of asphaltene sizes. 

2.4 CRUDE OIL EMULSION STUDIES 

2.4.1 HistoricaJ Overview 

Oil producers first became interested in crude oil emulsions around ninety years ago 

(Cottrell 191 1). At the time, oil exploration progressed from eastern Pennsylvania fields to 

the western regions of the United States, which produced heavier crude oil, and emulsion 

formation became a saious problem. At fmt, the emulsified mixture of crude oil and 

water, or as it was called the "cut oil", was considered "a necessary evil" @ow 1926). 

There was no method known for emulsion treatment, and the cut oil was drained into the 

nearby streams. This practice caused severe water pollution and was soon prohibited by 

govenunmt authorities. Consequently, it was decided to bum the cut oil. This method was 

extremely wastefbl since the amount of emulsified oil was quite large (occesionally as high 

as 90 per ant) especially in heavy oil fields. Therefore, oil producers started to seek 

methods for preventing emulsion formation or more efficiently treating the emulsions. 

It was observed that in sump tanks water and oil naturally separated with free oil floating 

on the surface. Some attempts were made to skim the oil firom specially constructed 

sumps; a process called "sunning the oil". Later it was discovered that heating the cut oil in 

the sumps increased the separation of an emulsion. Oil producers also started to use the 
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electric dehydration process invented by Cottrell (l911), and in some cases centrifbging. 

Later, attempts were made to use chemicals in emulsion resolution. Barnickel (1921) 

developed a method., named Tret-0-Lite, which involved the use of a special mbmue of 

chemicals for the dehydration of cut oil. This method was a vast improvement in 

efficiency over other methods of treatment. 

With the implementation of dBerent methods of emulsion treatment, it was observed that 

the emulsions f o n d  fiom oils of different origin had di&rent properties. A treatment 

method that was successfirl for one emulsion was often useless for others. It was found 

that emulsion properties and methods of treatment correlated to the parafEn and naphthene 

content, the AP.1. gravity, the viscosity, and the asphaltic content or carbon residue of the 

oil @ow 1926). 

However, a literature review of crude oil emulsion studies reveals a lot of contradictory 

observations on seemingly similar systems. These discrepancies in many cases result fiom 

the variation of crude oil origin, properties and composition. As a result, there is sti l l  a 

little findmental understanding of crude oil emulsions which would provide oil producers 

with any rneaningfbl information for the optimization of emulsion treatment methods. 

Therefore companies and institutions concerned with crude oil emulsions have carried out 

independent studies of particular emulsion treatment problems. Nonetheless, some 

generally applicable information has been obtained from research on crude oil emulsions, 

much of it focusing on the role of the interfhcial film and asphaltenes in emulsion stability. 
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2.4.2 Investigation o f  the Inttrfacirl Film Formation 

Recent studies of aude oil emulsions fiom the Norwegian Continental Shelf examined the 

diierence in stabiity of emulsions from various aude oils (Johansen et al. 1989). Their 

work indicated that emulsion stability only correlated directly with oil viscosity. It was 

observed that emulsion stability increases with increasing viscosity of crude oil. 

Comparison with other physicochernical properties showed only a weak cornlation with 

emulsion stability. However, a number of other studies indicate that the correlation to 

viscosity is likely an indirect measure of a more relevant property such as the strength of 

the interfiial film. 

Intafacial rheology (Strasner 1968; Graham 1983) and electron micrography (' ley a al. 

1976) measurements revealed the presence of a rigid interfacial film on the oil-water 

interface. It was proposed t h t  this film is a major -or in the stabition of water-in-oil 

emulsions. The formation of the film was attributed to presence of natural emulsion 

stabilizers found in crude oil, such as metal porphyrias (Canevari et al. 1997; Twardus 

1980). waxes (Mackay 1987; Birdie et al. 1980; Graham 1988; Bobra a al. 1992). organic 

acids (Siefert et al. 1969; Acevedo et al. 1999), finely divided sand, clay particles (Menon 

a al. 1988; Yan et el. 1999) and padh ic  solids (Puskas et al. 19%). However, among 

them, asphaltmes, resins, and fine solids have been proposed to play the most important 

role in rigid film formation and emulsion stability. This assumption has been supported by 

numerous studies, as discussed below. 
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2.4.2.1 Effect of Solids on the Interfkcial F i  Formation 

Heavy crude oils are often produced with sdids, such as ashes, silts, clays and other 

mineral particles. Solids are also a problem in the bitumen extraction fiom the oil sands. 

In this process the concentration of solids might be as high as 85%. The ability of solids to 

stabilize emulsions has been known for a long time (Pickering 1907). However, little work 

was done on the role of solids in crude emulsion stabilization. 

A brief review of some research done on this topic can be found in Levine et al. (1985), 

Menon a al. (1988) md Yan et al. (1999). As was described in the previous section, for 

solids to s t a b i i  emulsions, they have to be wetted by both the oil and water phases. The 

wettabiity is determined by the surf& energies at oil-water, water-solid and oil-solid 

interfaces. These surfire energies in turn depend on the presence of surface-active species 

at the interface. Since aspbaltenes are wfhce active, their presence in crude oil might 

affect the adsorption of solids on the interfkce. It was found that in crude oil systems the 

wettability is a strong ftnction of the concentration of adsorbed asphaltenes on the panicles 

(Sanford 1983; Menon et al. 1988). Yan and Masliyah (1994) indicated that fine particles 

with various contact angles can be obtained by adsorbing different amount of asphaltenes 

onto the particle surface. The adsorption of asphaltenes renders initially hydropbilic 

particles hydrophobic to the point where they s t a b i i  water-in4 emulsions. 

The size of solids is also a very important factor in sol id-stabi i  emulsions. As was 

indicated previously, solids have to be very smaU compared with the droplet size. The role 

of solid size in crude oil emulsion stabifition was recently investigated by Yan a al. 
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(1999). In their study of water-in-diluted Athabasco b i i e n  emulsions, they found that 

finely divided solids present in the bitumen greatly increased emulsion stabiity. Particles 

larger than 8 pm did not affect emulsion stabiity. The major role in emulsion stabilization 

was attributed to fine particles less than in 0.5 pm diameter. 

In general, the literature review indicates that there is a little evidence that solids can 

stabilize water-in-oil emulsions independently. However, due to interaction with polar 

surface-active materials present in crude oil, particularly asphaltenes, solids can adsorb on 

the interface and increase emulsion stability. 

2.4.2.2 Effect of Aspbal tenes and Resins on the Interfacial Film Formatio n 

As was described earlier, it was proposed that both asphaltenes and resins are surfacs 

active, can adsorb on the water/oil interface, and may stabilize emulsions. The adsorption 

of asphaltenes on the emulsion interface is also supported by other studies. Measurements 

of interfacial viscalastic properties led Eley a al. (1987) to conclude that the very high 

surface viscosities and elasticities found in crude oil emulsions is a consequence of a three- 

dimensional network of asphaltenes adsorbed at the interfkce. The crap curves were 

found to exhibit dilatancy, with the shape of the curve depend'mg on the concentration of 

asphaltenes at the interface. Mohammed et d. (1 993) obsefved that the viscosity of the oil- 

water interfa= increases with time. They proposed tht the increase in viscosity is due to 

adsorption of higher molar mass species, such as asphaltenes ova a period of hours. 

During this time asphaltenes remange themselves and form more packed structures. This 

increases the rigidity of interfkcid iih. 



However, the form in which asphaltenes and resins adsorb on the watedoil interface is also 

a challenging issue. As was previously discussed, asphsltenes and resins may exist in 

crude oil in three different forms, independent molecules, asphaltme-resins colloids, or true 

@actant-like micelles. The form in which asphaltenes and resins adsorb on the emulsion 

interface depends on the form at which they exist in solution. However, the form in which 

asphaltenes and resins exist in a crude oil is still unknown. Hence the determination of the 

interfacial composition of crude oil emulsion is complicated. 

Many researchers believe that colloidally dispersed asphaltenes will form a more stable 

emulsion than a molecular solution of asphaltenes (Sjoblom a d. 1990; McLean and 

Kilpatrick 1997). Further Eley et al. (1988) determined that asphaltenes stab4ie water-in- 

oil emulsions if they are near or above the point of incipient fIocculation. It has been 

suggested that they collect in the interfice in the form of fine solid particles or asphaltene- 

resin colloids (McLean and Kilpatrick 1997; Acevedo et al. 1992; Oetter et al. 1994). The 

adsorption of these aggregates on the interfbce leads to the formation of a three- 

dimensional cross-linked network and strong interfkcial films. Siffert et al. (1984) believed 

that asphaltene particles are regularly stacked in 1meUar structures, resembling surfactant 

liquid crystals. However, Ylvranton (1997) showed that asphaltenes at low concentrations 

(< 20/0 w/w) can s t a b i i  emulsions as independent molecules. 

In the recent work done by Ese et al. (1998) the influence of Northern Sea, European and 

Venezuelan crude oils aspkltenes and resins on the properties of intdcial film was 
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studied by means of Langmuir-Blodgett technique. Their findings support the idea that 

asphaltenes fonn rigid films on the interfke, which led to emulsion stability. The observed 

decrease in film compressibility with increased s d b  pressure was proposed to be due to 

interactions between the rigid aromatic parts of the asphltenes. The detedned i n t e r f d  

molecular area for asphaltenes was equal to 80-100 A'. The presented results are more 

consistent with molecular rather that colloidal asphaltenes. 

The interfacial film between water and bitumen was recently investigated using the thin 

liquid film pressure balance technique (Kbristov et al. 1999). Their studies of waterldiluted 

bitwedwater exnutsion films demonstrated that at lower dilution of bitumen with toluene 

(3: 1 toluene: bitumen), the fihn had a multilayer structure, but in more dilute solutions (> 

203 toluene: bitumen) the film had a biiayer structure with a film thickness of 15 nm (7.5 

nrn per layer). T h e e  dimensions are more consistent with molecular asphaltenes. 

2.4.3 Effcet of Crude Oil Composition and Properties on Emulsion Stability 

In parallel to the aforementioned studies some scientists have used emulsion stability 

experiments to understand crude oil emulsions and interfacial film formation as a hc t ion  

of crude oil composition and conditions. In these studies, emulsions were either prepared 

fiom the whole crude oil, or made &om extracted &actions of crude oil. The composition 

and method of preparation of these emulsions varied significantly. Some emulsions were 

made with distilled water, while others were composed of brine containing various 

inorganic salts. The organic phase contained different solvents, such as heptane, hexane, 

toluene, decane, dodecane and their mixtures as well as various crude oil £?actions. 
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Different separation procedures were used to obtain surfh-active hctiom. A review of 

these studies also showed that the presence of solib in crude oil was not taken into 

consideration. As was described earlier solids commonly present in crude oil can affect 

emulsion stability. Their effect can overshadow the effect of other aude oil fractions on 

emulsion stability. 

As a result of the above-mentioned discrepancies, these d e s  can be eonsidered only as a 

guide, providing qualitative information. In general the research has focused on the role of 

pH, solvents, and asphaltene/resios ratio in emulsion stability. 

2.4.3.1 Effect of PH 

The pH of the water in an emulsion can be expected to affect both the quantity and type of 

material on the watedoii interface. As was described earlier, interfacial tension of crude oil 

changes with pH in the same way as interfacial tension of asphaltenes in solvents does. 

This is attributed to the amphoteric nature of asphaltene molecules. The changing of the 

pH values causes the ionization of acidic and basic groups in asphaitene molecule, which 

changes the strength of the interfacial film. Further investigations indicated that 

adjustment of pH i n d d  changed emulsion stability. 

Strassner (1968) d e t d e d  that for each crude oil-brine system there exists an optimum 

pH, at which maximum emulsion breaking occurs. The optimum pH depends on crude oil 

and brine composition. Neustadter and co-workers (1979) investigated the viscoelastic 

properties of emulsions composed fkom Wan heavy, Kuwait and Forties crudes. They 
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found that at neutral pH the intafjlcial film exhibited the highest viscoelasticity, and the 

emulsion was the most stable. In the work done by J o h n  et al. (1988) emulsions 

exhibited stability at very high and very low pH values, and intermediate pH value caused 

instability. However, M c h  and Kilpatric (1997) showed that at pH 10 and 12 emulsions 

were relatively unstable. At low pH values their emulsions were highly stable. This can be 

explained by the potential absence of strong basic groups in the crude oil asphdtenes used 

for their studies. Overall the observed fiadings suggest that the eff- of pH strongly 

depends on the origin of crude oiJ, and there is no straight-forward data which would tell at 

what pH a given emulsion is the most or least stable. 

2.4.3.2 Eff- of Solvents 

Some researchers have ban trying to relate the influence of various organic solvents on 

emulsion stability (Bobra et al. 1992; Mclean and Kilpatrick 1997; Ese et al. 1998; Eley a 

al. 1988). Work done by Bobra et al. (1992) indicates that the increasing of alkane content 

in the oil phase of emulsions increases their stability. However, emulsions made only from 

lW!% alkane solvent in their oil phase exhibited no stability. Bobra a al. (1992) obsewed 

that stability of the emulsions depends on the solubility parameter of aromatic solvents. 

When the solubility parameter of the solvent decreases (e.g. the oil is more aromatic), the 

oil forms more stable emulsions. Results fiom their studies also indicated that model oils 

have a stronger tendency to form stable emulsions as the molar mass of the alkane soivent 

increases. 
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Kilpatrick a al. (1997) studied the influence of solvents of various aromaticity and 

structure includii benzene, toluene, xylene, ethylbenzene, tetr-butyl benzene, and cymene 

on emulsion stability. His results indicate that the more aromatic solvents (i-e. with the 

highest content of the aromatic carbon) are more e&aive in des tab i ig  emulsions. 

Singh et al. (1999) studied the effect of firsed ring aromatic solvents (i-e. methyl- 

naphthelyne, phenanthridine, and phenanthrene) on stability of emulsion and concluded 

that the higher the aromaticity of the solvent the greater the ability of the solvent to 

destabilize emulsions. 

Ese et al. (1998) and Yarmnton a al. (2000) liaked the change of emulsion stabiity with 

the degree of various asphaltme solubility in different solvents. Yarranton et al. (2000) 

changed the ratio of alkane to aromatic solvent in the model oil emulsions, and determined 

that only soluble asphaltene are mthce-active and only a certain fiaction of the soluble 

asphaltenes is surface-active. The amount of surface-active esphaltenes depends on alkane- 

to-aromatic ratio of solvent. Ese et d. (1998) investigated the film formed by spreading of 

asphaltenes and resins &om toluene, hexane and their mixtures. Their studies showed that 

increased surface concentration of asphaltenes is necessary to achieve a film of similar 

stabiity when changing the sdvent &om pure toluene to pure hexane. Their data indicated 

that solvents have less influence on the resins than on the asphaltenes. 

2.4.3.3 Effbct of &~hdtt?ne/ReSin Ratio 

Many researchers have been trying to relate the emulsion stability to the asphaltendresin 

ratio. Bobra et al. (1992) indicated that resins done can act as e f fdve  emulsifiers. They 
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also showed that the range of alkane to aromatic solvents at which stable emulsions are 

produced is the largest for asphaltene containing oils. When asphaltenes and resins are 

both present, the range is larger than for either resins or asphaltenes alone. However, 

M o d e  et J. (1998) presented contradictory results. The authors pointed out that too 

much resins destabilizes emulsions. The investigation of the film formed by the adsorption 

of asphaltene/resin m k w e  indicated that resins start to predominate the film properties 

when their content exceeds 40% (Ese et al. 1998). 

Khristov et d. (1999) indicated that a combination of asphaltenes and resins at a ratio of 

3: 1 (asphaltene: resin) resulted in the most stable emulsion. McLean and Kilpatric (1997) 

found that the same 3: 1 asphPhene/resin ratio correlated to the highest emulsion stability. 

Schroling and co-workas (1999) showed that as the ratio of the asphaltenes to resins 

increases the stability of emulsions in tenns of flocculation decreases. They found that 

stability of emulsion is the highest with an asphaltend resin ratio of 1. As seen fiom this 

obsewation the asphaltene/resin ratio influences emulsion stabiity. However, more 

information needs to be obtained to quanw this relationship. 

2.5 CHAPTER SUMMARY 

The formation of water-in-crude oil emulsions is offen encountered in the petroleum 

industry in both production and refining segments. Their formation occurs as a result of 

agitation of normally immiscible oil and watex and their stabilization by a wide variety of 

emulsifying agents present in crude oil. To achieve a desired product quality and meet 
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environmental concerns, it is oAen n v  for oil producers to treat these emulsions. 

Chemical demulsiiication, such as addition of surfadants, is the most widely applied 

method of treating water-bcrude oil emulsions. Typically, the added ~ ~ t s  replace 

the native s t a b i i  on the i n t d c e  with a mfkctant layer which is less resistant to 

coalescencece Treatments can fkil when the added surfWant does not d c i e n t l y  replace 

native emulsion stabilizers. In order to devise an optimum treatment it is necessary to 

understand the emulsion stabilization mechanisms and properties of the naturally ocauring 

emulsifiers that stabilize the emulsions in the first place. 

The extensive research in this area reveded that the stabiity of water-in-crude oil 

emulsions is mainly determined by the presence of a rigid interfacial film on the water/oil 

interface. It was proposed that this film is composed of naturally occurring crude oil 

compounds, d y  asphaltenes, resins andlor solid particles. However, the role which 

each of these compounds plays is still poorly understood. Most of the reviewed studies 

provide qualitative information in this area. Moreover, the comparison of the literature 

revealed a lot of discrepancies. 

Investigation of the asphaltene and resin properties revealed that they are surfaceactive 

and are able to adsorb on the water/oil i n t h .  However, the form in which this 

compounds adsorb on the intafica is still an unresolved issue. Various studies suggest that 

asphaltenes and resins adsorb on the intedtce in the form of a monolayer or a multilayer of 

independent molecules andlor asphaltenarcsin aggregates. There is some evidence that 

emulsions formed from aspMtene/rcsin mkaves can be more stable that those fonned 
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from aspbaltenes or resins alone. On the other hand, resins have also been shown to reduce 

emulsion stability. It was also obsemd that the stabiity of emulsions and rigidity of the 

interfial film depends on the pH, aliphatic and aromatic solvent content, and 

asphaltene/resin ratio in the crude oil. The studies indicated that varying these fkctors may 

change the solubility of asphaltenes and resins, which in turns affect emulsion stab i i .  

The combined eEect of all these fkctors has yet to be determined. 

Investigation of the role of solids in stabilization of crude oil emulsions indicated that 

naturally occurring fine solid particles s i g d i d y  increase emulsion stability. The 

presence of fine solids was not accounted for in many studies of other crude oil 

components. Hence, there is a need for a systematic study of the role of asphaltenes, 

resins, and native solids in emulsion Wity. 



CHAPTER 3 

EXPERIMENTAL METHODS 

3.1 INTRODUCTION 

As was stated in Chapter 1, the main objective of this project is to determine the interfacial 

composition of the asphaltendresin s tabW emulsions aad to relate the interfacial 

composition to bulk oil phase composition and emulsion stability. The &kct of fine solids 

present in aude oil on the emulsion stability will be also examined. 

The necessary experimental data to determine the interfial composition (i-e. 

asphaltene/resin monolayer, multilayer, or aggregate) are the interfacial area of the 

emulsion, the total mass of the asphaltenes and resins adsorbed on the emulsion interface, 

and the area per molecule occupied by the asphaltenes and resins on the waterloil intedace. 

The intdacial area of the emulsion can be determined fiom the drop size distribution of an 

emulsion. The total mass of the asphaltenes and resins on the interfiace can be obtained 

tiom the gravimetric analysis of the continuous p b  of an emulsion. The asphaltene and 

resin surface areas can be determined &om the interfacial tension measurements. The 

interfacial tension can also be used to assess the ability of the asphdtenes and resins to 

form rnicelles. Finally, stability tests of emulsions are conducted in order to relate the 

interfacial composition and miceIIe formation to emulsion stabiity. The next few sections 

provide detailed descriptions of the required materidq procedures and theory. 
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3.2 MATERIALS 

The asphaltenes and resins used in these acpaineats were extracted fiom Athabasca and 

Cold Lake bitumens. Oil sand cuker-feed Athabasca bitumen, supplied by Synaude 

Canada Ltd, has had most of the sand and water removed and is ready for upgrading. The 

Cold Lake bitumen, obtained from Imperial Oil Ltd. of Canada, is recovered by steam 

injection from an underground oil r-oir and has been treated to remove most of the 

sand and water. Reagent grade acetone, n-heptane and n-pentane were obtained from 

Phillips Chemical Company. The 99.9 % purity toluene was purchased &om VWR 

Distilled water used for interfacial tension measurements was obtained fiom Sigma Aldrich 

Company. Distilled water used for emulsions was supplied by the University of Calgary 

water plant. 

3.2.1 Terminology 

As described previously, crude oils and bitumens contain asphaltenes, resins, aromatics, 

saturates and suspended h e  solids. Asphaltenes are defined as the hction of bitumen that 

is insoluble in an alkane but soluble in toluene. In order to extract asphaltenes &om the 

bitumen, they are precipitated with n-heptane or a-pentane. When asphaltenes are 

presipitated from bitumen, any solids present in bitumen will coprecipitate (Yamanton, 

1997). The solids include material such as ash, fine clays and same adsorbed hydrocarbons 

which are insoluble in toluene. The mixture of asphaltenes and solids which precipitate 

directly &om the bitumen is here &erred to as "asphaltenes", unless otherwise noted. 
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Asphaltenes from which solids have been removed are referred to throughout this report cis 

"solids-free asphaltenesn, also unless otherwise noted. 

3.2.2 Fractionation of Bitumen into Solubility Clusa 

The separation of Athabasca and Cold Lake bitumens into saturates, aromatics, resins and 

asphaltenes was paformed using the SARA &adonation method (modified ASTM D2007 

procedure). A flowsheet of the &on technique is shown in Figure 2.2. In the SARA 

hctionation method, asphaltenes are removed by precipitation with n-pentane. The 

deasphalted bitumen is further separated into saturate, aromatic and resin hctions using 

clay-gel adsorption chromatography. Saturates, aromatics and n-pentane extracted 

aspMtenes were not used in the experiments; however, their separation is a required step 

in the resin extraction. 

3 -2.2.1 Extraction of hphalteneg 

Bitumen was dispersed in n-pentane or n-heptane with a concentration of one gram of 

bitumen to 40 mL of precipitant. The reported density of the Athabasca bitumens at 20 OC 

is approximately 1000 kglm3 (Peramanu et J., 1998), thenfore the volume ratio of bitumen 

to precipitant was 1:40. The mixture was then sonicated in an ultrasonic bath for 45 

minutes and left to settle overnight. After settling the mixture was sonicated again for 20 

minutes. The precipitated asphaltenes were filtered on medium porosity Whatman Grade 2 

filter paper (porosity-8prn). The collected asphaltenes were mixed again with 1:4 volume 

ratio of original bitumen to n-pcntane or n-heptane, sonicated for 45 minutes and left 
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overnight. The asphaltenes were then filtered again and dried at 4S°C under vacuum until 

the solvent had completely evaporated. The asphaltene-solids Man was coosidered dry 

when the change in mass was less than 0.1% over a 24 hour period. 

For the SARA hctionation method, n-pentane is used as the precipitant. Howwer, n- 

heptane precipitated asphaltenes were used for the emulsion experiments, since most 

literature data are based on n-heptane extracted asphaltenes. 

3.2.2.2 Extraction of Resins 

The mixture of deasphalted bitumen and n-pentane collected during a SARA asphaltene 

extraction was placed in a r o w  evaporator to retmve the pentane from the supernatant. 

The small amount of deasphalted bitumen that remained afta the evaporation was poured 

into a sample jar and placed inside a vacuum oven at 45 O C  to remove the remaining 

solvent. The solvent was considered to be completely removed when the change in mass of 

deasphalted bitumen was less than 0.1 % over a 24 hour period. 

Five grams of deasphalted bitumen were dissolved in 500 rnL of pentane and transferred to 

the adsorption column. The adsorption column consisted of two identical glass sections 

assembled vettidy. The lower section contained 200 g of activated silica gel and 50 g of 

freshly activated AttapuIgus clay on top of the gel. The upper part was charged with 150 g 

of Attapulgus clay with glass wool on top of the clay. Resins were adsorbed on the 

Attapulgus day, while aromatics were adsorbed on silica gel. The remaining saturates 
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eluted directly and were caUected in a flask. To remove the aromatics, 1600 mL. of 

toluene and pentane (50:50 vol. ratio) was fed into the column. The eluted aromatics were 

collected in a flask. For the complete removal of aromatics fiom silica, the lower section 

of column was detached and refluxed with 200 mL of toluene for 2 hours. The resin 

hction was collected by washing the uppa section with 400 mL. of toluene and acetone 

(50:SO vol. ratio). The saturates, aromatics and resins were then recovered by evaporating 

the solvents using rotary evaporators. The residue from the rotary evaporator was placed in 

the vacuum oven at 45 OC until there was no change in mass. The mass &actions of 

saturates, aromatics, and resins of the Athabasca and Cold Lake bitumens obtained in the 

present work are reported in Table 3.1. The average yield of SARA hctionation was in a 

range of 92-95%. The loss in yield was amibuted to resins that remained adsorbed in the 

clay section of fractionation column. It is known that resins are able adsorb strongly, 

therefore the missing 508% in yield was attributed to the resin -on. 

Table 3.1 SARA Fractions and Solids Content in Athabrwca and Cold Lake Bitumens 

Fractions (mass ./.) Atbabmca Cold Lake 

Asphdtenes 17.1 16.8 

Resins 26.8 25.8 

Aromatics 39.8 39.1 

Saturates 16.3 18.3 

Coarse Solids 7.5 2.4 



3.2.3 Prepantion of SdidbFr# Asphdtentr 

3.2.3.1 Removal of Coarse Solidq 

The asphaltenesolids were dissolved in toluene at a volume ratio of 100:l 

to1uene:asphaltene. The mixture was sonicated for 20 minutes to ensure that all the 

asphaltenes were dissolved. The mixture was then centrifbged at 3500 rpm (1750 g) for 5 

minutes. The supernatant liquid was recovered and mpotgted until only dry asphaltenes 

remained. 

The size of solids settled at the bottom of the centrifuge tube can be estimated fkom Stoke's 

law, assuming spherical geometry: 

In this equation, v ( i s )  is the velocity of particIe, RF (m) is the diameter of the solid 

particle, p, and pl &/I? are the densities of the partick and liquid phase respectively, p 

~ u q )  is the fluid viscosity, and w ( i s )  is the c e n e g e  angular velocity, x (mr) is the 

distance of particle tiom the axis of rotation. 

Talahg the viscosity of toluene as equal 5.87- lo4 Pa-s, the density of solid (i.e clay and 

silica particles) as 2000-2200 kg/m3, the length of the centrifbge tube as 10 cm, the 

residence time in the tube as 5 minutes? and the centritbge acceleration (w'x) as 1750% 
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m/s2, the estimated diameter of settled solids ranged fkom 0.7 to 1 pm. This analysis 

indicates that this method can remove solids of higher than 1 pm diameter. Solids removed 

by this method shall be r e f 4  to as the "cause solids". The coarse solids content in the 

Athabasca and Cold Lake Bitumau is reported in Table 3.1. 

3 -2.3.2 Removal of Fine Solids 

Asphaltenes free of fine solids were obtained in two ways: by filtration and by precipitation 

methods. 

The filtration method involves two steps. Initially, coarse solids were removed from 

asphaltme-solids by dissolving them in toluene and centrifuging as described above. Next, 

the supematant liquid was filtered with under vacuum through a 0.5 p Metrigad Glass 

fiber filter (Pall Corporation). The filtrate was placed in a vacuum oven at 4S°C and left 

until the change in mass of asphaltenes was less than 0.1% over a 24 hour period. 

The precipitation method is based on the fact that solids are removed with the precipitation 

of asphaltenes fiom a mixture of heptane and toluene. It has been observed that solids co- 

precipitate with the asphaltenes that first come out of solution, perhaps because they act as 

nucleation sites (Yamnton, 1997). Hence, with the addition of d c i e n t  heptane to cause 

a small fiaction of asphaltenes to precipitate f?om a tolueae/asphaltene mixture, most or 

perhaps all of the solids can be removed as well. Here, a 55:45 heptane to toluene volume 
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ratio was used. At this ratio, according to asphaltene s01ub'Ility data (Yarraoton, 1997), 

approximately 2 % wt. of Cold Lake and Athabasca asphaltenes precipitate. 

Initially, 5 g of asphdtenes were dissolved in 225 d of toluene aad sooicated for 20 

minutes to ensure complete mixing. A volume of 275 cm3 of heptane were then added to 

the mixture. The concentration of asphaltene-solids in the heptol was 10 kglm3. The 

mixture of heptol and asphaltene-solids was then sonicated in an ultrasonic bath for 45 

minutes and left to settIe overnight. Ma settling, the mixture was sonicated again for 10 

minutes. After sonication the mixture was poured into centrifuge tubes and centrifbged at 

3500 rpm for 5 minutes. The solids and the small amount of cc~precipitated asphaltenes 

remained at the bottom of the d g e  tubes. The supernatant liquid was poured off and 

evaporated until only dry asphaltenes remained. The solids-fkee asphaltenes &om the 

supernatant were W e r  used for emulsion experiments. The amount of solids extracted by 

this method is around 7 f. 0.5 wt. % and around 3f 0.5 wt. % of asphaltenes for Athabasca 

and Cold Lake bitumens, respectively. 

3.3 INTERFACIAL TENSION EXPERIMENTS 

Interfacial tensions of asphaltenes, resins and their mixtures against water were measured 

with a K r u s  MOdOI DmIO Drop Volume Tensiometer. All measurements were taken at 

22OC. The schematic of the drop volume apparatus is shown in Figure 3.1. For the 

intdcial tension measurements between two liquids the denser liquid is placed in a glass 



tube. A liquid with lesser density is pumped by a syringe pump at a constant flow rate 

through a thin wall capillary comected to the bottom of the glass tube. Th flow rate is 

controlled with a Hervard Apparatus Model 44 syringe pump accasrate to fl%. The 

pumped liquid detaches fiom the capillary into the denser continuous phase as a series of 

drops. The detachment of a drop occurs when the buoyancy force acting on the drop 

equals the intedhcial energy acting on the pimeter of the capillary tip. In the following 

experiments, distilled water was the consinuous phase and mixtures of asphaltenes and 

resins in heptane and toluene, were the dropforming phase. The detached drops are 

detected by a photodiode detector positioned above the capillary. A timer is started after 

the detachment of the fint drop and the time between subsequent drops passing the detector 

is measured. Since the flow rate is constant, the time interval between drops can be 

converted to the volume of each drop. Hence, the intedkcial tension can be calculated as 

follows: 

where Vbop (m? is the drop volume at detachment, Q (m3/s) is the volumetric flow rate, t 

(s) is the time &om initiation to detachment of each drop, g (d/s is the gravitational 

acceleration, d (m) is the diameter of the capillary tip, and pi and g~ WE) am the 

densities of heavy and light phases respectively. 



Note that the mixture density must be used in equation 3.2. Ideal mixing was assumed for 

all cases in this work. Asphaltene and resin densities of 1200 kg/m3 and 998 kg/m3 

(Peramanu et al., 1999), respectively were used in all calculations. 

The JFT values measured with the drop volume tensiometer is generally accurate to f 

O.lmN/m. To confinn the a u x a c y  of the measurements a series of interfacial tension 

experiments were performed with pure solvents. The results arc compared with literature 

values in Table 3.2. The deviation between experimental and literature values was found to 

be within * 2% in all cases. 

Table 3.2 Iatedacirrl Tension of Organic Solvents versus Distilled Water 

Iatertacirl Tension (mN/m) 

Sobtnt Drop Volume Method Literature Values (Li, 1992) 

n-heptane 49.5 50.1 

toluene 35.9 35.8 

benzene 34.7 34.0 

The drop volume tensiometer has some limitations. High viscosities (above 20,000 mPrs) 

change the adherence force invalidating equation 3.2. As liquid viscosity increases the 

flow rate must be decreased in order to ensure! valid results. At a flow rate above 2 cm3/h 

the inertial force becomes significant and equation 3.2 is no longer valid. 



Tubing to 
waste coflection \I , 

Femle nut to 
secure tubing 

Liquid collector 

Orop after detachment 

Ferrule nut holding 

Figure 3.1 The schematic of the drop volume apparatus used for the 
interfacial tension measurements (DVT- 10 Users Manual, 1 994) 
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The drop volume tensiometer measwes the XFT at diffkrent flow rates, in effect at different 

contact times between the two phases, i.e. dynamic int&al tension. Surface active 

materials require a finite time to Mbse to an interbe and reach equilibrium. In this 

technique, the time for a drop to detach fiom the capillary tip is insufficient for the 

-ace to reach the equilibrium. 

It would require a large number of experiments to obtain equilibrium interfacial tensions 

for the range of conditions investigated in the present work. As will be discussed in the 

next chapter, our interest is in the slope of the in tdc ia l  tension. Yarranton a al., (2000) 

showed that equilibrium interfhcial temsions are not required when obtaining the slope of 

asphaltene-toluene mixtures versus increasing asphaltene concentration for flow rates 

ranging fkom 0.25 to 1.5 an3/h. They showed that the slopes of the interfacial tensions 

differed at mostly by 8.5 % &om the equilibrium slope. Yarranton a el., (2000) used a flow 

rate of 1.0 an3& for all their subsequent measurements. The same flow rate is used for the 

present work. 

3.4. EMULSION EXPERIMENTS 

3.4.1. Determination of the Mass Surface Coverage of Asphaittncr and Ruins 

The amount of asphaltenes and resins on the watedoil interfbe of an emulsion can be 

calculated from the Sauter mean diameter of the emulsion and gravimetric analysis of the 
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continuous phase. To simpw the explanation, the mass of asphaltenes will be used as an 

example. 

The total asphaltene mass surfsce coverage, Th is simply the total mass of the asphaltenes 

on the interface (d, divided by the surface area of an emulsion A, (m?: 

Therefore, it is necessary to determine mi and A,. 

A, can be found f?om the Sauter mean diameter, a a d l e  quantity. The Sauter 

(surfacevolume) mean diameter dk, is calculated fiom the drop size distribution, Q of an 

emulsion measured with optical microscopy as follows: 

where F, is the drop number 6requency. 

The Sauter mean diameter, &, provides the relationship between the total volume of water, 

V, in the emulsions and the surfkce area of the water droplets. The total volume of the 

dispersed water is related to the distribution of drop diameters in the emulsion as follows: 



where Nis the total number of drops. 

The total d a c e  area of emulsion is the wbce area of water drops, An and is related to 

the distribution of drop diameters by: 

An expression for the emulsion surfhe area is found by combining equations 3.4-3.5 and is 

given by: 

The remaining unknown, mr can be d e t d e d  fkom concentration measurements. Upon 

emulsification, asphaltenes partition between the emulsion interface and the continuous 

phase. Consequently, the asphaltene concentration in the continuous phase becomes less 

than its initial value. The mass of aspbrltenes on the intafaa, tn~, can be found fiom a 

material balance. 



where m, is the total mass of asphaltenes in the emuisioq c'O is the initial asphaltenes 

concentration in the continuous phase prior to emulsification and C A ~  is the new 

equilibrium asphaltene concentration in the bulk phase. Substituting equations 3.7 and 3.8 

into equation 3.3 gives: 

3.4.2 Preparation of the Modd Emulsions 

The continuous (oil) phase of the model emulsions was made from asphaltenes, resins, and 

toluene and heptane mixtures in m i t  ratios. The mixture of toluene and heptane will 

henceforth be referred to throughout this thesis as "heptol". The composition of the heptol 

will be presented as the volume percent of toluene indicated in brackets. For example, 

heptol containing 75 vol % toluene and 25 vol % heptane is presented as heptol(75 vol % 

toluene). 
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To prepare an emulsion, a known amount of asphaltenes and resins was dissolved in 

toluene. The so1ution was stirred in a sonic mixture for 20 minutes. Heptme was added 

after asphaltenes and resins were completely dissolved in the toluene. The mixhue was 

again sonicated for five minutes to ensure homogeneity. 

The prepared oil phase was then processed with a CAT-520D homogenizer with a 17 mm 

flat rotor generator configuration at 17,000 rpm. During mixing a given amount of 

dispersed water phase was added dropwise to the system. After all the water had been 

added, the mixing continued for five minutes at the same speed. It was determined that the 

minimum mean drop diameter generated by this homogenizer is 7 p which corresponds 

to the Sauter mean diameter of 8.8 p. The amount of water in all the emulsions was 40 

~01%. 

3.4.3 Emulsion Drop Size Distribution Analysis 

Drop size analysis was used in order to calculate the total area of an emulsion. These 

calculations are based on the determination of the Sauter mean diameter, as described in 

Section 3.4.1. To perform a drop size analysis, model water-in-heptol emulsions were 

allowed to stand under the influence of gravity for 1.5 hours. During this time, emulsions 

creamed and separated into an emulsion laya on the bottom and a clear continuous phase 

on top. After this period, a drop of emulsion phase was placed by pipette onto a hanging 

drop slide. In order to achieve a d o r m  distribution of the emulsion sample on the slide 
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some continuous phase was also added. A slipcover was then placed on the sample. The 

emulsion samples were analyzed using a Cml Zeiss Axiovert SlOO inverted microscope 

equipped with a video camera. Images from the microscope were captured on a computer 

and drop size distributions were then measured using h u g e  Pro image analysis sofhvare. 

Examples of some emulsion images and drop size distributions are shown in Figuns.3.2 

and 3.3. 

The determination of emulsion drop sizes by optical microscopy is widely used in emulsion 

studies. However, this method has some drawbacks. It is very sensitive to sampling error 

because relatively few droplets are being examined. Some droplets, especially with large 

diameter, can be distorted and broken during collection onto the microscope slide. 

Therdore, the obtained Sauter mean diameter can be underestimated. Small droplets can 

be hidden under large ones, or large droplets can settle to the bottom of the slide leaving 

small droplets suspended (Orr, 1985). A general guideline is that a measurement of 149 

particles gives a drop size cumulative distribution with a 10 % error. The measurement of 

740 particles gives 5 % error and the measurement of 4256 particles reduces the error to 

2.5 % w o n ,  1969). In the present work 400 drops were used to obtain drop size 

distributions, giving an expected error of 5-10 %. 

For the accurate det ermination of the asphaltene and resin mass on the emulsion interface, 

it is important that the surface area of emulsions (drop sizP distribution) doesn't change 

over the time when the concentration measurements are taken. In the current work, 



Figure 3.2 Images of model water-in-heptol(50 vol% toluene) emulsions 
stabilized by asphaltenes (+,,,=0.40) 

a) cA0= 1 kg/m3, 6) cA0= 2 kg/m3, c) cA0= 1 0kg/m3 



0 15 30 45 60 75 

Drop Diameter, pm 

Figure 3.3 Drop size distributions of water-in-heptol(50 vol % 
toluene) emulsions stabilized by Athabasca asphaltenes (+,=0.40) 
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emulsions that show no change in the drop size distribution over 2 hours under n o d  

gravity condition are used for the gravimetric analysis. Yarranton et d., (1999) showed 

that in the emulsions stabilized by asphaltenes there is only a smell change in the drop size 

distribution for at least 24 hours. No resolved water is obsecved in these emulsions even 

after several months under normal gravity. 

3.4.4 Emulsion Gravimttric Analysis 

3.4.4.1 Determination of ASbhsltene Concentration in Emulsion and Continuous Phases 

To perform a gravimetric analysis, emulsions were allowed to stand after preparation for 

one and a helf hours. Due to creaming, the emulsions separated into a continuous phase on 

top and an emulsion layer on the bottom. The wntimMus phase was than poured into a 

graduated cylinder and its volume measured. It was then poured into a round-bottom flask 

and placed into a rotary evaporator, allowing the toluene-heptane solvent to evaporate until 

only asphahenes were left in the flask. The asphaltenes were dried under nitrogen in a 

vacuum oven at 60 OC, after which their weight was detemined gravimetrically. The 

balance was accurate to f 0.002 g. 

The concentration of asphaltmes in the wnthuous phase is the gravimetridy determined 

weight of asphaltenes divided by the measured volume of supematant. The mass of 

asphaltenes in the wntinuous phase is the concentration in the continuous phase multiplied 

by the total volume of the continuous phase. The mass of asphaltenes on the i n t e b  is 

the d i i e n c e  between the initial mass of asphaltenes and the mass of asphaltenes in the 



continuous phase. From repeated measurements, the standard deviation was found to  be 

f0.0007 mg/m2. Hence this gravimetrical measurements yields the mass of asphaltenes on 

the interface accurate to a M.0012 mglm2 (a 95 %. confidence interval). 

3.4.4.2 Determination of As~haltene and Resin Concentration in As~hdtene/Resin 

Mixtures 

When emulsions were prepared from a mixture of asphaltenes and resins it was necessary 

to determine the mass and the ratio of these fkactions on the emulsion interface. The total 

mass of the asphaltene-resin mixture remaining in the continuous phase a f k  emulsification 

was determined gravimetrically as described above. Asphaltenes were then separated corn 
the mixture by precipitation with n-heptane. The dry asphaltene-resin mixture was 

dissolved in 30 an3 of n-heptane and poured into a preweighed centrifuge tube. The 

mixture was sonicated for one hour and allowed to settle overnight. After settling it was 

sonicated again for 15 minutes and c e n a g e d  for 10 minutes at 3500 rpm. The 

supernatant containing the resin W o n  was poured into a preweighed beaker and set aside 

in order to most of the heptane to evaporate. The beaker was placed into the vacuum oven 

at 4S°C until complete drying had occurred. The mass of resins was than determined 

gravimetricslly. The centrifbge tube containing the precipitated asphaltenes was also 

placed in the vacuum oven and the mass of dried asphaltenes was determined. The 

material balance of the asphaltene-resin mixture was checked. Only results where the 

material balance closed to within lo./. are reported. The mass of asphaltenes and resins on 

the interface is calculated as previously described for the asphsltenes. 
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One problem is that the presence of resins may effect the solubity of the asphaltenes. On 

other words, not all of the asphaltenes may precipitate in heptane if resins are also present. 

Therefore, to check the accuracy of the separation method, the method was applied to 

control samples with known amount of asphaltenes and resins. The results of this 

experiment indicated that this gravimetrical method yields asphaltene masses accurate to 

17 %. 

3#4.S Stability Tests 

The stability of the emulsions was determined visually by measuring the water separated 

from the emulsion as a fbnction of time. Some of the emulsions investigated in this 

research were extremely stable and didn't separate under normal gravity conditions. In 

order to enhance the separation of water centriibgation and heating of emulsion were 

employed. The same treatment was applied to all the emulsions presented in this thesis. 

Immediately aAer edsification, the samples were tmwfhred into 15 cm3 graduated 

centrifbge tubes. The tubes were closed with caps to prevent solvent evaporation and 

c e n m g e d  for 5 minutes at 4000 rpm (1780 g) and placed in a constant temperature water 

bath at 60°C. After a period of 2 hours the emulsions were centrifbged for five minutes 

and the amount of resolved water measured. The centrihge tubes were returned to the 

heating bath for another period of two hours, and than centdi~ged before measuring the 

amount of resolved water. This procedure was repeated until most of the water was 

separated. The heating/centrifuging time applied to m emulsion sample is r e f d  to as 
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destabilization time. The amount of resolved waer was reported as the pacent of total 

water volume contained in the given emulsion sample. The reported vafues are accurate to 

k 1 1 vol.% water resolved. Examples of destabilization over time of model water-in-heptol 

emulsions are shown in Figure 3.4. 

Note that after 8 hours, the procedure was stopped and the samples stored at rwm 

temperature overnight. No si@cant charge in fiee water or  drop size distribution was 

observed overnight. The treatment was resumed the next morning. StabiIity time was 

measured as if there was no br& that is, the first time of the next day was taken as 8 

hours. While this approach is acceptable to establish general trends, almost 1 

comparisons presented in the thesis are made after less than 8 hours of destabilization time. 
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CHAPTER 4 

INTERFACIAL TENSION MEASUREMENTS OF 

ASPHALTENES, RESINS AND THEIR MIXTURES 

4.1 INTRODUCTION 

As described previously, it has been reported that asphaltenes and resins are surface active, 

and therefore are able to adsorb on the watedoil i n t d c e  (Sheu et al., 1995, Ese et al., 

1998, Yarranton et al., 2000). It is believed that asphaltene and resin molecules have a 

similar structure, except that resins have lower molar mass, heteroatom content and 

aromaticity. Therefore, resin molecules may occupy less area on the watedoil interface. In 

addition, it was proposed that resins are more surfaa active (decrease surface tension more) 

than asphaltenes (Yan et al., 1999). Hence, asphaltene and resin composition on the 

interface may be ditEixent from that in the continuous oil phase. It was also proposed that 

asphaltenes and resins may interact and form miceUes (Storm a al., 1995). Micelle 

formation can lead to a Merent interfacial composition and emulsion stability. In addition, 

it is known that asphdtenes precipitated fiom bitumen may contain some solid particles, 

such as sand, clay and silica (Yarranton et 9, 1997; Yan et al., 1999). It is of interest to 

determine if the solids affect asphaltene adsorption on the waterloil interface. 



4.1.1 Theory 

In a dilute solution, the molar surhce area, r< ( m o ~ i )  can obtained fiom the plot of 

interfircia1 tension versus the natural logarithm of solute concentration accordiig to Gibbs 

equation: 

where R (J/moIeK) is the universal gas constant, T 6) is temperature, 0 NImr) is the 

interfacial tension, and C (k#rn? is the concentration of the d a c e  active materials in the 

bulk phase. 

For a pure surhctant system the plot of interfPcal tension (IFT) versus logarithm of the 

solute concentration is linear once the interface becomes saturated with the solute 

molecules. The molecular mfhce area is constant and can be found fiom the slope of this 

plot. With mixed surfactents (such as asphaltenes and resins) similar plots are obtained 

(Campanelli et al., 1999). 

The average area per m o l d e  on the interfw (i.e. molecular cross-section) is the ratio of 

molar SUrfkce area to Avogadro's number: 



IFT measurements have also been performed in order to characterize the onset of the 

rniceUization of the asphaltenes and resins, i-e. the aitical micelle concentration (CMC). 

This method has been widely used for the determination of CMC in aqueous solutions of 

&&ants. Surfhctant molecules, as was described in the Chapter 2, are characterized by 

the presence of hydrophilic head and hydrophobic tail in their structure. This dual nature 

allows the surf- molecules to se*associate and form rniceUes. A micelle is a surfbant 

aggregate in which the hydrocarbon tails are concentrated towards the center of the 

aggregate and the polar head groups are aligned near the surface. These types of micelles 

occur when water is the continuous phase, so that the hydrophilic groups reside in the 

water. In oils, s u r f i t s  fonn reverse micelles. The formation of rnicelles occurs above a 

certain concentration of s u r f i t  in solution, known as the critical micelle concentration or 

CMC. Initially, the adsorption of surfactant molecules on the interfhce lowers IFT. 

However, above the CMC, each additional mhctant molecule is incorporated not on the 

interf- but into micelles. Hence, the IFT of the system no longer changes. As shown in 

Figure 4.1, the CMC can be detected by looking for the break in slope in a plot of IFT 

versus log surfactant concentration. 

4.1 -2 Result6 

Interfhcial tensions were measured for the range of asphltene and/or resin concentrations in 

heptol solutions of varying composition. In the foUowing discussion, interfacial tension 

refers to interfbcial tarsion versus water (of a given hydrocarbon solution). The 

composition of the heptaneltoluene solution will be W e r  nfared to as heptol. 



* I I I I a I l l  I I I I 1  1 1 1 -  

- 
- 
- 
- 
- - 
- - 
- 
- - 
- 
- - 
- 4 

- - 
- - 
- - 
- - 
- 
- - 
- 
- - 

t I I I I I I  I I I I I I 4 I  

Slope = -RTr 

Concentration of Asphaltenes (wt%) 
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The IFT of asphaltenes, resins and their mixtures versus the natural log of their 

wncentration in heptol are illustrated in Figures 4.2-4.5. The surf- coverage, r, and 

intedkial area per molecule, A, of asphaltenes, resins and asphalteneresin mixtms were 

calculated &om the slopes of interfscd tensions versus the natural log of concentration of 

the surfhce aain material, as described in Chapter 3. The calculated slope, r; and, A, an 

presented in Tables 4.1 4.4. To estimate the acwrcy of the measurements two identical 

runs each consisting of 5 data points were repeated. The results were found to be accurate 

to about f 10 %. The results for each component and their mixtures are discussed below. 

4.2 ASPHALTENES 

The interfbcial tension of Athabasca asphaltenes dissolved in heptol of 25, 50, 62.5, 75 and 

100 vol% toluene were measured at asphaltene concentrations ranging fiom 0.5 to 50 

kg/rn3. For all five heptol system, the intafecal tension of the asphaltene-toluene-heptol 

systems decreases monotonically as asphaltene concentration increases. Moreover, the 

measured interfacial tensions appear to decrease linearly with an increase in log 

concentration of asphaltenes. This behavior suggests that there is no mide  formation. 

Yamanton et al., (1999) also observed no rnicelle formation for Athabasca asphaltenes 

dissolved in toluene and 1,2=diclorobewne in the concentration range of 0.05 to 100 

kg/m3. 
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Table 4.1 Measured Slopes and C.krUcd Mdceuhr Dimension of the Athabasca 
Asphdtenes, Resins, and Asphrlteoe/Ruio Mixtures in Toluene 

S l o p  r A 

(m~/m)  (lo4 mum2) (om2) 

Aspbdtents - 1.45 0.58 2.84 

1:3 R A  -1.46 0.60 2-82 

1:1 R A  -1.51 0.61 2.72 

3:l R=A -1 -87 0.76 2.20 

Resins -1.97 0.80 2.09 . 

Table 4.2 Measured S l o p  m d  Calculated Molecular Dimension of the Athabnscr 
Aspbdtencs, Resins, and AsphteaclRrrin Misturn in Heptol(75 vol% Toluene) 

slope r A 

( m ~ / m )  (lo4 mourn2) (nm2) 
I 

Aspbaltena -2.09 0.84 1.97 

1:3 R=A -2.12 0.86 1.94 

1:l &A -2.42 0.98 1.70 

3:l R=A -3 -28 1.33 1.25 

Resins -4.0 1 1.62 1.02 
/ 



Table 4.3 Measured Slopa and CalcuIated Molcculu Dimension of the Atbabasu 87 

Asphaltencl, Resins, and AsphaltendResin Mistum in Heptol(62.5 vo1.h Toluene) 

s l o p  r A 

(a/@ (lo4 movm2) (nm2) 

Asphaltenes -2.09 0.85 1 -96 

1:3 R:A -2.12 0.86 1.94 

1:l R:A -2.46 1.00 1.67 

3:l &A -3.59 1.45 1-15 

Resins 4.1 1 1.66 1.00 

Tabk 4.4 Measured Slopes and Calculated Molecular Dimension of the Athabas- 
Asph.lteact, Resins, and hphrrltene/Resin Mbtpra in Heptol(50 vol% Toluene) 

-PC r A 

( m ~ l m )  (1 o4 mourn2) (am2) 

Asphaltcncr -2.15 0.87 1.91 

1:3 R=A -2.5 7 1.04 1.60 

1:l R=A -2.80 1.13 1.47 

3:1 RtA -3.71 1-50 1.1 1 

Resins 4.28 1.73 0.96 

Table 4.5 &ph.ltene and Resin Interfacial Tension in Heptol of Diffvent 
Composition, (C-10 kg/rn? 

Heptol Composition Asphlltcne WT Resin IFI' Difference in IFT 

(fl/m) (mNh) (mN/m) 

Toluene 29.6 27.4 2.2 

Heptol(75 vol% toluene) 30.3 23.6 6.7 

Heptol(62.5 vol% toluene) 32.4 23 -6 8.8 

Heptol(50 vol% tolueae) 31.4 21 -5 10.0 . 
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Figure 4.5 Interfhcial tension of Athabasca asphaltenes, resins 
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water 



The &ect of solvent composition (~01% toluene in heptd) on the interfacial behavior of 

asphaltenes is illustrated in Figures 4.64.7. As seen in Figure 4.6 the slopes of i n t d a l  

tension measured in heptol of SO, 62.5 and 75 vol% toluene differ &om each other only by 

about 2 %, while the slope observed for 100 vo1% toluene is 3 1-33 % higher than for the 

mixtures when heptane is present. The d e r  slope in the solvent containing 100 vo1Y0 

toluene indicates that the i n t f i a l  molar area of asptraltenes is bigger than in the solvents 

containing heptane. 

The interfacial molar area calculated from the slopes is as follows: 2.84 nrn2 in 100 vol% 

toluene, and 1.97 nm2 in 75 vol% toluene (Figure 4.7). Wlth the fbrther addition of heptane 

the area decreases only slightly to 1.91 nm2 in heptol (50 vol% toluene). The average 

surfiace areas of asphaltene molecules, as summarked in Tables 4.1-4.4, are close to the 

values of 1.8-2.2 nm2 reported by Yarranton et el., (1997). The results are also in a good 

agreement with the values of 2.53 - 5 nm2 calculated h m  surface tension data. (Taylor, 

1992, Bhardwaj and Hadand, 1994, Yan et al., 1999). 

The decrease in the molar d a c e  area with the addition of heptane to the solvent can be 

explained in two possible ways. One possibility is that the smaller asphaltene molecules are 

adsorbed preferably on the waterloil interfhce in sdvent containing heptane. Alternatively, 

the addition of heptane could also change the configuration of the molecules on the 

interface, leading to a smaller area occupied per molecule. Hence, this change in 
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configuration wuld lead to formation of a thicker layer on the interface. These possibiities 

wiU be considered in more detail in the next chapter. 

The average molar mass of asphahenes can be estimated from the calculated su rhe  

coverages, the density, and an assumed spherical geometry as follows: 

where Mi and p, are the molar mass and density, respectively of the interfacially active 

component, A, is the molar interfkcial area and NA is the Avagadro's number . Asphaltene 

density of 1200 kg/m3 was used (Yarranton et al., 1996). The calculated asphaltene 

monomer molar masses of the Athabasca asphaltenes are given in Table 4.6. These data are 

also in a good agreement with the values of 1800-4000 dm01 asphaltene molar masses 

rqorted in Literature (Yarranton et al., 19%; Peramanu a al., 1998). The apparent change 

in molar mass with the solvent probably indicates that the spherical geometry assumption is 

not adequate or that molecules of different size are adsorbig. 

4.3 SOLIDSFREE ASPBALTENES 

The interfiial tension of solids-&ee asphaltenes in heptol (50 vo1Y0) toluene was measured 

and compared to the iatedkial tensions of asphaltenes containing solids in the same 



Table 4.6 Cdcuhted Mobr M u s a  of the Athab- Asphdtena in Heptol of 
Different Composition 

I Heptol Cornpodtion Mohr Mus (glmol) 

1 Toluene 2600 1 I Hcptol(75 MI% toluene) 1500 

I Heptol(62.5 vol% toluene) 1490 I I ~ e p t o l  (SO vol% toluene) 1430 I 

Table 4.7 Calculated Molar Masses of the Athabuu Rains in Heptoi of Different 
Composition 

Heptol Composition Molar Mass (glmol) 

Toluene 1640 

Heptol(75 vol% toluene) 560 

Heptol(62.5 vol% toluene) 540 

Heptol(50 vol% toluene) 510 

Heptane 500 



solvent as shown in Figure 4.8. This figure indicates that the removal of solids has no 

significant e f f i  on the interfitcia1 tension of asphaltenes. Hence, it appears that the 

presence of solids does not affect the adsorption of asphdtenes on the interface. 

4.4 RESINS 

The interfacial tensions of resins were measured in heptol containing 0, 25, 50, 62.5 and 75, 

100 vol% toluene with resin concentrations ranging &om 0.5 to 25 kg/m3. The comparison 

of resin and asphaltene intdacial tensions (Fig. 4.24.5) clearIy demonstrates that resins are 

more surface active (decrease surface tension more) than asphaltenes in all solvent systems. 

This correlates well with the interfacial tension data obtained by Yan et al., (1999). The 

interfacial tension of resins decreases linearly with the logarithm of resin concentration. 

Again, this suggests that there is no micelle formation within the measured range of 

concentrations. 

The larger slope of the resin interfacial tensions suggests that resins are smailer molecules 

than the asphaltenes. The average molar mess of resins was calculated corn the molar 

surface coverages. These data are presented in Table 4.7. Again, spherical geometry was 

assumed and a resin density of 1000 kg/m3 (Peramanu et al., 1998) was used. The 

calculated molar masses m in a range &om 500 to 1640 g/mol, which is smaller that the 

average molar mass of asphaltene molecules. The obtained resin molar masses are in good 
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agreement with the data reported by Peramnu a ial., (1998) and Speight, (1991) as 

discussed in Chaptex 2. 

A comparison of the resin intedhcial area per molecule in the various heptol systems 

indicates that the addition of heptane has a similar effkct on resins as on the asphaltenes The 

resin interfacial area in heptol (75 vol% toluene) is 50 % smaller than that in pure toluene. 

The fbrther addition of heptane up to and including pure heptane solvent changes area only 

by 7 %. The comparison of solvent effect on the inteficial area of resins and asphaltenes is 

shown in Figure 4.7. As with asphaltenes, the addition of heptane may cause the p r e f d e  

adsorption of smaller resin molecules andlor it may change the configuration of resin 

molecules on the intefice. 

4.5 MIXTURES OF ASPHALTENES AND RESINS 

As stated above, resins reduce IFT more than asphaltenes. Therefore, it is expected that 

resins would predominantly adsorb on the water/oil inteflace so as to minimize the energy of 

the system. The analysis of the combination of the two Mans indicates that the interfacial 

tensions of the resin-asphaltene mixtures is between that of asphaltenes and resins alone. 

Apparently, both resins and asphaltenes adsorb on the water/oil interface roughly in 

proportion to their bulk phase composition. We also observe a linear decrease in the 

interfacial tension of asphaltenes and resin mixtures along a measured range of 55 



concentrations (Fig. 4.24.6). Hence, the i n t d a l  composition appears invariant at a 

given asphaltene: resin ratio. The linearity also indicates that there is no micellhation in the 

asphaltene-resin mixtures. 

An estimate of asphaltene and resin composition on the i n t d c e  can be made given these 

assumptions: 

1. Asphaltenes and resins have the same surfhce average area per molecule in their 

mixtures as asphaltenes and resins alone. 

2. Heptane and toluene do not adsorb on the interface 

3. The area -on of the asphaltenes, 8A. is directly proportional to the mass 

-on of the asphdtmes. 

Then the asphaltene M o n a 1  d c e  coverage, BA, can be found from a material balance on 

the interface: 

Where AA and AR are the average inteMai area of asphaltene and resin molecules, 

respectively, and A& is the intafacial molecular area in asphalteneresin mkhues. 

The results are illustrated graphically in Figure 4.9 which sbows the mass fi-action occupied 

by asphaltenes for various heptol systems versus the M o n a 1  asphaltene concentration in 

the continuous phase, X& where: 
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Figure 4.9 Relationship of interfacial composition to bulk phase 
composition for Athabasca aspbaltenes and resins in heptol. 



Figure 4.9 indicates that both resins and aspheltenes adsorb on the waterloil interface. At 

intermediate X& the i n t d a I  composition is almost proportional to the bulk phase 

composition. At XA below 0.3, the resins dominate the interface. However, when XA 

exceeds 0.5 asphaltenes predominantly adsorb on the intedace (except in heptol (50 vol% 

toluene)). This result contradicts the expectation that resins will dominate the interface and 

it suggests that a mechanism other than minimbation of IFT controls the interfacial 

composition. One possibiity is that asphaltenes cross-link on the interface and bind each 

other in place preventing resins tiom replacing the asphaltenes on the interface. Asphaltenes 

do not dominate in heptol (50 vol% toluene) possibly because the difference between 

asphaltene and resin interfacial tensions is greatest in this solvent (Tables 4.4- 4.5). The 

driving force to minimize interfacial energy may be sufljcient to overcome the tendency of 

asphaltenes to cross-link and dominate the interface. 

4.6 COMPARISON WITH COLD LAKE ASPHALTENES AND RESINS 

Interfacial tension measurements were also made for the Cold Lake asphaltenes, resins and 

their mixtures dissolved in heptol(50 vol% toluene) and toluene. The results are presented 

in Figures 4.10-4.1 1. Again, the linearity in the plots of interfacial tension versus log 

concentration 
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Figure 4.10 Interfacial tension of Cold Lake asphaltenes, resins 
and asphaltene/resin mixtures in heptol(50 vol% toluene) over 
water 



8 . - . . w r r m  . 1 . . . . r l  . m I . . I . .  

L . 
l 3 

. 
9 - 

L 

e- 

9 m . 
L 

- - 
L . 
L - a Asphattenes 

rn A R:A=1:3 

R:A=I:1 - 
o R:A=3:1 

L 

rn A Resins 
. . L 1 . . I  I . . . . . . . . I  1 . 1 . . . . . 

Total (Asphaltene+Resin) Concentration, kglm3 

Figure 4.11 Interfhcial tension of Cold Lake asphaltenes, resins 
and asphaltene/resin mixtuns in toluene over water 



indicates no evidence of dcelle formation for all range of asphdtene/resin concentrations in 

aU heptol systems. 

The calculated su* coverages, r', of asphaltenes, resins and asphaltene-resin mixtures, 

the calculated intdcial  area per molecule, A, and molar masses (Tables 4.84.9), 

demonstrate the similarity between the Cold Lake and the Athabasca hctions. As shown in 

Figure 4.12, the plot of the mass Wens of asphahenes versus hction of the asphaltene 

concentration in the continuous phase follows the same trend for the Cold Lake asphalteues. 

The observed similarities suggest that it may be possible to apply the results for the 

Athabasca bitumens to other Western Canadian bitumens. 

4.7 APPLICABILITY OF THE INTERFACIAL TENSION STUDIES TO 
EMULSION STABILITY 

The resin and asphaltene composition on the water/oil interface determined by interfacial 

tension experiments indicates that resins are present on the interface in all cases. However, 

as will be discussed in Chapter 5, measurements of the emulsion intertscial composition 

show that no resins are present on the watedoil interface, except at very high resin 

concentrations 

The linearity in the plots of the interfbd tension versus log concentration of the 

asphaltenehesin mixtures suggests that the composition on the interfhce is the same at 1 
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Table 4.8 M#surcd S l o p  and Cakulated Moleculu Dimension of the Cold Lake 
and Athabasca Aspbdtcaes, Resins, and Asph.ItendRasin Misturer in Toluene and 
Htptol (SO vol% toluene) 

Toluene Heptol (SO vol% Toluene) 
s l o p  r A slope r A 

(mN/m) (10' mo~n2)  (am2) (mNlm) (lo4 moI/rn2) (om2) 
Cold Lake 

Asphdtencs - 1 -49 0.60 2.76 -2.2 1 0.89 1-86 

1:3 R=A -1 -53 0.6 1 2.70 -2.80 1.13 1.47 

1:1 R=A -1 -60 0.65 2.57 -2.89 1.17 1.42 

3:l R:A -1.99 0.80 2.07 -3.73 1 .SO 1.10 

Resins -2.01 0.8 1 2.05 -4.10 1.65 1.00 
I 

Athibrscrr 
Asphaltcats -1.45 0.58 2.84 -2.15 0.87 1.9 1 

1:3 R=A -1.46 0.60 2.82 -2.57 1.04 1.60 

1:l R=A -1.51 0.61 2.72 -2.80 1.13 1.47 

3tl R=A -1.87 0.76 2.20 -3.71 1 .SO 1.11 

Resins -1.97 0.80 2.09 4.28 1.73 0.96 

Table 4.9 Calculated Molar Murer of the Cold Lake and Athabasca Asphaltenes and 
Resins in Toluene and Htptol (SO ~ 0 1 %  Toluene) 

Heptol Composition Molar Mass -01) 

Asphdtenes Cold Lake Athrbasca 

Toluene 2490 2600 

Heptol(50 vol% toluene) 1370 1430 

Resins Cold Lake Athrbwca 
r 

Toluene 1590 1640 

Heptol(50 vol% toluene) 540 510 
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measured concentrations of asphaltenes and resins in the bulk phase and that it depends on 

the asphaltendresin ratio in the bulk phase. However, the emulsion experiments indicated 

that the interfacial composition changes depending on the concentration of resins in the 

continuous phase, rather than the asphaltene/resin ratio. 

This discrepancy could be explained by the difference in the state of water/oil interfaces in 

emulsion phase and in interfacial tension apparatus. The interfacial tension measurements 

are taken on a static or expanding interfhce. In the emulsion under investigation, the 

interface contracts as coalescence occurs. It is known that asphaltenes are able to interact 

with each other and form aggregates. Therefore, it is possible that asphaltene molecules 

cross-link when they adsorb on the water/oil i n t d c e .  It is believed that resin molecules are 

not able to interact and cross-link with each other. Therefore, when the interface contracts, 

independent resin molecules may be ejected from the waterloil interface and cross-linked 

asphaltenes remain. 

4.8 CHAPTER SUMMARY 

Interfacial tension measurements indicate that while both asphaltenes and resins are s u b  

active and adsorb on the waterloil i n t e h ;  resins exhibit bigher surface activity than do 

asphaltenes. 



A comparison of the interfacial tension between asphaltenes and solids-fiee asphaltenes 

shows that solids do not affect adsorption of asphaltenes on the water/oil interface. 

The interfacial tension measurements show no evidence of micelle formation for 

asphaltenes, resins or their mixtures. 

The addition of heptane to a mixture of toluene and asphaltenes or resins causes a decrease 

in the average interfacial area of both asphaltene and resin molecules. The decrease in area 

can be explained either by adsorption of smaller molecules in the solvent containing more 

heptane or by a change in configuration of asphaltenes and resins on the interface with the 

addition of heptane. 

The interfacial tensions of resin-asphaltene mixtures indicate that both asphaltenes and resins 

are present on the in te r f i ,  although asphaltenes dominate at medium or high 

asphaltendresin ratios. As will be discussed later, the intefiacial tension results for 

asphaltendresins mixtures may not be applicable to emulsions, because IFT measurements 

involve a static or expanding i n t d c e  whereas emulsions have contracting interfaces. 



CHAPTER 5 

ROLE OF ASPHALTENES, RESLNS AND soLms M WATER-IN- 

HEPTOL EMULSION STABILIZATION 

5.1 INTRODUCTION 

The objective of the research presented in Chapter 5 is to investigate what role 

asphaltenes, resins and solid particles play in s t a b i i g  emulsions. Their role is 

examined by measuring the intaficiat composition and stability of model emulsions 

composed of the mixtures of asphaltene-solids, resins and solids-fiee asphaltenes of 

various composition in toluene/heptol solutions. 

While the primary focus of this work is on the role of asphaltenes and resins, native 

solids must be accounted for because they are o h  associated with asphaltenes and can 

affect emulsion stabiity. Therefore, the stability of emulsions prepared with solids-free 

asphaltenes or asphaltene-solids is compared. 

The main experiments deal with asphaltenes. The mass of the adsorbed asphaltenes is 

measured at diffbent aspMtene concentrations in the continuous phase and adsorption 

isotherms of asphaltenes on the emulsion in tdce  are constructed. The effect of the 

solvent on the stabilization of emulsions by asphaltenes is also examined. The change 

in the amount of adsorbed asphaltems and emulsion stability with a change in solvent 

reveals some details on the asphaltene phase behavior on the emulsion interface. 
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Finally, the role of resins in stabilizing emulsions is considered. The stability and 

adsorption isotherms of emulsion prepared with various asphaltendresin ratios are 

compared with the one obtained for pure asphaltenes. 

5.2 ROLE OF SOLIDS 

It is important to recognize that asphaltenes precipitated Born bitumen contain some 

other insoluble material. This material, here referred to as "solids", can contain sand, 

clay, silica and organic particles (Menon et al., 1988; Yan et al., 1995). The recent 

studies of Yan a al. (1999) demonstrated that solids play a significant role in 

stabilizing water-in-crude oil emulsions if &ids increase emulsion stability, their 

effect can overshadow the stabilization properties of asphahenes and resins in crude oil 

emulsions. Yan et al.'s results also revealed that the role which solids played in 

stabilizing emulsions is affected by the size of the solids. Therefore in the present 

study, it was necessary to assess the role of solids and the solid particle size on model 

emulsion stability. 

In order to investigate the role of solids and the e f f i  of their size on emulsion 

stabity, model water-in-heptol emulsions containing asphalten-solids (AS), 

asphaltenes with only coarse solids removed (ACS) and solids-fiee aspbaltenes (AFS) 

were prepared and their compared. Recall &om Chapter 3 that ACS are 

obtained by removing "come" solids with a diameter greater than 1 p by 

cemtrifbging. AFS are obtained by removing "he" solids using either by precipitation 
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with asphaltenes or filtration through 0.5-pm porosity filta paper. These two methods 

also remove '%oarse" solids. Hence, asphaltems obtained this way are termed "solids- 

fiee" . 

The role of solids can be investigated by comparing the W i t y  of emulsions prepared 

with and without solids. For this comparison, ali of the emulsions were prepared with 

an initial concentration of 5 kg& asphaltare material in the hydroarbon phase. The 

hydrocarbon phase consisted of heptol containing 50 vol% toluene. In order to 

compare emulsion stability, the same standard stabiity test (described in Chapter 3) 

was performed with these emulsions. The percent of resolved water was m e a d  for 

all emulsions at a destabilization time of 6 hours. The results f h m  this study are 

presented in Figure 5.1 (a). 

As shown in Figure 5.1 (a), for the emulsion prepared 6om ACS, approximately 10 

vol% of water was resolved after 6 hours of destabilization. This stability is vay 

similar to the stability of emulsions prepared lkom AS, in which about 6 vo1Y0 of water 

was resolved. The emulsion prepared &om AFS in which fine solids were removed by 

atration has approximately SPA fiee water resolution in 6 hours. This indicates that 

this last emulsion is much less stable than emulsion prepared with AS and ACF. This 

comparison clearly illustrates that the &ivenes s  of solids in stabilizing water-in- 

heptol emulsions depends on their size. According to these experiments, fine solids in 

a range of 0.5-1 pm in diameta significantly increase emulsion stability. It should be 
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also noted that the hlta may capture solid particles d e r  than 0.5 pm. Therefore, we 

can only conclude that particles less that 1 pm effectively stabilize emulsions. Similar 

results were obtained by Yan a al.. (1999) as shown in Figure S.l(b). In their study of 

water-in-diluted bitumen emulsions, it was shown that solids larger than 8 pm were 

unable to stabilize rmulsions, while h e  solids in a range of 0.22-8 pm in diameter 

effectively s t a b i i  these emulsions. 

The third type of solids-free emulsions was prepared fram AFS in which fine solids 

were removed by presipitation of a small M o n  of the asphaltenes. The stability tests 

of emulsions prepared from these asphaltenes resulted in approximately 50 vol % of 

water resolution after 6 hours (Fig. 5.l(a)). This stabiity is similar to the stability of 

emulsion prepared with 0.5-pm filtered asphltenes. This indicates that the 

precipitation of asphaltenes results in fine solids removal from crude oil systems. 

However, it should be noted that by removing solids by precipitation method, we also 

remove 2% of the asphaltenes. The similarity in stability of emulsions prepared with 

0.5-jun filtered and precipitated solids-fiee asphaltenes suggests that this small 

asphaltene hction does not affect emulsion stabiity. It is very time consuming to 

extract significant quantities of 0.5-p m filtered asphaltenes. Thenfore, in the present 

research, the solids-fkee emulsions were prepared with the solids-fiee asphaltenes 

obtained by the precipitation method rather than by the filtration method. 





- 

Bitumen Bitumen with Bitumen with Fine 
Coarse Solids Solids Removed 
Removed (0.22ym Filtered) 
(8 -* Filteml) 

Figure 5.1 (b) Effkct of solids in stabilizing water-in-diluted bitumen 
emulsions ( Yan et al., 1999) 
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As stated above, solids-fiee emdsions are much less stable than emulsions with solids. 

When determining the asphltene and resin h c e  coverage it was necessary to work 

with stable emulsions. Therefon, the majority of the experiments were conducted with 

emulsions made of asphaltenes containing solids. The r d t s  of these experiments 

were later compared with solids-fiee samples. The results will be discussed in next few 

sections. Note that, in the subsequent sections of this thesis, asphaltenes containing 

solids will be r e f d  to as "asphaltenes", unless otherwise noted. 

As indicated by the interfadal tension results of asphaltenesolids and solids-fne 

asphaltenes in Chapter 4, the presence of solids does not afFkt the adsorption of 

asphaltenes on the wata/oil interfhce. To c o n h  if this is true in emulsion interfaces, 

a series of emulsion stability tests were conducted with emulsions of the same 

composition containing either asphaltene-solids or solids-free asphaltenes. As will be 

discussed in the next sections, the r d t s  of these tests indicated that the presence of 

solids does not effect the adsorption of asphaltenes and resins on the interface* but it 

may misrepresent the role of asphaltenes and resins in emulsion stabilization. 

5.3 ROLE OF ASPHALTENES 

Numerous studies suggest that asphaltews are able to stabiie water-in-oil emulsions 

by adsorbing on the wata/oil emulsion intefice and creating a rigid film which 

prevents drop coalescence (McLean et al., 1997, Ese et al., 1998, Yarranton, 1997). 

However, as was described in Chapter 2, the composition and structure of the 
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interfkcial film formed by asphaltenes is still unknown. It is proposed that asphahenes 

may adsorb on the interface in the form of colloidal aggregates, or as monolayer or 

multilayer of molecules. In addition, asphaltenes may adsorb on the emulsion interface 

in several different fonns, depending on asphnhene concentration or solvent 

composition. 

One of the ways to determine how asphaltcnes adsorb on the interface is to measure the 

mass of the asphaltenes on the emulsion in t ece .  In the current research, the amount 

of aspbaltenes adsorbed on the emulsion interface, NJA was determined from gravimetric 

analysis, as described in Chapter 3. The resulting adsorption isotherms relate the mass 

of adsorbed asphaltenes in model water-in-heptol emulsions to concentration in the 

continuous phase. The asphaltene concentrations in the continuous phase ranged &om 

2 to 50 kg/m3. To further understand the role of asphaltene in emulsion stabilization, 

the mass of asphaltenes on the emulsion interface was also related to stability of the 

model emulsions of the same composition. The role of solvent composition was 

investig8ted by performing gravimetric analysis and stabiity tests with model 

emulsions in which heptol contained SO vol% and 75 vol% toluene. 

5.3.1 Asphdttne Adsorption on the Emulsion Interface 

The adsorption isothenn of asphaltenes in the model water-in-heptol emulsions (50 

vol% toluene) emulsion is shown in Figure 5.2 (a). The adsorption isotherm is plotted 

in terms of asphaltene mass per area, I;(, of the emulsion int- v e m s  initial 

asphaltene concentration in the bulk phase, CA'. The adsorption isotherm has two 
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distinct parts. At c ~ P  below 4 kglrn3, the asphahene swfhce coverage is constant and 

equal to approximately 4 mg/m2. Above this concentration TA follows the form of a 

Langrnuir adsorption isotherm. S u r h a  coverage sharply increases until CA' is about 

40 kg/m3 and then plateaus reaching its limiting d u e  of approximately I I mglm2. 

This shape in the adsorption isotherm can be explained as the follows. The surfkce area 

(drop size distribution) in emulsions is determined by the amount of asphaltenes and/or 

d g  conditions. At low asphaltene concentrations there are insufticient asphaltenes 

to cover the d a c e  area of the approximately 10 pm droplets generated by the 

homogenizer. Yarranton et at., (2000) showed that these emulsions coalesce until 

monolayer d a c e  coverage is achieved. As more asphaltenes are added, more of the 

surface area of the 10 p droplets is covered by asphaltenes and less coalescence 

occurs. As a result the Sauter mean diameter decreases as shown in Figure 5.2 (b). At 

higher asphaltene concentrations, (above 4 kg/m3), the drop size distribution becomes 

governed solely by mixing conditions. In other words, there is no coalescence and the 

Sauter mean diameter becomes constant as indicated in Figures 5.2 (b). Therefore, 

above CAO of 4 kg/m3 the interfiuid area is fixed. With a fixed interface, aspsphaltenes are 

able to adsorb in greater amounts as shown in Figure S.Z(a). 

An adsorption isotherm such as the one shown in Figure 5.2(a) is more meaningrlly 

plotted against equifibn'um asphaltene concentration in the bulk phase. This 



Initial Asphabne Concentration, kglm3 

Figure 5.2 (b) Sauter mean diameter of Athabasca asphaltenes in 
water-in-heptol(50 vol% toluene) emulsions (b4.40) 
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equilibrium asphaltene concentration is calculated by rearranging equation 3.9 in 

Chapter 3 : 

As can be seen in Figure 5.3, all the data now collapses into a smooth curve. 

The adsorption isotherm of asphaltenes is in a good agreement with the results obtained 

by Ese at el., (1998) The asphaltenes Surtace coverage measured by the Langmuir- 

Blodgett film technique ranged from 6 to 8 mg/m2 at cA0 equal born 1 to 8 kg/m3. Ese 

at el. also observed an increase in the surhrce coverage with an increase in the bulk 

asphaltene concentration. 

An increase in the asphaltene mass on the interface can be explained in three ways. 

The first explanation assumes that at higher bulk phase concentration, asphaltene 

molecules undergo a codonnation change allowing more compact packing of 

molecules on the inteflace. This leads to a higher h c e  coverage. The observed 

plateau at high C A ~  indicates that asphaltenes achieve the maximum packing on the 

interface. The build-up of i n t d a l  material may possibly create a stronger and more 

rigid intafacial bank. Therefore, it can be expected that the emulsions prepared with 

the higher asphdtene wnceatration would be more stabIe. This can be v d e d  by 
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Figure 5.3 Adsorption isotherm of Athabasca asphaltenes on 
water-in-heptol(50 vol% toluene) emulsion interface 
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comparing the stability of emulsions (percent of the resolved water) prepared fkom 

differeat asphaltene concentrations in the continuous phase. 

The second possibiity is that larger asphaltene molecules adsorb preferentially. At low 

concentration, there are insufficient large molecules to saturate the interfkce. At higher 

concentration, the interfaa becomes saturated with large molecules and the mass 

d a c e  coverage plateaus. 

The third possibility assumes that asphaltenes form a multilayer on the interfkce. This 

concept, however, is not immediately acceptable, because the observed adsorption 

isotherm reaches a marked plateau, or tends towards a limiting value. Moreover, we 

observe no inflection point except at low asphaltene concentrations, which would 

indicate the formation of the first or any subsequent layer. Some researches, however, 

in studying polymer adsorption, indicate that the absence of a point of inflection does 

not necessarily exclude the possibility of multiplayer formation (Kipling, 1965). 

However, the stability results presented later suggest that the increase in mass is due to 

conformation change rather than multilayer formation or selective adsorption. 

Sm3-2 Correlation between Adsorption hotberm and Emubion Stability 

The stability of water-in-heptol (50 vol% toluene) emulsions as a function of C A ~  is 

illustrated in Figure 5.4(a). These results were obtained at a destabiition time of 16 

hours. Figure 5.4(a) shows that the stabiity of emulsions increases as the asphaltene 

concentration in the contiowus phase increases fiom about 2 to 10 kg/m3. 



Equilibrium Asphattene ~oncentration,kglm~ 

Figure 5.4 (a) Emulsion stability of Athabasca asphaltenes in water-in- 
heptol(50 vol% toluene) emulsions (oU.4.40; destabilization time=16 
hours) 



With the fhther addition of asphaltenes in the continuous phase, the stabiity changes 

only slightly. The observed increase in emulsion stability with an increase of the 

asphaltene concentration has three possible explanations. 

The first possibility is that the observed increase in emulsion W i t y  may be related to 

a decrease in the drop size with an increase in CA9. As stated in Chapter 2, smaller 

drops coalesce less readily and emulsions containing drops of lesser diameter are more 

stable. As seen &om Figure 5.4(b), the Sauter mean diameter of emulsions decreases 

with an increase in asphaltene concentration. The comparison of the Sauter mean 

diameter and emulsion stabiity in Figure 5.4 (b) shows a very good correlation 

between these two trends. At CA- less than 5 kg/m3, the emulsion stabiity increases as 

dF decreases. At higher asphaltene concentrations both the Sauter mean diameter and 

the emulsion stability changes only slightly. This correlation shows that an increase in 

emulsion stability at low asphaltene concentrations may be attributed to the change in 

the mean emulsion drop size. 

A second possibility is that the increase in emulsion stability is explained by an 

increase of the asphaltene mass on the i n t d c e .  As was demonstrated by the 

asphaltene adsorption isothenn in Figure 5.3, the asphaltene surface coverage, T& 

increases with an increase of C A ~ .  The higher d a c e  coverage may create a stronger 

interfacial barrier and increase emulsion stabiity. The comparison of  the asphaltene 
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adsorption isotherm and emulsion stability is shown in Figure 5.4 (c). It's clearly seen 

that as rA increaws emulsion stability also increases. However, emulsion stability 

increases until C A ~  reaches concentrations of 10-15 kg/m3 while TA continues to 

increase until double that concentration. Also note that, as the aspMtene concentration 

increases 60m 1 to 5 kglm3, emulsion stabiity increases by a factor 3 whereas TA 

increases only by about SO?% (fkom 4 to 6 mg/m2). This suggests that at low asphaltene 

concentrations the increase in emulsion stability is not related to TA. At higher CAq 

(above 5 kg/m3) an increase in stability may be caused either by the accumulation of the 

asphaltenes on the interfhcc or due to reduction in the rmulsion drop size. 

The third possible explanation for the increase in emulsion stability involves the fine 

solid particles associated with the asphaltenes. As discussed in the previous section, 

these particles are capable of stabilizing emulsions. An increase in the asphaltene 

concentration in the continuous phase also leads to an increase in solids content in the 

continuous phase. Hence, the growth in the emulsion stabiity can also be caused by an 

increase in the concentration of the fine solid partic1es in the emulsion. To isolate the 

role of solids, adsorption isotherm, drop size distribution and stabiity were measured 

for emulsions containing solids-6ee asphaltenes. This wiU be discussed in the next 

section. 
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5.3.3 Adsorption Isotherms and Emulsion Stability of SolidsFrec Asphdtena 

The comparison of the adsorption isotherm and emulsion stability of solids-fiee 

asphaltenes and asphaltene-solids in heptol (50 vol% toluene) is presented in Figure 

5.5. As this figure indicates, the adsorption isotherm of solids-fiee asphaltenes is 

almost identical to that of asphaltenes containing solids. This suggests that solids do 

not affect asphaltene adsorption. Recall fiom Chapter 4 that the inteficial tensions of 

asphaltene-solids and solids-fkee asphaltenes also showed that solids do not interfen 

with the adsorption of asphaltenes on the watedoil interfhce. The measurement of the 

Sauter mean diameter of water-in-heptol emulsions (50 vol% toluene) stabilized by 

solids-fiee asphaltenes also indicated that asphaltme-solids and solids-he emulsions 

have an identical drop sizes. This again supports the argument that solids do not affect 

the asphaltene adsorption. This m y  indicate that solids do not stab'- emulsions by 

adsorbing on the emulsion interfece. Possibly they are trapped between emulsion 

droplets, thus preventing coalescence. 

Although the adsorption isotherms and the Sauter mean diemeters for solids and solids- 

fiee asphaltenes were nearly identical, the trends in stability for these two types of 

emulsions have a significant difference. With an increase in the asphaltene 

concentration in the continuous phase fkom 1 to 5 kg/m3, the stab'ity of both types of 

emulsions increases. However, above 5 kg/m3, the emulsions containing solids-flee 

asphaltenes exhibit a duction in stability, while the stability of asphaltene-solids 

emulsions increases. The observed maximum in emulsion stability of solids-bee 

emulsions indicates that emulsion stabiity is governed by two opposing mechanisms. 
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From these observations it follows that the initial sharp increase in emulsion stability at 

low CAq (observed for both types of emulsions) is due to the reduction of drop sizes in 

the emulsions. An increase of the stability of asphaltene-solids emulsions at CA- > 5 

kg/m3 is due to an increase in the amount of solids particles. The stability trend of the 

solids-6ee sample indicates the true effect of the asphalteaes without the 

overshadowing &kt of the sdids. 

In summary, the data for the solids-fiee emulsions demonstrate that while there is an 

increase in the asphaltene surfsa coverage, there is a reduction in the emulsion 

stability with an increase in CA- above 5 kg/m3. This unexpected behavior contradicts 

the argument that accumulation of the asphaltenes on the intafsce would lead to the 

creation of a stronger, thicker interfiial barrier, that increases emulsion stability. This 

behavior is difEcult to explain if we assume that asphaltenes form a multilayer on the 

interface at high bulk phase concentrations. It is also dBicult to explain if larger 

molecules saturate the interface at high concentration. In either case, a thicker more 

rigid interface is expected and hence greater stability. 

Although it is not clear why this behavior is observed, one possible interpretation is that 

the rheology of the interfha changes with a change in molecular conformation. At low 

asphaltene concentrations and consequently low Surface coverage molecules are spread 

out on the interface. In this position, molecules may have many points of attachment 

on the interface, as shown in Figure 5.6 (a). At high asphaltene concentrations, 

molecules may change their alignment on the in tdce  so that they become attached at 
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one or only a few points per mole&. In the latter arrangement much more material 

can be attached to a given surface area (Figure 5.6 (b)). When molecules are attached 

to the interface at only one point, they are more extended into the continuous phase and 

may be more mobile than when attached at several points. This more mobile interf'ace 

may present a reduced barrier to coalescence. When molecules attached at several sites, 

the interface may be more rigid* and the emulsion more stable. Similar observations 

were made in studies being currently conducted at the University of Alberta by Taylor 

(2000). His measurements of the film propaties formed by asphaltenes indicate that 

the film was rigid at C A ~  below 15 kg/m3 and fluid above this concentration. 

5 e 3 e 3 . 4  Effect of the Solvent Composition on the Asphattent Adsorption and 
Emulsion Stability 

To investigate the effect of solvent composition on the intafacial adsorption of 

asphaltenes, gravimetric enslysis, drop size measurements and stability tests were 

performed with water-in-heptol(75 vol% toluene) emulsions ranging tiom a C? of 2 to 

40 kg/m3. Figure 5.7 (a) compares the adsorption isotherms and emulsion stability 

curves obtained for these emulsions to those results obtained for water-in-heptol (SO 

vol% toluene) emulsion. Wlth a better solvent (heptol (75 vol% toluene)), the 

asphaltene adsorption is less for the whole range of measured concentrations. The 

decrease in the asphaltm surface coverage with an increase in the heptane content in 

the solvent was also observed by Ese a al. (1998) fkom the Langrnuir-Blodget film 

experiments. The comparison of the resolved water shows that the stability of water-in- 

heptol (75 voI% toluene) is also less for all measured range of asphalteaes 
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concentrations. However, both the adsorption and the stability curves of these two 

emulsion types follow the same trend. 

Figure 5.7 @) compares the Sauter mean diameter of these two types of emulsions. The 

comparison indicates that at CAq less than 5-10 kglm3 the Sauter mean diameter of 

water-in-heptol (75 vo1Y0 toluene) emulsion is higher than in emulsion made with 

heptol (50 vol% toluene). Above this CA.4 diameters of both emulsions are almost 

identical. Once again, at low asphaltene concentrations, emulsion stabiity appears to be 

governed by emulsion drop sizes. The formation of larger droplets in heptol(75 vol% 

toluene) leads to less stable emulsions. 

At higher asphaltene concentration, the fbther reduction in stability of emulsions 

containing 75 vol% toluene may be related to the change of the asphaltene adsorption 

on the emulsion i n t d i .  Both asphaltene surfkce coverage and emulsion stability 

decreases in a better solvent (75 vol% toluene). The most plausible explanation for 

these findings is that in a better solvent asphaltene molecuIes are more solvated. The 

mechanism of a solvent action can be better explained by analogy with a polymer 

solution. In polymer solutions, the solute is often described as a random coil in which 

the domain of the molecule contains both polymer segments and solvent molecules. 

The energy of the interactions between solvent molecules and polymer chain segments 

determines the d s g r a  of solvent embodiment in the molecule domain and the spatial 

extension of the polymer molecules. A solvent in which solvent-solute interactions are 
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favored, is called a "good solvent". A good solvent sweMs the coil dimensions. In a 

"poor" solvent solute-solute contacts are favored and the coils shrink (Hiemenz et al., 

1 997). 

An increase in the toluene content in heptol increases the "goodness" of the solvent. 

Asphaltene molecules become solvated to a higher degree. The solvated molecules 

occupy a larger area and are more loosely packed on the intafoa, as shown in Figure 

5.6 (c). R e d  that the interfacial data of Chapter 4 also showed an increase in the 

surface area of asphaltene molecules with an increase in the toluene content. The 

looser packing of asphaltenes on the interfke explains the decrease in mass surfhce 

coverage. 

Furthermore, in a better solvent, the strength of interactions between asphaltene and 

solvent molecules is more than between two asphaltene molecules. Therefore, in a 

better solvent, asphaltenes may be less cross-linked with each other, making the 

interface less rigid and the asphaltenes more mobile. Hence, emulsions stabilized by 

asphaltenes are less stable at higher toluene: heptol ratios. Similar results were 

observed in the case of polymer adsorption. It was determined that polymer surtpee 

coverage is less and polymer desertion is easier in a better dvent (Kipling, 1965). 

To fhther investigate the &kt of solvent composition, asphahene adsorption and 

stability experiments should be done with other heptaneltoluene ratios. However, there 

are two problems with this. On one hand, an increase in toluene content makes 
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emulsion very unstable. On the other hand, at a toluene content below 50 vol% 

asphaltenes precipitate. Therefore, it was impossible to paform a gtavimetric analysis 

on emulsions with other heptol compositions. 

Despite these limitations for the gravimetric analysis, the role of solvent content was 

fiuther investigated by conducting stability tests for emulsions prepared with various 

heptol compositions. All stabiity tests were conducted where CA' was equal to 5 

kg/m3. The amount of resolved water was measured at a destabilization time 6 hours 

for all emulsions. These tests were performed for both solids and solids-fiee asphaltene 

emulsions. The results of these tests are illustrated in Figure 5 -8, where the percentage 

of resolved water in emulsion is plotted against the volume percent toluene in the 

heptol. Figure 5.8 clearly shows that the heptol composition significantly effects 

emulsion stability. The comparison of solids-fiee emulsions and emulsions containing 

solids indicates that stabiity curves of these two types of emulsions follows the same 

trend. 

The plots are characterized by a maximum in stability at around 50 vol % toluene in the 

solvent. The maximum stability indicates that the effect of solvent composition is 

governed by two opposing trends. The right side of the curve shows that an increase in 

the toluene content destabilizes emulsions. This again can be explained by the 

solvating effea of the "good" solvent, as described previously. The left side of the 

curve shows that a decrease in stabiity occurs when there is an increase in the heptane 

content in the solvent. This decrease in stabiity is caused by the precipitation of 
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Figure 5.8 Effect of solvent composition on the stability of water-in- 
heptol emulsions containing Athabasca asphaltene-solids and solids-free 
asphaltenes (b4.40;  c2=5 kg/&; destabilization time= 6 hours) 
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asphaltenes from the heptol containing more than 50 vol% of heptane. Yarranton a al. 

(1997, 1999) showed that the precipitated asphaltenes are not able to adsorb on the 

waterloil interfiace. Hence, when asphaltenes precipitate, the amount of asphaltenes 

which are able to adsorb on the int- decreases. This reduces emulsion stability. 

The precipitation of asphaltenes explains why for heptol containing less than 40 vol% 

toluene the stability of solids-free emulsions is the same as in emulsions containing 

solids, while at heptol with more than 40 vol% of toluene the stability of solids-fiee 

emulsions is less than in emulsions containing solids. As discussed previously, solids- 

fiee emulsions are less stable than with solids. However, asphaltenes precipitated &om 

solution act as a collector of solids, as shown in section 5.1. Therefore with heptol 

containing about 40 vol% toluene, solids are removed fiom solution and both systems 

are effeaively solids-fine. 

The observed effbct of solvent composition on emulsion stability is in a good 

agreement with the results obtained by McLeau and Kilpatrick, (1998) for asphaltenes 

derived fiom Arabian and Venezue1an crude 08s. The comparison of their data and the 

present work is presented in Figure 5.9. 

S.3.S Characterization of the Adsorbed Asphaltenes 

The Athabasca asphaltenas isolated fkom the emulsion phase were characterized by 

elemental analysis and compand with the original Athabasca asphaltenes used for 

preparation of the model oil emulsions. The elemental analysis of the asphaltenes was 
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Figure 5.9 The correlation of emulsion stability to the fraction of the 
interfacially active asphaltenes available to adsorb on the interfice at 
various heptol compositions (b4.40; cA0=5 kglm3; destabilization time= 
6 hours) 



conducted at analytical laboratory at Syncrude Canada. The results are presented in 

Table 5.1 

The comparison of heteroatom content in the two types of asphaltenes reveals that 

interfacially active asphaltenes contain more sulfiv and oxygen heteroatom groups, and 

therefore they are more polar. The WC shows that the asphaltenes &om the emulsion 

phase are more aromatic and/or condensed. The result suggests that those asphaltenes 

with the most hydrophobic groups or greater hydrophilic/hydrophobic contrast are the 

most surface active. 

The results are in a good agreement with the data obtained by McLean and Kilpatric, 

(1997). Their data are also presented for comparison in Table 5.1. 

5.3.6 Comparison of Atbabasca and Cold Lake Aspbrltenes 

The adsorption of Cold Lake asphaltenes and emulsion stability was also investigated. 

The gravimetric analysis and stability tests were paformed for asphaltene dissolved in 

heptol (50 vol% toluene) in a concentration range of 2 to 50 k&. The obtained 

results are compared with Athabasca asphaltenes. 

Figure 5.10 presents the adsorption isotherms of Athabasca and Cold Lake asphaltenes. 

The figure indicates that the adsorption of Cold Lake asphaltemes is less than that of 

Athabasca asphaltenes. However, the shape of the adsorption isotherm is identical. 



Table 5.1 The demenW a n m u  of origiad upbdttnes and aspbaltenes adsorbed 
on the emulsion interface 

Present Work Literature ( M a  and Kilpatric, 1997) 

Original Original 
Emulsion Emulsion Continuous 

np- p h R  
(AtW-1 

IDp- phue 
( A d  Hcrvy) 

P- 

Carbon (wt??) 76.9 76.1 - - - 
Hydrogen (wt?!) 7.77 7.52 - - - 
Nitrogen (d?) 1.16 1.14 0.94 0.93 1.01 

SuIfUr (we!) 6.70 7.03 7.17 7.2 1 6.72 

0xy8en (dh)  7.47 8.2 1 - - - 
H/C 1.21 1.19 1.11 1.08 1.2 

v @ ~ m )  929 lo00 667.6 619.8 520.4 

Ni @ ~ m )  379 404 352.1 430.9 329.9 

@ ~ m )  8720 6700 - - - 
Fe ( P P ~ )  6660 5340 - - - 
si @pm) 12000 9500 - - - 
Ti @P@ 1920 1520 - - - 

The stability of Athabasca and Cold Lake aspbaltene emulsions versus CA- is 

compared in Figure 5.1 1. This figure! indicates that stability of Cold Lake asphaltene 

emulsions is much less than in Athabasca aspbaltene emulsions. Moreover, above 10 

kg/m3 the emulsions prepared with Cold Lake asphaltenes exhibit a reduction in 

stability, while the stabiity of Athabasa asphaltene d s i o n s  increases. However, the 

trend observed with Cold Lake asphaltenes a d s i o n s  is similar to that observeci for a 
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solids-fiee Athabasca aspbaftene emulsions. Recall from Chapter 3, that the solid 

content in Cold Lake asphaltenes is almost three times less than in Athabasca 

asphaltenes. Therefore, the discrepancy in emulsion stability can be caused by the low 

amount of solid particles in Cold Lake asphaltenes. 

A more meaningfbl comparison is on a solid-fiee basis. The percent resolved water for 

emulsions stabilized by the Athabasca and Cold Lake solids-fiee asphaltene versus CAW 

is compared in Figure 5.1 1. The stability of the two emulsions is identical. The 

similarity in stability curves and in adsorption isotherms indicates that Cold Lake and 

Athabasca asphaltenes exhibit the same general behavior. This was also supported by 

the intedacial tension measurements discussed earlier in Chapter 4. 

5.4 ROLE OF RESINS 

As described in Chapter 2, the role of resins in the stabilization of water-in-oil 

emulsions is unclear. Some researchers indicate that resins alone can act as effective 

emulsion stabilizers (Bobra et d., 1992). Some evidence suggests that the adsorption 

of resinlasphaltene aggregates on the emulsion intafha makes the most stable 

emulsions. It has also been shown that residasphaltene ratio in the continuous phase is 

an important factor in crude oil emulsion stability (McLean and Kilpatrick, 1997). 

However, there is some evidence that the adsorption of resins on the emulsion interface 

destabilizes emulsions (Ese at d., 1998; M o d e  et al., 1998; Yan, et al., 1998). In 

spite of the discrepancies in the literatwe, the observed data indicates that resins 
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independently or thorough their interactions with asphaltenes play an important role in 

the stability of water-iwil emulsions. Therefore* one of the objectives of the current 

work was to determine the role of resins in the stability of water-in-heptol emulsions, 

containing asphaltenes. 

The methods used in this investigation were similar to the one used in the case of pure 

asphaltenes, described in the previous section. This investigation was conduced by 

measuring the interfixid composition and the stabiity of emulsions prepared with 

different resin/asphaltene ratios @:A) in the continuous phase. The model water-in- 

heptol emulsion used in this study were prepared with R:A ratios in the continuous 

phase of 1 :3. 1 : 1, and 2: 1. The total initial (asphsltene + resin), c*+a0, concentration in 

the continuous phase ranged f?om 2 to 40 kg/m3. 

5.4.1 Stability of Emulsions Containing Aspbdtene,/Resin Mixtures 

The results of stabiity tests of emulsions containing 1:3, 1: 1, and 2: 1 R:A ratios in the 

continuous phase are compared with the stabiity of emulsions containing only 

asphaltenes and are plotted in Figure 5.12. To better demonstrate the effect of resins, 

the percentage of resolved water in the emulsions is plotted against the equilibrium 

asphaltene concentration in the continuous phase, C?. In all cases* emulsion stabiity 

increases at CAW in a range fkom 2 to 5 k&. Above 5 kg/m3 we observe that the 

stability of the emulsions decreases. The hitid increase is caused by decreasing the 

Sauter mean diameter, as previously discussed. The subsequent decrease in stability is 

partly due to change in the asphaltene configuration, as was discussed in Section 5.2.3. 
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Figure 5.12 indicates that the stability of all the emulsions containing resins is much 

less than those containing only aspbaltenes for the whole range of measured 

concentrations. Furthermore, the emulsions become less stable as the R:A ratio 

increases. The obmed  decrease in emulsion stability could be due to the fact that the 

addition of resins dilutes the amount of solids in the continuous phase. Recall, that the 

asphaltenes in these emulsions contain some solids. An emulsion prepared with 1:l  

E A  and CA+R' of 20 kg/m3 has half as much asphaltenes, and consequently solids, as 

an emulsion prepared only with asphaltenes at CAO 20 kglm3. However, if solids were 

the main factor, the -1ity of emulsions prepared with 1 : 1 W A  and CA+R' of 20 kg/m3 

and emulsions containing only asphaltenes at CAO 10 kglm3 should be the same. Figure 

5.12 shows that the stability of the emulsion containing resins is less than in emulsions 

prepared with only asphaltenes. Hence, solids cannot be the main factor. The effect of 

solids dilution can also be tested by conducting the stabiity tests of solids-free 

emulsions. 

The stabiity plots of solids-fiee emulsions prepared with 1:3, 1:1, and 2: 1 R:A 

mixtures dissolved in heptol (50 vol % toluene) are shown in Figure 5.13. This figure 

indicates that the stability of emulsions containing resins is much less than in emulsions 

prepared only with solids-& asphaltenes. The stability of the emulsions also 

decreases with an increase in R: A ratio, similar as obsaved in Figure 5.12. Hence, it is 

clear that the emulsion destabwtion by resins is independent of the decrease in solid 

concentration in these emulsions. Of course, in the solids containing emulsions the 

solids are partly responsible for emulsion stabilization and they may obscure trends. 
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However, the comparison of the stabiity plots presented in Figures 5.12 and 5.13 

shows that the consistent patterns are emerging in emulsions prepared with and without 

solids. 

One explanation for the decrease in emulsion stability is that resins adsorb on the 

emulsion interface and displace the asphaltenes. This displacement would change the 

properties of the emulsion interfke leading to emulsion destabilization. This 

mechanism is consistent with the interfacial tension measurements of resins, described 

in Chapter 4. It was found that reshu decrease intedkial tension more than the 

asphaltenes and therefore could tend to displace the asphaltenes on the in ter f i .  The 

proposed mechanism can be tested by measuring the intafacal composition of 

emulsions prepared with residasphaltene mixtures in the continuous phase. 

Unfortunately, emulsions containing resins are extremely unstable, as was shown in 

Figures 5.12 and 5.13. It is important that emulsion drops do not rupture during the 

drop size distribution measurements. In the case of emulsions containing mixtures of 

resins and asphaltenes, the only stable emulsions contained a 1 :3 R:A ratio dissolved in 

heptol(50 vol % toluene). As shown in Figure 5.14, the drop size distribution of these 

emulsions didn't change in a two-hour period. In emulsions with higher R:A ratios and 

in d solids-&ee emulsions, the rupture of drops was o b d  during microscopy 

measurements. Nonetheless, gravimetric measurements were performed for these 
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emulsions. The measured intediwial compositions for these emulsions can be 

considered only as a rough estimate. However, some trends can be distinguished from 

these results and will be discussed below. 

5.4.2 Adsorption Isotherms of Asphrlttnes in Emulsions Containing 
Aspbaltenc/Resin Mixtures 

Figure 5.1 5 shows the adsorption isotherms of asphahenes in emulsions containing 1 :3 

R:A ratio versus CAq in a range fiom about 5 to 30 kg/m3. The adsorption isotherm of 

pure asphaltene-solids is also shown for comparison. Figure 5-15 indicates that the 

asphaltene surface coverage, TA is less in asphaltene/resins emulsions containing 1:3 

R:A than in emulsions prepared with asphaltenes atone for the whole range of CA-. 

The shapes of the adsorption isotherms are also different. In the asphaltendresin 

emulsions r A  increases, at CA* fiom about 5 to 30 kdm3, and decreases above 30 

kg/m3, while in emulsions containing asphaltenes alone asphaltene surface coverage 

increases in the whole concentration range. The measurement of the resin mass on the 

emulsion interface in the asphaltendresin emulsions indicated that no resins are present 

on the intefiace at cA0 below 20 kg&. Only above this concentration the presence of 

resins is observed. A similar trend was observed in the adsorption isotherms of 

emulsions at higher R:A ratios. The asphaltene adsorption isotherm in emulsions with 

1 : 1 R: A is shown in Figure 5.1 5. Recall that due t o  experimental difficulties this 

adsorption isotham indicates only a trend, and not the true intedacid composition. 

This figure shows that & increases at CA- fiom about 5 to 20 k@m3, and decreases 
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until it reaches 0 at CA' equal 20 k@m3. As in the case of the 1:3 R:A ratio resins were 

found on the emulsion interface only at CA' above 20 kg/m3. 

In summary, the emulsion stabity trends show a decrease in emulsion stability with an 

increase in resin concentration in wntinuous phase. The adsorption isotherm indicates 

that resins decrease the amount of asphaltenes on the interfhce. At the same time resins 

do not adsorb on the emulsion interfii, except at high resin concentrations. The 

observed trends in the emulsion stability and in the adsorption isotherms suggest that 

resins weaken the in tdc ia l  barrier and des t ab i i  emulsions by acting as a good 

solvent. The effect of solvent "goodness" on the asphaltene adsorption was already 

discussed in the case of emulsions containing asphaltenes alone in Section 5.3.4. 

Recall &om this section, that an increase in the toluene content in heptol caused a 

decrease in the asphaltene d c e  coverage and in the emulsion stability. Similar trends 

are observed in emulsions containing resins. 

It is likely that resin molecules have a closer chemical structure to the structure of 

asphaltene molearles, than have toluene molecules. Therefore, the resin-asphaltene 

interactions might be even stronger than toluene-asphaltene interactions and resins 

might be a better solvent for asphaltenes than toluene. This can explain why resins 

destabilize emulsions at low concentrations. Also recall, that resins are dace-active 

and able to adsorb on the watdoil interfb.  At Ygh resin concentrations, when the 

asphaltene molecules are highly solvated and their cross-linking is sufficiently 
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weakened, resins, may be able to replace asphaltenes on the interfhce. Hence, at high 

resin concentrations asphaltene su r f h  coverage decreases to zero and resins start to 

dominate the emulsion interface. 

5.5 CHAPTER SUMlMARY 

The results presented in this chapter indicate that solids, asphaltenes and resins play an 

important role in the stabiition of the model water-in-heptol emulsions. 

It was found that naturally ocanring solids sigdicantly increase emulsion stability. 

The increased stability was attributed to solids less than 1 pm in diameter. These solids 

were found to precipitate with asphaltenes. Hence, they may obscure the stabiition 

e f f i  of the asphaltenes in emulsions. This was observed when the stability trends of 

Athabasca and Cold Lake solids-fiee and asphaltenesolids were compared. Therefore, 

the presence of solids should ahvays be considered for asphaltene stabilized emulsions. 

It was also shown that solids have no affect on the asphaltene adsorption. This can 

possibly indicate that solids stabii emulsions not by adsorbing on the interface, but 

by being trapped between droplets, thus preventing drops coalescence. 

The investigation of the interfacial composition of the asphaltene-stabilized emulsion 

revealed that asphaltenes adsorb on the waterloil emulsion interfhce. The elemental 

analysis of the adsorbed asphsltenes indicated that asphaltenes with the most 
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hydrophilic groups or the greatest hydrophobidhydrophilic contrast prefirably adsorb 

on the emulsion intdce. 

The asphdtene adsorption isotherm for asphaltene bulk concentrations up to 40 kg/m3 

was constructed. At low concentrations (less than 4 kg/m3) asphaltmes appear to form 

a monolayer on the emulsion intedace with a mass s u r f !  coverage of about 4 mglm2. 

At higher concentrations, the surface coverage increases until it reaches a limiting value 

of about 12 mdm2 at concentrations of 10-20 kg/m3. It appears that the increasing 

d a c e  coverage corresponds to the codionnation change of asphahene molecules on 

the emulsion i n t d i .  At higher asphaltene bulk concentration they change the 

confiwration &om planar to a more compressed "vertical" state. This configuration 

allows more compact packing of asphaltene molecules, thus increasing mass surface 

coverage. 

This change in asphaltene configuration also causes emulsion destabilization. It was 

observed that at asphaltene bulk concentration above 5-10 kg/m3 the stability of solids- 

ftee asphaltene emulsions is reduced. The configuration change of asphaltene 

molecules 6om planar to a compressed vertical state reduces the number of sites for 

attachment to the emulsion interlace. Hence, each molecule may be more easily 

displaced from the i n t d c e  and therefore a less rigid interfbce is formed that is less 

resistant to coalescence. 
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It was shown that in a better solvent asphaltene surface coverage is reduced. The 

results demonstrate that the asphaltene surfaa coverage is approximately 20.A less in 

the heptol (75 vol% toluene) than in the heptol (50 vow0 toluene). Emulsion stability 

also decreased in better solvents. This can possibly be explained by the "solvatingn 

effkct of the good solvent. A good solvent surrounds asphaltene molecules, thus 

creating looser packing of asphaltenes on the interfkce, and less rigid interface. 

Consequently we observe a reduction in the asphaltene d a c e  coverage. In a better 

solvent the strength of  the asphaltene-solvent interactions becomes stronger than the 

asphaltme-asphaltene interactions. This makes asphaltene molecules more mobile and 

interface less rigid. This reduces emulsion stability. 

In poorer solvents the precipitation of asphaltenes reduced emulsion stability. It was 

observed that emulsion stability decreased as more asphaltenes precipitated. This 

indicates that precipitated asphaltenes do not participate in stabilizing emulsions. 

Precipitation removes asphaltenes available for adsorption on the interface, thus 

destabilizing emulsions. 

In all cases, resin addition decreased emulsion stability- At low resin concentration, 

they decrease the amount of asphaltenes adsorbed on the interface by acting as a good 

solvent for the asphaltene molecules. At high resin concentrations (above 20 kg/m3) 

they replace asphaltenes on the intafoa and significantly reduce emulsion stabiity. 



CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The main objectives of this thesis were to measwe the interfacial composition of the 

emulsions s t a b i i  by asphaltenes and resins and to relate this composition to the 

continuous 08 phase composition (asphaltene and resin concentration, solid content, 

solvent type, and asphaltene/resin ratio) and emulsion stabiiity. The conclusions reached 

through this study are presented below, followed by the recommendations for &re work 

on crude oii emulsions. 

6.1 CONCLUSIONS 

hphaltenes: 

a The interfacial tension and gravimetric experiments showed that asphaltenes adsorb on 

the waterloil emulsion interface. The asphaltene mass d a c e  coverage has been 

obtained for asphalten- concentration in the continuous phase up to 40 kg/m3. 

Asphaltenes mass on the emulsion intefice increased with asphaltene concentration 

and reached a plateau at concentrations of 10-20 fi. The amount of asphaltene 

adsorption increased fiom approximately 4 to 12 mg/m2. The limiting value depends 

on the solvent and the asphaltenes. An increase of the asphaltene mass on the interfhce 

is likely due to change in the conhguration of the asphaltenes on the intaface. At low 
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asphaltene concentration they appear to spread out on the interfke in a more planar 

form and at high concentration they appear to align into more compressed "vertical" 

configuration. 

The stabity of solids-tiee and asphaitene-solids stabilized emulsions increased at 

asphaltene concentration up to 10 kglm3. An increase in stability at low concentration 

corresponds to a decrease in a droplet diameter. Smaller drops coalesce less d y  

and lead to more stable emulsions. 

Above 10 kglm3, there was a slight decrease in emulsion stability in solids-free 

system. The emulsion stability does not appear to change at this concentration range 

for emulsions prepared with asphaltene-solids. The discrepancy in the stability trends 

between these two systems is probably due to the overshadowing effect of solids. 

The decrease in stability can be explained by a configuration change of the asphaltenes 

on the intnface. An increase in the asphsltene concentration leads to increase of the 

asphaltene mass on the interface. Higher adsorption indicates smaller interfacial area 

per molecule and potentially fewer sites of attachment to the interface. With less 

attachment the molecule may be easier to displace fiom the interface and hence the 

emulsion is less stable. 
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The elemental analysis of the adsorbed asphaltems revealed that asphaltenes which are 

more aromatic and have more sulfur and oxygen heteroatom groups are adsorb 

preferentially on the emulsion interfke. 

Solvent: 

The asphaltene surface coverage decreases in a better solvent. In a better solvent 

asphaltene molecules have stronger interactions with solvent molecules and are more 

solvated. The solvatad molecules occupy larger area and are more loosely packed on 

the interface. This explains the decrease in the asphaltene mars h c e  covaage and 

reduction in emulsion stability. 

Emulsion stability is also reduced in a better solvent. In a "good" solvent asphaltene 

molecules are Likely less cross-Iinked with each other and more mobile, creating a less 

rigid interface. This makes emulsion drops easier to coalesce and the emulsion less 

stable. 

The precipitation of asphaltenes in a poor solvent also reduces emulsion stability. 

Emulsion stability decreases as more asphaltenes precipitate. Precipitated asphaltenes 

do not appear to participate in W i g  emulsions. Hence, in effect, precipitation 

removes stabilizing asphaltenes. 
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Resins 

a Resins are interfacially active but do not s t a b i i  emulsions. In all cases, resin addition 

decreased emulsion stab'ity. They destabilize emulsions by acting as a very good 

solvent for the asphaltenes. This decmses the amount of asphaltenes adsorbed on the 

intdhce. At high concmtrations, they replace asphaltenes on the intdace. 

Solids: 

It was found that naturally d g  fine solids less than 1 pm in diameter significantly 

increase stability of model emulsion, however they have no eff- on the asphaltene 

adsorption on the waterloil interfaa. 

6.2 FUTURE WORK AND RECOMMENDATIONS 

The ultimate goal of this research project is to establish a relationship between crude oil 

composition and water-in-oil emulsion stabiity. Determination of this relationship is a 

necessary step in designing effective emulsion treatments associated with crude oil 

production and oil spills. The increased knowledge in this area can be particularly u s M  

for designing predictive models of demulsifier perfionnance and dosages. It can also be 

helpW in predicting the outcome of mixing oils &om Merent sources. The results so far 

c o b  that the addition of a g d  solvent, already used in Syncrude fioth treatment 

process, does help to des t ab i i  water-in-oil emulsions. However, the results suggest that a 

potentially more efficient treatment methods could be designed b a d  on the removal of 
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solids, for example by precipitating a small M o n  of asphaltenes. These treatments could 

reduce the operating costs and mitigate the environmental consequences of emulsion 

formation. 

While this research project unveiled some important issues in aude oil emulsion stabiity, 

many new questions arose. The answer to these questions would greatly increase the 

understanding of the crude oil emulsion stability. Presented below are some 

recommendations for fbture research in the area of crude oil emulsions. 

I. During this project gravimetric analysis and stability iests were paformed only with 

"&esh" emulsions (i.e. emulsions were investigated afker one and haKhour after 

preparation). Howewr, some studies indicate that the interfacial viscalastic properties 

and emulsion stability change with the emulsion aging (Sjoblom et al., 1995). This 

change is possibly caused by the accumulation of the asphaltene on the interface or 

change in the configuration over time. The aging processes can be directly investigated 

by measuring the int-cial composition and stability of the aged emulsions. 

2. Another step in the investigation can be to analyze the model emulsions prepared with 

recombined original crude oil hctions of various compositions. That is, aromatic and 

saturate hctions can be used instead of heptane and toluene. 
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3. Indirect evidence from this work suggest tbat the asphaftenes undergo a conformation 

change on the interface with a change in the uphaltare bulk concentration or solveat 

composition. At present the exp1amtions are only speculative. More information can 

be obtained by conducting rheologial measurements of the emulsion interface. This 

way, the conformation change could by confirmed directly. 

4. This project showed that fine solids &ectively s t a b i i  water-inail emulsions. 

However, the mechanism of solid stabilization remains unclear. It is not known 

whaher solids adsorb on the interface or r d  trapped between droplets. It is also 

not known how many solids are needed to stabhe emulsions. This question could be 

investigated by conducting stabiity tests with emulsions prepared with various solid 

concentrations. Cryogenic, confocal or scanning electron microscopy may help to 

determine the position of solids relative to the interface. 

5. The analysis performed in this work showed that the elemental composition of the 

adsorbed asphaltenes is different fiom that of the asphaltenes remaining in the 

continuos phase. These asphaltenes could be characterized for their acidic, basic and 

amphoteric content, functional groups, as well as molar mass. This information could 

be a usefbl guide for finding appropriate chemicals to target specific asphaltene 

fhctional groups and prevent strong fihn formation. 
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6. F i y ,  only two Alberta bitumens wen examined for this research project. In order to 

generalize the results, it is nccesssry to investigate other crude oils from various 

locations. Also it would be of interest to investigate the emulsions prepared with mixed 

crude oils as rehay desalters always deal with mixed feeds. 
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