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Abstract 

This work involved the study of Cold Lake asphaltenes' behavior in toluene and 

o-dichlorobenzene. The changes in asphaltene microenvironments with the increase in 

asphaltene concentration were observed using fluorescence solvatochromism. The 

reporter molecule chosen was the environmentally sensitive fluorophore PRODAN. This 

procedure represents a novel and sensitive method to study asphaltene solutions, and 

might bring additional information to the existent database of asphaltene properties. 

A pre-aggregation model was developed to explain the experimental observations, 

and a definition for the critical aggregation concentration was proposed. The model is 

valid for low asphaltene concentrations and is supported by direct measurements of 

refractive indices for asphaltene solutions. Atomic force microscopy was used to image 

asphaltene entities. The size distribution indicated that asphaltene particles do not change 

significantly with the increase in concentration. The appearance of larger aggregates in 

solutions with concentrations above C A C might support the validity of the model. 

i i i 
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CHAPTER ONE: INTRODUCTION 

1.1. History and Occurrence of Petroleum 

Crude oil, as petroleum directly out of the ground is called, is a remarkably varied 

substance both in its composition and in its use. The main elemental constituents of 

petroleum are carbon and hydrogen, but it also contains nitrogen, oxygen, sulfur, and 

metals. 

Petroleum is formed in the ground in rich organic materials created by the 

decomposition of living matter. Deposits result from physical and chemical changes of 

plant and animal residues over long periods of time and under different conditions of 

pressure and temperature1. The process began many millions of years ago and it 

continues to this day. As the sediments grow thicker and additional deposits pile up, the 

pressure on those below increases several thousand of times and the temperature rises by 

several hundred degrees. The mud and sand harden, and the remains of dead organisms 

are transformed into crude oil and natural gas. Once petroleum forms, it flows to the 

earth's crust and rises to the rocks and sediments lying relatively closer to the surface. 

However, frequently the rising material encounters a dense layer of rock that prevents 

further migration, it becomes trapped, and a reservoir of petroleum is formed. 

The use of petroleum and the development of related technologies is a long

standing area of active research. Surface deposits of crude oil have been known to 

humans for thousands of years. Historically, petroleum products were used for such 

limited purposes as caulking boats, waterproofing clothes, and fueling torches. 
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The Egyptians used asphalt in the practice of embalming their dead rulers. 

Approximately two thousand years ago Arabian scientists developed methods for the 

distillation of petroleum. Other references to petroleum and related materials occur 

throughout the Greek and Roman empires. Bitumen (extra heavy oil) was investigated in 

Europe during the Middle Ages, and the separation and properties of bituminous products 

were described1. 

By the time of the Renaissance, some surface deposits were being distilled to 

obtain lubricants and medicinal products. Still, until the late 19 th century, an oil find was 

often met with disinterest. The first settlers of the American West dug wells to find water 

or salt and were disappointed when they struck oil. 

The Industrial Revolution had brought about a search for new fuels, and the social 

changes it effected had produced a need for good, cheap oil for lamps. The first large-

scale demand for petroleum was created by the invention of kerosene lamp in 1852. 

Indeed, the Canadian physician and geologist Abraham Gessner obtained a patent for 

producing an affordable lamp fuel from crude oil . In 1855 an American chemist, 

Benjamin Silliman, published a report indicating the wide range of useful products that 

could be derived through the distillation of petroleum . 

The drilling of an oil well in Pennsylvania by Edwin Drake in 1859 was the event 

that gained world fame, marking the beginning of the rapid growth of the modern 

petroleum industry. 
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Until the 20 t h century, petroleum was prized mostly for its yield of kerosene. 

Gasoline was burned off, and bitumen was discarded. But by the 1920s, crude oil as an 

energy source came into its own. Soon thereafter, petroleum received the attention of the 

scientific community and coherent hypotheses were developed for its formation. With the 

invention of the automobile and the energy needs brought on by World War I, the 

petroleum industry became one of the foundations of industrial society. 

Modern industrial societies use petroleum primarily to achieve a degree of 

mobility - on land, at sea, and in the air - that was barely imaginable less than a hundred 

years ago. In addition, petroleum and its derivatives are used in the manufacture of 

medicines and fertilizers, foodstuffs, plastic ware, building materials, paints, cloth, and to 

generate electricity. 

The fuels derived from petroleum provide more than half of the world's total 

supply of energy. The declining reserves of lighter crude oils resulted in an increased 

need to upgrade heavy oil and bitumen into light and middle distillate products. The 

Canadian Government became interested in the science of heavy oils in 18901. In 1897-

1898, wells were drilled near the Athabasca River. Between 1957 and 1967, extensive 

pilot-plant operations were conducted in the region and Shell Canada Ltd. tested the 

recovery of bitumen. Today, the major oil-sand operators in the area are Suncore and 

Syncrude Canada Ltd. 
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1.2. The Main Fractions of Petroleum 

Petroleum is a very complex but balanced mixture of compounds which boil at 

different temperatures4. Its composition varies from source to source and geographical 

origin, and cannot be defined with absolute precision. The isolation of pure compounds 

from petroleum is a difficult task, and the overwhelming complexity of petroleum 

fractions, in addition to the presence of compounds of sulfur, oxygen and nitrogen, is the 

main cause for the difficulties encountered. 

It is recognized that the components of petroleum contribute to its physical state, 

as well as to the behavior of the material during processing5. As the boiling points of 

petroleum fractions increase, so does the complexity. Therefore, the differences between 

the main classes of hydrocarbons become less pronounced. The proportions in which the 

different constituents occur vary widely; thus some crudes have higher proportions of the 

lower boiling point constituents, whereas other oils have higher proportions of the higher 

boiling constituents. The differences in the boiling temperatures of the constituent 

hydrocarbons allow the separation of components of crude oil by distillation. However, 

under natural and stable conditions the fractions are compatible, provided there are no 

significant disturbances made to the balance of the system. 

In the simplest sense, petroleum and heavy oils can be considered to be composed 

of four major fractions produced by a variety of fractionation methods. These fractions 

are called saturates, aromatics, resins and asphaltenes (SARA), and are schematically 

presented in Fig. 1.1. 
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Petroleum 

• V - V • " : • " : • " : • " : • " : • " : • " ; • " : ' 7 •*•••*; •", 

>7^7^7^7^7.-7^7^7^7^7,rfj^7^. ̂ . s 

Saturates and Aromatics Resins Asphaltenes 
> 4 • 

Fig. 1.1. The four main fractions of petroleum depicted by solubility. 

The nomenclature of these fractions lies within the historical development of 

petroleum science. The fractions' names are operational and are related more to the 

general characteristics than to the identification of specific compound types. None of the 

fractions defined contain a single molecular structure. Rather, they are a class of 

structures with a wide range of molecular weights and polarities, and differ from one 

another sufficiently in physical character to be separated by solvents and/or adsorbent 

materials. 

The various types of hydrocarbons that form the basis of all petroleum also have 

different configurations. Paraffins and naphthenes (cycloparaffins) make up the saturates 

fraction of petroleum. Paraffins are represented by saturated hydrocarbons with straight 

or branched chains, but without any ring structures. 

C H 3 ( C H 2 ) n C H 3 

straight-chain paraffin 
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CH 3 (CH 2 ) m CH 2 CHCH3 

C H 3 

branched-chain paraffin 

Naphthenes are saturated hydrocarbons containing one or more rings, each of which may 

have one or more paraffinic side chains. 

alkylcyclopentane alkylcyclohexane 

The aromatic fraction consists of hydrocarbons containing one or more aromatic rings, 

which may be linked up with naphthenes and/or paraffinic side chains. 

substituted benzene substituted naphthalene substituted phenanthrene 
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Resins confer the molecular stability of the asphaltenes in the oil. When this 

stability is altered, petroleum loses its natural composition, possibly leading to 

incompatibility of constituents and precipitation of asphaltenes. Asphaltene deposition is 

a very well-known problem that generates a large cost increase in the petroleum 

industry6. Asphaltenes are dark brown/black friable solids with no definite melting point. 

When heated, they do not soften but rather decompose, swell and finally sinter together7 

leaving a carbonaceous residue. 

In petroleum, the structure and proportion of asphaltenes vary with the source of 

the oil and depth of burial8. By definition, the asphaltene fraction is the portion of the 

crude oil that is precipitated when a large excess (40 volumes) of a low-boiling liquid 

hydrocarbon such as n-pentane or w-heptane is added to (1 volume of) crude oi l 1 . The 

separated components from the mixture are those with the most complex structures, and 

the fraction is identified as n-pentane asphaltenes or as n-heptane asphaltenes. This 

definition reveals little about asphaltenes except that they are the least soluble fraction in 

petroleum. It has been suggested that over 100,000 structures make up the entire set of 

molecules in the asphaltene fraction of one crude oi l 9 . In fact, no one has positively 

identified the chemical structure of even one asphaltene molecule. 

1.3. Deposition Problems and the Role of Asphaltenes 

The petroleum industry is often concerned with the production, transportation and 

refining of heavy crude oils rich in asphaltenes. Any disturbances of the oil composition 

may lead to the precipitation of the complex and heavy organic compounds from 
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petroleum crude. Throughout the world, asphaltene deposition has caused numerous 

operational problems in oil processing and transportation (e.g. blockage in the oil 

reservoirs, well shutdowns, plugging of undersea pipelines). Although asphaltenes are 

generally considered to be the major factor responsible for these difficulties, the influence 

of other constituents of the oil must not be overlooked. 

Asphaltenes occur in many crude oils as dispersed colloids. Precipitation takes 

place when the oil loses its ability to keep those particles dispersed. Asphaltene problems 

vary from area to area, from field to field in the same area, and sometimes from well to 

well in the same field. This makes it impossible to have one universally effective solution 

for asphaltene deposition and its control. The effects of asphaltene deposition, though, are 

universal. Deposits in wellbore and feedlines gradually choke production. Unless 

removed, they will eventually stop oil flow. 

The economic viability of petroleum companies requires processing large 

volumes of petroleum and any interruption of the flow by the precipitation of asphaltenes 

is extremely costly. Therefore, it is imperative to be able to predict when and why 

asphaltenes aggregate and precipitate. However, petroleum is not easy to characterize 

because it is a mixture of thousands of different molecules. In particular, the asphaltene 

fraction is difficult to characterize because of its lack of volatility and of its tendency to 

self-associate9. 
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1.4. Purpose of the Research Project 

Petroleum is a complex fluid where molecular aggregates of different sizes are 

formed. The aggregation and deposition of asphaltenes has a significant economic impact 

on petroleum operations. The study of the behavior of asphaltenes and the understanding 

of the complex aggregation - deposition process are fundamental to the development of 

preventive solutions for asphaltene deposition. 

The purpose of this research project was to gain insight into the asphaltene-

asphaltene interactions by analyzing asphaltene aggregation in different solvents. The 

various microenvironments surrounding the asphaltene molecules were characterized by 

fluorescence methods, and the information gathered was used to propose an asphaltene 

"critical aggregation concentration". The fluorescence technique used to study 

asphaltenes' environment in solution was the solvatochromism of a fluorescent dye. The 

environmentally sensitive dye PRODAN was used to provide the polarity in the 

immediate vicinity of an asphaltene entity. A model to account for the effect of 

asphaltene behavior on PRODAN fluorescence properties was developed. This helps in 

understanding the molecular interactions in these systems, which are fundamental to 

unveil the mechanism of asphaltene precipitation and to the development of new tools for 

the prevention of asphaltene aggregation. Atomic force microscopy was used in an 

attempt to corroborate the results. 
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CHAPTER TWO: LITERATURE SURVEY 

2.1. The Asphaltene Molecule 

The chemical structure of asphaltenes has been the subject of numerous 

investigations and studies, but determining their actual molecular formula has proven to 

Q 

be difficult . The great complexity of the asphaltene molecule hindered the formulation 

and assignment of a precise, definite10 and individual molecular structure. It is now 

generally agreed that asphaltenes do not constitute a chemically identifiable class of 

compounds11. As a complete characterization of their molecular nature remains elusive, 
12 

asphaltenes continue to be described in terms of their solubility behavior in «-alkanes . 

In the present work, the term "asphaltenes" is used in its most general sense to include all 

the material that aggregates within and ultimately separates from bitumen (extra heavy 

oil) in response to changes in the solvent properties of the oil. According to this 

definition, the precipitated asphaltenes may contain some resins (the peptizing agent of 

asphaltenes) adsorbed on their surface. 

Asphaltenes are the highest molecular weight and most aromatic fraction of crude 

oil. In terms of chemical structure, asphaltenes can be regarded as oligomeric systems 

containing a great variety of building blocks 1 3. The experimental results accumulated 

over the last few decades in the field of high-molecular weight fractions of petroleum 

were used to build a "working" model for the average structure of asphaltenes14. As 

previously stated, asphaltenes are thought to consist of condensed aromatic rings, short 

aliphatic chains and naphthenic ring structures combined in a three-dimensional 
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network15. Heteroatoms (N, O, S) and bound metals (Ni, V, Mo, Fe, Co, Ca, Mg, Zn, Ti 1) 

are scattered throughout various locations. The maximum conjugated aromatic ring size 

in asphaltenes is 5 or 6, but the total number of rings per asphaltene molecule has been 

another area of uncertainty; in early estimates it ranges from a few rings to 15-20. More 

recent data16 indicate that on average, single asphaltene entities have 4-10 fused rings. 

Fig. 2.1. shows a hypothetical structure for the asphaltene molecule. 

H 

Fig. 2.1. Hypothetical structure for the asphaltene molecule . 

In the working model, one single layer of these polycyclic aromatic compounds 

with saturated chains, ring substituents, and one or more polar groups was called a unit 

sheet or molecule. Early investigations of the asphaltene fractions had established that the 

diameter of the condensed aromatic rings in the molecule is 10-15 A. Y e n 1 4 proposed that 

the unit sheets/molecules are organized into stacks, forming a unit cell or particle. The 

asphaltene model projected by him would be formed by several flat, stacked condensed 

rings placed at 3.5-3.7 A of each other, linked by saturated systems (short chain alkanes) 

and condensed naphthenes. 
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16-20 A 

Fig. 2.2. Schematic representation of the side view of the asphaltene model as proposed 

by Yen 1 4 . 

The resulting attraction between the 7t-electron systems would drive the formation 

of layered structures through association, and it was found that the 7C-stacking is circa 5 

layers (Fig. 2.2.). The diameter of the particle would be approximately 16-20 A, but 

particles can further associate into large aggregates. 

The "stacking" model was accepted by other authors as an explanation for 

asphaltene aggregation. Brandt et a l . 1 7 modeled asphaltene molecules as flat hard disks 

that can stack to any arbitrary degree in the solvent. Wiehe9 found that the distance 

between aromatics is about 3.55 A , and there are on average approximately 4.2 aromatic 

sheets per stack. But there are distinctive differences among asphaltenes. They differ by 

aromaticity, layer diameter, particle height, degree of substitution, degree of ring 

condensation, and average chain length. 
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Recent data suggested that in asphaltenes, the aromatic carbon represents roughly 

40% of the molecule, and approximately 90% of the hydrogen is substituted with 

methylene and methyl groups18. 

2.2. Resins - Role and Structure 

Resins are a fraction of petroleum about which relatively little is known 1 9. Much 

of research attention was focused on the asphaltene fraction of oil and therefore further 

insight into the physical and chemical properties of resins is required. The nature and 

function of resins in crude oils remain open to discussion. 

The colloidal model presumes that resins are the peptizing agent of asphaltene 

molecules; without the resins, asphaltenes are not soluble in their corresponding oil 

fractions4. It is believed that resins provide a transition between the polar asphaltenes and 

the non-polar oil fractions in petroleum, hence preventing the association of asphaltenes 

and the formation of polar aggregates that would be non-dispersible in the oil. 

Resins are considered smaller analogues of asphaltenes, with a much lower 

molecular weight. They also contain polyaromatic and naphthenic rings2 0, but the number 

of aromatic rings is smaller and hence their character is less aromatic. The number of side 

chains attached to the rings is higher than in asphaltenes and their alkyl substituents are 

longer13. Therefore the resin fraction has a more pronounced naphthenic character than 

asphaltenes. Apparently this indicates that i f asphaltenes are maturation products of the 

resins, as had been proposed in the literature, then one of the maturation processes 

involved aromatization of the non-aromatic portion of the resin2 1. 
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It seems that there is some degree of compatibility between the resins and the 

asphaltenes from the same oi l 6 , because asphaltenes precipitated from a particular oil 

could be re-peptized by the addition of their corresponding resins. But when various 

asphaltene and resin fractions were interchanged, the peptization was more difficult and 

the resulting oils were unstable. This behavior proved the complexity of crude oil, where 

each constituent depends upon the presence of others. In this complex system, the 

structural similarity between asphaltenes and resins influences the ability of resins to 

associate with asphaltenes from other crude oil. 

2.3. The Study of Asphaltene Aggregation 

The asphaltene fraction plays a major role in the formation of deposits that affect 

the production of oil. Asphaltene deposition in wells, pipelines and production equipment 

can significantly increase the cost of production operations. A l l these problems are 

related to a fundamental characteristic of asphaltenes, the strong self-association 

tendency. Therefore the minimization of asphaltene deposition is of great interest. 

Substantial research on asphaltene aggregation and precipitation has been taking 

place since the 1920's , but because of the complexity of the nature of heavy organic 

substances, the phenomena of the organic deposition are still not well understood. 

Various approaches and techniques were used to try to elucidate the fundamental 

properties of crude oils and asphaltenes, to study the aggregation of asphaltene 

molecules, and to predict the onset of asphaltene precipitation. 
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The nature of asphaltenes is one of the most important factors involved in the 

stability of crude oils. The chemical, compositional and structural characteristics of 

asphaltenes influence their aggregation behavior and the deposition problems. 

The tendency for asphaltenes to associate and form molecular aggregates has been 

deduced from physical observations, including molecular weights measurements23. 

However, quantifying the molecular weight of asphaltenes has been a matter of 

considerable controversy16. One of the major difficulties for interpreting the data comes 

from the wide range of molecular weights observed experimentally when using different 

measurement methods. The various measurements have yielded values that differ by as 

much as a factor of 2000. It seems that these methods are in fact sensitive to different 

molecular averages of asphaltenes. Published data for the molecular weight of petroleum 

asphaltenes range from approximately 1000 to 2,000,000 g/mol 2 4. 

It is apparent that the concept of molecular weight may not be applicable unless 

the part of the molecule that is being measured is well defined. There are 3 distinct 

molecular weights which can be measured for an asphaltene fraction: 

• that of the unit sheet or molecule, called the ultimate or minimum molecular weight 

• that of the stacked sheets or particle 

• that of the aggregate formed by the association of two or more particles held together. 
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The interpretation of data is difficult because of the association effects that occur 

even in very dilute solutions18. This association has been shown to depend on asphaltene 

concentration, solvent and temperature. 

Other experimental methods employed to characterize asphaltene aggregation include 

optical microscopy, viscosimetry, light transmission or scattering, and interfacial tension 

measurements. Atomic force microscopy25 has also been utilized to observe aggregates 

deposited onto mica surfaces. The role of solvent polarizability in the precipitation of 

asphaltenes has been investigated via index-of-refraction methods26. Photon correlation 

spectroscopy27, surface tension measurements28, and micro-calorimetry29 have provided 

evidence of asphaltenes' self-association in organic solvents. 

2.4. Methods Used to Determine the Onset of Asphaltene Aggregation 

The importance of asphaltenes in the petroleum industry is through their negative 

impact on various petroleum operations . Asphaltene self-aggregation is the first step in 

the formation of precipitated asphaltene particles6. According to the colloidal model, 

when the sensitive balance of oil is disturbed by the addition of solvents that cause the 

desorption of resin molecules from the surface of asphaltenes, asphaltene particles collide 

on resin-uncovered sites and aggregation starts. As a result, it is crucial to know when 

and how much do asphaltenes precipitate under a given set of operating conditions31. In 

some crude oils, asphaltenes are very close to the onset of precipitation, while in other 

oils asphaltenes are relatively stable". Accurate determination of the onset of asphaltene 
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aggregation is required, and hence its study has received considerable attention in the 

literature. 

Many detection methods have been proposed and are available. These methods 

have various degrees of accuracy and difficulty in their performance. 

The flocculation onset titration is very popular. The basis of this method is the 

titration of a crude oil or heavier petroleum product with an asphaltene precipitant. When 

a specific amount of precipitant is added, asphaltenes begin to drop out of the solution. 

The titration can be monitored by means of a spectrophotometer and the 

precipitation/aggregation point is defined as the amount of precipitant needed to obtain 

the maximum of the light intensity6. The onset of aggregation may be also observed by 

the attenuation of a laser beam that passes through the crude oil samples. The light 

transmission method is based on the detection of changes in transmitted light intensity as 

a function of precipitant concentration in the crude oil mixture31. Any changes in the 

opacity of the crude oil due to the appearance of asphaltene aggregates influence the light 

transmitted through the sample. One of the major drawbacks of this technique is that it is 

not successfully applicable to dark or heavy crude oils, i.e. it is only applicable for low 

asphaltene concentrations. 

The filter drop spreading method33 allows accurate and rapid determination of the 

aggregation point of asphaltenes, measured in terms of the proportion of rc-alkane added 

to the crude oil. In this test, liquid drops of crude oil-alkane mixtures are placed in the 

center of the filter paper. Before aggregation starts, the liquid drop spreads in a uniform 

in color circular pattern. When asphaltenes aggregate, the circular pattern exhibits a 
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darker center ring with a lighter color outer ring. Thus, by adding alkane diluent in small 

steps, the concentration above which aggregation commences can be detected. 

The accurate measurement of the viscosity of a crude oil upon titration with a 

precipitating agent31 is another method used to determine the onset of asphaltene 

aggregation. This detection method is based on experimental observations of an increase 

in the viscosity of a crude oil-precipitating agent mixture in which asphaltene 

aggregation occurs. The onset is determined graphically as the marked deviation in 

viscosity, and its location is emphasized by comparing the analyte curve with a reference 

system. 

The onset of asphaltene aggregation was also estimated from refractive index 

measurements of crude oils and their mixtures with precipitants and solvents26' . The 

refractive index of an oil sample and the refractive index at which precipitation occurs are 

distinctive properties of each crude oil. The difference between these values was found to 

be a measure of the stability of asphaltenes in the oil. For a mixture, the refractive index 

reflects the contribution of its components in proportion to their volume fractions. This 

method is also restricted to low asphaltene concentrations. 

Each of these above methods has limitations, and the problems associated with 

them encouraged the need for a more versatile technique. In this work, we propose a 

novel method for determining the onset of asphaltene aggregation by using fluorescence 

measurements and atomic force microscopy imaging. 
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2.5. Models of Asphaltene Aggregation 

Because of the enigma that still surrounds the composition, the various proposed 

structures for the asphaltene molecule have led to two different types of models for 

asphaltene aggregation: the thermodynamic and the colloidal model''. Although 

numerous studies have been made, there is no agreement of what the mechanism for 

asphaltene deposition is. Still, much progress in the behavior of petroleum is being made 

and elegantly simple models are producing positive and practical results. 

The most generally accepted model for asphaltene aggregation is the colloidal 

model 3 4. According to this model, asphaltenes exist in petroleum as colloidal particles 

(sometimes called "micelles") suspended in the oil, surrounded by adsorbed resins. It is 

important to point out that these asphaltene aggregates referred to as asphaltene micelles 

may not be the traditional micelles that are usually formed by the surface-active 

amphipathic molecules. Micellization is the phenomenon describing the self-association 

process of surface-active materials in aqueous solution. Surfactants tend to self-assemble 

into colloidal-like particles for better suspension in the solution. This phenomenon 

occurs only when the surfactant concentration exceeds a threshold, known as critical 

micelle concentration (CMC). In a micelle formed in nonaqueous media, amphipathic 

molecules would cluster with their polar heads together in the micellar core and their tails 

in the organic continuous phase35. The idea that asphaltenes are similar to surfactant 

molecules has not been confirmed by strong experimental evidence. Furthermore, 

interfacial tension measurements performed by Yarranton et a l . 3 4 showed that the 

aggregates observed in asphaltene solutions do not appear to be micelles. Hence, the term 



20 

"micelle" found in the literature might be used arbitrarily to describe the self-association 

phenomenon of asphaltenes. As we have no proof of the existence of micelles in crude 

oils, we believe that the term "aggregate" is more appropriate to describe asphaltene 

association. 

The colloidal nature of petroleum bitumen has been established by numerous 

studies, but the concept that heavy organic compounds are present in petroleum as a 

colloidal system is credited to Nellensteyn36 (1924), who assumed that asphaltenes form 

"micelles" protected by adsorbed resins. The center of the micelle was believed to be 

made of elementary carbon14. Pfeiffer and Saal7 (1940) further developed this concept. 

They proposed that in such a micelle, asphaltenes would form the center, being arranged 

the most closely to the nucleus, and would be surrounded by lighter constituents that 

provide a gradual and almost continuous transition to the bulk oil phase. According to 

Dickie and Yen 1 5 (1967), resins prevent the assembly of asphaltenes in the oil by 

providing a transition between the polar (asphaltenes) and nonpolar (oil) fractions of 

petroleum. Koots and Speight19 (1975) observed that in crude oil each constituent 

fraction depends upon others for complete mobility, and single asphaltene entities 

associated with resin molecules could be the dominant species which allow the 

asphaltenes to exist in the colloidal state in crude oil. Leontaritis and MansoorT2 (1987) 

proposed that asphaltenes remain suspended in the oil by their peptizing agents, the 

resins, which are adsorbed on asphaltenes' surface, stabilizing them and keeping them 

afloat. The resins are assumed to partition between the asphaltene particles and the oil. 
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Since the asphaltene molecule contains many different functional groups capable 

of linking with other asphaltenes present in the oil, such a system was also modeled as a 

heterogeneous polydisperse polymer. An aggregation mechanism was developed37 to 

explain association in a manner similar to linear polymerization. In this model, 

asphaltenes are regarded as propagators and resins as terminators. 

It is not clear yet which asphaltene association model is correct. The answer lies 

probably in the structure of the asphaltene molecule. Therefore, it is appropriate to 

conclude the literature chapter of this work with an analogy that emphasizes the 

importance of knowing the molecular structures of asphaltenes: 

"The importance of the molecular structures of asphaltenes and resins to the 

practicing engineers is similar to the importance of the knowledge of a cardiologist about 

the structures of cholesterols present in the arteries of a patient. " 

G. A. Mansoori 
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CHAPTER THREE: METHODOLOGY 

3.1. Approach and Novelty of the Method Used to Study Asphaltene Association 

Spectroscopy provides a very powerful methodology to investigate molecular 

structure and dynamics . Although much of the spectroscopic characterization of 

asphaltenes was done using N M R and IR, fluorescence spectroscopy can be a useful tool 

to study the chemical environment in the immediate surroundings of an asphaltene entity. 

According to the literature, asphaltenes associate even at low concentrations18. Therefore 

examining a range of dilute to semi-concentrated asphaltene solutions would provide the 

best opportunity to obtain additional information about aggregation in these systems. 

Fluorescence techniques have lately become increasingly popular for examining 

the microenvironment of solvent sensitive media. Generally, one wishes to use the 

solvent sensitivity of the fluorophore to infer the polarity of its surroundings. The method 

involves the use of a probe molecule which exhibits different characteristics depending 

upon the properties of the solubilizing media. The appearance of new spectral bands, 

shifts in emission wavelengths, or changes in fluorescence intensities provide valuable 

information regarding the probe's local environment39. Taken together, these phenomena 

are known as solvatochromism. 

Solvatochromism is most usually observed with molecules possessing large 

excited-state electric dipole moments, resulting in fluorescence spectral shifts to longer 

wavelengths in increasingly polar (or polarizable) solvents. The best probe molecule to 
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use in this project should be amphiphilic, a feature that would increase its universal 

solubility3 9 in all the microenvironments within an asphaltene solution. 

The environmentally sensitive molecular probe PRODAN (6-Propionyl-2-(N, N -

dimethylamino) naphthalene) was selected as the best candidate to be incorporated in 

asphaltene solutions, because of its aromatic structure and desirable spectral 

characteristics. It was used in the present project to provide clues as to the polarizability 

in the vicinity of an asphaltene molecule because it displays substantial polarizability-

induced shifting of its maximum fluorescence intensity. This feature was exploited to 

characterize the various microenvironments found in asphaltene systems. 

The present work offers a novel method of looking at asphaltene solutions 

because, to our knowledge, it represents the first attempt to study asphaltene interactions 

using a fluorescence reporter molecule. This technique might be more sensitive to the 

onset of aggregation than other methods, because it allows measurements at low 

asphaltene concentrations, and even small changes in solution characteristics can lead to 

large shifts in the fluorescence maximum4 0. 

3.2. The Fluorescence Process 

The study of fluorescence is a very active research field in science today, as 

evidenced by the increasing number of papers and reviews published each year. 

Fluorescence has proven to be a versatile tool for a countless number of applications. It is 

extensively used for studying molecular interactions in analytical chemistry, 

biochemistry, cell biology, physiology, photochemistry, or environmental science. The 
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substances that display significant fluorescence in the range 260-800 nm generally 

possess delocalized electrons, formally present in conjugated double bonds41. These 

molecules are often polyaromatic hydrocarbons or heterocycles, and are termed 

fluorophores or fluorescent probes. 

Fluorescence is a three-stage process that can be illustrated by a simplified 

Jablonski diagram, as shown in Fig. 3.1. 
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Fig. 3.1. Simplified Jablonski diagram. 

In the first step, the excitation, a photon supplied by an external source (lamp, 

laser) is absorbed by the fluorophore, creating an excited electronic singlet state, S|. 

During the excited-state lifetime, the fluorophore may undergo conformational changes 

and is also subject to a multitude of possible interactions with its molecular environment. 

The energy is partially dissipated through collisions, yielding a vibrationally relaxed 

singlet excited state from which fluorescence emission originates. Not all the molecules 

that were initially excited by absorption of light return to the ground state by fluorescence 
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emission. Other processes such as collisional quenching, fluorescence energy transfer, 

intersystem crossing or photochemical reactive pathways may also depopulate the excited 

state. In collisional quenching, the quencher diffuses to the fluorophore during the excited 

state lifetime, and upon contact the fluorophore returns to the ground state without 

emission. Fluorescence energy transfer is the transfer of the excited state energy from a 

donor to an acceptor and occurs without the appearance of a photon. 

In the last stage of the fluorescence process a photon is emitted, returning the 

fluorophore to its ground electronic state, So (the lowest energy state). Due to the 

dissipation of energy during the excited-state lifetime, the energy of the emitted photon is 

lower, and therefore of longer wavelength, than the excitation photon. This difference in 

energy or wavelength is called the Stokes' shift. 

Molecules in the Si state can also undergo conversion to the triplet state. The 

singlet (S) and triplet state (T) differ by the value of the total spin quantum number S, i.e. 

S = 0 and S = 1, respectively. Emission from the triplet state to So is termed 

phosphorescence. 

Although not indicated explicitly in Fig. 3.1., a variety of other processes can 

influence the fluorescence emission. These factors include solvent effects and solvent 

relaxation and will be considered in a later section of the present work. 
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3.3. PRODAN and its Environmental Sensitivity 

As previously mentioned, in order to characterize the microenvironment of 

asphaltenes, probe molecules that exhibit different fluorescence characteristics depending 

on the properties of their surrounding media are to be used39. 

PRODAN is among the most solvatochromic of all fluorophores42. It was first 

prepared and characterized by Weber and Farris4 3 in 1979, but since then many 

publications on its properties and applications have appeared. Lately, it has been widely 

used to determine microscopic polarities in biological systems such as lipid bilayers, 

membranes and protein interiors44. 

Karukstis et al . 4 5 proposed the use of PRODAN as a novel and powerful probe to 

study the presence of different microenvironments in aqueous and nonaqueous solutions. 

P R O D A N is soluble in an extensive range of media, and it was demonstrated39 that it 

partitions from aqueous solution into more hydrophobic environments, and from 

nonaqueous solution into more hydrophilic environments. Because of this characteristic, 

P R O D A N can partition simultaneously into all regions of an asphaltene solution. In 

addition to its spectral sensitivity, this fluorophore has the advantage of exhibiting 

measurable fluorescence intensities in both polar and nonpolar solvents. 

In highly polar solvents, PRODAN displays large red shifts in the emission 

spectra. The origin of these large spectral shifts is generally referred to as solvent 

relaxation and is indicative of the solvent reorientation around the excited-state dipole of 

the probe. The loss of energy associated to the reorientation of the solvent dipoles is 

reflected in the emission red shift. In Fig. 3.2., a series of experimental fluorescence 
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spectra show the remarkable shifts of PRODAN emission maxima with solvent 

polarizability. The excited state dipole induces an electronic reaction field by polarizing 

the solvent. This occurs because the electrons of the solvent can follow the rapid change 

in electron distribution within the fluorophore. This is the fast contribution reflected by 

the refractive index, or the polarizability. 
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Fig. 3.2. Normalized fluorescence spectra of PRODAN in various solvents. 

The structure of PRODAN is presented in Fig. 3.3. In its structure, PRODAN has 

both an electron-donor (amino) and an electron-acceptor (carbonyl) group attached to a 

naphthalene ring; therefore it possesses delocalized electrons. The remarkable sensitivity 
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of PRODAN to solvent polarity seems to be the result of a large change in the dipole 

moment upon excitation. This large dipole moment can be explained by the fact that the 

positive and negative charges become localized on the amino and carbonyl groups, 

respectively. These groups are located on opposite sites on the naphthalene ring, and 

therefore a large dipole moment is created as a result of this extensive charge separation. 

The loss of charge by the donor and its gain by the acceptor results in a lowest excited 

state with a charge transfer character, stabilized in polar solvents39. Literature data 

suggests that the change in the dipole moment of PRODAN upon electronic excitation 

lies between 4.4 and 5 D 4 6 . 

Fig. 3.3. The molecular structure of PRODAN. 

3.4. Theory of Solvatochromism: The Lippert Equation. 

The technique used in the present work to study asphaltene association was the 

solvatochromism of PRODAN. Solvatochromism represents the change in position of an 

absorption or emission band, accompanying a change in the polarity or polarizability of 

the medium. 
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The fluorescence shift as a function of solvent is related to the differences in the 

electron distribution within the ground and excited states of the fluorescing species. The 

interactions between the solvent and the fluorophore affect the energy difference between 

the ground and excited states of the fluorophore and influence the emission wavelength. 

Solvent-induced fluorescence spectral changes can be rationalized qualitatively in 

a relatively straightforward manner in terms of the average environment surrounding the 

fluorophore. Refer to Fig. 3.4. for the following explanation of solvatochromism. 

Absorption of a photon promotes the fluorescent molecule from the low dipole moment 

ground state to the higher dipole moment excited state. The dipole moment of the excited 

fluorophore perturbs the environment surrounding it. During the excited state's lifetime, 

the solvent molecules respond by a reorganization of the solvent cage surrounding the 

fluorophore. They reorganize to a stable dipole configuration, reaching new equilibria. 

This process is known as dipole reorientation. The time scale of this process is dependent 

on the chemical and physical properties of the solvent. Thus, more polar and/or 

polarizable solvents lead to greater stabilization of the excited state. There is a greater 

transfer of energy from the excited PRODAN to adjacent molecules due to the alignment 

of the solvent dipoles47. This transfer lowers the energy of the excited state by decreasing 

the energy of fluorescence emission, and thereby shifting the fluorescence maximum to 

longer wavelengths48. This is why a large red shift in the emission maximum is observed. 



30 

excited state 

bo s-
C 

excitation 

ground state 

solvent relaxation 

fluorescence 

solvent relaxation 

Fig. 3.4. Jablonski diagram for the phenomenon of solvatochromism. 

The shifts in emission spectra are due to general and specific solvent effects49. The 

general solvent effects are those which result from the interactions between the electrons 

of the excited fluorophore and the reactive fields induced in the surrounding solvent. 

They depend on the refractive index (n) and on the dielectric constant (e) of the solvent. 

These physical constants reflect the freedom of motion of the electrons in the solvent 

molecules, and the dipole moment of these molecules. Specific solvent effects include 

hydrogen bonding and the formation of charge transfer complexes. General solvent 

effects are expected to always be present. Specific solvent effects depend on the actual 

chemical structure of the solvent and fluorophore. 

A variety of equations have been proposed to quantitatively describe solvent 

effects on the emission spectra of fluorophores41. These models are generally very 

complex and only the most widely used expression will be presented, the Lippert 
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equation. As a simplifying assumption, in this theory the solvent is regarded as a 

continuum in which the fluorophore is contained. Because a precise interpretation of the 

specific solvent effects requires a detailed understanding of the solvent sensitivity on both 

ground and excited state energy levels, here only the general effects will be considered. 

When the solvent and fluorophore interact, the energy difference between the 

ground and excited states of the fluorophore is modified. This energy is a function of the 

refractive index and dielectric constant of the solvent, and is described by the Lippert 

equation: 

2 
&vStokes ~~T~ 

he 

f e - \ n2-l^ 
2e + \ 2n2+l e0 a 3 

(3.1.) 

where ju* and fi are the dipole moments in the excited and ground state, respectively, a is 

the radius of the cavity scooped out of the solvent by the fluorophore, h is Planck's 

constant, c is the speed of light, e$ is the vacuum permitivity, and AvSlokes is the shift 

between excitation and emission. 

What determines the extent of the shift is the orientational polarizability of the 

solvent, Af, a result of both the mobility of electrons in the solvent and the dipole 

moments of the solvent molecules, defined in terms of the refractive index and dielectric 

constant: 

2e + \ 2n2+\ 
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The first term accounts for the spectral shifts due to both the reorientation of the 

solvent dipoles and to the redistribution of electrons. The second term accounts only for 

the redistribution of electrons. The difference between these two terms describes the 

spectral shift due to the reorientation of the solvent molecules. According to this simple 

theory, only solvent reorientation is expected to result in important Stokes' shifts because 

the redistribution of electrons occurs instantaneously and has a minor effect on the shift. 

However, the simple Lippert theory is useful for interpreting experimental data so as to 

assess the presence and relative importance of specific solvent effects. 

3.5. The Modified Lippert Equation. 

In our system, it is assumed that the solvent had relaxed before the fluorescence 

emission and its molecules are reoriented to their equilibrium position around the excited 

state of the fluorophore. Therefore, no information about the dielectric constant of the 

solvent can be obtained solely from the fluorescence shifting measurements. The biggest 

change is in the refractive index of the solution, i.e. in solvent polarizability, and the 

dielectric constant term is negligible. If the fluorescence shifting of PRODAN is a 

function only of the refractive index, the Lippert equation for the fluorescence shift from 

its value in vacuum becomes49: 

Av = 
he 

1 

2n2 +1 
02 

(3.3.) 
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Here Av is the fluorescence shift from vacuum. Therefore, the experimental 

fluorescence spectra are a measure of the change in energy, reflected by the shifting in 

the fluorescence maximum as a function of the solvent polarizability. In the asphaltene 

solutions, the various microenvironments sensed by PRODAN suggest that the probe 

molecules experience different polarizabilities. 

3.6. Atomic Force Microscopy (AFM) 

In recent years, atomic force microscopy (AFM) has become the most rapidly 

developing imaging method. It is a relatively new (1986) technique that allows imaging 

at atomic resolution, and has been used in the visualization of biological structures for 

about the last ten years. Its great advantages over other imaging methods are that it can be 

carried out in a fluid environment, and that in principle it does not disturb the specimen 

from its natural state. Furthermore, imaging with A F M spans a range of dimensions from 

one nanometer up to one hundred microns, which is only marginally accessible by other 

techniques. 

The principle of A F M is to measure the deflection of a probe tip while holding the 

atomic force of the probe-sample interaction constant. Fig. 3.5. is a schematic of an 

atomic force microscope. 

In practice, a very sharp probe is brought into atomic contact with the surface of 

the sample, in vacuum, air or liquid, and it is then scanned in a systematic manner over 

the surface of the object. Software control from the computer enables the tip to maintain 

constant force above the sample. The tip, similar to a very sharp phonograph needle with 
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a radius of curvature in the range 5 to 40 nm, extends from the end of a short cantilever, 

typically 100 to 250 um in length. A laser beam is reflected from the mirrored surface on 

the back side of the cantilever onto a position sensitive photodetector. As the probe tip 

moves over the sample, it interacts with topological features on the surface. Photoelectric 

circuitry converts cantilever deflections into height information and the resulting data are 

recorded as digital topographic images. 
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Fig. 3.5. Schematic of A F M principle. 
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The magnetic alternating curent mode (MAC mode) of operation that we 

employed, is an oscillating cantilever method of imaging which uses a magnetic field as 

the cantilever driving mechanism. A magnetic film on the cantilever gives a very strong 

response to the driving field. The magnetic field is generated by a solenoid placed under 

the sample plate. The cantilever is driven at its resonant frequency and the surface is 

monitored by changes in the amplitude. For the M A C mode, changes in height and 

friction are measured during the scan. M A C mode is not only a very high resolution 

imaging technique used for liquid media, but also a very gentle procedure preferred for 

delicate samples because of the low contact forces (~ 1-10 pN) between the tip and the 

sample. 



36 

CHAPTER FOUR: EXPERIMENTAL PROCEDURE 

4.1. Materials 

Three sources of Cold Lake asphaltenes were used in this project as received. The 

first source from which asphaltenes were extracted consisted of samples of 10° API 

dewatered bitumen, supplied by Imperial Oil of Canada. Soxhlet-extracted asphaltenes 

from dewatered and desanded bitumen, generously donated by Dr. H. W. Yarranton 

(Department of Chemical and Petroleum Engineering, University of Calgary) were the 

second source. Asphaltenes extracted from the fraction 325°C (asphalt recovered from 

deasphalting bitumen with propane) obtained from Imperial Oil of Canada, represented 

the third source. 

Solutions were prepared using toluene (99.99% purity, OmniSolv) and o-

dichlorobenzene (99% HPLC grade, Sigma-Aldrich). N-pentane (98%, BDH) was used 

as precipitant. The asphaltene solutions were filtered using type 2 qualitative filter papers 

from Whatman (U.K.) The non-asphaltic solids were removed using ultra-fine glass fibre 

paper GF/C (pore size 1.7 um) from Whatman (UK). 

The fluorescent probe PRODAN was obtained from Molecular Probes and used 

as purchased. 

Distilled, ultrapure (Nanopure) water was used in the A F M experiments. Poly-L-

lysine solution in water (0.1% w/v, Sigma Diagnostics Inc.) was used as received to 

modify the mica surface. The mica used as substrate was scratch-free muscovite mica 
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(KAl2(Si3Al)Oio(OH,F)2, potassium aluminum silicate hydroxide fluoride), from 

Asheville-Schoonmaker Mica Co., USA. 

4.2. Preparation of Pure Asphaltene Solutions 

Asphaltenes supplied by Imperial Oil were extracted using w-pentane as the 

precipitant. These asphaltenes are referred to as C5-asphaltenes. Asphaltenes obtained 

from the Department of Chemical and Petroleum Engineering were previously 

precipitated by w-heptane and purified by soxhlet extraction. The resulting asphaltenes 

are referred to as C7-asphaltenes. It is likely that C5-asphaltenes contain some resins. 

Various concentrated stock solutions were prepared using the different sources of 

asphaltenes. The same procedure was used for the preparation of each stock. The sample 

of bitumen or asphalt was mixed with n-pentane in a 1:40 volume ratio, and let sit 

overnight to ensure precipitation. The supernatant was then removed, and the asphaltene 

precipitate was filtered off by using Whatman #2 filter paper. Asphaltenes were trapped 

in the filter. The filter paper with the resulting asphaltene powder was air-dried 

completely until constant mass was obtained, and then the weight was recorded. To 

eliminate the non-asphaltenic solids precipitated together with asphaltenes, the weighed 

dried filter paper with asphaltenes and solids was solubilized in the solvent (toluene or o-

dichlorobenzene) for 30 minutes. Some of the asphaltenes remained on the filter paper. 

The filters were dried until no change in weight was observed, and then re-weighed. The 

difference between the initial weight (filter + asphaltenes + solids) and the final weight of 

the dry paper indicated the amount of precipitate (asphaltenes and solids) solvated in 
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solution. The resulting solution was filtered through a weighed glass microfibre filter by 

vacuum filtration, in order to separate the solids from the asphaltene solution. The 

microfilter paper with solids was dried and then weighed again. The amount of solids 

removed was indicated by the difference between this weight and the initial weight of the 

microfilter. In all cases, the solids represented between 1.5-4 % wt of the asphaltene 

mass. The amount of solids was subtracted from the weight of asphaltenes-solids in 

solution to obtain the amount of asphaltenes in solution. The resulting concentrated 

asphaltene solution free of solids was transferred quantitatively into a volumetric flask 

and brought up to volume with solvent to get the desired concentration for the asphaltene 

stock. The stocks were stored under air in the refrigerator for 3-4 days, sheltered from 

daylight and used for the further preparation of dilute solutions. Sets of asphaltene 

solutions with concentrations below and above the aggregation onset concentration were 

prepared by dilution. Asphaltenes solution concentrations ranged from 0.2 to 15 g/L. A l l 

solutions were homogeneous, each sample of dilute solution being sonicated for 10 

minutes using an ultrasonic bath. 

4.3. Preparation of Pure PRODAN Solutions 

PRODAN was used without further purification. For each set of experiments, a 

fresh stock solution with a concentration of 2 x 10"4 M was prepared using the solvents 

(toluene or odichlorobenzene). The stock solution was further diluted when added to the 

series of asphaltene solutions. A l l PRODAN stock solutions were kept in glass vials, 

covered with aluminum foil and stored in the dark until used. 
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4.4. Preparation of Asphaltene - PRODAN Solutions 

Asphaltene-PRODAN mixtures were prepared by diluting the respective stock 

solutions with the solvent. A constant volume of PRODAN stock was pipetted into each 

glass vial. A variable amount of asphaltene stock was added into the vials. The solution 

was further diluted to obtain a series of asphaltene concentrations. To get the desired set 

of solutions, the reactants were mixed such that in each mixture the concentration of 

P R O D A N was 4 x 10"5 M and the concentration of asphaltenes was the same as in the 

mixtures without PRODAN. 

4.5. Spectroscopic Measurements 

Fluorescence spectra were recorded over the range 370-650 nm, at room 

temperature, using a PTI (Photon Technologies Inc., Canada) spectrofluorometer 

outfitted with a xenon arc lamp. The spectral band width was set to 2 nm and dwell time 

of 0.1 s/point. A constant step size of 0.25 nm was used in all fluorescence and excitation 

spectra. Fig. 4.1. shows a schematic of the instrument used. 

Absorption spectra over the range 180-810 nm were measured by a Hewlett-

Packard 8453 UV-Vis diode array spectrophotometer. 

A l l spectra were recorded using front-face cuvettes (SUPRASIL quartz from 

Hellma Canada Ltd.). 
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Fig. 4.1. Schematic of the fluorescence spectrofluorometer. 

4.6. Front-Face Geometry and the Inner Filter Effect 

Fluorescence intensities are proportional to the concentration over only a limited 

range of optical densities41. When the concentration of the fluorescent species is large 
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enough to absorb significant amounts of exciting light (more than 5% of the exciting 

radiation), the dependence of fluorescence intensity on the concentration no longer 

follows the Beer-Lambert law. This is called an inner filter effect. 

Asphaltene solutions are dark and became opaque with increasing the 

concentration, as can be seen in the series of mixtures shown in Fig. 4.2. 

0.199 g/L 0.597 g/L 1.012 g/L 7.914 g/L 13.567 g/L 

Fig. 4.2. Series of asphaltene solutions. 

Therefore, the standard geometry used for fluorescence measurements, right-angle 

geometry, was not suitable for asphaltene mixtures. Instead, another type of illumination 

used for studies of optically dense samples was employed: front-face geometry (FF). 

In right-angle geometry, the incident light is perpendicular to the face of the 

cuvette. The solution is sufficiently dilute to absorb only a small fraction of the exciting 
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light that enters through one face of the square sample cuvette. The emission is viewed 

through an adjacent cuvette face. In front face illumination, the fluorescence intensities 

become independent of concentration at high optical densities and all the incident light is 

absorbed near the surface of the cuvette. Moreover, in front-face geometry the exciting 

and emitted light enter and leave the same cell face50. The excitation light penetrates a 

very short distance of the sample. The angle of incidence of the exciting light should be 

different from 45° to prevent the reflection of excitation light into the emission 

monochromator. 

A typical front-face fluorescence setup is shown in Fig. 4.3. The cell face is 

inclined at 40° to the excitation beam and fluorescence is collected at 90° to the 

excitation beam. 

excitation 
beam 

Fig. 4.3. Front-face geometry. 



43 

4.7. AFM imaging 

The substrate used for A F M experiments was muscovite mica square sheets 

cleaved under air by means of adhesive tape. Mica has a layered structure, which reveals 

an atomically flat surface after cleavage. It consists of negatively charged SiCu layers that 

are cross-linked by A l atoms with incorporated OH" groups. The layers are bound 

together by large, positively charged interlayer cations K + (see Fig. 4.4.). The 

electrostatic bonds between K + ions and O atoms from the layer are weak and can be 

broken easily revealing a fresh basal plane onto which the solution can be deposited. 

Cleaved surface 

Fig. 4.4. The structure of a vertical slice through freshly cleaved muscovite mica . 

The mica was chemically modified by deposition of 10 uL of poly-L-lysine 

solution in water (0.1% w/v) onto freshly cleaved mica, to make the hydrophilic mica 

surface more hydrophobic and increase the affinity of asphaltenes to the surface40. This 
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CHAPTER FIVE: RESULTS 

5.1. Fluorescence Spectra of Solutions 

In the present work we examined the fluorescence spectral shifting of PRODAN 

over various concentrations of asphaltene in toluene and in o-dichlorobenzene (DCB), as 

a novel and sensitive method to determine changes in asphaltene behavior. The 

experimental fluorescence spectra were interpreted using the protocols developed as part 

of this work. Parallel experiments were performed using three sources of Cold Lake 

asphaltenes. A l l spectra were recorded using the front-face geometry. 

To obtain fluorescence emission spectra, the best practice is to choose an intense 

absorption band from the absorption spectrum, and then excite the solution at this 

wavelength. In Fig. 5.1. and 5.2., the absorption spectra for asphaltenes and PRODAN in 

toluene and in DCB, respectively, are shown. The spectra were recorded using 1 mm 

cuvettes to avoid absorbance feature distortion, and the absorbances were corrected for a 

1 cm path length. 

The spectra of PRODAN show a strong absorption feature in each solvent, at 355 

nm for toluene and at 360 nm for DCB. These bands are solvent dependent, with an 

important charge transfer character that results from the partial electron shift from the 

donor amino group to the acceptor carbonyl group. Asphaltenes show no apparent 

absorption peak. The high absorbance of asphaltenes solution suggests that the asphaltene 

molecule can be regarded as a continuum blackbody that absorbs much of the light that 

impinges upon it. 
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Fig. 5.1. Absorption spectra of asphaltenes and PRODAN in toluene. 
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Fig. 5.2. Absorption spectra of asphaltenes and PRODAN in DCB. 
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Fig. 5.3. shows the fluorescence spectra of a series of pure asphaltene solutions in 

toluene, obtained by a 360 nm excitation. These asphaltenes were extracted from the 

Imperial Oil bitumen, using n-pentane. Asphaltene concentration in the mixtures ranged 

from 0.199 g/L to 13.567 g/L. For clarity, the diagram does not show the entire series of 

recorded spectra. 

i 1 1 1 1 1 1 1 

350 400 450 500 550 600 650 700 

Wavelength, nm 

Fig. 5.3. Fluorescence spectra of pure C5-asphaltene solutions in toluene. 

Asphaltene fluorescence spectral shapes seem to change with concentration. There is an 

apparent red-bump in the emission spectra, with increasing asphaltene concentration. 

This could represent excimer (excited state dimer) emission resulting from aggregation. 
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The same Imperial Oil bitumen was used for the preparation of a series of 

asphaltene solutions in DCB, with concentrations ranging from 0.145 g/L to 5.093 g/L. 

Fig. 5.4. shows the fluorescence spectra of some of these mixtures. The excitation 

wavelength was 360 nm. 
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Fig. 5.4. Fluorescence spectra of pure C5-asphaltene solutions in DCB. 

A l l the mixtures examined showed similar behavior. Asphaltenes display 

significant fluorescence intensity between 400 nm and 550 nm. Their extended long 

wavelength features are typical of systems with extended aromaticity and are expected 

since asphaltenes are polycyclic aromatic compounds. 
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Fluorescence emission of pure PRODAN was recorded both in toluene and DCB. 

The concentration of PRODAN was 4 x 10"5 M . The excitation wavelength was set to 360 

nm. These spectra are presented in Fig. 5.5. 
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Fig. 5.5. Fluorescence of PRODAN in toluene and DCB. 

For spectral deconvolution, it was important to keep the concentrations of asphaltenes in 

the asphaltene-PRODAN mixtures the same as the concentrations of pure asphaltenes in 

the two solvents. Fig. 5.6. and 5.7. show the fluorescence spectra of asphaltene-PRODAN 

solutions in toluene and in DCB, respectively. 
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Wavelength, nm 

Fig. 5.6. Fluorescence of asphaltene - PRODAN solutions in toluene. 
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Upon close inspection of Fig. 5.6. and 5.7., it can be seen that there is a 

wavelength shift in the fluorescence of PRODAN with the increase in asphaltene 

concentration. The red shift (shift to longer wavelength or to lower wavenumbers) in the 

fluorescence maxima indicates that PRODAN senses a change in solvent electronic 

properties in these asphaltene-containing solutions compared to when it is alone in the 

solvent. It is assumed that with the increase of asphaltene concentration, P R O D A N 

senses a more polarizable microenvironment, which might indicate the existence of probe 

molecules with different solvent stabilization. 

8e+5 i , i 

350 400 450 500 550 600 650 700 

Wavelength, nm 

Fig. 5.7. Fluorescence of asphaltene - PRODAN solutions in DCB. 
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The red-shift was present in all the stocks examined, both in toluene and in DCB. 

After qualitatively observing PRODAN shifting, we developed a mathematical model in 

order to quantify the extent of the shift, and then relate this to changes in asphaltene 

behavior. 

5.2. Modeling of Fluorescence Spectra 

5.2.1. Fluorescence Resonance Energy Transfer (FRET) 

To examine the interactions of PRODAN with asphaltenes in asphaltene 

containing solutions, first a fluorescence resonance energy transfer (FRET) investigation 

was attempted. For the asphaltene concentration range used, FRET might be expected to 

occur between PRODAN and asphaltenes. The data collected was analysed to determine 

the extent of asphaltene-PRODAN contact. In the literature, FRET has been used 

extensively to study interactions of molecules over distances from 10 to 100 A. In FRET, 

an electronic transition of a donor chromophore is stimulated in the presence of an 

acceptor chromophore61. If the acceptor chromophore is in close proximity, it is probable 

that donor-acceptor energy transfer will take place before the donor can fluoresce. In 

addition to proximity, the other main requirements for FRET are a significant overlap 

between the emission spectrum of the donor and the absorption spectrum of the acceptor, 

and a favorable orientation of the transition dipoles of the donor and of the acceptor. 

There was a decrease in the fluorescence yield of PRODAN with the increase of 

asphaltene concentration. However, when the light absorbed by the increasing number of 

asphaltenes was accounted for, the results obtained suggested that there was no FRET 
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between asphaltenes and PRODAN. Therefore, it was concluded that PRODAN is not 

specifically associating with the asphaltene molecule. 

5.2.2. The Deconvolution of Experimental Data 

In order to determine the solvatochromic shift of PRODAN, it was necessary to 

deconvolve its contribution to the total fluorescence spectrum. The first step was to 

develop a mathematical expression that could replicate the experimental fluorescence 

spectra. This method is one where the contributions of each fraction present in a solution 

to the overall fluorescence spectrum are determined by spectral deconvolution. In this 

case, the measured spectrum of asphaltene-PRODAN solutions can be deconvoluted into 

contributions of pure asphaltenes and contributions of pure PRODAN. Therefore, the 

fluorescence emission spectra at fixed excitation wavelength (360 nm) and PRODAN 

concentration (4x l0 5 M) were deconvoluted into the sum of the overlapping 

contributions from PRODAN and from asphaltenes, using a fitting algorithm. 

Mathematically this is indicated as: 

1(A) fl = aI(A)™0DAN +bI(A)flPh (5.1.) 

Coefficient a represents the fractional contribution of PRODAN in the solvent to 

the overall spectrum, whereas coefficient b represents the fractional contribution of 

asphaltene. Although the deconvolution constants a and b represent fractional 

contributions to the overall spectrum, their sum does not equal 1. This results from the FF 
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geometry, where an increasing contribution due to asphaltenes results in a lower 

proportion of PRODAN excitation. I(X)p

fl

R0DAN and I(X)a^ph are the fluorescence 

spectra of PRODAN and asphaltene, respectively, alone in the solvent. I{X) a represents 

the florescence spectrum of the mixture when both PRODAN and asphaltene are present. 

The fluorescence spectra were fitted by equation (5.1.) using a nonlinear least 

squares fitting computer program. In this program, the model depends nonlinearly on its 

parameters. The basic approach is to design a merit function ix ) that measures the 

agreement between the data and the model with a particular choice of parameters52. 

N , 
=I( ycaic y exp, 

;=1 
(5.2.) 

where N is the number of data points, and ycaic - yexp is the difference between the 

calculated and observed variable values for each point. 

The parameters of the model are then adjusted to achieve a minimum in the merit 

function, yielding best-fit parameters. The algorithm determines the parameters that 

minimize the sum of squares of differences between the dependent variable values in the 

equation models and the observed values. What this fitting algorithm does for our 

particular case is that, based on the experimental fluorescence spectrum of the 

asphaltenes-PRODAN mixture, it finds the best value of a to multiply the fluorescence 

spectrum of PRODAN, and the best value for b to multiply the fluorescence spectrum of 

asphaltene such that the sum of the two terms replicates the fluorescence spectrum of the 
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mixture. Fig. 5.8. shows the deconvoluted contributions of PRODAN and asphaltene to 

the overall spectrum for one of the asphaltene-PRODAN mixtures in toluene. The 

asphaltene concentration in solution is 0.597 g/L. 
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Fig. 5.8. Deconvolution of asphaltene-PRODAN experimental fluorescence spectrum 

into the contributions from P R O D A N and from asphaltene. 

For each series of solutions, all experimental fluorescence spectra of asphaltene-

P R O D A N solutions were fitted by equation (5.1.). Fig. 5.9. compares the experimental 

fluorescence spectrum for one of the asphaltene-PRODAN solutions in toluene (0.597 

g/L) with its calculated fit. 
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Fig. 5.9. Sample experimental spectrum for asphaltene-PRODAN solution and its 

calculated analogue. 

Experimental data are subject to measurement errors (called noise in the context 

of signal-processing). Thus, typical models that are being used never exactly fit the data, 

even when the model is correct. We need to assess whether or not the model is 

appropriate, i . e. we need to test the goodness of the fit. 

Table 5.1. compares the statistical measure of the goodness-of-fit for Imperial Oil 

C5-asphaltene-PRODAN solutions in toluene, and the experimental average noise per 

point. The norm of the residuals is defined as the square root of the sum of squares of the 

residuals. 
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Table 5.1. The goodness of fitting experimental fluorescence spectra of Imperial Oil C5-

asphaltene-PRODAN solutions in toluene, to equation (5.1.). 

[Asphaltene], 
g/L 

Norm x 10"5 

Average noise 
per point 

(calculated) 

Average noise 
per point 

(experimental) 

0.199 1.7 151 150 

0.301 1.8 160 140 

0.398 2.0 178 135 

0.489 1.8 160 125 

0.597 2.0 178 118 

0.797 1.5 133 110 

1.012 2.2 196 95 

3.768 0.6 53 15 

5.276 0.7 62 12 

7.914 0.5 44 20 

10.552 0.4 35 17 

13.567 0.4 35 20 

From Fig. 5.9. and from the error estimates per point in Table 5.1., it can be seen that the 

recorded spectrum is modeled very well by this method. A l l the fits obtained for the other 

concentrations and stocks are equally good. 
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5.2.3. Extracting the Contribution of PRODAN to Asphaltene-PRODAN 

Fluorescence Spectra 

After finding a mathematical expression to replicate the experimental spectra, it 

still had to be determined how much the PRODAN spectral maximum shifted in each 

asphaltene solution in toluene or DCB compared to PRODAN alone in the solvent. 

Therefore, the contribution of PRODAN in each mixture was determined using previous 

equation (5.1.), by subtracting from the experimental fluorescence spectra of asphaltenes 

with PRODAN, the spectra of the asphaltenes alone in the solvent multiplied by the 

parameter b from the fit. 

al{A)p«0DAN = l{X)fl -bl{X)fh (5.3.) 

In Fig. 5.10. are represented the resulting mathematically deconvoluted PRODAN 

spectra. For a linear determination of the shift, the wavelength scale (nm) was converted 

into wavenumbers (cm"1) to facilitate the fitting of a Gaussian lineshape to the spectrum. 

This diagram shows maybe more clearly the shifting of the maximum intensity of 

PRODAN in each asphaltene solution compared to the position of the recorded maximum 

fluorescence intensity. 



Fig. 5.10. The modeled contribution of PRODAN in the asphaltene-PRODAN mixtures 

in toluene. 
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5.2.4. Peak Fitting: the Gaussian Lineshape. 

To determine the exact extent of the shift, the centre wavenumber of experimental 

P R O D A N fluorescence spectrum was determined using a Gaussian lineshape. A 

Gaussian function is defined by: 

/(v) = const + I0e- [0.693 (v-v0)*/y*)] (5.4.) 

In this equation, I0 represents the amplitude of the spectrum, v is the variable 

wavenumber, Vn is the band center of the P R O D A N fluorescence spectrum, and / i s the 

full spectral width at half-maximum. 
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Fig. 5.11. Gaussian fitting of created P R O D A N spectrum, for [A] = 0.597 g/L. 
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Fig. 5.12. Gaussian fitting of created P R O D A N spectrum, for [A] = 10.552 g/L. 

Because the P R O D A N fluorescence spectrum is asymmetrical, only the blue contribution 

(for wavenumbers higher than the value of the band center) was fitted to. Fig. 5.11. and 

5.12. are examples of Gaussian fits, for [A] = 0.597 g/L and [A] = 10.552 g/L, 

respectively. The fit represents well the blue side of PRODAN contribution. The 

constants derived from the Gaussian fits of Imperial Oil C5-asphaltenes extracted from 

bitumen are presented in Table 5.2. 
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Table 5.2. Parameters from the fit of a single Gaussian function to the fluorescence 

spectrum of 4xl0" 5 M PRODAN in the presence of different concentrations of 

asphaltenes in toluene. The source of the asphaltenes is Imperial Oil bitumen. 

[Asphaltene], 

g/L 

Fluorescence 
maximum 

wavelength, nm 

V0 

Band center for 
maximum 

fluorescence, cm' 1 

Av 
PRODAN 

shift, 
cm"1 

0 419.7 23825 0 

0.199 420.0 23805 20 

0.301 420.5 23777 48 

0.398 421.0 23752 73 

0.489 421.4 23729 96 

0.597 421.9 23700 125 

1.012 423.7 23600 225 

1.507 424.9 23535 290 

5.276 424.9 23530 295 

7.914 427.6 23385 440 

10.552 428.7 23325 500 

13.567 429.0 23305 520 
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The goodness of the fit can be illustrated also by the closeness of the experimental data to 

the calculated fit. For the blue side of the spectra, the difference between the Gaussian 

models and the experimental spectra (i.e. the residuals) are plotted as a function of 

asphaltene concentration in Fig. 5.13. The residuals are randomly distributed around zero, 

which indicates no systematic deviation from the model. Furthermore, the values of the 

residuals are very close to the instrument noise level, which also confirms the goodness 

of the fit. 
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Fig. 5.13. The residuals of the Gaussian modeling for Imperial Oil C5-asphaltenes in 

toluene. 
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For comparison, fluorescence data was collected for asphaltene-PRODAN 

mixtures in D C B . The asphaltenes were extracted from Imperial Oil bitumen using the 

same precipitant, rc-pentane. The error for the Gaussian fitting of the experimental data in 

DCB is similarly good, as can be seen from Fig. 5.14. 
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Fig. 5.14. The residuals of the Gaussian modeling for Imperial Oil C5-asphaltenes in 

DCB. 

Table 5.3. presents the Gaussian fitting data for the second source of asphaltenes in 

toluene. These asphaltenes, donated by Dr. H . W. Yarranton (Department of Chemical 

and Petroleum Engineering, University of Calgary), were extracted with n-heptane. The 
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goodness of each fit is appreciated by the random distribution of the residuals around 

zero, as indicated by Fig. 5.15. 

Table 5.3. Parameters from the fit of a single Gaussian function to the fluorescence 

spectrum of 4xl0" 5 M PRODAN in the presence of different concentrations of C7-

asphaltenes in toluene. The asphaltenes were obtained from the Department of Chemical 

and Petroleum Engineering, University of Calgary. 

[Asphaltene], Fluorescence 
maximum 

wavelength, nm 

Vo 
Band center for 

maximum 
fluorescence, cm" 

Av 

PRODAN shift, 

cm"1 

0 419.7 23825 0 

0.404 422.0 23695 130 

0.808 422.7 23655 170 

1.212 423.4 23615 210 

1.616 423.7 23600 225 

2.020 424.0 23580 245 

4.041 424.3 23565 260 

5.658 424.8 23540 285 

6.466 424.0 23545 280 

9.699 424.9 23530 295 

13.337 425.0 23525 300 

15.358 425.2 23515 310 
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Fig. 5.15. The residuals of the Gaussian modeling in toluene, for C7-asphaltenes 

donated by the Department of Chemical and Petroleum Engineering, University of 

Calgary. 

Tables 5.4. and 5.5. present the Gaussian fitting data for the third source of 

asphaltenes in toluene and in DCB, respectively. These asphaltenes were extracted from 

the 325°C fraction (propane asphalt) offered by Imperial Oil of Canada. 
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Table 5.4. Parameters from the fit of a single Gaussian function to the fluorescence 

spectrum of 4xl0" 5 M PRODAN in the presence of different concentrations of C5-

asphaltenes in toluene. Asphaltenes were extracted from the fraction 325°C (propane 

asphalt). 

[Asphaltene], 

g/L 

Fluorescence 
maximum 

wavelength, nm 

Vo 
Band center for 

maximum 
fluorescence, cm"1 

Av 
PRODAN 

shift, 
cm' 1 

0 419.7 23825 0 

0.394 422.3 23675 150 

1.183 423.2 23625 200 

2.367 423.6 23605 220 

4.931 423.9 23585 240 

5.917 423.9 23585 240 

7.890 423.9 23585 240 

8.876 424.9 23535 290 

9.863 424.7 23545 280 

11.835 425.2 23515 310 

12.821 425.0 23525 300 

13.808 425.1 23520 305 
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Table 5.5. Parameters from the fit of a single Gaussian function to the fluorescence 

spectrum of 4xl0" 5 M PRODAN in the presence of different concentrations of C5-

asphaltenes in DCB. Asphaltenes were extracted from the fraction 325°C (propane 

asphalt). 

[Asphaltene], 
g/L 

Fluorescence 
maximum 

wavelength, 
nm 

vo 
Band center for 

maximum 
fluorescence, cm"1 

Av 
PRODAN 

shift, 
cm"1 

0 432.9 23100 0 

0.461 434.9 22990 110 

1.384 436.2 22925 175 

2.307 436.1 22930 170 

3.077 436.3 22920 180 

3.846 436.3 22920 180 

4.615 437.0 22880 220 

6.154 437.2 22870 230 

9.231 436.8 22890 210 

13.846 437.4 22860 240 

16.923 438.6 22800 300 

The residuals of the Gaussian fitting data for the C5-asphaltenes extracted from 

Imperial Oil fraction 325°C, are presented in Fig. 5.16. for toluene and Fig. 5.17. for 

DCB. 
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Fig. 5.16. The residuals of the Gaussian modeling for Imperial Oil 325°C C5-

asphaltenes in toluene. 
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Fig. 5.17. The residuals of the Gaussian modeling for Imperial Oil 325°C C5-

asphaltenes in D C B . 
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The fits to the Gaussian lineshape provided the value of the band center of each 

peak. By knowing this value for every solution, it was possible to determine the extent of 

the shift (Av) by simply taking the difference between the band center of P R O D A N alone 

in the solvent and the band center of P R O D A N contribution in each PRODAN-

asphaltene solution. The Gaussian fits proved the shifting of PRODAN and indicated 

quantitatively how much each experimental fluorescence spectrum of asphaltene-

P R O D A N solution was red shifted with the increase in asphaltene concentration. 

contribution of Prodan for [A] = 0.597 g/L 
shifted experimental fluorescence of pure Prodan 

i i i i i i 

28000 26000 24000 22000 20000 18000 16000 14000 

Wavenumbers, cm"1 

Fig. 5.18. Comparing theoretical and experimental fluorescence spectra of PRODAN. 
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Having the experimental spectrum of pure PRODAN and knowing the extent of 

the shift for each mixture, we wanted to verify the accuracy of the Gaussian fits and of 

the shifting. For this purpose, data from the modeled fit for each solution was used as a 

measure of how much the pure PRODAN spectrum would need to be shifted to replicate 

that found in the asphaltene containing solutions. If the change in solution properties 

simply results in a shift of the PRODAN spectrum, then the deconvoluted and the shifted 

pure PRODAN spectra should overlap perfectly. 

Fig. 5.18. compares the modeled fit with the slided fluorescence spectrum of 

PRODAN for one of the concentrations. The superimposition of the two spectra suggests 

that the modeled fits can reliably replicate the recorded spectra. 

5.2.5. The Fluorescence Spectral Shifting of PRODAN 

The fitting of Gaussian lineshapes to the spectra minimized the uncertainty in 

determining the fluorescence intensity maximum. This function fits the data very well, as 

can be seen in Fig. 5.11. 

The shift in fluorescence maxima as a function of asphaltene concentration would 

help determine the changes in asphaltene solution characteristics. Any shifting of the 

fluorescence maximum arises from PRODAN experiencing a different environment. Fig. 

5.19. shows the spectral shifting of PRODAN vs. asphaltene concentration in toluene, for 

C5-asphaltenes extracted from Imperial Oil bitumen. Recall, Av is the shift difference 

between the wavenumbers of maximum fluorescence of PRODAN in toluene and the 

maximum fluorescence of PRODAN in asphaltene-toluene solutions. 



72 

400 - i 

350 -

300 -

250 -

o 200 -

150 -

100 -

50 -

0.0 0.5 1.0 1.5 2.0 

[A], g/L 

Fig. 5.19. The spectral shifting of maximum PRODAN fluorescence in dilute C5-

asphaltene solutions in toluene. Asphaltenes were extracted from Imperial Oil bitumen. 

The shifting of PRODAN maximum fluorescence seems to be linearly dependent on 

asphaltene concentration, for dilute asphaltene solutions. We believe that the slope of this 

line could be related to changes in the refractive index of the solution . The fact that the 

line does not go through origin might indicate that in the very low asphaltene 

concentration regime (0-0.2 g/L) something else is happening in the solution, i.e. the 

asphaltene particles are changing somehow. This could be the regime where the 

asphaltene molecules are self-associating into small particles. In this case, one might 

expect the refractive index to be a nonlinear function of the amount of asphaltene added. 

At higher asphaltene concentrations, a leveling off of the shift was observed after a 

certain concentration. Fig. 5.20. shows the dependence of PRODAN shifting to 
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asphaltene concentration for the entire range of asphaltene solutions studied for this 

stock. 
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Fig. 5.20. The spectral shifting of maximum PRODAN fluorescence in C5-asphaltene 

solutions in toluene. Asphaltenes were extracted from Imperial Oil bitumen. 

A l l the asphaltene solutions studied exhibited the same type of behavior, although the 

magnitudes of the shifting were not the same. In Fig. 5.21. the fluorescence spectral 

shifting of PRODAN in asphaltene-toluene solutions is presented, for asphaltenes 

representing different sources. The shifting of PRODAN in asphaltenes solutions 

prepared in DCB showed the same tendency of reaching a plateau after a certain 

concentration, as can be seen in Fig. 5.22. 
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Fig. 5.21. Fluorescence spectral shifting of PRODAN in various asphaltene solutions in 

toluene. 
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Fig. 5.22. Fluorescence spectral shifting of P R O D A N in various asphaltene-DCB 

solutions. 
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These turnover-points suggest that some characteristic of the solution is changing 

after a certain asphaltene concentration. These points are interpreted by us as the "critical 

aggregation concentrations" (CAC), where we predict that the smaller asphaltene entities 

(asphaltene molecules already self-associated into small particles) get together and form 

larger aggregates. At concentrations higher than C A C , asphaltene particles begin to 

aggregate vigorously. Up to this point, PRODAN senses an increase in the polarizability 

of its microenvironment and shifts its maximum fluorescence intensity. But once the 

C A C is overcome, PRODAN doesn't sense any further change in solution polarizability. 

These assumptions were tested with A F M . This technique allowed us to estimate 

the size of the asphaltene particles in solution. We wanted to examine the results obtained 

from the shifting plots, i.e. at asphaltene concentrations higher than the turnover-point 

(CAC) the smaller asphaltene entities would come together and form bigger aggregates. 

Therefore, we have chosen two representative asphaltene concentrations, one lower than 

the turnover-point, and the other one higher. 

5.3. A F M Images of Surface Deposits from Asphaltene Solutions 

The A F M image is a map of information obtained from each point on a surface. 

The contrast in A F M topography image is based on an arbitrarily chosen color scale to 

indicate the relative heights of features on a surface. High features are assigned light 

shades and low features dark shades. A F M images of 4 pm x 4 pm regions of modified 

mica surfaces containing deposited asphaltenes are shown in the following figures. 
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We began these studies by looking at a low concentration sample of asphaltene in 

toluene. Fig. 5.23. is a topographical image of asphaltenes deposited out of toluene 

solution onto a modified mica surface. The mica was modified with poly-L-lysine to 

increase its affinity for asphaltenes. The concentration of solution is 1.183 g/L. 

Asphaltenes were extracted from the Cold Lake 325°C fraction using n-pentane. 

Fig. 5.23. A topographical image of 1.183 g/L Cold Lake C5-asphaltenes (325°C) 

deposited out of toluene solution onto a modified mica surface. Deposition time was 1 

minute. 

The lower panel is a cross-sectional slice through the features indicated by the green line 

in the upper panel. In the lower panel, the height (on the y axis) and width (on the x axis) 
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of the species can be read. At this relatively low asphaltene concentration of 1.183 g/L, 

the structures observed seem rather uniform. The features that we interpret as asphaltene 

entities have heights of 10-20 nm (for the darkest to the brightest areas), and widths of 

30-100 nm. They appear to be flat, disk-like structures. 

To test the effect of the mica surface upon the asphaltene entities, longer 

deposition times were employed. The same asphaltene solution of concentration 1.183 

g/L was exposed for 5, 10, 20, and 30 minutes. Fig. 5.24. and 5.25. show the topography 

of 1.183 g/L Cold Lake asphaltenes deposited onto modified mica for 10 and 20 minutes, 

respectively. 
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Fig. 5.24. Topographical image of 1.183 g/L Cold Lake asphaltenes (325°C) deposited 

out of toluene solution onto a modified mica surface. Deposition time was 10 minutes. 
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311000cf# 1 

Fig. 5.25. Topographical image of 1.183 g/L Cold Lake asphaltenes (325°C) deposited 

out of toluene solution onto a modified mica surface. Deposition time was 20 minutes. 

In all cases, similar size range of the asphaltene entities was found, even after 30 

minutes of deposition time. These results seem to indicate that the range of heights and 

widths of the asphaltene species remain the same. Therefore it was concluded that the 

mica surface does not induce aggregation. This conclusion is supported by the A F M 

height distribution in time, evidenced by Tables 5.6.-5.7. and by Fig. 5.26. 



79 

Table 5.6. Calculation of the average height of the asphaltene entity for [A] = 1.183 g/L. 

Deposition time is 1 and 20 minutes, respectively. The number of asphaltene entities 

counted is N = 70. 

1 minute 20 minutes 

Height, nm % Height x % % Height x % 

11 1.4 15.4 4.3 47.3 

12 1.4 16.8 1.4 16.8 

13 — — 2.9 37.7 

14 5.7 79.8 4.3 60.2 

15 2.9 43.5 2.9 43.5 

16 5.7 91.2 7.1 113.6 

17 12.9 219.3 4.3 73.1 

18 8.6 154.8 7.1 127.8 

19 11.4 216.6 17.1 324.9 

20 28.6 572 15.7 314.0 

21 5.7 119.7 2.9 60.9 

22 5.7 125.4 8.6 189.2 

23 4.3 98.9 7.1 163.3 

24 5.7 136.8 4.3 103.2 

25 — — 7.1 177.5 

26 — — 1.4 36.4 

28 — — 1.4 39.2 

Average Height, nm 18.9 ± 3 19.3 ± 4 
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Table 5.7. Calculation of the average height of the asphaltene entity for [A] = 5.917 g/L. 

Deposition time is 10 minutes. The number of asphaltene entities counted is N = 70. 

Height, nm % Height x % 

12 2.9 34.8 

13 5.7 74.1 

14 4.3 60.2 

15 7.1 106.5 

16 2.9 46.4 

17 7.1 120.7 

18 4.3 77.4 

19 7.1 134.9 

20 20.0 400.0 

21 10.0 210.0 

22 14.3 314.6 

23 8.6 197.8 

24 4.3 103.2 

25 1.4 35 

Average height, nm 19.2 ± 3 
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Fig. 5.26. The height distribution of small asphaltene particles as evidenced by A F M . 

According to these data, the height distribution of the small asphaltene particles in the 

background does not appear to change significantly with increasing asphaltene 

concentration and deposition time. The height of the particles remains practically 

constant, with deviations within experimental error. 

The assumption that some characteristic of the solution is changing after a certain 

asphaltene concentration was tested by imaging asphaltene solutions with higher 

concentration. Fig. 5.27. presents the A F M image for an asphaltenes solution with the 

concentration above the turnover-point predicted from the shifting method. The 
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concentration chosen was 5.917 g/L. After careful inspection of the solution, bigger 

aggregates deposited onto the mica surface were observed. At this concentration, the 

number of bigger aggregates is low enough that only a few are observed adsorbed to the 

modified mica surface. But the height distribution of the small asphaltene particles in the 

background is still the same. 
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Fig. 5.27. Topographical image of 5.917 g/L Cold Lake C5-asphaltenes (325°C) 

deposited out of toluene solution onto a modified mica surface. 

There are two distinctive cross-sections in this image. On the left panel, the two large 

aggregates may be interpreted as representative of the aggregating entities. The smaller 

asphaltene features present in the background are in the same size range as the ones 
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found in more dilute solutions. The corresponding cross-section indicates their 

dimensions. The right panel represents the same image but with a different cross-section, 

necessary in order to approximate the size of the large asphaltene aggregate present in the 

left-corner of the image. From the right cross-section panel, it can be estimated that the 

size of such an aggregate is approximately 25 nm high and 900 nm wide. 
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CHAPTER SIX: DISCUSSION 

Examination of the experimental fluorescence spectra for the various asphaltene 

sources reinforces the general belief that asphaltenes contain multi-ring aromatics. Their 

emission spectra represent the overlapping contributions of the fluorophores contained 

within the asphaltene molecule. The spectral location of fluorescence maximum is related 

to the dimensions of the TC-electron hyperconjugation within the fluorophore. Many 

aromatic ring systems with 7-11 rings and without heteroatoms fluoresce with maxima in 

the 400-500 nm range38. The replacement of carbon with heteroatoms typically results in 

a red-shift of the fluorescence maximum (see Fig. 5.3., Chapter 5). Thus, considering the 

wavelength of fluorescence emission for these asphaltene solutions (400-550 nm), we 

suggest that the most predominant fused-ring systems present in asphaltenes are in the 

range of 4-10 rings, which is consistent with other estimations38. 

As mentioned previously, in the asphaltene containing solutions a wavelength 

shift of the maximum fluorescence of PRODAN was observed. This is indicative of 

changes in solution characteristics. It is hypothesized that with the increase of asphaltene 

concentration, the solvent electronic properties change and PRODAN finds itself in a 

more refractive (i. e. polarizable) microenvironment compared to the bulk solvent. This 

suggests the presence of more than one microenvironment and/or the existence of probe 

molecules with different solvent stabilization. The role of solvent polarizability in the 

aggregation of asphaltenes has been investigated in the literature via index of refraction 

methods . According to the fluorescence spectral shifting of PRODAN, at low 
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asphaltene concentrations there is a linear dependence between the shifting and 

asphaltene fraction (see Fig. 5.19, Chapter 5). This linear regime of spectral shifting for 

low asphaltene concentrations is consistent with that observed by Buckley et a l . 2 6 from 

direct measurements of refractive indices of asphaltene solutions in toluene. They also 

performed calculations of the refractive index of the mixture, expressed as a function of 

the weight fractions and the refractive indices of the pure components". The agreement 

between the measured data and the calculated values was very good, and suggested that it 

is possible to predict the value of the refractive index of a mixture using pure 

components' characteristics. 

Asphaltenes represents the most refractory fraction of petroleum liquids. The 

linear dependence of the refractive index and of the shifting (Av) on the asphaltene 

fraction in the mixtures is not surprising, considering that the interactions between the 

solvent and the fluorophore can be defined in terms of solvent refractive index, which is 

an indicator of oil polarizability. According to the Lippert equation (3.1.), the spectral 

shift is a function of the dielectric constant and refractive index of the solvent, and of the 

ground electric state and excited electric state dipole moments of the fluorophore. When 

comparing fluorescence measurements, the solvent relaxation is complete prior to 

emission and the biggest change is in the refractive index of the solution. Therefore, what 

we are measuring experimentally is the polarizability expressed formally by the refractive 

index of the solution. 

Based on the experimental data, we have developed a solvatochromism model for 

the pre-aggregation regime, i.e. before the small self-associated asphaltene entities begin 
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to form large aggregates. This model is reflected by the linear shifting of PRODAN and 

is valid for low asphaltene concentrations. According to the model, in the linear regime 

before the turnover-point, the solution consists only of "free" asphaltene particles (small 

self-associated asphaltene molecules but not large aggregates) and solvent molecules. 

Assuming a binary mixture, e.g. asphaltene-toluene or asphaltene-DCB, the refractive 

index of the solutions can be expressed as a function of the weight fractions of the two 

components and of their respective refractive indices: 

" = nsolv xsolv + nasph xasph (6-1 •) 

xso!v and x^p/, are the weight fractions of the solvent and of asphaltenes, respectively. 

For small x h , the weight fraction of the solvent, xso!v, is essentially constant. 

By substituting the refractive index term in the equation of spectral shifting (3.3.) 

with the refractive index of a binary mixture, the shifting is indeed a linear function of 

asphaltene weight fraction. 

he £q a} 

nsolv Xsolv 2 nsolv xsolv nasph xasph J 

^ ("so/v Xsolv + ^ nsolv xsolv nasph xasph ) + 1 

(6.2.) 

The leveling off of the shift at higher asphaltene concentration could be modeled as a 

departure from a binary mixture. The turnover-points suggest that the solution 

characteristics are changing after a certain asphaltene concentration. These points are 
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defined as critical aggregation concentration (CAC) points, where we predict that the 

smaller "free" asphaltene particles (self-associated asphaltene molecules) begin to form 

large aggregates. As more asphaltene molecules are added to the solution, bigger 

aggregates are formed and a third component occurs in the solution. At the turnover-

point, 

" — nsolv xsolv ~^nasph xasph nagg Xagg (6.3.) 

The concentration of the new component in solution is low, and the fraction xagg is very 

small compared to the fractions of the smaller asphaltene entities and of solvent. At 

concentrations higher than the turnover-point, the weight fraction of the smaller 

asphaltene entities, xasph, remains practically constant. PRODAN does not sense any 

increase in the polarizability of its microenvironment and stops shifting its maximum 

fluorescence intensity. This causes the shifts to level off. 

Table 6.1. shows the values of the slopes and turnover-points for the asphaltene 

mixtures in the two solvents. If the shifting is plotted as a function of asphaltene weight 

fraction, the slope of the linear regime will be expressed in cm"1. 



88 

Table 6.1. The slopes of the pre-aggregation regime and the turnover-point values 

obtained for asphaltenes in toluene and in DCB. 

Toluene DCB 

Asphaltene 

source 

Slope, 

cm"1 

Turnover-
point, 

g/L 

Slope, 

cm"1 

Turnover-
point, 

g/L 
Imperial Oil 

bitumen 

219240 1.5 ±0.3 131370 2 ±0.3 

Dept. of 

Petr. Eng. 

245340 0.9 ± 0.2 — ~ 

325°C 330600 0.4 ±0.1 207060 0.7 ± 0.2 

Our data suggest that the big asphaltene aggregates begin to form at asphaltene 

concentrations from around 0.4 to 2 g/L, depending on the asphaltene source and solvent. 

The slopes of the linear dependence of shifting on asphaltene concentration or weight 

fraction could be related to changes in the refractive index of the solution. A larger slope 

means a faster increase in polarizability. Since the shifting is a measure of the refractive 

index of the solution, larger slope also means higher value of the asphaltene solution 

refractive index. Therefore, the slopes indicate how much the refractive index changes 

per gram. A more refractive medium means higher aromaticity, i.e. more asphaltenes and 

less resins. From Table 6.1., by comparing the slopes in toluene, fraction 325°C suggests 

that it is the most resin-free among the three asphaltenes stocks. This also means that 

asphaltenes extracted from 325°C should be the first to aggregate in solution, because 

they do not have protective resins. Indeed, these asphaltenes have the lowest C A C 
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(reflected by the turnover-point) and the highest slope. Their refractive index changes the 

fastest under the given conditions, and this possibly means that these asphaltene entities 

have the largest size among the three stocks. The steeper slopes in toluene solutions 

suggest that these mixtures are more refractive, more polarizable. In DCB, the values of 

the turnover-points are somewhat higher than in toluene, which is not surprising because 

DCB is a more polar solvent and aggregation should occur at higher asphaltene 

concentration. The slopes have lower values in DCB than in toluene, as the change in the 

refractive index of the solution is slower. A smaller refractive index suggests that in DCB 

the asphaltenes entities are smaller than in toluene, which is consistent with their higher 

C A C . If the asphaltene particles are smaller in DCB, it means that their molar mass 

should be smaller. This is consistent with other studies37 which found that asphaltenes' 

molar mass decreased with increasing polarity of the solvent. 

The slopes of the linear pre-aggregation regime might be different because the 

asphaltene particles are different. One possible explanation is that toluene and DCB 

might be incorporated differently within the asphaltene entities53. 

In the linear regime of shifting, PRODAN responds to the increase in asphaltene 

concentration. There is no experimental evidence of specific interactions between 

PRODAN and asphaltene, the spectrum appears to shift gradually and no characteristic 

features of specific solvent effects were observed. Therefore it is believed that PRODAN 

is not associating with asphaltenes, i.e. PRODAN molecules are not distributed around 

asphaltene particles. Hence, as more asphaltene particles are added to the solution, they 

simply alter the nature of the solvent. Because PRODAN does not bind with asphaltenes, 
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it does not matter how many PRODAN molecules are in solution. Regardless of the 

number of PRODAN molecules, the average environment sensed by each of these 

molecules is the same. Considering that Fig. 6.1. shows the environment of one 

PRODAN molecule, then with the increase in asphaltene concentration the only thing 

changing is the size of the grid surrounding PRODAN, i.e. with dilution we are only 

stretching the grid. 

Fig. 6.1. The environment of a PRODAN molecule. 

The leveling off of the solvatochromic shifts after the turnover-point indicates that 

after C A C , PRODAN no longer senses an increase in the refractive index. This could 
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mean that as the solution near PRODAN becomes saturated with asphaltenes and the 

weight fraction of "free" asphaltene particles (asphaltene molecules self-associated into 

small particles at very low concentrations, but not aggregated into large features) 

becomes constant, 

• PRODAN becomes surrounded by asphaltenes and cannot sense any more changes, 

or 

• PRODAN is still sensitive to changes in polarizability, but as more asphaltenes are 

added to the solution, the formation of big aggregates does not affect the sensitivity 

of PRODAN because the weight fraction of the large aggregates is very small 

compared to that of the "free" particles and no large aggregates are located in the 

vicinity of PRODAN 

The asphaltenes critical aggregation concentrations determined by us using the 

shifting method, i . e. the concentrations at which the smaller self-associated asphaltene 

particles begin to form bigger aggregates, are within the range of other previously 

published values. Literature data suggest that at room temperature, asphaltene molecules 

in toluene associate in small asphaltenes particles at a very low concentration (near 0.05 

g/L). This process continues up to about 2 g/L where a plateau is reached53. These data 

were obtained using a thermo-optical method based as well on changes in the refractive 

index. In this technique, the asphaltenes in solution absorb energy from the excitation 

beam and transfer part of it as thermal energy (heat) to the solvent. A laser probes the 

refractive index gradient (as thermal lens signal related to thermal diffusivity) induced by 

the density change. A fairly constant value of the thermo-optical diffusivity as a function 
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of asphaltene concentration signaled the formation of aggregates. From fluorescence 

depolarization results18, it was believed that the onset of molecular self-association 

(presumably dimer formation) in toluene was observed at asphaltene concentrations as 

low as 0.06 g/L. If these values are true, the minimum asphaltene concentration that we 

used is well above the onset of dimer formation. This suggests that in our asphaltene 

solutions, the asphaltene molecules are already associated into small asphaltene particles, 

and the turnover-points that we observed correspond to the formation of even bigger 

aggregates than dimers. 

From VPO molar mass experiments at elevated temperatures (50-130°), Cold 

37 

Lake asphaltene aggregation appears to begin at concentrations below 0.5 g/L . The 

molecular aggregation of asphaltenes was modeled using a mechanism similar to linear 

polymerization. The molar mass was found to increase with asphaltene concentration 

until a limiting value was obtained between 10-20 g/L 3 4 . In these measurements, the 

leveling off of the molar mass was interpreted as the finish of polymerization, when the 

increase in asphaltene concentration only causes the presence of more aggregates, not of 

more asphaltene monomers. From extrapolated values for the asphaltene molecule molar 

mass, it was suggested that asphaltenes reach a limiting size and form associations of 2-6 

molecules. If we were to compare our results with those of the VPO method extrapolated 

at room temperature, then the limiting value region for the asphaltenes molar mass 

measured by VPO would correspond to the beginning of our linear regime of shifting. 

This suggests that at our starting concentration, the polymerization had stopped. After the 

end of polymerization, the onset of larger asphaltene aggregates occurs as the solution 
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becomes saturated with smaller asphaltene entities. However, direct comparison of our 

data with the data obtained by using the linear polymerization modeling is not possible 

since the temperatures at which the respective experiments were done are significantly 

different (22° C vs. 50° C, respectively). 

In the literature, the asphaltene aggregate structures differ from study to study, 

depending on the solvent used, temperature, and asphaltene source. The shape of the 

asphaltene aggregates in organic solvents has been reported as ellipsoidal or spherical54, 

disk-like 5 5, rod-like 5 6 and cylindrical5 7' 6 0 . With the shape being in contradiction, an 

accurate aggregation mechanism remains difficult to confirm. It is only through 

understanding the nature of a single asphaltene molecule that behavior such as 

association can be predicted. 

In principle, A F M can provide information on the particle size. We have 

examined asphaltene solutions in toluene and DCB in an attempt to confirm the results 

obtained by the shifting method, and to compare the size of our asphaltene entities with 

the size of asphaltene particles found by other studies. 

In the literature, the size of a single asphaltene "molecule" was estimated by 

fluorescence depolarization18 in extremely dilute solutions (concentrations lower than 

0.06 g/L) to prevent association. In this work, the diameters of asphaltene molecules in 

toluene were found to be 10-20 A. This is comparable to the model proposed by Yen 

(Fig. 2.2., Chapter 2). Scattering techniques such as SANS (Small Angle Neutron 

Scattering) and SAXS (Small Angle X-ray Scattering) were often used to indicate the 

58 
presence of asphaltene molecules or aggregates in solution. Sheu and Storm observed 



94 

with SANS spherical Ratawi asphaltene structures in toluene, with a 32 A radius. X u et 

a l . 5 4 studied Athabasca asphaltenes in toluene through SAXS and observed spherical 

asphaltene particles with an average radius of 33 A. Espinat et a l . 5 5 performed SANS 

experiments on Safanya asphaltenes in toluene and found flat disk-like aggregates having 

O O ")A 

185 A in diameter and 6A in thickness. VPO measurements of Cold Lake asphaltenes' 

molar mass at elevated temperatures (50-70°C) suggest the presence of spherical 

asphaltenes aggregates in toluene, having a diameter of 1.3 nm. 

Atomic force microscopy (AFM) was also used to characterize asphaltene 

aggregation25. A F M studies on asphaltenes revealed round disks or rod-formed 
90 9^ 

asphaltene units . Toulhoat and coworkers used A F M to characterize adsorbed 

asphaltenes from very dilute (0.15-10 mg/L) solutions in toluene onto mica. The analysis 

of the mica surface revealed the presence of discoids of approximately 2 nm x 30 nm, 

dimensions comparable to the published data from other experiments. Asphaltene 

aggregates investigated by scanning tunneling microscopy (STM) showed the existence 

of periodic structures on the nanometer scale59. A l l these experiments provide direct 

evidence of asphaltene self-association and more or less confirm Yen's structural model 

for the asphaltene particle. 

In our A F M images (previous chapter), we noticed a heterogeneous surface 

characterized by a rather homogeneous coverage of particles. The asphaltene entities 

observed are flat, disk-like, with a fairly broad distribution of heights. One can see that 

the 1.183 g/L solution of asphaltenes in toluene does not show significant self-

association, as the concentration is below C A C . On the other hand, the 5.917 g/L 
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asphaltene solution shows aggregates of various sizes, as the concentration of the solution 

is above C A C . However, as mentioned in the previous chapter, no significant growth of 

the asphaltene particles was observed over the sampling period. We performed systematic 

size measurements of the particles, and found that the average height of the small 

asphaltene particles deposited onto the modified mica surface is around 19 nm. The 

height distribution of asphaltenes does not seem to be Gaussian, but did not change 

appreciably with the increase in concentration and exposure time. Thus, it appears that 

the modified mica surface does not induce aggregation of asphaltene particles. Yet, there 

is some discrepancy between the size of these entities and the dimensions found in the 

literature for asphaltene aggregates in solution. This might result from the washing 

process, and we could observe aggregates found at the mica-water interface, similar to 

features seen on bitumen droplets (diameter of 50-100 nm and thickness of 0-20nm) by 

using colloidal particle scattering62 and the hydrodynamic force balance technique63. 

The fact that the height distribution of the small asphaltene particles does not 

seem to increase with the concentration is consistent with the linear regime of the 

fluorescence shifting plot, where we assume that more asphaltene particles are being 

added, but no change in the asphaltene particles occurs. 

The asphaltene entities observed by A F M cannot be single asphaltene molecules, 

but small self-associated asphaltene particles. The size of such a particle was found to be 

approximately 10-20 nm x 30-100 nm for asphaltenes deposited from solutions with 

concentrations below C A C . It is important to note that the same size distribution of small 

asphaltene particles was found in the background of asphaltene solutions with 
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concentrations above C A C , even i f these solutions showed larger aggregates deposited 

onto the modified mica surface. In the more concentrated solutions, the number of large 

aggregates increases. This observation is also consistent with our hypothesis that the 

small asphaltene particles do not change as the concentration is increased. Since the size 

of a big aggregate was estimated at 25 nm x 900 nm, then in the solutions with 

concentrations above C A C we are observing aggregates of 500 small asphaltene particles, 

on average. 
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CHAPTER SEVEN: CONCLUSIONS AND FUTURE DIRECTIONS 

Heavy organics deposition during oil production and processing is a very serious 

problem, and the remediation of the deposits is an expensive process which has hampered 

the production activities in many parts of the world. In order to mitigate deposition 

problems, it is imperative to be able to predict when and why asphaltenes precipitate. As 

a result, there is a need for understanding the nature of heavy organic compounds and the 

mechanism of heavy organic deposition. However petroleum, and in particular the 

asphaltene fraction, is difficult to characterize because it is a mixture of thousands of 

different molecules without a repeating molecular unit. For nearly seven decades, 

researchers throughout the world have studied the nature of heavy organic compounds 

and the mechanism of asphaltene precipitation, but because of the complex nature of 

petroleum the deposition phenomenon is still not well understood. 

Asphaltenes are defined as the polar fraction of petroleum that is insoluble in n-

alkanes. They stay solvated in petroleum under natural and stable conditions because of 

their solubilizing agents, the resins. Resins stabilize asphaltenes, reducing their tendency 

to precipitate. The first step in understanding the behavior of asphaltenes in solution is to 

study and characterize the microenvironment in the immediate vicinity of an asphaltene 

particle. Therefore, this work presents a novel method to examine asphaltene association 

in aromatic solvents, by using fluorescence methods and atomic force microscopy. 

Three sources of Cold Lake asphaltenes were used in this project. Fluorescence 

spectra of solutions with increasing asphaltene concentrations were collected in toluene 

and DCB. The solutions were used to study the changes in asphaltenes' 



98 

microenvironment evidenced by the environmentally sensitive fluorescent dye PRODAN. 

The fluorescence spectra of pure asphaltenes in solution supported the general belief that 

asphaltenes contain polycyclic aromatic compounds in their structure. In the fluorescence 

spectra of asphaltene-PRODAN solutions, the solvatochromic wavelength shift of 

PRODAN suggested changes in solution characteristics. In these systems it is believed 

that with the increase of asphaltene concentration, the solvent electronic properties 

change and PRODAN molecules with different solvent stabilization exist in solution. The 

collected experimental data were used to propose a "critical aggregation concentration" 

for asphaltenes at room temperature. 

Based on experimental information, a model was developed to explain the effect 

of asphaltene behavior on PRODAN fluorescence properties. The experimental 

fluorescence spectra contain information about solvent polarizability, expressed by the 

refractive index of the solution. For low asphaltene concentrations (approximately 0.2-1.5 

g/L, depending on the asphaltene source and solvent used), a linear dependence of the 

solvatochromic shifting of PRODAN on the asphaltene concentration was observed. In 

the literature, direct measurements of the refractive indices of asphaltene solutions 

reported the same linear behavior. 

Literature data suggest that asphaltene molecules begin to associate at low 

concentrations (approximately 0.05 g/L). Because our most dilute asphaltene solution has 

a concentration of about 0.2 g/L, asphaltene molecules are already associated in solution 

into small particles. The solvatochromism model for pre-aggregation developed in this 

work is valid for the linear regime, where we believe that the small asphaltene particles 
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are not yet aggregated into large aggregates and therefore are still "free". Hence, in the 

linear regime the solution consists of only "free" asphaltene particles and solvent 

molecules and thus can be regarded as a binary system. Following this logic and 

expressing the refractive index term in the equation of spectral shift as a function of the 

weight fraction and refractive indices of the pure components, we obtained an equation 

that explains the linear dependence between the fluorescence shifting and asphaltenes' 

weight fraction. 

The leveling off of the shift was interpreted in this model as a departure from the 

binary system. The turnover-points suggest that the solution characteristics are changing 

after a certain asphaltene concentration, and were defined as critical aggregation 

concentrations (CAC). As the solution becomes saturated with small "free" asphaltene 

particles, these start to aggregate and at the C A C a third component occurs in the 

solution, the big asphaltene aggregates. But the weight fraction of the large aggregates is 

small, and therefore no noticeable changes in the shifting are observed. The slopes of the 

linear regime contain information about the "free" small asphaltene particles. Because the 

shifts level off, the refractive index likely depends on the form in which asphaltenes are 

in solution. Moreover, the slopes and the critical aggregation concentrations can be 

correlated with the amount of resins present. However, more data is needed to confirm 

this. 

Although direct comparison with other models is not available, we could compare 

our model of aggregation with extrapolated results obtained with VPO at elevated 

temperatures (50-130° C). In the VPO experiments, the leveling off of the molar mass as 



1 0 0 

a function of asphaltene concentration was observed. This indicated that a constant molar 

mass was attained, suggesting that the asphaltene aggregates reached a limiting size. 

Because for our concentration regime we observed that the size distribution of asphaltene 

particles did not change, the limiting molar mass distribution measured by VPO could 

correspond to the beginning of our linear regime of shifting. 

Information on asphaltene solution properties might be reflected in the aggregate 

size or growth characteristics. Thus, the study of these features in different solvents might 

help the uncovering of asphaltenes solution behavior. We used atomic force microscopy 

in an attempt to corroborate the results. The A F M images showed a heterogeneous 

surface covered by disk-like asphaltene entities. Their size was estimated through size 

distribution calculations and revealed asphaltenes particles with an average height of 

about 19 nm. The size distribution of the asphaltene particles did not change appreciably 

with the increase in asphaltene concentration and surface deposition time. This suggests 

that the characteristics of the small particles are independent of concentration. 

At concentrations higher than C A C , some bigger asphaltene aggregates were 

found, which might confirm the validity of the pre-aggregation model developed in this 

work. The asphaltene behavior in the two solvents as a function of concentration is good 

proof of the aggregation of these entities. 

So far asphaltenes have been treated as a uniform material. In fact they have a 

broad range of molar masses. Hence, the asphaltene stock could be broken into smaller 

fractions and each fraction studied separately. It would be interesting to see if, and how, 
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the spectral properties of these fractions differ. Moreover, the effect of the intentional 

addition of resins into the solution could be studied. 

Fluorescence studies of asphaltene solutions in a wider range of organic solvents 

and at different temperatures would be useful to bring more information on asphaltenes' 

behavior. A comparison of the results obtained for virgin heavy oil and that which had 

been thermally treated could reveal the chemical changes that take place in the asphaltene 

system upon treatment. More A F M images have to be collected over a wider range of 

concentrations and perhaps also as a function of temperature. Other methods (e.g. light 

scattering) could be used to infer the asphaltene average particle size. If these 

measurements are compared in the presence and absence of resins, the average size of the 

resin shell could be estimated. 
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