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PREFACE 

The investigative assault upon the enigmatic asphaltenes has recently resulted in sig­
nificant advances in many varied disciplines. Taken individually, each discipline exposes 
certain facets of asphaltenes, but each, alone, can never reveal asphaltenes from all van­
tages. Even seemingly narrowly focused issues such as the molecular structures of asphal­
tenes, or the colloidal structures of asphaltenes require a confluence of many lines of 
investigation to yield an understanding which differs from truth by diminishing uncer­
tainty. An holistic treatment of the asphaltenes is a powerful approach to evolve further 
their understanding. For example, examination of asphaltenes at the highest resolution 
yields molecular structure. A slight increase in scale probes asphaltene colloidal structure. 
Weaving together asphaltene studies performed at different length scales results in a fabric 
which envelops an encompassing vision of asphaltenes. At the same time, the interfaces of 
these hierarchical studies provide additional constraints on imagination, more than investi­
gations at individual length scales alone. These considerations shaped the timing, format, 
and the content of our book. The editors are very appreciative of the diligence and hard 
work manifest in each of the contributed chapters herein. We thank the contributing 
authors for making this project a success. 

Oliver C. Mullins 
Eric Y. Sheu 
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Chapter I 

ASPHALTENES 

Types and Sources 

TehFu Yen 

School of Engineering 
University of Southern California 
Los Angeles, California 90089-2531 

INTRODUCTION 

What will be stated in the following is that asphaltenes are not limited to petroleum 
origins. Asphaltenes can be derived from any fossil fuel sources. These sources include 
the virgin component, all the intermediates leading to a finished commodity, and to the 
processed products. A few of the fossil fuel derived asphaltenes are: virgin petroleum, re­
fining bottoms, coal liquids, tar sands, bitumens, oil shale extracts, shale oils, coal ex­
tracts, and a great number of naturally-occurring asphaltoids, asphaltites, and asphalts. In 
order to explore the role of asphaltene in these different sources or types, the unique prop­
erties of asphaltenes must be discussed here. 

The properties and behavior of asphalts and bitumens are critically dependent on the 
nature of the constituents. Chemically these constituents consist of hydrocarbons and het­
erocyclic or nitrogen-, sulfur-, and oxygen-containing compounds. Separation of the vari­
ous fractions of asphalt or bitumen is usually based on their different boiling point ranges, 
molecular weights, and solubilities in solvents of different polarities. Techniques for ob­
taining narrow fractions include vacuum distillation, solvent extraction, thermal diffusion, 
crystallization, and others, individually or in combination, followed by chromatographic 
separation. Often the topped crude and the asphalt are fractionated by solvent partitioning, 
selective absorption-desorption, and chemical precipitation. The principal classes of con­
stituents are gas oil, asphaitene, resin, carboid, carbene and mesophase. 

All fossil based oils contain some asphaltics, ranging from 0.1-50 percent; however, 
heavy oil has the highest asphaltene content. The amount and the types of asphaltene will 
greatly influence the constitution and properties of a particular oil. The following Table 1 il­
lustrates the principle that asphaltenes derived from petroleum, shale oil, and coal liquid are 
widely different if characterized by even a few structural parameters. The fine structure of a 
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Table 1. Ranges of value as expressed by structural 
parameters of various asphaltenes derived 

from different sources 

Parameter* Petroleum Shale Coal 

fa 0.2-0.5 0.4 0.6-0.7 
La(A) 10-15 7-12 7-14 
Le(A) 20 15 10 
(J 0.5-0.7 0.5-0.6 0.3-0.5 
Har.' Car(H/CA) 0.3-0.5 0.8-0.9 0.6-0.8 
n 4-6 2-3 1-2 

*fa• aromaticity; La. layer diameter; Le, cluster height; cr, degree of substi­
tution; Hat/Car' degree of ring condensation; n, average chain length. 

Teh Fu Yen 

given asphaltene often can be elucidated by a number of structural parameters. At this time, 
it should be pointed out that although there are distinctive differences among asphaltenes, 
generally speaking they are very similar when compared in infrared or NMR spectra. 

SEPARATION OF ASPHALTENE FROM SOURCE MATERIAL 

Separation of components usually can be achieved by distillation. When a solution 
of a binary liquid has partially vaporized that component with the higher partial vapor 
pressure tends to concentrate in the vapor. This vapor may be condensed, and the vapor re­
sulting from the heating of this condensate is still further enriched in the more volatile 
component. This process of separation based on successive vaporization and condensation 
is fractional distillation. The separation factor is based on relative volatility. Multicompo­
nent distillation is possible at minimum reflux. 

Average virgin heavy crudes contain a certain portion of volatiles. It is not advisable 
to use the conventional method of characterizing crude by simple distillation at atmos­
pheric pressure up to 275 DC or even higher, since some thermal cracking reactions start 
above 200 DC. The best way is to "top" the volatile portion from the residue by vacuum 
distillation at very low pressure [1] and to keep the pot temperature below 150 DC. In this 
manner, the heat-sensitive portion of these fractions will be preserved [2]. In most distilla­
tion procedures, the bottom of the pot-the heavy fractions--have been severely ther­
mally altered due to cumulative effects. An empirical method to approximate the boiling 
point of most compounds has been based on the boiling point number (BPN), and BPN 
can be computed from the structural component ofa given compound [3]: 

bP = 230.14 (BPN)1I3 - 543 

The segregation of individual components from a mixture can be accomplished by 
adsorption chromatography. The adsorbent is either packed in an open tube (column chro­
matography) or shaped in the form ofa sheet (thin layer chromatography, TLC) [4,5]. Sol­
vent is used to elute from the bed, and the resolution for a two-component system can be 
expressed as: 
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The first product deals with K j /~, a ratio ofthe adsorption coefficients ofthe two components, 
which refers to the selectivity of the adsorption system. The sample adsorption distribution 
coefficient can be correlated to the sample adsorption energy, which in tum can be predicted 
from the group contribution ofthe free energy adsorption. Achange ofa given solvent will alter 
the sample's adsorption distribution coefficient greatly. For different solvents, the solvent 
strength parameter, eO, becomes an indicator. The second product in the above equation deals 
with N, the number oftheoretical plates in the bed. For a larger ~ value, this product is constant 
and is equal to one. VO is the free space and W is the weight of the adsorbent [6]. 

Duffy [7] was able to further fractionate the hexane-insoluble heavy fractions by 
spreading on Teflon and eluting with increasingly polar solvents: n-hexane, cyclohexane, 
ether, MEK, benzene, and chloroform. Asphaltene can further be purified from the SARA 
(saturated, aromatic, resin, asphaltene) column as developed by Jewell [8]. The SARA col­
umn is made from packed layers of cationic and anionic exchange resins, as well as ferric 
chloride on clay. This has become the ASTM D4124 method and is used widely. Recently, 
Lian et al. [5] used a thin-layer Chromatotron for preparative collection of the SARA frac­
tions. Another chromatographic method is based on the polarity, and the heavy fraction 
can be separated into three fractions, I, II, III, and IV [9]. In this case, there will be no 
SARA fractions and asphaltene is dispersed in I, II, and III. 

The solubility parameters concept is the basis of solvent fractionation. The basic as­
sumption in the "solubility parameter" concept is that there is a correlation between the 
cohesive-energy density (potential energy per unit volume) and mutual miscibility. The 
cohesive-energy density, C, is defined as: 

where L\Uv is the energy change for complete isothermal vaporization ofthe saturated liq­
uid to the ideal gas state and VL is the molar volume of the liquid. The "solubility parame­
ter," B, is defined as the positive square root of the cohesive-energy density: 

The dimensions of the "solubility parameter" in cgs units are call12cm-312 or "hildebrands." 
In SI units the nearest equivalent is the square root of the megapascal, Mpa 112, because I 
MPA = 106 J m-3 = 1] cm-3. To convert from hildebrands to Mpal12, multiply by 

.J4.187 = 2.046 

For a material to dissolve in a solvent, the free energy change, L\Gm, of the process must be 
negative, L\Gm = L\Hm - T L\Sm' Since the entropy change, L\Sm' is always positive, the heat of 
mixing, ~~, determines whether dissolution will occur or not. Experimentally, it has been 
found that, for most polymer systems, the heat of mixing is either positive or zero. According 
to the Hildebrand and Scott and Scatchard theory, the heat of mixing is given by 



4 TehFu Yen 

where V m is the total volume of the mixture, ~" ~2 are the volume fractions, and 0" 02 are 
the "solubility parameters" of the solvent and solute, respectively. Therefore, the heat of 
mixing will be small or zero and the free energy change negative when 8,~82' The as­
sumptions in the above are: (1) forces of attraction are due primarily to dispersion of 
forces, (2) molar volumes of the solute and the solvent are not significantly different, (3) 
no volume change occurs on mixing, and (4) mixing is random. These assumptions are not 
generally valid, and many more sophisticated theories have been developed. However, the 
relation produced is a simple one and is easy to use as a rough guide. 

Solvent fractionation adopted by Yen in most of his work for a number of fossil fuel de­
rived liquids can be easily designated by solubility parameter (Figure 1). Actually, the separa­
tion of asphaltene can proceed from both directions of the extractability curve as either side of 
the solubility parameter scale, e.g., asphaltene can be from n-pentane insoluble and benzene 
soluble (left side of curve, between 7-9 hildebrands) or from ethanol insoluble and benzene 
soluble (right side of curve between 12.5 and 9 hildebrands). (Figure 2) [10,11]. 

The analytical scheme is shown in Figure 3. In this manner, asphalt or bitumen or 
topped crude can be separated into six major fractions (see Table 2). Using the asphaltene as 
a standard scale, there are fractions related to asphaltene as indicated by the upper and lower 
entries, for example, gas oil and resin are above and carbene, carboid, and mesophase are 
below. Gas oil can be further separated to saturates and aromatics. These related materials 
are termed asphaltics, which are considered to be the allied substances to asphaltene. 

ASPHALTICS OR ALLIED SUBSTANCES TO ASPHALTENES 

In this manner, the principal classes of constituents are given in Table 2. Mesophase 
can be generated by heat treatment and is seldomly found in ordinary asphalt. These 

12 ii 11 Pyridine ~ .§ 
U ] 

10 
cs, I .--Coal tar 

Dioxane ~ +.-- Hydrogenated 

Benzene __ coal oil 
9 .-- Baxterville 

1l petroleum 
Cyclohexane i asphaltene 

8 
I:! 

~ Ethyl-ether 
n-hexane 

<a 7 n-pentane 
.~ i u ~ '-' 

CO Propane 

~I ! 6 (isobutanc ) 

5 

Figure 1. Separation of major heavy fractions based on solubility parameters of solvent system. 
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Figure 2. The solubility parameter spectra from West Texas Intermediate/West Sour. a) asphaltene and b) asphalt. 
Notice precipitation can originate from the shoulder of 6-8 (left hand side, conventional) or 12- 11 (right side). 

classes can be clearly defined by the solubility parameter range. The designations 
"petrolene" and "maltene" are often used in the asphalt literature. 

In some cases, the fractions obtained by different conventional methods of separa­
tion constitute portions of the same component. For example, the polar aromatic constitu­
ents in Corbett's scheme and the related acid compounds (acid-affins) determined in 
Rostler's test are actually portions of resin components. 

INVOLATILE 
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I PENTANE ( C, ) 

I 
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I I 
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I INSOLUBLE SOLUBLE 

I BENZENE ( ~H ) PROPANE ( C, ) 
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I CS1 
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PENTANE SOLUBLES I 
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Figure 3. Analytical scheme of the isolation of aspha\tene fraction . 
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Table 2. Solvent fractions of asphalt and related carbonaceous material" 

Fraction Solubility parameter 

Number Designation Solubility Ii in hildebrandsb Remarks 

gas oil propane soluble below 6 saturated and aromatic hydrocarbons 
2 resin propane insoluble 6-7 combined 1 and2 are also called 

pentane soluble maltene or petrolene 
3 asphaltene pentane insoluble 7-9 ASTM uses CCI4 instead of benzene 

benzene soluble 
4 carbene benzene insoluble 9-10 ASTM uses CC14 instead of benzene 

CS2 soluble' 
5 carboid CS2 insoluble' 10-11 combined 4 and 5 are referred to as 

pyridine soluble preasphaltene or asphaltol 
6 mesophase pyridine insoluble above II 

'Volatile-free basis. 
bl hildebrand = 2.04 J'~cm312 = I cal"2tcm312. 

'Because of the flammability ofCS2• pyridine is preferred; fractions 4 and 5 can be combined. 

Aspbaltenes 

Asphaltenes are obtained by precipitation in nonpolar solvents such as low-boiling 
naphthas, petroleum ether, pentane, isopentane, and hexane. They are soluble in liquids of 
high surface tension such as pyridine, carbon disulfide, and carbon tetrachloride, but are in­
soluble in petroleum gases such as methane, ethane, and propane, in which they are precipi­
tated. Commercially, propane is used to separate asphaltenes from other asphaltic residues. 

In terms of chemically fine structure, asphaltene is a multi polymer system contain­
ing a great variety of building blocks. The statistically average molecule contains a flat 
sheet of condensed aromatic systems that may be interconnected by sulfide, ether, ali­
phatic chains, or naphthenic ring linkages. Gaps and holes in the aromatic system with 
heterocyclic atoms coordinated to transition metals such as vanadium. nickel, and iron are 
most likely caused by free radicals. The compactness of the aromatic system varies widely 
as a function of source and temperature. 

The basic unit sheet of asphaltene usually has a molecular weight of 1000-4000 
which may contain oligomers of up to eight units. 

Based on the functional groups and acid-based properties, asphaltenes can be further 
separated into acids and bases as well as amphoteric and neutral compounds [12]. 

Resins 

Resins are soluble in the liquids that precipitate asphaltenes and can be separated 
from the residua in the maltene mixture by chromatography. They are coprecipitated with 
asphaltenes in propane deasphalting processes and are strongly adsorbed onto the asphal­
tenes. Resins can be released from asphaltene by exhaustive extraction with n-pentane. 
They are usually separated from the residue by desorption with chloroform after chroma­
tography through a silica gel column containing methylcylcohexane as solvent. 

Resins are considered smaller analogues of asphaltenes with a much lower molecu­
lar weight. For this reason, the bulk of the resins can be preparatively separated by gel 
permeation chromatography as well as by centrifugal thin layer chromatography. The res-



Asphaltenes: Types and Sources 7 

ins contain aromatic compounds substituted with longer alkyls and a higher number of 
side chains attached to the rings than asphaltenes. The combination of the saturated and 
the aromatic characteristics of the resins stabilizes the colloidal nature of the asphaltenes 
in the oil medium. 

Gas Oils 

Gas oils are the lowest molecular weight fraction of the asphalt and serve as the dis­
persion medium for the peptized asphaltenes. They are soluble in petroleum ether, pro­
pane, and most other organic solvents, and may be separated into saturated, aromatic, and 
other hydrocarbon types through column chromatography employing solvents of varying 
polarity. In this manner, resins contain different values of hydrophile lipophile balance 
(HLB) which are useful in surfactants. 

Molecular weights of the gas oils range below 800; most are in the region of 
360-500. Structurally, gas oils consist mostly ofnaphthenic-aromatic nuclei with a greater 
proportion of side chains than the resins. Alkyl naphthenes predominate and straight chain 
alkanes are rarely present. The naphthenic content is 15-50%, with naphthenics contain­
ing 2 to 5 nuclei per molecule. 

High aromaticity in the maltenes indicates good solvency for asphaltenes, and the 
overlap of hydrocarbons comprising the gas oils, resins, and asphaltenes is the basis for 
true asphaltene dispersion. 

In all three main fractions, gas oil, resin, and asphaltene, the quantitative distribution 
of the fractions is important to the consistency and compatibility of asphalt, as well as the 
distribution pattern of individual homologous molecules within each fraction. 

Naturally occurring interfacial active agents such as inorganic salts of long chain 
carboxylic acids, alcohols, waxes, mercaptans, and acidic hydrogen-bearing molecules, 
and other metallo-chelates or complexes, such as porphyrins, concentrate in trace amounts 
in the asphaltene and resin [12]. These substances have an important influence on the 
properties of asphalt as indicated in the following. 

ASPHALTENE AND METALS 

Metals are known to concentrate in the asphaltene fraction. The major metals found 
in oils are vanadium, nickel, and iron (which ranges from a few parts per million to a few 
hundred thousand parts per million). [13] Two forms of bonding are essential. The first is 
chelation, or complexing, which is illustrated by metalloporphyrins. The other is charac­
terized by the bonding of metal ions directly to the defect centers, the "gaps" or "holes", 
of an imperfect aromatic sheet. [14] 

The association of a metallo-complex to asphaltene is similar to the self-association 
of the aromatic sheets for the asphaltene clusters. The activation energy for such bonding 
has been approximated by the interconversion of the anisotropic and isotropic vanadium 
ESR spectroscopy by the doping of known vanadyl complexes to asphaltenes. They range 
in value from 14-20 kcall mole. 

The uptake and concentration capacity of metal to asphaltene has been used for dis­
persion or recycling of effective catalysts and for the retrieval of excess, or spent, cata­
lysts, which sometimes are used in the slurry process for residua and in the SRC-II recycle 
process. Many minerals, such as FeS, contained in the freshly-separated coal asphaltene, 
may prove to be valuable in-situ catalysts for processing. 
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The origin of porphyrin and non-porphyrin vanadium and nickel in asphaltene has 
been known [15]. Namely, the porphyrin skeleton is from the fossilized geoporphyrin of 
blue-green algae. The non-porphyrin type may be derived either from the porphyrin-trans­
ferred or degraded products or other ligands present in petroleum. The latter may be in­
volved in pick up and addition processes later during geological times. 

ASPHALTENE AND SULFUR 

Among all the heteroatoms, sulfur is the most important in petroleum-derived as­
phaltenes. The sulfur distribution in asphaltenes is essentially in sulfide form. The 
thioether linkage should be easy to cleave; the difficulty with hydrosulfurization results 
from the location of sulfur in a hindered position, well protected by the association and 
clustering nature. Mass transfer of reacting species is greatly hampered. 

Sulfur may be very essential in the generation of asphaltene, which is colloidal in 
nature and consists of micelles. The formation of micelles in two nonmiscible liquids may 
start with the emulsion polymerization of an associated locus. In such polymerization 
processes, the sulfide or mercaptan radical is a useful and necessary chain-transfer agent. 
The edge group of thioether in asphaltene cluster is essential, since, during diagenesis, 
these sulfurs may control the size of the micelle. 

In conventional hydrodesulfurization, with the use of cobalt or nickel-molybdenum 
supported on Si02-AlzD3 applications, the sulfiding step will involve polysulfide forma­
tion. The Aurabon process (licensed by UOP), whether the use of added VSx or of the VSx 
formed in-situ, has to rely on the polysulfide groups to reach within the micelle of petro­
leum feeds to cause hydrocracking. 

The heteroatoms S, N, and 0 are also essential in the control of the asphaltene de­
rived from source material. For example, sulfur is essential for petroleum origin, oxygen 
is essential for coal origin, and nitrogen is essential for oil shale origin. The amount of 
heteroatoms in a given asphaltene can be used as a correlation guide for reparation of coal 
and non-coal origin, e.g., use ofESR parameter of g-tensor [16]. Recently, the sulfur types 
can be evaluated by XANES method [17]. The origins of the sulfur in asphaltene may also 
be an addition process during geochemical time [18]. 

ASPHALTENE AS A GEOLOGICAL MATURATION INDICATOR 

One can conclude that gas and oil originate from kerogen decomposition. The inter­
mediate is asphaltic (involatile components of crude oil) through the sequence: 

~ 
Asphaltic 

Oil and Gas 
A3 

Carbon and Graphite 
~ 



Asphaltenes: Types and Sources 9 

Table 3. Structural parameters of Green River asphaltenes 

Temperature CC) 

Structural Parameter 250 425 500 

Aromaticity 0.24 0.51 0.60 
(f,) 

Degree of Substitution 0.73 0.53 0.51 
(a) 

Average Chain length 4.2 2.4 2.0 
(n) 

Degree of Ring Condensation 0.99 0.75 0.66 
(Hi CA ) 

Asphaltene and other asphaltic components such as gas oil, resin, carbene, carboid, etc. 
are components of a typical asphaltic. In many cases asphaltic (A2) is contaminated with 
oil and gas (A3) and may be produced concurrently from a reservoir. Also, under other 
situations, kerogen (AI) and bitumen (A2) are in one source (e.g., Green River Oil Shale). 
An example can be found in the oil fields in Ceylon in which the gas and carbon (graph­
ite) can be coproduced. One must view the mechanism as consecutive and parallel reac­
tion kinetics with temperature and time scale as a trade-off. 

Asphaltenes isolated at various temperatures in a pyrolysis chamber from oil shale ex­
hibit a wider range of structural differences. Not only the aromaticity values, but also the 
average chain length, extent of ring condensation, etc. are quite different as shown in Table 
3. 

ASPHALTENE AND SOURCES MIGRATION AND OCCURRENCE 

Through catagenesis, the bitumen may convert to heavy oil via pyrobitumen and 
may eventually end up as graphite. The other route may yield light oil and other gaseous 
hydrocarbons and finally result in methane. In this manner the fluid portion of petroleum 
will migrate (multi phase flow) according to the potential of a given environment, e.g., 
buoyancy degree, capillary pressure, hydrodynamic flow of contact water, etc. Migration 
through faults, fractures, fissures, permeability channels, nonuniformities, and intrusions 
such as mud diapirs, piercement salt domes and igneous blockages will finally result in 
traps for various forms of natural bitumens. 

Table 4 shows many native bitumens studied [19]. The heading of this table is still 
classified according to Abraham's scheme. As indicated by the asphaltic contents, namely 
percentages of resin, asphaltene and preasphaltene (benzene-insoluble), Abraham's 
scheme may not be correct. For example, the coorongite does not belong to elaterite; thus, 
it is not an asphaltoid (see Table 5). It is also true that grahamite should not be an asphal­
tite, but an asphaltoid. This can be verified easily by a ternary diagram (see Figure 4). 

ASPHALTENE AS GEOLOGICAL CLOCK 

It is known that a study of the nature of the associated porphyrins in asphaltene can 
roughly indicate the geological age of that petroleum. For example, the series ratio of the 
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Table 4. Distribution of asphaltic fractions in native bitumens 
(% by weight) 

Resin Asphaltene Preasphaltene 

Mineral Wax 
Ozokerite 93 7 0 

Seeps 
Rozel point 77 23 0 

Oil Sand 
Athabasca (Mildrel Lake) 78 22 0 

Asphalt 
Tabbyite 16 84 0 

Pyrobitumen 
Ragusa 73 27 0 

Asphaltites 
Grahamite 7 21.5 71.5 
Gilsonite 14 62 24 
Manjak 30 62 8 

Asphaltoids 
Coorongite 94 6 0 
Albertite 3 I 96 
Ingramite 2 I 96 
Wurtzilite 3 0 97 
Anthraxolite 0 0 100 

deoxophyllo - erythroetioporphyrin (DPEP) to the alkylporphyrin (etio) varies with the 
geological age of the crude as well as burial depth. One positive correlation of asphaltene 
with depth is that of the molecular weight, especially the average particle weight. For ex­
ample, the particle weight as determined from the vapor pressure osmometry with benzene 
and tetrahydrofuran is approximately a function of the burial depth (see Figure 5) [20]. 

RESIN 

PREASPHALTENE 

~_--=:::;,-- Albertite 

Mineral Wax 
Seeps 
Oil Sand 
Pyrobitumen 

Athabasca 

• '-Grahamite 

\ 

ASPHALTENE 

Figure 4. Ternary diagram of a number of asphaltoids, asphaltites, and other bitumens. 
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Figure 5. Molecular weight vs. depth of burial. 

ASPHALTENE AND UPGRADING 

Thermal and hydrocracking processes are largely used for upgrading asphaltics in 
heavy oil to useful oil. Chemically speaking, the conversion of asphaltene to lighter ends 
may involve a combination of the following: the hydrogenation of aromatics, transalkyla­
tion, cracking, hydrogen transfer, or hydrogenolysis. The first step, the penetration of the 
micelle, is in the realm of colloidal science approach. Next is the separation of stacks in 
asphaltene clusters and the support of atomic hydrogen at a surface. Overcoming the ther­
mal energy at elevated temperatures, by complexing with a stronger x-system (to form an­
other stack by donor-acceptance interaction), by forming a charge-transfer complex with 
halide or Lewis acid (such as a stable iodine complex), or by obtaining a new and smaller 
sandwich compound is the final step. 

The above illustrations are plentiful; for example, the massive halide catalysts used 
for hydrogenation of coal-derived asphaltene. Coordinated molecules for the sheets are 
spread apart so that hydrogen and solvents can gain access for hydrogenation. The explana­
tion is also valid for the zinc chloride coal conversion process. The clean products resulting 
from hydrocracking of Athabasca bitumen by using ferric chloride may be explained simi­
larly. (For example, the following case of blown asphalt may be a simple one to compre­
hend.) The air-blowing process is essentially a free radical mechanism. Being an effective 
radical inhibitor, asphaltene will strongly retard this reaction. The only way to combat this 
retardation is to modify the structure of asphaltene by forming a complex. In this manner, 
the sheet in the cluster will be transformed into a new substance similar to met-cars, e.g., 
M8CI2 without the spin excitation from associated sheets. The most efficient catalyst for the 



12 Teh Fu Yen 

airblowing of asphalt is the Lewis acid type metal halide, which allows an increase of pene­
tration value and a decrease in curing time. The mechanism is to render an inert free radical 
to become a new substance for the free radical type of air-oxidation. 

ASPHALTENE AND CHEMICAL REACTIVITY 

The polarity of an asphaltene is quite important in reactions such as hydrogen-bonding 
ofthe acid-base or the donor-acceptor nature of a given type of asphaltene. Hydrogen bonding 
is essential to the viscosity behavior. Association through polar groups may form the basis for 
the lamella structure, so that the order of a large micelle may be established. The inter- and in­
tra-cluster property is controlled by the polar functional groups of the asphaltenes. 

Reactions such as nitration, halogenation, and Friedel-Craft's can occur if the percent­
substitution sites in the periphery of the aromatic sheet remain available. This is the reason 
why coal-derived asphaltene is more reactive than petroleum-derived asphaltene. This behav­
ior is essential in the applications of storage stability and processing inertness among others. 

Excessive peri-condensed systems, in general, will result in localized double bonds 
and the reactive conjugated diene system. In such a system, the Diels-Alder reaction can 
occur. A simple diagnostic tool is the occurrence of caged molecules in a typical crude. 

ASPHALTENE AND COLLOIDAL NATURE 

Asphalt or bitumen is a colloidal system similar to petroleum, the difference being 
that the lighter molecules have been removed. In crude oil, asphaltene micelles are present 
as discrete or colloidally dispersed particles in the oily phase. As the various low boiling 
and intermediate petroleum oils are removed during the distilling process, the particles of 
asphaltene micelles are massed together to form larger particles. Thus, asphalts or bitumen 
are colloidal dispersions of high molecular weight non-hydrocarbons or asphaltenes in a 
dispersion medium of gas oil (primarily alkanes and naphthenics) and resin. Although the 
asphaltenes themselves are insoluble in gas oil, they can exist as fine or coarse disper­
sions, depending on the resin content. The resins are part of the oily medium but have a 
polarity higher than gas oil. This property enables the molecules to be easily adsorbed into 
the asphaltene micelles. Here, they act by charge neutralization as the peptizing agent of 
the colloid stabilizer. 

In its native state, asphaltene exists in an oil-external (Winsor's terminology) or re­
versed micelle. The polar groups are oriented towards the center, which can be water, sil­
ica (or clay), or metals (V, Ni, Fe, etc.). The driving force of the polar groups assembled 
toward the center originates from hydrogen-bonding charge transfer, or even salt forma­
tion. This oil external micelle system can be reversed to an oil-internal, water external 
micelle system (usually called Hartley micelles). 

An aggregate of asphaltene particles with adsorbed resins is termed a supermicelle 
(aggregates or assemblages). In this case, resin acts as a peptizing agent which can be 
modified by amphiphiles. Sometimes gas oil may be occluded between supermicelles and 
it then behaves as an intermicellar medium. Asphalts or bitumen can be treated as a colloi­
dal system. Micellar structures are predominant in asphalts with a high asphaltene content. 
Structural orders of asphaltenes would explain various properties existing in heavy crude 
and tar sand bitumens. The sizes of asphaltene increase due to association and aggregation 
are as follows (numbers in parentheses are distances in nm): 
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The application of amphiphatic molecules (surface active agents) can modify the ar­
rangement of asphaltene units in the micelles and vesicles, thus altering the solubility pa­
rameter. The addition of amphiphiles to different asphaJtenes have been evaluated and it 
has been found that the peptization of asphaJtene by pentane or hexane can be reduced 
[21]. This principle can be extended to the appropriate reinjection of resin fractions for 
improved oil recovery (lOR), since resin is an excellent amphiphile. 

ASPHALTENE AND IMPROVED OIL RECOVERY 

First, the nature of caustic flooding hinges on the ultra low surface tension proper­
ties of the alkaline-water-oil system. The fact is that the alkaline metals can replace all re­
placeable hydrogen atoms in the petroleum component. This activity depends on polar 
molecules with heteroatom functional groups, largely derived from the resin fractions, and 
sometimes also the asphaltenes. Table 5 summarizes the resin and asphaltene content of 
the recovery from Huntington Beach Oilfield. As a rule, after the secondary recovery the 
resin decreases and the asphaltene content increases. Since the interfacial activity ties 
more with the resin fraction than the asphaltene, for the three petroleum zones in Hunt­
ington Beach Oilfield, the Upper Main Zone is more prone to alkaline flooding, followed 
by the Upper Jones Zone. The Lower Main Zone will be the last choice due to its lowest 
resin and asphaltene content of the three wells. 

Furthermore, some of the reactive (or replaceable hydrogen) groups are hidden in 
the asphaltene (either through inter- or intra- hydrogen bonding or ester formation). These 
can only be released by subsequent acid hydrolysis after the alkaline treatment. Thus, the 
injection sequence formulated with intermittent slugs of hydrochloric acid will help to 
boost the recovery efficiency. 

Many amphiphatic molecules can be isolated from the asphaltene-resin fractions. In 
the simplest case, that for tar sands in the presence of aqueous sodium orthosilicates, a 
wide variety of surfactants can be recovered. In many instances, this crude surfactant mix­
ture can be used for further recovery of bitumen from sands or even to clean oil-contami­
nated soils. It is feasible to install well-site units for the continuous injection of this type 
of surfactant as the oil or bitumen portion is recovered. 

There are advantages for the application of mixed surfactants: for example, the 
range of hydrophile-lipophile balance (HLB) would be wide, and accordingly it would 
have a broad favorable salinity response. Surfactant flooding has traditionally been used 
in lOR. The performance characteristics of the surfactant used are critical micelle concen-

Table 5. Resin and asphaltene contents in Huntington Beach Oilfield (Upper Miocene series) 

Production zones Well no. Recovery stage Depth (ft) % Resin % Asphaltene 

Upper Jones UJ-225 water 3500 0 12.3 
(Delmontian) 

Upper main 426-104 primary 4500 14.3 3.6 
(Upper Mohnian) 

Lower main S-47 water 4800 0.7 7.9 
(Upper Mohnian) 
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tration (CMC), cloud point, adsorption, foam volume, and interfacial tension, which is de­
pendent on the surfactant used related to HLB, the salinity and temperature. A two-compo­
nent or three-component system is used in conjunction with a cosolvent. These wide salt 
response systems will tend to reduce gel- and liquid-crystalline phase separation. In this 
context, the concept of compatibility must be interpreted as the approximate equality of 
the internal energy of molecules of all concerns. For example, the equivalence alkane 
carbon number (EACN) of substrate and host molecules is similar. 

Furthermore, the asphaltene can be viewed as an internal polymer in reservoirs. 
Naturally it can be easily modified to gain compatibility to the injected polymer and for 
this reason it can behave as a sacrificing agent. Since the organic structure of asphaltene 
indicated that a number of functional groups can be introduced to the molecular matrix, 
different reactions have been conducted with asphaltenes and it has been found that they 
proceeded with relative ease. The asphaltene-resin fractions after separation from the well 
head can be chemically modified, e.g., sulfonation, and reinjected back to the production 
zone for use. One such example is that a hybrid surfactant-polymer dual combination can 
be obtained from an asphaltene-resin fraction and modified to proper hydrophobically as­
sociated, interpolymer complexes for better mobility ratio and profile control application. 

Synthetically, it is possible to import water-soluble groups into the reacted asphal­
tene. A hydrophobically modified polyacrylamide terpolymer can increase the apparent 
viscosity tremendously in oil-brine solution. Similarly, the multi mer systems of a chemi­
cally modified asphaltene can be tailor-made to meet the requirements of a specific oil-in­
place for lOR. Almost all the currently used synthetic water-soluble polymers can be 
included in Table 6. All of these types of polymers can also be prepared based on asphalte­
nes since it inherently can be constructed with infinite architecture and design in asphal­
tene single units and multiples. It is also important to point out that resin represents a 
small analog of asphaltene in structural consideration. 

ASPHALTENE AND MESOPHASE MATERIAL 

Asphaltenes are known to be precursors leading to specialty cokes, manufactured car­
bons and graphites. The relation between asphaltene and mesophase was discussed. Certain 
asphaltenes can give coarse deformed structures with Brooks-Taylor spherules while others 

Table 6. Synthetic water soluble polymers 

Nonionic polymers 
Polar, nonionic functional groups on backbone (e.g., PAM) 

Polyelectrolytes (charged polymers) 
Charges along or pendent to backbone 

anionic 
cationic 

Amphoteric polymers 
polybetanes 
polyampholytes 
interpolymer complexes 

Hydrophobical\y modified polymers 
intrachain liaisons on homopolymers 
copolymer with minor content of a comonomer 
cosolute binding systems 
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do not. The key to mesophase growth seems to be the formation of a preasphaltene interme­
diate that can condense to form the pre-order and be incorporated into the mesophase. The 
requirement for a precursor of asphaltene origin is that the oxygen content should be less 
than 6%,and the aromaticity values between fa = 0.75-0.90. Petroleum pitch and semi-coke 
have been useful as precursors for high-quality carbons and graphites, or carbon fibers. As­
phaltene behaves differently if heated to 500°C and 600°C (mesophase temperature). For 
example, the FMC-COED asphaltene forms a fine isotropic structure and is completely 
transformed at 420°C, whereas both Synthoil and Catalytic Inc.-SRC asphaltenes exhibit 
coarse and deformed structures with Brooks-Taylor spherules [22]. Studies have been car­
ried out for the feasibility evaluation of making carbon fibers from oil shale [23]. The as­
phaltic portion of shale oil can produce coarse deformed patterns. 

ASPHALTENE IN OIL TRANSPORTATION AND SPILLAGES 

The asphaltic contents and constituents strongly effect the thixotropic pseudo-plastic 
nature of heavy oils. Flow properties of these crudes can be modified so that efficient 
pumpability and pipe-line transportability may be obtained. Some of the modifications 
such as heat treatment, solvent addition, additives of p-inhibitors, drag reduction poly­
mers, water bed transport, etc. will definitely hinge on the macrostructure changes of the 
asphaltics [24]. 

Accidental spillage of heavy oil on land and sea would result in fast evaporation of 
the volatiles and oxidation (weathering) of the gas oil and resin into asphaltene and the in­
terconversion of asphaltene into pre-asphaltene (carbene and carboid). The relation of as~ 
phaltene to the Blokker constants for spilled oil can be approximated. In reality, a study of 
the origin of tar balls floating off the Southern California coastline has to rely on the prop­
erties of their asphaitene fractions. Figure 6 is a plot of the vanadium content vs. the 
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Figure 6. The vanadium and nickel constants of a number of tar balls. 



16 Teh Fu Yen 

nickel content, both analyzed from their asphaltene fraction. In this manner different 
zones can be mapped for tracing to the origins. For example, the seeps from Point Con­
ception are widely different from those of Santa Cruz Island (Figure 6). In Figure 6 a 
source identification can readily be made. 

Due to the deposition of asphaltene/wax, the transportation of petroleum is affected 
by flocculation and deposition of the solids in reservoir tabulors, pumps, storage vessels, 
transfer pipelines, dewater units, etc. The abatement is the proper addition of appropriate 
collectors for the elimination of fouling and blockage. As indicated by the flotation princi­
ple, on solving the combined Young's equation and Dupre relation, the work for dispersion 
must be lower than the work of cohesion which is brought out by the collector (again a 
surfactant). 

Blockage and fouling also can come from both barium sulfate and asphaltene. To­
gether, additives and dissolvers can be introduced to chelate the barium to facilitate the 
dissolution of the plugging solid. In many practices the technology involves physical treat­
ment such as exposure to a certain magnetic field. 

ASPHALTENES ISOLATED FROM VARIOUS SOURCES 

U sing the concept of solubility parameter approach for solvent fractions, a great va­
riety of asphaltenes were isolated from different carbonaceous sources. Because the 
method is the same, the properties of each asphaltene can be used for comparisons with 
each other. There are definite trends within each of the sources. They are: 

• well head sample is different from storage sample 
• native petroleum sample is different from refining sample 
• sample exposed to plowing condition is different from original sample 
• asphaltene isolated from bitumens of oil shale rock is different from that of re-

torted oil shale 
• asphaltene isolated from original coal sample is different from the coal liquid 
• conversion by a number of chemical and physical processes) 
• asphaltene exposed to UV light or air can alter the structure of original asphaltene 

and so are the differences 

Even for asphaltenes that were isolated from the major sources, the structural pa­
rameters obtained are different. For example, coal derived asphaltenes have been sepa­
rated from coal liquids by the following processes: 

• PERC - Synthetic oil process 
• HRI - H Coal Process 
• FMC - COED process 
• PAMCO, Fort Lewis, WA - solvent refined coal process 
• Catalytic Inc., Wilsonville, AL - solvent refined coal process 

Asphaltenes isolated from the above five coal liquids were all different [25]. In general, 
there are structural differences between asphaltenes isolated from petroleum and those iso­
lated from coal liquids [26]. For petroleum samples, the asphaltenes are different in refin­
ery products (such as paving asphalts), in native petroleums, and in non-petroleum 
asphalts (these are asphaltides or asphaltoids). However, their dependence of aromaticity 
to HlC atomic ratio are quite close (see Figure 7 and Table 7) [27]. 
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For example, the major differences between petroleum asphaltene and coal-liquid 
asphaltene are: 

• The aromaticity of petroleum-derived asphaltene if. = 0.2-0.5) is lower than that 
of coal-derived asphaltene if. = 0.6-0.7). 

• The aromatic ring systems within petroleum-derived asphaJtene are much more 
condensed (Har/Car = 0.3-0.5, which is peri) than those of coal-derived asphal­
tene (Har/Car = 0.5-0.7, which is kata). 

• The substituents of the petroleum-derived asphaltenes are longer (n = 4-6) than 
those of coal-derived asphaltenes (n =1-2). 

• The aromatic system of the petroleum-derived asphaltenes is extensively substi­
tuted (50%-70%) whereas the coal-derived asphaltene is sparingly substituted 
(30%-50%). 

• The molecular weight of petroleum-derived asphaltene is about three times higher 
than that of coal-derived asphaltene. Unit molecular weight of coal asphaltene is 
400--600 whereas that of petroleum asphaltene is 800--2500. 

• Petroleum-derived asphaJtene is more highly associated (Me = 5-7) than is coal­
derived asphaltene (Me = 2--4); this will be reflected in the ease of processing. 

• The aromatic system in coal derived asphaltene is small (La = 7-14 A), compared 
with that of petroleum (La = 10--15 A) 

• Petroleum-derived asphaltene is less polar than coal-derived asphaltene (X/C for 
coal-derived asphaltene is about 0.08, and for petroleum-derived aspbaltene is 
about 0.05). 
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Table 7. The asphaltene Hie ratio and aromaticity from 
different sources 

No. Asphaltene H/C f, 

Refinery Asphalt 
I AAA-I l.l5 0.44 
2 AAB-I 1.06 0.57 
3 AAD-I 1.23 0.39 
4 AAG-I l.l2 0.43 
5 AAK-I 1.21 0.36 
6 AAM-I l.l3 0.42 

Native Petroleum 
7 Baxterville (a) 1.02 0.51 
8 Baxterville (b) 1.05 0.53 
9 Baehaquero 1.08 0.41 

10 Lagunillas 1.13 0.41 
II Bosean (a) 1.15 0.35 
12 Bosean (b) 1.16 0.35 
13 Burgan (Kuwait) 1.17 0.38 
14 Raudhatain 1.17 0.32 
15 Wafra No. A-I 1.18 0.37 
16 Melones 1.18 0.38 
17 Mara 1.19 0.35 
18 WafraNo.17 1.19 0.35 
19 Belridge 1.19 0.30 
20 Yorba Linda 1.21 0.38 
21 Santiago 1.22 0.31 
22 Libya 1.25 0.25 
23 Ragusa 1.29 0.26 

Non-Petroleum 
24 Athabasea (a) 1.21 0.31 
25 Athabasea (b) 1.21 0.38 
26 Rozel Point 1.40 0.18 
27 Coorongite 1.49 0.41 
28 Tabbyite 0.92 0.15 
29 Grahamite (BS) 1.22 0.31 
30 Grahamite (BI) 1.01 0.46 
31 Mavjak (BS) 1.04 0.47 
32 Mavjak (BI) 1.06 0.48 
33 Gilsonite (BS) 1.36 0.21 
34 Gilsonite (BI) 1.41 0.29 

• Coal-derived asphaltene contains more hydroxyl and pyrrolic groups in addition 
to ether-oxygen or basic nitrogen functions. 

• The high polarity and low association of coal-derived asphaltenes can be used to 
explain the nature (hydrogen-bonding) and reactivity of coal conversion. 

• The charge-transfer nature of donor-acceptor properties ofpetroJeum asphaltenes 
can influence the processing of petroleum. 

There are two types of asphaltene derived from oil shale. One is from oil shale ex­
traction and the other is from retorted oil. The former has an aromaticity value of 0.1, but 
the latter reaches 0.5 [27]. In summary, please see Table 8 for the differences among as­
phaltene isolated from the major sources. 
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Table 8. Nature of aromatic systems of different asphaJtenes 

Structural parameters 
. 

f, L, 0- H,/CA n N 

Native crude oil 0.2-0.5 10-15 0.5-0.7 0.3-0.5 4-6 4 
Refinery bottoms 0.5-0.6 8-9 0.5 0.6 2-3 
Oil shale 0.4 7-12 0.5-0.6 0.8-0.9 3-4 
(Green River) 
Oil shale 0.6-0.7 0.5 0.6 2 
(Devonian) 
Coal 0.6-0.7 7-14 0.3-0.5 0.6-0.8 1-2 2 

*La, layer dimension; N, oligomer number. 

Laboratory experiments have documented the extracts from a number of ancient 
shales, namely, Chattanooga Shale, Appalachian Shale, Nonesuch Shale, Gunflint Shale, 
etc. Furthermore, structurally the kerogen portion of many rock samples as well as 
retigens from meteorites (organic) have been evaluated. 
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1. INTRODUCTION 

1.1. Overview 

Optical spectroscopy provides an extremely powerful methodology to investigate mo­
lecular structure and molecular dynamics. Molecular structures are governed by favorable 
energetics ofthe spatial arrangement of constituent atoms and valence electrons. The energy 
of optical photons correlates with the excitation of valence electrons to higher energy orbi­
tals thereby yielding a direct probe of molecular structure. Molecular dynamics are also 
amenable to investigation via optical spectroscopy. Pump-probe experiments, where the 
first photon excites the molecule into an evolving state and the second photon of known 
time delay interrogates the evolution of the molecule, have been applied to dynamics such 
as molecular dissociation at the femtosecond (10-15 sec) time scale. Intermolecular interac­
tions in solutions are readily studied using optical fluorescence measurements. Typical fluo­
rescence lifetimes are on the order of nanoseconds (10-9 sec) and can be used to probe a 
temporal range of diffusion-mediated intermolecular interactions. 

In additional to yielding fundamental information about molecules, optical spectros­
copy has been employed in wide ranging applications. Chemical reactions and processes 
are often monitored by comparing absorption spectra of reaction solutions with known 
spectra of reactants and products. The presence or absence of particular analytes is rou­
tinely monitored by optical absorption or fluorescence detection such as in chroma­
tographic flow streams and in ground water samples. In the oil field, fluorescence 
detection of crude oil shows in rock cuttings has been employed at well sites for 60 years. 
Recently, optical spectroscopy has been introduced in the borehole commercially to pro­
vide characterization of crude oils during well logging. I Whenever the characterization of 
materials is important, one obvious candidate technique is optical spectroscopy. Here, the 
optical spectral range is defined to correspond to the excitation of valence electrons, thus, 
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includes the ultra-violet (UV), visible and into the near-infrared (NIR). The spectral study 
of molecular vibrations corresponds to infrared spectroscopy and is another very powerful 
spectral technique. Infrared spectroscopy relies on different molecular physics and is con­
sidered in Chapter 3 of this book. 

The utilization of optical spectroscopic technjques has had a long history in the oil 
field, due to the strong optical fluorescence of crude oils. During the drilling of oil wells, 
rock cuttings are carried to the surface. One method to check whether an oil-bearing zone 
has been penetrated by the drill string, is to illuminate the rock cuttings with UV to check 
for visible fluorescence. In a similar manner, whole cores, or side-wall cores from oil wells 
are illuminated with UV to check for crude oil fluorescence. The intensity and color of the 
fluorescence are noted, and provide qualitative information about the oil saturation and oil 
type. Certain minerals fluoresce, but if the fluorescence is extractable from the cuttings, 
then crude oil is the likely origin of the fluorescence. Various more sophisticated fluores­
cence measurements have been performed in the oil field during the drilling of oil wells. 
One procedure utilizes solvent extraction of the crude oil from the cuttings and a spectrome­
ter is employed producing quantification of the results.2-4 A novel continuous wireline fluo­
rescence logging technique for the direct detection of crude oil relies on establishing optical 
contact with the borehole wall to perform excitation fluorescence spectroscopy.5 These new 
techniques are improving the effectiveness of finding oil-bearing formations. 

Optical techniques have been employed routinely in the characterization of carbona­
ceous materials related to crude oils and asphaltenes. For example, components of coals 
and coal-derived materials are often characterized through the use of fluorescence.6--1! 
Kerogen properties such as maturation can be investigated through fluorescence meth­
OdS.9--11 Higher maturations correspond to decreased fluorescence and greater fluorescence 
red-shifts. Petroleum inclusions in minerals are most readily studied by fluorescence. 12.13 

Limestone fluorescence, which is an important issue in oil field applications, can be traced 
to the fluorescence of limestone organic components. 14,15 Furthermore, a variety of envi­
ronmental applications related to carbonaceous materials utilize fluorescence. The detec­
tion of crude and refined oil contaminants using remote fiber optics sensingl6 can be 
accomplished with fluorescence measurements. Coupling fiber optics with cone pene­
trometers allows direct sampling of the subsurface. 17 In environmental monitoring, fluo­
rescence lifetime measurements as well as spectral measurements are applicable. I 8-20 In 
spite of the utility of fluorescence, particularly associated with carbonaceous materials, 
systematic studies of the optical properties of crude oils and related materials have only 
recently been performed. 

The general characterization of crude oils and asphaltenes has been a major objective 
in the oil industry since its origin.9.21-24 Different crude oils exhibit an enormous range of 
properties impacting all phases of exploitation of this resource. The properties of a heavy tar 
are inordinately different from a gas condensate (or natural gas); thereby leading to different 
methods of resource production, transportation, processing, and utilization. For example, 
the production of a light crude oil with a large gas fraction mandates surface facilities which 
can treat large volumes of high pressure gas. Medium weight crude oils can flocculate as­
phaltenes in production tubing with the reduction of pressure necessitating special consid­
erations. Consequently, precise characterization of various crude oil properties allows 
optimization of economic objectives. The quantity of asphaltenes contained in the hydrocar­
bon resource is a particularly important issue due to their dramatic and generally negative 
effects on all aspects of resource exploitation. In addition, the properties of asphalts and as­
phaltenes become critical when utilizing asphalt-rich hydrocarbon resources; related diffi­
culties can be mitigated with proper accounting of asphaltene chemistry and physics. 
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Asphalts with their constituent asphaltenes are utilized in a range of applications. Enormous 
volumes of asphalts are used for road pavement. Asphalts are also widely used for durable, 
protective coatings and for encapsulation. Understanding the chemical and physical proper­
ties of asphalts and asphaltenes looms important especially when balancing desired asphalt 
performance with environmental extremes to which asphalts are subjected. 

Asphaltenes exhibit a narrower range of properties than, say, crude oils, reducing the 
importance of gathering wide-ranging samples; nevertheless, comparison of asphaltenes 
from different source materials must proceed with caution. Asphaltenes are inherently very 
complex chemically, thereby motivating investigative assault via a plethora of technical ap­
proaches. In addition to the utilitarian approach to asphaltene and crude oil science, these 
materials represent interesting scientific puzzles, related to their chemical composition, and 
to their formation. In the larger picture, crude oils and asphaltenes result from the diagenesis 
of organic constituents of sedimentary materials; models describing geological evolution of 
sedimentary formations must be consistent with observed organic diagenesis. 

Crude oils have been subjected to extensive chromatographic and mass spectral 
analyses, where individual molecular components are isolated.9•25 These analyses are par­
ticularly adept at providing extensive information about the light and medium weight frac­
tions and the saturated fractions of crude oils and have proven very fruitful in the analysis 
of biomarkers, which, for example, correlate between source rock and crude oie6 Chro­
matography is routinely employed to find evidence of biodegradation of crude oil. Unicel­
lular organisms preferentially consume n-alkanes, which are predominant in an unaltered 
crude oil. Asphaltenes are less amenable to chromatographic analysis due to their large 
molecular weights coupled with their aromaticity and polarity. Nevertheless, large num­
bers of individual components, particularly lighter components, can be resolved to advan­
tage, especially with regard to probing specific types of compounds, such as biomarkers. 
In general, analytic methods which rely on the separation of individual molecular compo­
nents of high molecular weight materials such as asphaltenes, can experience difficulty 
because the resolving power is diminished for similar, massive molecules, and because the 
largest fraction may be inaccessible to analysis by particular techniques. Furthermore, for. 
materials such as asphaltenes with the tremendous number of individual molecular compo­
nents, general chemical trends can be obscured by the appearance of a huge number of in­
dividual peaks, precluding a simple view of the "forest." 

Bulk analyses of asphaltenes have proven very powerful in elucidating general 
chemical properties. Traditional spectroscopic analyses of asphaltenes, such as Infrared 
(lR) and Nuclear Magnetic Resonance (NMR) studies of asphaltenes have been critical in 
characterizing the chemical properties of asphaltenes.9,21 For instance, C13 NMR has 
shown that the carbon fraction of petroleum asphaltenes are approximately 40% aromatic 
with the remainder saturated,22 while proton NMR and IR indicate that approximately 
90% of the hydrogen population resides on saturated carbon atoms.22 These results con­
strain proposed molecular structures of asphaltenes. Chapter 3 in this book provides the 
latest NMR and IR results on asphaltenes and, in addition, describes Electron Paramag­
netic Resonance (EPR) results on asphaitenes. Novel techniques such as x-ray absorption 
near edge structure (XANES) have provided an excellent view of the heteroatom molecu­
lar structures in asphaltenes and related materials.27 Essentially, all of asphaltene nitrogen 
is aromatic with pyrrolic forms dominating pyridinic forms; asphaltene sulfur is predomi­
nantly thiophenic (aromatic), with some sulfidic (aliphatic equivalent), but some sulfoxide 
can also be present. 

In recent years, optical techniques have advanced the elucidation of fundamental 
properties of crude oils and asphaltenes. Asphaltene precipitation has been investigated 
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thorough optical techniques. Light scattering methods have been used to follow the kinet­
ics of asphaltene flocculation and sedimentation.28 Asphaltene aggregate formation has 
been reported using fluorescence depolarization.29 The role of solvent polarizability in the 
precipitation of asphaltenes has been investigated via index-of-refraction methods.30 For 
crude oil components, optical spectroscopy corresponds predominantly to the excitation of 
1t electrons. The energy of the 1t transitions are related in a general sense to the physical 
size of the aromatic ring system; the larger the size, the lower the transition energy.31 All 
but the lightest crude oils possess a huge number of aromatic molecules, thereby exhibit­
ing optical absorption from electronic transitions across the UV, visible and, for many 
crudes, even into the NIR. In spite of the complications of many overlapping absorption 
bands in crude oil spectra, simplifying features of individual spectra, coupled with the un­
derlying uniformity observed in all crude oil spectra have permitted broad conclusions. 
Tht' ., 'vest energy electronic transitions for the saturated components correspond to the 
v!' . ultraviolet; the large number of saturated components in crude oils with their ab­
so'l:'" -.In bands at nearly the same energy has precluded this line of investigation. 

1.2. Scope of Chapter 

In this chapter, optical spectral methods are used as a direct probe of the aromatic 
components of crude oils and asphaltenes. The tremendous spectral range of absorption 
and emission thresholds for different aromatic molecules yields the ability to select a par­
ticular aromatic fraction for investigation within a complex mixture of aromatics. This 
feature makes optical spectroscopy eminently suitable for the investigation of crude oils 
and asphaltenes. The rough correlation between aromatic ring size and threshold absorp­
tion and emission wavelengths facilitates analysis. In fact, the largest molecules in asp hal­
tenes and crude oils, which are difficult to analyze by other methods, produce electronic 
absorption at the longest wavelengths, where no other molecules produce absorption. 
Thus, using absorption spectroscopy, the clearest picture is obtain of the normally intracta­
ble, heaviest fraction. The electronic absorption of all crude oils and asphaltenes exhibit 
systematics which are characteristic of broad ranging systems including semiconductors as 
well as organics. In crude oils, an exponential decrease of increasingly larger chromopho­
res is found. However, the exact molecular size range for this exponential decrease de­
pends on the crude oil; for light crude oils, the exponential decrease is found for small 
aromatics, for asphaltenes, big aromatics. 

Fluorescence spectroscopy provides a powerful probe of the chromophores of crude 
oils. Fluorescence is initiated by optical absorption, as such, complements absorption 
analyses. Fluorescence naturally yields intensity as a function of two experimental vari­
ables, excitation and emission wavelength. In addition, fluorescence emission is relatively 
slow (_10-8 sec), so dynamic processes can be explored. The independent measurements 
of fluorescence lifetimes, quantum yields and spectra provide stringent tests for models of 
chromophore and fluorophore populations and interactions. Intermolecular interactions 
such as energy quenching and energy transfer are much more rapid than fluorescence 
emission, given suitable molecular configurations. Quenching yields reduced optical emis­
sion, while energy transfer affects fluorescence spectra; both processes reduce fluores­
cence lifetimes. Diffusion is generally required to bring potentially interacting molecules 
sufficiently close, so concentration and type of crude oil become relevant variables. With 
so many measurement variables, and contributing processes, fluorescence spectroscopy 
offers hope of unraveling the complexities of the chromophore distributions and dynamics 
in asphaltenes and crude oils. 
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Crude oils provide an excellent and uncommon example of a generally expected 
photophysical rule, the Energy Gap Law. A single set of simple, governing processes along 
with population distributions of crude oil chromophores are found to account for a large 
variety of data. The smallest aromatics fluoresce in the short wavelength UV, where no 
other ring systems can fluoresce. Thus, in asphaltenes, the smallest rings, which are often 
obscured from view by the large chromophores, can readily be investigated. At first 
glance, one might anticipate that the aromatic components of crude oils are too complex to 
allow systematic characterization. Instead, a more accurate description is that the huge 
number of aromatic components of crude oils act as a statistical ensemble with well-de­
fined behavior. The underlying similarities of the geophysical and geochemical processes 
which give rise to different crude oils apparently impose rather strict limits on the popula­
tions and resulting properties of these aromatic components of crude oils. 

2. EXPERIMENTAL SECTION 

Approximately 30 crude oils have been used here from locations all over the world 
and ranging greatly in many physical properties. n-Heptane asphaltenes have been used 
here; n-heptane was added to the crude oil (40cc/g) and the solution was stirred for 24 
hours. The precipitate was collected by filtration and the precipitate was washed with 
warm n-heptane until the solvent wash was colorless. 

Optical absorption experiments were performed using a Cary 5 UV-visible-NIR 
spectrometer. Some fluorescence spectra and some fluorescence lifetimes were determined 
using a PTI LS-100 fluorescence spectrometer. For lifetime data collection, the PTI LS-
100 fluorescence spectrometer employs a nitrogen lamp. This line source provides output 
at a few discrete wavelengths and is of low intensity. Typical spectral widths were 6 nm 
for the source and 12 nm for the emission. Fluorescence lifetime and spectral measure­
ments were performed in the front surface mode for neat (undiluted) crude oils and for 
highly concentrated solutions of crude oils and in the transmission mode for dilute solu­
tions. Front surface and transmission measurements performed on the same solution for 
both lifetime and spectral measurements showed no significant differences. Samples 
which were used for fluorescence lifetime determinations were de-aerated using nitrogen 
gas typically for 12 minutes. A GC septum was used as a stopper on the sample cuvette 
and two GC needles were used to inject and vent the nitrogen. The effectiveness of de­
aeration was determined using pyrene solutions; without de-aeration, our measured fluo­
rescence lifetime ofpyrene in heptane was 25 ns, and with de-aeration, 495 ns. 

Fluorescence lifetime data were also collected using beamline U9B of the National 
Synchrotron Light Source of Brookhaven National Laboratory. This UV-visible beamline 
allowed selection of desired excitation and emission wavelengths and provides very high 
source power. As our lifetimes are fairly long, data collection could proceed only when the 
synchrotron was operated in the single bunch mode. The short time duration (1 ns) of the 
synchrotron pulse obviated the need for pulse deconvolution of the data. A comparison of 
the data collected at Brookhaven and with our spectrometer showed excellent agreement. 

Quantum yield measurements and fluorescence spectra were performed for both di­
lute and neat crude oil solutions, and for several dyes. Figure 1 shows the configuration 
for collection of fluorescence spectra and optical power for both front surface and trans­
mission geometries using several laser sources. This system allowed sensitive detection of 
fluorescence spectra to wavelengths as large as one micron, well beyond the limits of 
photomultipliers employed in fluorescence spectrometers. Different laser sources were 
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Figure 1. Schematic of system for fluorescence spectral and power measurements. Front surface (a) and dilute so­
lutions (b) can be used. A single laser source, four are shown, is selected for excitation. Fluorescence optical 
power is measured with a power meter. Fluorescence spectra are measured using a spectrograph with a CCD de­
tector. 

used for fluorescence excitation. A polru:ized Heed laser, Liconix Model 4207NB, was 
used for excitation at 325 run (4 mW) and 442 nm (15 mW). A 0.3 mW Melles Griot 
GreNe, (Model 05SGR87 I), with polarizing filter was used for excitation at 543 nm and a 
polarized laser diode, 5 mW Melles Griot laser diode (Model 06DLL601) was used for ex­
citation at 674 nm. A 30 mW Melles Griot 790 nm laser diode (model 06DLL401) and a 
40 mW Melles Griot 838 nm laser diode (model 06DLL503) were used. 

For dilute solutions, optical densities were kept near 0.1 and were matched for the 
reference and experimental samples. To measure quantum yields, the sample (or refer­
ence) was placed in a 10 mm cuvette and the optical power emitted transverse to the inci­
dent beam direction was collected by a bifurcated, randomized fiber optic made with high 
OH, silica-silica fiber, avoiding fiber fluorescence.32 The source power and sample fluo­
rescence power were measured using two Newport optical power meters (Model 838) with 
1.13 cm diameter silicon detectors (Model 818UV). As shown in Figure 1, the spectrum of 
fluorescence plus any spurious scattered light was measured by coupling one arm of the fi­
ber optic into the source slit of a 0.275 m focal length Acton spectrograph with an EG&G 
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512 x 512 CCD detector. This allowed correction for the scattered light inadvertently col­
lected with fluorescence. This correction is significant only for long wavelength excitation 
where quantum yields are low. 

For determination of quantum yields of dilute solutions at 674 nm, 790 nm, and 838 
nm excitation, sample fluorescence was compared to Rayleigh scattered light from an 
aqueous suspension of 107 nm polystyrene-polyvinyl styrene spheres (Duke Scientific ).33.34 

The cross section was verified to depend on the fourth power of wavelength. For excita­
tion at shorter wavelengths, standard dye solutions were used as the reference.33 .34 Quan­
tum yields of neat oil samples were measured referenced against scattering from 
concentrated solutions of the 107 nm spheres. The emission from the oils and the scatter­
ing from the spheres was unpolarized and had a Lambertian profile.33 Again, the spectrum 
of the fluorescence was measured allowing removal of effects from scattered source light. 

For quantum yields of dilute solutions, the following equation was used.34 

(1) 

where (M) is the change in intensity in solution i at the exciting wavelength. Subscripts 0 and 
R refer to the oil of unknown quantum yield and the reference solution, respectively. PP,,) is 
the power reading ofthe power meter at wavelength \. The quantum yield ofthe power meter 
varies appreciably in the short wavelength range used here, so the power meter reading was 
adjusted for the wavelength of emission; the power ratio is converted into the photon ratio us­
ing the ratio of wavelengths. nj is the index of refraction of solution i. The next to last term 
corrects for scattered light collected in the fluorescence spectrum; Ss is the excess area under 
the excitation band, So is the total area under the fluorescence spectrum, and <P is the reference 
quantum yield. When fluorescent dyes of known quantum yield are used, K=1. For a refer­
ence scattering solution, K is a correction factor accounting for differences in the angular dis­
tribution between the scattered light (dipolar) and the fluorescence (isotropic). Ideally, K is 
1.5 for the source light polarized perpendicular to the plane of incidence and detection. A cor­
rected value for K of 1.43 was found from an analysis ofthe experimental setup by including 
factors such as actual source and fiber bundle sizes. 

Quantum yields for concentrated solutions for each of our source wavelengths were 
determined using the following equation.34 

(2) 

The emission from these optically dense samples is randomly polarized so no polari­
zation term is included. Self absorption effects in the front surface geometry are accounted 
for with the factor (1 +Ra)' where Ra is the ratio of extinction coefficients at the fluores­
cence and the excitation wavelengths, respectively.33 For each of the excitation wave­
lengths, the mean red-shift can be determined from the spectra; values for the excitation 
wavelength and mean red-shift of the fluorescence are 325 nm, 100 nm; 442 nm, 90 nm; 
543 nm, 87 nm; 674 nm, 66 nm; 790 nm, 55 nm; 838 nm, 40 nm. Using the universal ex­
ponential decay constant for crude oil absorption spectra, 2162 cm· l , the values ofRa can 
be approximated for each excitation wavelength.35 The values of R" are 0.04 for 325 nm, 
0.17 for 442 nm, 0.31 for 543 nm, 0.54 for 674 nm, 0.68 for 790 nm and 0.77 for 838 nm. 
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3. OPTICAL TRANSITIONS OF MOLECULES 

3.1. Theory 

Within the Born-Oppenheimer approximation, molecular wavefunctions can be fac­
tored into three constituents, electronic (e), vibrational (v) and rotational (Ro); 
'I'='I'.{r,R)'I'v{R)'I'Ro{R) where rand R represent electronic and nuclear position vectors, 
respectively.36 Excitation of valence electrons from the ground state to excited states typi­
cally corresponds to an energy of several electron volts (eV), although in crude oils and 
asphaltenes, the largest molecules exhibit electronic transitions in the near-infrared, at 
-112 e V which is quite low. Inner shell electronic transitions are at much higher energies, 
corresponding to x-rays and are not of interest here. 

The 1t electrons in aromatic molecules are delocalized; the larger the aromatic mole­
cule, the greater the delocalization. In accord with the principles of the quantum particle in a 
box, the greater extent of electronic delocalization, the lower energy the electronic transi­
tions. For instance, the lowest allowed transition in benzene is at -260 nm; naphthalene 
(two rings), -290 nm; anthracene (three rings), -380 nm; and graphite (oo rings) is a zero­
bandgap semiconductor. Of course, details of molecular structure, such as the location of 
rings, chemical substitution, and heteroatom content can significantly affect transition ener­
gies. Nevertheless, the general trend of lower energy transitions for larger aromatics allows 
direct correlation of spectra and populations, particularly for crude oils and asphaltenes, 
where aromatic molecular structures are systematic and constrained in type. 

Vibrational frequencies are proportional to {k/1l)1/2, where k is the force constant of the 
vibrational mode, and Jl is the corresponding reduced mass of the mode. Fundamental vibra­
tional excitations of highest energy occur at about 3000 cm·1 and involve bonds containing 
hydrogen, which have the smallest reduced masses. Aromatic ring stretching modes, with 
their strong bonds and large force constants, appear at approximately 1600 cm-I. Overtone 
and combination bands of these high frequency modes occur in the NIR which are forbidden, 
consequently are relatively weak.36 Higher harmonics are progressively weaker in transition 
strength, or, equivalently in peak height. Rotational bands, which are typically in the micro­
wave range, are quantized for molecules in field free space, but rotational lines merge in solu­
tion; that is, in solution, rotational transitions are not quantized due to asymmetric and 
variable intermolecular interactions. Rotational transitions are not evident and are not of con­
cern here, although hindered rotations, called librations, are evident in some NIR spectra. 

Several different units are used for photon energy, all have their conveniences. 1 eV 
equals 8065.7 cm-I (or wavenumber). Wavenumber is a convenient energy unit as it is the 
inverse of the wavelength, e.g. 10,000 cm-I corresponds to light of 1 micron wavelength 
(A.). A.v=c, so the product of c and the photon wavenumber gives the frequency, v. Thus, 
electronic transitions of several eV correspond to -1015 hertz (sec-I). 

Figure 2 schematically depicts ground and excited electronic states of a diatomic 
molecule, where molecular potential energy wells are plotted as a function of interatomic 
distance. At very large distances, the (ground or excited) neutral atoms are noninteracting, 
so the energy is not a function of position. At very short distances, the inner core electrons 
of the two atoms repel, resulting in high energy configurations. At intermediate distances, 
valence electron density resides preferentially between the two cores resulting in bonding. 
Orthogonal electron potential energy curves can be generated (within the Born-Oppenhe­
imer approximation) by solving the Schroedinger equation for each internuclear distance. 
The resulting electron energy curves are then used to provide the boundary conditions for 
nuclear motion yielding vibrational states (see fig. 2). 



Optical Interrogation of Aromatic Moieties in Crude Oils and Asphaltenes 

Figure 2. Schematic of photoexcitation and fluorescence 
emission. Photoexcitation can populate various excited 
states. Fluorescence emission typically occurs from the 
lowest excited state, excess energy is deposited in vibra­
tional modes and ultimately in the solvent bath. Excitation 
of the first excited state yields small fluorescence red­
shifts from the excitation wavelength, excitation of high­
lying states produces large red-shifts. The large energy gap 
for small aromatic molecules and the small energy gap for 
large aromatic molecules produce the spectral identity of 
the fluorophores. RAB 

Radiationless 
Relaxation 

29 

Electronic absorption corresponds to the excitation from the ground electronic state 
to an excited electronic state, while fluorescence emission corresponds to the reverse proc­
ess, radiative de-excitation of typically the lowest excited state to the ground state. The 
photon is a one electron operator r, and the cross-section cr for excitation to the excited 
state denoted by * is given by 

cr = 1 < 'P* e(r,R) 'P* v(R)lrl'Pe(r,R)'PJR»12 (3) 

Using the Franck-Condon Principle, this integral separates as 

cr = 1 < 'P* e(r)lrl'P e(r» < 'P* JR)I'P vCR) >12 (4) 

where the first factor is the electronic excitation integral and the second factor is the pro­
jection of the initial vibrational state onto the final vibrational states. The square of the 
second factor is called the Franck-Condon factor. This projection is simply the B function 
if the ground and excited states have identical molecular potentials but vertically dis­
placed (in Figure 2). 

3.2. Optical Spectra of Simple Aromatic Compounds 

Figure 3 shows the absorption spectrum of anthracene (three fused benzene rings). 
The overall envelope corresponds to a single electronic transition involving the lowest ex­
cited state, the electronic integral of Eq. 4. The individual peaks correspond to the excita­
tion of a series of vibrational states within this electronic transition, through the 
vibrational state projection integral of Eq. 4. As depicted in Figure 2, the absoll?tion spec­
trum, at higher energy (on the left in Figure 3) shows excitation from predominantly the 
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Figure 3. Optical absorption spectrum (solid line) and fluorescence emission spectrum (dotted line) of anthracene. 
A single electronic transition envelope with vibrational structure is shown. In the absorption sJl.ectrum, the individ­
ual bands correspond to excitation of the lowest vibrational state ofthe ground electronic state to different vibra­
tional states of the lowest excited electronic state. The emission spectrum shows emission from the lowest 
vibrational state of the lowest excited electronic state to different vibrational levels of the ground electronic state. 
Pairs of vibrational quanta are shown for each peak, the left entry refers to the excited electronic state, right, 
ground electronic state. Due to the similarity of vibrational state projection operators in absorption and emission. 
the corresponding spectra are often mirror images of each other. 

single, lowest vibrational state (of a particular mode) of the ground electronic state, to a 
series of vibrational states in the lowest excited electronic state. The fluorescence emis­
sion spectrum shows emission predominantly from the single, lowest vibrational state in 
the lowest excited electronic state to a series of vibrational states of the ground electronic 
state. The absorption and emission curves are nearly mirror images of each other implying 
<",'v(R)I"'o(R» - <",*O<R)I",,(R» for relevant v. 

The vibrational energy spacing measured in Figure 3 of roughly 1400 cm" corre­
sponds to the aromatic ring stretching mode. Promotion of a 7t electron from a bonding or­
bital to an anti bonding orbital influences this mode. Thus, the ground vibrational state will 
overlap with several, not one, vibrational states of the excited electronic state and the vi­
brational state projection in Eq. 4 is not a 0 function. The relative population of the ground 
vibrational state for this vibrational mode is given by the Boltzmann factor, exp( -llE/kT). 
For room temperature, and for llE=1400 cm", the Boltzmann factor is _10-3, thus only the 
ground vibrational state has significant population. Other vibrational modes, not affected 
by the 7t electron excitation, give 0 functions for the vibrational state projection in Eq. 4. 

One can identify the vibrational states involved in each of the vibrational transitions, 
they are marked in the figure. The first number in the parenthesis corresponds to the vibra­
tional state of the excited electronic state, the second to the vibrational state of the ground 
electronic state. The O-D band is at a slightly higher energy in the absorption spectrum 
than the emission spectrum. Prior to the act of photoexcitation, the solvent is oriented in a 
favorable energy configuration for the ground electronic state. Once photoabsorption takes 
place, the solvent is no longer optimally configured, and must reorient to accommodate 
the excited state. Thus, initially the excited state molecule is in a high energy solvent cage, 
and this energy is supplied by the photon. Likewise, when the excited molecule undergoes 
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photoemission, the solvent cage which has been oriented for the excited state must recon­
figure for the ground electronic state. This again costs energy which is unavailable for 
photoemission. Thus, the 0--0 emission photon is of a lower energy than the 0--0 excitation 
photon; this difference is refered to as the Stokes shift. Solvents of higher polarity exhibit 
a larger Stokes shift, here the solvent is n-heptane and the Stokes shift is small (25 cm· I).37 

The emission spectrum of anthracene is independent of which vibrational band is ex­
cited. Thermalization of the vibrational states (10-12 sec) occurs much more rapidly than 
photoemission (10-11 sec). Thus, even if higher vibrational levels are excited in the pho­
toabsorption process, the Boltzmann distribution of vibrational levels is established by 
rapid intermolecular collisional relaxation and by intramolecular energy redistribution 
long before photoemission can occur. Furthermore, even if higher lying electronic states 
are photoexcited, emission will occur only from the lowest lying electronic state. The rea­
son this occurs is because the 2nd, 3rd and higher excited electronic states will relax to the 
1st electronic excited state. This general rule, Kasha's rule, is only occasionally violated 
for a few particular compounds for which photoemission also occurs from the 2nd elec­
tronic excited state. The reason this occurs is related to the spacing of electronic states. 

It is instructive to recall the Rydberg equation which gives the energy E as a func­
tion of the principal quantum number n of electronic states of the hydrogen atom. 

(5) 

where R is the Rydberg constant, 13.6 eV. Energy equals zero (n = 00) corresponds to the 
electron and proton separated by infinite distance and with zero kinetic energy. The 
ground state of hydrogen has an energy of R, its ionization or binding energy. The I st ex­
cited state has an energy of Rl4. The energy gap between the ground and first excited state 
is 3/4 of the ionization energy, and thus much larger than any other energy gap between 
adjacent states. In fact, an infinite number of electronic states are compressed in the 114 R 
energy gap between the first excited state and the continuum. Although the Rydberg equa­
tion is accurate only for hydrogen, the governing principles still apply for other atoms and 
for molecules. The energy gap between the ground and first excited state for molecules is 
also typically an appreciable fraction of the ionization energy, and is typically the largest 
energy gap between any adjacent electronic states (within a given spin manifold). These 
energy considerations account for the dramatic difference in de-excitation of higher lying 
excited states vs the first excited state. 

Radiationless relaxation of the excited state can occur by electronic-vibrational cou­
pling. Figure 4 depicts the relevant vibrational wavefunctions indicating the importance of 
the energy gap. Closely spaced electronic states have similar vibrational wave functions at 
a given total energy so the corresponding overlap integral is large; radiationless relaxation 
for these states is rapid. For the first excited state and ground state, there is typically a 
very large electronic energy gap producing very different vibrational wavefunctions for 
the two electronic states. Figure 4 depicts the slowly varying vibrational state of the upper 
electronic state vs. the highly oscillatory (large kinetic energy) vibrational state of the 
lower electronic state. Radiationless relaxation is inhibited by the small vibrational state 
overlap integral allowing the relatively slow process of radiative relaxation to occur. Typi­
cal radiative (fluorescence) lifetimes are nanoseconds. Radiative electronic relaxation cou­
ples nearly equivalent vibrational states yielding large overlap integrals (see Figure 4). 
These general guiding principles of chromophores explain why fluorescence spectra of 
typical chromophores are independent of excitation wavelength. Furthermore, these con-
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Figure 4. The importance of the vibrational 
state overlap is depicted. For a small energy 
separation between two electronic states, the vi­
brational overlap integral is large for radiation­
less relaxation. For a large energy gap, typical 
for the ground and first excited state, the vibra­
tional states of the same energy for the two 
electronic states are very different, so radiation­
less relaxation is suppressed. Radiative relaxa­
tion can then occur. These considerations relate 
to the Energy Gap Law described later in this 
chapter. 

siderations provide the framework for understanding the dependence of quantum yield on 
the energy gap. The Energy Gap Law will be treated explicitly in the Quantum Yield Sec­
tion of this chapter. 

Consequently, the energy gap between the ground and first excited state (within a 
given spin manifold) is of considerable importance and is called the HO-LU gap, (Highest 
Occupied molecular orbital-Lowest Unoccupied molecular orbital energy gap). The HO­
LD gap is directly analogous to the bandgap in solid state physics. For organic molecules 
without heavy atoms, spin-orbit coupling is generally weak, yielding allowed optical transi­
tions only within a given spin manifold, justifying the focus on individual spin manifolds. 

4. ABSORPTION SPECTRA AND CHROMOPHORE 
DISTRIBUTIONS OF CRUDE OILS AND ASPHALTENES 

4.1. Absorption Spectra 

Figure 5 shows the optical absorption (optical density) vs. wavelength for many 
crude oils for a 2 mm pathlength.35 Each spectrum consists of a series of decreasing ab­
sorption peaks with increasing energy, superimposed on a structure less profile with in­
creasing absorption at shorter wavelengths. The series of peaks seen in Figure 5 
corresponds to combination and overtone bands of primarily saturated CH2 and CH3 
groups38 and are seen to be very similar for all crude oils including the heaviest oils. These 
peak energies are the 4350 cm-1 (stretch+bend), 5800 cm-1 (two-stretch), 7200 cm-1 (two-
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Figure S. Optical absorption spectra for a series of crude oils. The vibrational absorption peaks are regularly 
spaced, and become smaller at higher energy. These bands are nearly the same for all crude oils due to the similar­
ity of their bulk, saturated hydrocarbons. Crude oils possess continuous, electronic absorption at different spectral 
locations which grows in magnitude at shorter wavelength. This absorption is due to the aromatic component of 
crude oils. 

stretch+bend), 8400 em·' (three-stretch), 9800 em·' (three-stretch+bend) and 10900 cm-' 
(four-stretch). The Mid-IR and NIR vibrational bands of asphaltenes are quite informative. 
For example, the spectra indicate that the hydrogen is substituted predominantly on satu­
rated, not aromatic carbon. (The two-stretch overtone of aromatic CH, which occurs at 
-5980 cm-' , has roughly the same oscillator strength as the saturated CH per hydrogen, yet 
the aromatic overtone remains small even for asphaltenes). Nevertheless, in this Chapter, 
we are concerned primarily with the electronic transitions of aromatic hydrocarbons, so 
we will not discuss further these overtone and combination bands. 

The broad, increasing absorption profile corresponds to the absorption edge of elec­
tronic excitation. Previous work has shown that, even in the NIR, absorption rather than 
scattering from dispersed (not flocculated) asphaltene particles produces this optical den­
sity of crude oils.39 Of course, if the crude oil has an insoluble wax phase or flocculated 
asphaltene then scattering becomes appreciable and the spectrum of the two-phase crude 
oil will be highly altered. For crude oils, the wavelength range of increasing absorption is 
much broader than the absorption bands of individual molecules and is due to the overlap­
ping spectra of many molecular components. The spectral location of the absorption edge 
varies considerably and almost continuously for the different crude oils. The darkest crude 
oils, which are tar-like, show appreciable electronic absorption in the near-infra.red; the 
lightest oil, a gas condensate, barely absorbs any light in the visible. 

A certain similarity is evident in the absorption spectra of the crude oils. For in­
stance, Figure 5 shows the absorption spectra of two crude oils usually do not cross unless 
the spectra are nearly identical at all wavelengths_ Figure 6 shows the same absorption 
spectra as Figure 5 except the optical density (OD) is plotted on a logarithm scale against 
photon energy instead of on a linear scale against wavelength. (OD equals absorption (A) 
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Figure 6. Optical absorption spectra of 22 crude oils. The absorbance is plotted on a logarithm scale vs photon en­
ergy yielding straight line spectra of nearly the same slope for all crude oils, from the heaviest tar to the lightest 
gas condensate. The surprising regularity of the optical spectra relates to the similar regularities of the population 
distributions of aromatic molecules in all crude oils. 

plus scattering, if there is no scattering then OD=A.) The similarities in the absorption 
spectra are much more striking in this figure. All crude oils, from the heaviest tar to the 
lightest gas condensate, are seen to exhibit the same slope in the electronic absorption 
edge. This remarkable result establishes that the population of aromatic molecules of all 
crude oils are related in some sense, as will be described.35 The straight lines in Figure 6 
mean that the absorption tails of crude oils decay exponentially with photon energy; the 
uniformity of the slopes in Figure 6 means that the exponential decay widths of optical ab­
sorption for all crude oils are nearly the same. 

Figure 7 shows similar optical absorption spectra for four asphaltenes, with absorption 
plotted on a logarithm scale, vs photon energy.40 Asphaltenes uniformly have their elec­
tronic absorption edge in the NIR. The lack of individual absorption peaks signifies contri­
butions from a large number of chromophores. Due to their intense electronic absorption, 
the vibrational overtones of asphaltenes appear small. Figure 7 shows that the monotonic in­
crease of absorption with wavelength for asphaltenes extends over several orders of magni­
tude in absorption. This figure was obtained by splicing spectra for solutions of different 
asphaltene concentrations in order to get the large range in optical density. Similarly, no op­
tical absorption peaks are seen for asphaltenes separated by GPC, with the exception of the 
possible appearance of the Soret band in the lowest molecular weight fraction.41 In the ab­
sorption edge of asphaltenes, where the absorption is smallest, the spectral profile becomes 
linear on the log plot; that is, the absorption exponentially decreases with lower photon en­
ergy. Figure 8 shows the same type of plot with five crude oils and one asphaltene; generally 
absorption peaks are absent (except for the occasional appearance of the porphyrin Soret 
band at -25,000 cm· I ). These absorption spectra are very different than that observed for an­
thracene, where well resolved electronic and even vibrational bands are seen (in Figure 3). 
These spectral profiles clearly indicate that crude oils and asphaltenes contain a huge 
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Figure 7. Absorption spectra of four asphaltenes in cel. (O.26mg/cc). The asphaltenes exhibit monotonically in­
creasing optical absorption towards shorter wavelength, over several orders of magnitude. (Spectra were spliced to 
obtain these composite spectra.) As with crude oils, the edge of the electronic absorption of asphaltenes produces 
straight line of similar slopes, when absorption is plotted on a log scale vs photon energy. Straight lines are in­
cluded in the spectra to guide the eye. 

number of chromophores with overlapping spectra. One might expect that such a huge, even 
continuous population of chromophores precludes analysis of absorption spectra. Indeed, 
this would be the case for random collections of chromophores; however, the chromophore 
populations of crude oils and asphaltenes are highly constrained by nature and their system­
atic behavior is very amenable to analysis. 

4.2. The Urbach Tail 

The constant decay widths of the electronic absorption edge for crude oils and asphal­
tenes recall the Urbach phenomenon, first observed in inorganic solids. In 1953, Urbach re-
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Figure 8. Optical absorption spectra of five 
crude oils and an asphaltene showing mono­
tonically increasing absorption with de­
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ported measurements of the low energy tail of electronic absorption for alkali halides.42 He 
found that the tail in the optical absorption coefficient a was exponential in form 

(6) 

where hv is the photon energy and Eo is the Urbach width. The pre-exponential factor is 
weakly dependent on photon energy. Furthermore, Urbach found that roughly Eo = kT (T 
is temperature). Since then many materials have been shown to possess the "Urbach" tail 
in electronic absorption. Many amorphous semiconductors exhibit the Urbach tail over 
one or more decades in the electronic absorption coefficient.43 The tail results from ther­
mal excitation of individual absorber sites, where the bandgap is reduced by the excitation 
energy. For some glassy materials the width of the Urbach tail is characterized roughly by 
the glass transition temperature; the thermal disorder is frozen into the glass, and the dis­
order correspondingly affects the bandgap.43 In hydrogenated amorphous silicon, the 
width of the Urbach tail was found to exceed significantly thermal widths, the large tail 
width was found to be dominated by structural rather than thermal disorder. 44 General 
theoretical formalisms of the Urbach phenomenon have been developed45 providing a ba­
sis for plausible expectation that thermally excited absorbers possess a thermal width in 
the absorption spectrum. Solutions of organic dyes such as coumarin46 and rhodamine47 

also exhibit the Urbach tail in long wavelength absorption and long wavelength emission 
and where the width parameters are thermal. 

The Urbach behavior in the absorption edge of Figures 6 and 7 corresponds to the 
linear spectral section at the smallest optical densities. The mean and standard deviations 
for the decay widths (Eo of Eq. 6) of crude oils are 2162 ± 260 cm"; for asphaitenes, 2840 
± 245 em". At larger absorbances, the spectra show a smaller increase in the absorbances 
than expected based on extrapolation of the Urbach decay width. That is, at larger absor­
bances, the absorbance grows less rapidly than exponential. Figure 6 shows that the ab­
sorption edge of each crude oil exhibits the same slope independent of spectral position of 
the absorption edge. Figure 8 confirms this observation, but also shows that the similar 
slopes are confined only to the edge region; the absorption spectra of different crude oils 
and asphaltenes in a given spectral region exhibit different slopes, depending on the mag-

Figure 9. Oecay width of the curves in 
Figure 8 determined for 00 < 3 and at 
energy = 29,500 cm" vs the cutoff 
wavelength (where the 00 = 3) for dif­
ferent crude oils and an asphaltene. The 
similar widths for different crude oils at 
00 < 3 corresponds to the Urbach tail 
while increasing widths for darker crude 
oils at higher photon energies corre­
spond to increasing deviations from the 
Urbach tail. The cutoff wavelength (in­
verse of cutoff photon energy) is a 
measure of crude oil weight, heavy oils 
have larger cutoff wavelength. 
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nitude of the absorption strength. In Figure 9, the decay width determined at OD < 3, the 
absorption edge, is plotted vs the cutoff wavelength. The cutoff wavelength is defined to 
be the wavelength where the OD = 3 for the absorption curves in Figure 5 and is analo­
gous terminology to optical edge filters. Heavy crude oils have large cutoff wavelengths 
thus small cutoff photon energies. Also plotted in Figure 9 is the decay width determined 
at one energy, 29,500 cm') (any large value of energy would suffice). This decay width is 
the inverse of the slope at 29,500 cm') of the absorption curves. For the light crude oils, 
the decay width at 29,500 cm') remains within the Urbach taiL That is, the width is expo­
nential down to small absorbances, For the heavy crude oils, the slope at 29,500 cm') is 
small compared to the slope of the absorption tail; the decay is not strictly exponential 
from 29,500 cm') down to small absorbances; absorption at 29,500 cm') is not represented 
by the Urbach description for the heavy crude oils. This important result shows that the 
Urbach tail is not a function of the particular chromophores which absorb at some spectral 
location; rather, the Urbach tail corresponds to the population of chromophores in the low 
absorption tail of a crude oiL 

Crude oils and asphaltenes exhibit exponential tails of nearly the same decay width 
but the decay width is much larger (x 10) than thermal widths. Furthermore, this decay 
width is far larger than would be expected if the maturation temperature of the crude oil re­
sulted in the decay width of the asphaltenes, analogous to glass transition temperatures of 
glassy materials. Initially, it may seem strange that a complex mixture such as asphaltenes 
has any relation in their electronic absorption profile to amorphous semiconductors. How­
ever, upon further reflection similarities become apparent. Single component systems such 
as amorphous semiconductors have absorber sites differing in their thermal activation, each 
site with its own absorption characteristics. Crude oils and asphaltenes have a distribution of 
chromophores (absorbers) produced in a thermally activated (maturation) process; each 
chromophore has its own absorption characteristics. The width of the asphaltene absorption 
spectrum is not due to thermal excitation of individual molecules; rather, the spectral widths 
are characteristic of the chromophore popUlation distribution which results from a thermally 
activated process. Thus, the decay widths are not given by kT. The similarity of the diage­
netic (thermal) process which gives rise to different crude oils is responsible for their uni­
form Urbach tails. The absorption edge corresponds to the smallest energies of excitation 
which in tum, correspond to the largest aromatics. Thus, the Urbach tail relates to the popu­
lation distribution of the largest chromophores in crude oils and asphaltenes. 

4.3. Fluorescence Properties within the Urbach Tail 

Fluorescence spectroscopy is quite useful in unraveling the complexities of the opti­
cal properties of crude oils. Here, fluorescence analysis of crude oils and asphaltenes is 

Figure 10. Fluorescence emission spectra for dilute samples of (top) Hunt, a light crude oil; (middle) Texaco, a 
heavy crude oil; and (bottom) an asphaltene. With long wavelength excitation, all emission peaks have small 
widths and small red, shifts. With short wavelength excitation, only the light crude oil exhibits small widths and 
red-shifts indicating that, for light crude oils, absorption is dominated by lowest energy electronic transitions 
throughout the visible. This requires an increasing population of chromophores with larger HO,LU energy gaps; 
that is, the population of blue-absorbing molecules is much larger than that of red-absorbing molecules. The heav­
ier samples exhibit large widths and large red-shifts with short wavelength excitation indicating higher energy 
electronic transitions account for absorption here. Thus, the population of blue-absorbing molecules is not much 
larger than that of red-absorbing molecules. 
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used to explore spectral regions where the Urbach behavior is obeyed and violated. Fig­
ure 10 shows several fluorescence emission spectra with various excitation wavelengths 
for Hunt, a light crude oil, Texaco, a heavy crude oil and an asphaltene. These spectra 
were obtained on dilute solutions with low absorbance. For the light crude oil Hunt, the 
fluorescence emission peaks are narrow (-70 nm) with a small red-shift from the excita­
tion wavelength. These spectral characteristics imply that for each excitation wavelength, 
absorption is dominated by lowest energy electronic transitions. The number of chromo­
phores with lowest energy absorption in the blue far exceed those in the red as determined 
by the exponential increase in absorption at higher energies. Thus, the contribution to 
blue-absorption by high energy transitions of large (red-absorbing) chromophores is small 
compared to the absorption corresponding to lowest energy electronic transitions of blue­
absorbing chromophores. For this Hunt crude oil, the Urbach tail spans the spectral range 
down to 300 nm (see Figure 8). 

Figure 10 shows for a heavy crude oil Texaco the fluorescence emission peak widths 
and red-shifts are small for long wavelength excitation but increase for short wavelength 
excitation. In contrast to the light crude oil, blue-absorption for the heavy crude oil is due 
in part to high energy transitions of red-absorbing molecules. Figure 10 also shows that 
for an asphaltene, only the reddest excitation produces small peak widths and shifts. For 
heavy crude oils and asphaltenes, the blue-absorbing chromophores are lacking relative to 
the red-absorbing chromophores. The relative lack of blue chromophores in the heavy 
crude oils results in the loss of blue fluorescence. This lack also results in smaller blue-ab­
sorption than predicted based on the Urbach tail (deviation from the Urbach behavior), 
which predicts exponentially increasing absorption at shorter wavelengths. Lowest energy 
electronic transitions dominate absorption when the Urbach behavior applies while higher 
energy transitions are significant when the Urbach behavior breaks down. An exponen­
tially increasing population with decreasing chromophore size within in the Urbach tail re­
gion is consistent with these observations. 

0.5 

250 270 290 310 330 350 370 

Wavelength (nm) 

Figure ll. Absorption spectra of several n-heptane solutions of light crude oils in the range where one- and two­
ring aromatics absorb. Fluorescence emission spectra with 260 nm excitation show small red-shifts and widths in· 
dicating that these peaks correspond to lowest energy transitions of small aromatic molecules. These absorption 
peaks which occur near the Urbach tail for these crude oils confirm that absorption in (near) the Urbach region is 
dominated by lowest energy electronic transitions, not by transitions to higher lying states of red-absorbing chro­
mophores. Heavy crude oils do not exhibit these peaks, absorption by heavy oils at 260 nm is due to excitation of 
high-lying electronic states of multi-ring chromophores. 
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Figure 11 shows the absorption spectra of three light crude oils diluted with n-heptane; 
in this spectral range, small aromatic molecules have their lowest energy transitions. Individ­
ual peaks at -260 nm are resolvable in the crude oil spectra corresponding to single ring aro­
matics. Here, the bulk of optical absorption is by molecules with their HO-LU gap at this 
photon energy. The continuum population of aromatic chromophores cannot apply for the 
smallest ring systems, where relative ring-size differences are large. For light crude oils, this 
spectral range is close to the Urbach absorption tail region. Figure 10 (top) shows the fluores­
cence emission spectrum of one of these light crude oils. The small red-shift and small peak 
width of the fluorescence emission with 260 nm excitation implies that the 260 nm peak in the 
absorption spectrum is indeed due to the lowest energy transition of small molecules (one­
and two-ring aromatics), not some high energy transition ofa large molecule. These data sup­
port the concept that the absorption tail is dominated by lowest energy electronic transitions. 

Figure 12 shows normalized fluorescence emission spectra for four different excita­
tion wavelengths for different crude oils and asphaltenes. The crude oils are listed from 
lightest to heaviest with the two asphaltenes being comparable. With excitation at 600 nm 
and 500 nm, the longest wave excitation, all crude oils exhibit similar spectra with small 
red-shifts and narrow peaks. With decreasing wavelength, the light crude oils still exhibit 
small fluorescence emission red-shifts with narrow peaks, while the heavier crude oils and 
asphaltenes exhibit increasing red-shifts and peak widths. The light crude oils exhibit fluo­
rescence spectra at each excitation wavelength which suggest that absorption excites the 
lowest energy electronic state. For the heavy crude oils, lowest energy transitions domi­
nate only in the red spectral range. With short wave excitation of heavy crude oils and as­
phaltenes, significant red-shifts are observed; excitation occurs to higher energy electronic 
states with considerable radiationless relaxation before fluorescence emission. 

For heavier crude oils, the Urbach tail region shifts to lower energy; thus, larger fluo­
rescence red-shifts and widths correlate with deviations from the Urbach behavior. Figure 
13 illustrates this point where the fluorescence peak shift (with excitation at 300 nm) is plot­
ted against the absorption decay width at 29,500 cm"1 for a series of crude oils. The absorp­
tion decay width is defined as the exponential decay width determined for a small spectral 
range at 29,500 cm"l; that is, the absorption decay width is simply the inverse ofthe slope at 
29,500 cm"1 of the absorption curves shown in Figure 8. Larger decay widths correspond to 
large deviations from the Urbach tail. Increasing deviation from the Urbach behavior is seen 
to correlate with increasing fluorescence peak red-shifts. When the absorption at short 
wavelengths is smaller than predicted from an extrapolation of the Urbach tail, the relative 
population of blue-absorbing chromophores is less, so the fluorescence emission spectra 
show less blue fluorescence and relatively greater red fluorescence. 

4.4. Population Distributions of Large Chromophores in Crude Oils 
and AsphaJtenes 

The Urbach phenomenology describes the absorption spectral profile of crude oils 
and asphaltenes when absorption is dominated by lowest energy transitions. The absorp­
tion spectral profile, therefore, provides a measure of the population distribution of mole­
cules. The monotonically decreasing absorption at longer wavelengths indicates a 
monotonically decreasing population of larger chromophores. If we make the approxima­
tion that the oscillator strengths of sets of chromophores with their lowest energy transi­
tion in different spectral regions are the same, then the Urbach region of the spectrum 
directly gives the population distribution. Individual oscillator strengths will vary appre­
ciably, but averages over sets of molecules make this approximation more reasonable. 
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Figure 13. Fluorescence emission red­
shifts with excitation at 300 nm vs ab­
sorption spectral width measured at 
29,500 cm-'. Decay widths larger than 
-2000 em" indicate deviations from the 
Urbach tail. Large fluorescence red­
shifts result from excitation to higher 
energy electronic states and correlate 
with deviations from the Urbach behav­
ior. 

With this approximation, the population distribution of increasingly larger absorbers expo­
nentially declines in crude oils and asphaitenes. Asphaitenes include a set of molecules 
constrained by this population ratio. It is always tempting to draw individual molecular 
structures for asphaltenes which are compatible with the large number of bulk chemical 
constraints imposed by various experimental techniques. In reality, it is important to un­
derstand that the physical and chemical properties of asphaltenes are determined in part by 
the existence of the set of molecules where the properties of the set are constrained. 

A plausible explanation for this decreasing popUlation of larger chromophores is that 
in the in-situ thermal processing of the source material and crude oil, larger chromophores 
are produced from smaller chromophores and the production is rate limited. This process 
would imply that the largest chromophores are least abundant. With continuing thermal al­
teration increasingly large chromophores would be produced thereby moving the elec­
tronic absorption edge to lower energies. Increasing thermal maturation also cracks alkyl 
chains off aromatics producing insoluble pyrobitumen. The loss of heavy end aromatics 
also contributes to the aromatic population distribution. The maturation processes for dif­
ferent crude oils are similar in nature but the extent of thermal alteration for different 
crude oils varies, producing similar Urbach widths at different spectral locations. 

Figure 14 shows a schematic representation of the population distribution of the 
chromophores of crude oils and asphaltenes. The population of largest chromophores (for 
a particular sample) diminish exponentially, giving rise to the Urbach tail. Within the Ur­
bach spectral tail region, the optical absorption at any wavelength is dominated by those 
molecules with their HO-LU gap at that wavelength. At energies larger than those corre­
sponding to the Urbach tail, the population of smaller chromophores no longer increases 
exponential with decreasing size. The corresponding optical absorption is due in part to 
small molecules (non-Urbach region in Figure 14), but also has a significant component 
due higher energy transitions of larger molecules. 

5. FLUORESCENCE AND INTERMOLECULAR INTERACTIONS 

Fluorescence is an excellent probe of the dynamics of chromophores in crude oils 
and asphaitenes, due to the long fluorescence lifetimes compared to solution dynamics. 
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Figure 14. Schematic representation of population distributions of large chromophores in crude oils and asphalte­
nes. In the Urbach absorption tail. the population of larger chromophores decreases exponentially. yielding expo­
nentially decreasing absorption. In the Urbach tail. absorption is dominated by molecules with their HO-LU gap at 
the selected wavelength. In the non-Urbach region. smaller chromophores no longer exponentially increase. yield­
ing less than predicted absorption. Here. absorption occurs both due to lowest energy electronic transitions (ben­
zene as depicted here) and due to higher-lying excited states of. other chromophores (naphthalene as depicted 
here). This produces large fluorescence red-shifts and peak widths. For asphaltenes and heavy crude oils. the Ur­
bach tail occurs in the near-infrared. so larger chromophores are involved. 

Simple models of the structure and dynamics of chromophores of crude oils can generate 
predictions of their fluorescence properties. Stringent tests of these models can be devel­
oped; variables include crude oil type and isolated components, concentration and tem­
perature; measurement parameters include excitation and emission wavelength, 
fluorescence spectra, lifetimes and quantum yields, along with optical absorption. A robust 
framework for understanding these chromophores can be developed and can be used to 
probe asphaltene chromophores in ways inaccessible by other methods. 

5.1. Unifying Model of Molecular Interaction in Crude Oils 

Intermolecular interactions can have significant effects on fluorescence properties, 
particularly for complex mixtures such as crude oils. Consider the outcome of the absorp­
tion of an optical photon by a fluorescent molecule in such a mixture. In the absence of in­
termolecular interactions, the fluorophore will radiate with its intrinsic spectrum, its 
intrinsic lifetime and its intrinsic quantum yield. (These intrinsic properties are influenced 
by solvent; the saturated hydrocarbon "solvent" of crude oils tends to be relatively non in­
teracting, resulting in minimal solvent effects.) However, if the excited molecule collides 
with or interacts with another chromophore, then one of several processes can take place. 
Energy transfer to a second fluorophore , necessarily with a smaller HO-LU gap, can result 
in longer wavelength emission. Thus, the fluorescence spectrum is altered. Quenching 
which can result from interaction of the excited fluorophore with a second chromophore 
reduces the quantum yield. Finally, due to the additional de-excitation processes of energy 
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Figure 15. Schematic representation of the evolution of electronic excitation energy. The excited molecule can ra­
diate (top process), collide with a quencher thermalizing the energy (middle process), or transfer the excitation en­
ergy to a second fluorophore of small HO-LU gap. Quenching reduces fluorescence quantum yields and lifetimes. 
Energy transfer produces a red-shifted fluorescence spectrum and also reduces the lifetime of the originally ex­
cited molecule. These intermolecular processes are readily investigated using measurements of lifetimes, spectra, 
and quantum yields as a function of concentration. 

transfer and quenching, the excited state lifetime is reduced; thus the measured fluores­
cence lifetime of the initially excited molecule is reduced. Intermolecular interactions can 
result from diffusional processes; thus concentration is correspondingly a critical parame­
ter. Eqs. 7-11 list several processes which are relevant to crude oils and asphaltenes. Fig­
ure 15 depicts these processes schematically. 

A+hvA ~A* :Electronic Photoexcitation (7) 

A* ~A+hv :Fluorescence Emission, Rate is kF• (8) 
If no competing process, Rate is kFo 

A * + B ~ A + B* + 0 :Energy Transfer, Rate is kET[B], (9) 

B*~B+hv' :Fluorescence following Energy (10) 
Transfer 

A* +Q~A+Q+L\ :Quenching, Rate is kQ[Q] (11) 

where A and Bare fluorophores, Q is a chromophore capable of quenching an excited 
fluorophore, and hv is a photon, 0 and L\ are small and large quantities of heat, respec­
tively. Eq. 7 corresponds to photoexcitation, and Eq. 8, fluorescence emission. The emis­
sion photon of A *, hv is at a lower energy than that of the photoabsorption, hv A' due to 
solvent effects (see Figure 2). Eq. 9 shows energy transfer; here it is implicitly assumed 
that energy transfer results in fluorescence emission. The photoemission from B*, hv', de­
picted in Eq. 10, is at a lower energy than from A * due to the small thermal energy release 
associated with energy transfer. Eq. 11 shows quenching, or thermalization of the energy 
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of the excited state. When intermolecular interactions are suppressed, say by low concen­
tration, the fluorescence decay rate is intrinsic. If additional decay channels are active, the 
lifetime of A * is reduced below the intrinsic value. For energy transfer and quenching in­
teractions, we do not differentiate between the long-range Coulomb interaction and the 
short-range exchange interaction. We use the term 'collision' to refer to both processes. 

Eqs. 7-11 do not explicitly treat the effects of molecular complex formation. For 
room temperature solutions of moderate concentrations, small aromatics are not expected 
to have much of a tendency to form complexes. However, larger aromatics in concentrated 
solutions are expected to form complexes. Complexes can produce concentration-depend­
ent fluorescence quenching, and as such, contribute to Eq 11. Optical measurements of the 
temperature dependence of fluorescence in crude oils have exhibited very small but defi­
nite effects from complex formation.48 Asphaltenes are known to have strong associative 
tendencies. Nevertheless, as we shall see, lifetime measurements are consistent with 
greater significance of diffusional intermolecular interactions over complex-mediated in­
termolecular interactions for low concentrations relevant to work reported here. At the end 
of this chapter, fluorescence properties are used to probe asphaltene structure; careful ex­
amination of intramolecular effects or intra-complex effects is performed. 

5.2. Fluorescence Lifetimes 

Initial measurements of crude oils showed that their fluorescence lifetimes are suffi­
ciently long to be influenced by chromophore interactions.49 A single decay width was de­
termined by use of phase sensitive detection methods for several crude oils; heavier crude 
oils were found to have shorter lifetimes, presumably due to increased decay rates from 
quenching processes depicted in Eq. 11 above.49 Single-photon-counting methods have 
also been used to measure crude oil fluorescence lifetimes. Figure 16 shows a typical fluo­
rescence decay curve for crude oi1.50 Because the decay curve is not linear in this loga­
rithm plot, the data fitting requires more than a single exponential decay. Only a few of 
the decay curves of crude oils could be accurately fit using a single decay width. In all 
cases, a fit using two exponential decays could reproduce the data; thereby providing a 
long and a short decay component.50 Of course, crude oils are complex mixtures and the 
corresponding fluorescence decay curves may consist of three or more decay components. 
However, these data are not sufficient to obtain more than two components from a fit. 
Simple computational modeling shows that a two component analysis of a multicompo-

Figure 16. Typical fluorescence decay 
data for a crude oil. Because the decay 
is not linear on this log plot, a single ex­
ponential decay is inadequate to de­
scribe the data. The excellent fit (solid 
line) obtained using two exponential de­
cays, validates the analysis procedure 
used here. This fitting procedure gives 
long and short lifetime components and 
populations. 
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Figure 17. The long component fluorescence lifetimes for a) North Sea, a lighter crude oil and b) Sales, a heavier 
crude oil at different dilutions with 316 nm excitation and four emission wavelengths_ Greater dilution yields less 
collisional decay, thus longer lifetimes_ The heavier crude oil exhibits shorter lifetimes at given dilutions than the 
lighter oil due to larger inherent chromophore concentrations. For concentrated solutions, lifetimes are longer for 
longer emission reflecting the lower concentration of large, red-emitting chromophores than smaller, blue-emitting 
chromophores in crude oil. 

nent decay does reflect the constituent lifetimes and populations of the original curve but, 
of course, some information is lost. All of the following analysis will be based on a two 
(or one) component fit. Generally, the population of the short lifetime component is much 
greater than that of the long lifetime component for all crude oils. For the lighter crude 
oils, the longer lifetime component does increase in population up to -50%.50 

Figure 17 shows the long-component fluorescence lifetimes for different concentra­
tions of a lighter crude oil, North Sea (Figure 17a) and for a heavier crude oil, Sales, (Fig­
ure 17b). For the North Sea crude oil, the excitation wavelength is 316 nm, and emission 
wavelengths are 365 nm, 440 nm, 500 nm, and 600 nm; similar wavelengths were used for 
Sales crude oil. The shortest lifetimes are recorded for the neat crude oil and lifetimes 
grow as the concentration is reduced reflecting the decreasing importance of collisional 
decay. so The very dilute solution is minimally influenced by collisional effects so we treat 
these measured lifetimes, which are approximately 20 ns, as intrinsic. These data imply 
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Table 1. Selected fluorescence lifetime and population values for Sales crude oil 

370nm 440nm 500nm 560nm 

Dilution T pop T pop T pop T pop 

Neat 1.05 I. 1.42 I. 2.38 0.5 3.03 0.56 
0.79 0.5 1.03 0.44 

1:25000 16.71 0.15 14.3 0.14 13.48 0.14 
2.76 0.85 2.9 0.86 2.9 0.86 

that energy transfer which accompanies an increase in concentration is not radiative. Ra­
diative energy transfer does not provide an alternate decay mechanism for excited fluoro­
phores and does not result in a decrease of fluorescence lifetimes. Table 1 lists some of the 
lifetime parameters obtained from fitting the Sales crude oil lifetime curves. 50 

For the lighter crude oil, dilution is seen to have a proportionally larger effect on 
lifetimes for short wavelength (365 nm) emission than for long wavelength (600 nm) 
emission particularly for concentrated solutions, where collisional effects are more impor­
tant. The crude oils are much more concentrated in small chromophores than large chro­
mophores; thus, due to their high concentration, the collisional decay rates are much 
higher and lifetimes shorter for the small, blue-emitting (large HO-LU gap) fluorophores 
than for the large, red-emitting (small HO-LU gap) fluorophores. The lifetimes of the neat 
solution of the heavier crude oil are quite short for all emission wavelengths unlike for the 
lighter crude oil, due to the higher concentration of fluorophores in the heavier crude oil. 
The lifetime data for the Sales sample (heavier crude oil) diluted by 5 is very similar to 
that of the neat North Sea oil, illustrating the systematic behavior of different crude oils. 

Figure 18 shows the short lifetime component for Sales. Both the short and long life­
time components show the same dependence on concentration. The neat sample shows 
very short lifetimes; while a dilution by a factor of 5 still gives short lifetimes for short 
wavelength emission (blue emitters still too concentrated), but gives longer lifetimes with 
long wavelength emission. With further dilution, lifetimes generally increase. The lifetime 
data can be analyzed using the following expression. 

(12) 

where [N] represents the solution concentration of chromophores and fluorophores. Rear­
ranging Eq. 12, one obtains 

't k +k 
--B!. _ 1 = Q ET [N] 
't F k FO (13) 

We can determine if the data are consistent with a linear dependence of the quench­
ing and energy transfer rates on concentration. By plotting 'tFoh'F - 1 vs concentration 
(Stern-Volmer plot), one directly obtains (kQ+kET)/kFO as the slope.3l 

Figure 19 shows a Stern-Volmer plot of the long lifetime data for the 316 nm excita­
tion, 365 nm emission for the North Sea crude oil. The linearity of the plot implies that in­
deed, the energy transfer and quenching mechanisms linearly depend on the concentration 
and are as indicated in Eq. 12. For the 316 nm excitation, 365 nm emission data both energy 
transfer and quenching reduce the fluorescence lifetime and are thus, not distinguishable. 
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Figure 18. The short component fluorescence lifetimes for Sales crude oil show the same concentration depend­
ence as the long component (Figure 17b) lifetimes. The neat sample shows short lifetimes at all emission wave­
lengths. Dilution by a factor of 5 yields very short lifetimes only for short wavelength emission reflecting the high 
concentration of blue emitters. Generally, greater dilution corresponds to greater lifetimes. 

Figure 20 shows the Stern-Volmer analysis for the Sales lifetime data for each of the 
four emission wavelengths, 370 nm, 440 nm, 500 nm, and 560 nm. (Generally, the Stern­
Volmer plots are more robust when large changes in lifetime are found; here, we attempt 
to obtain Stern-Volmer plots for the different emission wavelengths.) We make the as­
sumption that population buildup is much faster than the decay. The assumption is accu­
rate for short wavelength emission but only approximate for long wavelength emission. 
Approximately linear relations are found indicating that the collisional decay of excited 
state population linearly depends on concentration. The collisional decay rates per unit 
crude oil concentration normalized by kFo' the intrinsic fluorescence decay rate (slopes in 
Figure 20), are found to decrease with increasing emission wavelength. Assuming that col­
lisions are equally effective for population decay for the blue emitting and red emitting 
fluorophores, the different decay rates in Figure 20 give relative populations of chromo-

10 

4 

2 

y=lO.8x 

0.2 0.4 0.6 0.8 

Concentration of North Sea Crude Oil 

Figure 19. Stern-Volmer analysis of the 
long-component lifetime data, 316 nm 
excitation, 365 nm emission, for North 
Sea crude oil. The linearity of the plot 
implies that the collisional decay chan­
nels of energy transfer and quenching 
linearly depend on concentration. Some 
scatter in the data is obtained, in part, 
due to some non uniqueness in fitting 
two lifetimes. 
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Figure 20. Stem-Volmer analysis of the 
lifetime data for Sales crude oil for 316 
nm excitation and four different emis­
sion wavelengths. The larger slopes 
(collisional decay constants) for shorter 
wavelength emission reflect the larger 
concentration of blue emitting fluoro­
phores in crude oils. The slope for the 
370 nm emission data of Sales is 5 times 
larger than for the lighter crude oil (Fig­
ure 19) due to the larger fluorophore 
concentration. Some scatter in the data 
is obtained, in part, due to some 
nonuniqueness in fitting two lifetimes. 
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phores. Comparing Figures 19 and 20 for the 316 nm excitation, 370 nm emission, the fac­
tor of 5 larger slope for Sales vs North Sea simply reflects the factor of 5 greater concen­
tration of chromophores in Sales. 

Chromophore population ratios can be obtained from two independent measurements, 
optical absorption and fluorescence decay rates. In the electronic absorption edge, the value 
of electronic absorption at a given photon energy directly gives the relative population of 
chromophores with that energy HO-LU gap.35 Likewise, in crude oils, the relative popula­
tion of chromophores with a particular HO-LU gap is also directly related to the collisional 
decay rate of fluorescence emission at the corresponding wavelength. 50 Figure 21 shows the 
comparison of the absorption and lifetime estimates of the chromophore ratios. Perfect 
agreement for these two estimates would correspond to a straight line which passes through 
the origin. The agreement seen in Figure 21 is rather good corroborating that the optical ab­
sorption spectra of crude oils give the population distribution of chromophores. 

One can generate order-of-magnitude estimates of the efficiencies of molecular en­
counters to yield energy transfer or quenching. Figure 17 shows that the intrinsic fluores­
cence decay constant is -1120 ns = 5 x 107/sec. To obtain a value of the collisional decay 

Figure 21. Comparison of the population 
ratios in Sales crude oil obtained by fluores­
cence decay rates and by optical absorption. 
The chromophore population is directly re­
lated to optical absorption and to collisional 
decay rates. Good agreement with the line 
y=ax is obtained with two very different 
methods to determine population ratios. 
Smaller HO-LU gap chromophores are 
much more abundant than large HO-LU gap 
chromophores in crude oils. (The cutoff 
wavelength for Sales is 999 nm, so the spec­
tral region analyzed here is outside the Ur­
bach tail; the increase in smaller 
chromophores is less than exponential) 
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constant per unit mole, we need an estimate of the concentration of chromophores in the 
crude oil which can collisionally de-excite 370 nm-emitting fluorophores. A rough esti­
mate of the corresponding chromophore population follows: Sales crude oil has an absorp­
tion strength of approximately 2300 OD/cm at 370 nm. Assuming that the relevant 
aromatics have an average a value of absorption at 370 nm of 104 OD/cm, then we obtain 
a concentration of -0.25 molar (roughly 2% aromatic by mole). Sales crude oil is about 
5% asphaltene by weight, so this estimate is reasonable. This estimate does not include 
smaller aromatics such as benzene which have HO-LU gaps which are too large to be in­
cluded. Using this rough value, we can approximate the value for the collisional decay 
constant kQ +kE - 101O/molar/sec. This rate is approximately equal to the (diffusion-control­
led) encounter rate in solutions.31 Although these estimates are quite approximate, the im­
plication is that encounters are very effective for energy transfer and quenching. This 
result is not surprising especially considering that there are roughly 10 collisions per en­
counter within the solvent cage. If the collisional decay constant were much smaller than 
the encounter rate, then the implication would be that only a few collisions between chro­
mophores results in energy transfer or quenching. 

5.3. Quantum Yields 

Quantum yield studies of crude oils have been quite revealing, both of intrinsic molecu­
lar properties and of molecular dynamics. Quantum yields, number of photons emitted di­
vided by number of photons absorbed, are sensitive to the intrinsic properties of molecules 
excited. Internal conversion, the conversion of electronic excitation energy to heat, is strongly 
affected by the HO-LU gap. In fact, as will be discussed, crude oils provide an excellent sys­
tem to explore this dependence. Subtle structural features of aromatic molecules can result in 
dramatically different quantum yields. In spite of the variability of individual quantum yields, 
the large number of components of crude oils generate a well-behaved ensemble. 

In addition to intrinsic molecular properties, quantum yields are strongly influenced 
by intermolecular interactions as indicated by Eq. 11. In crude oils, the quenching mole­
cules are aromatics; the saturated molecular component behaves as a bath. The bath mole­
cules may exert some influence on quantum yield as a sink for thermal energy, but do not 
interact with fluorophores with quasi-degenerate electronic states. On the other hand, 
other aromatic molecules can interact with excited fluorophores resonantly, provided the 
HO-LU gap of the aromatic is lower than the excitation energy. Quenching can result from 
the interaction of excited fluorophores with nonfluorescent and even with fluorescent 
chromophores. 

Figure 22 shows the quantum yields for both neat and dilute solutions of various 
crude oils.34 Light oils, being optically transmissive, have a short cut-off wavelength and 
heavy oils, being optically absorptive, have a long cut-off wavelength. The figure shows 
that, for all oils, neat and dilute, quantum yields increase with decreasing excitation wave­
length. The trend of decreasing quantum yields with increasing excitation wavelength is 
known to extend into the NIR for crude oils.33 This trend can be related to the ease of elec­
tronic excited states to relax all the way to the ground state via vibronic coupling and sol­
vent collisions for fluorophores. 31 It is easier to thermalize electronic excitation energy if 
the excitation energy is not too large. Figure 22 also shows that the quantum yields for 
neat crude oils are much lower than for dilute crude oils due to intermolecular quenching 
among chromophores. Also, heavy oils, with their high chromophore concentration, suffer 
a much greater decrease in quantum yield in going from the dilute limit to neat solutions. 
This is in accord with the much shorter fluorescence lifetimes exhibited by neat heavy 
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Figure 22. The absolute quantum yields for dilute 
(top) and neat (bottom) crude oils. The cut-off wave­
length is an optical measure of the oil weight; heavy 
oils have a large cut-off wavelength. Quantum yields 
decrease greatly with increasing excitation wavelength 
due to greater internal conversion for small HO-LU 
gap molecules. Quenching from chromophore interac­
tions causes neat crude oils to have much smaller quan­
tum yields than dilute crude oils, especially for heavy 
oils. For the dilute case, the quantum yields of heavy 
oils are lower due to their greater fraction of small HO­
LU gap chromophores, than for lighter crude oils. 
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crude oils than neat light crude oils due to rapid excited-state decay via intermolecular in­
teractions of chromophores. The effects of excitation wavelength and of concentration will 
be examined in detail. 

Figure 23 shows the large reduction of fluorescence quenching with dilution for a 
crude oil. Figure 24 shows the Stern-Volmer plot for two crude oils; if the simplistic 
model of Eqs. 7-11 apply, then the Stern-Volmer plot should yield a straight line.50 

(14) 

where <I> and <1>0 mean the quantum yield with and without concentration quenching, re­
spectively. These data are adequately fit using the Stern-Volmer equation implying accu­
racy for Eqs. 7-11. Furthermore, the slope, which gives the quenching rate as a function of 
crude oil concentration, is 5 times larger for Sales crude oil than North Sea crude oil due 
to the 5 times greater concentration of chromophores in Sales. This same factor of 5 was 
obtained by comparison of the Stern-Volmer plots of the fluorescence lifetimes of these 
two oils, shown in Figures 19 and 20. The source and detection wavelengths for the quan­
tum yield and lifetime data are different preventing direct comparison of slopes; ratios can 
be compared. For a single crude oil, one can obtain the Stern-Volmer plots for a series of 
different excitation wavelengths. Figure 25 shows that for longer wavelength excitation, 
the collisional quenching rates are smaller.33 Eq. 14 shows that the slope is proportional to 
concentration. The relevant concentration is not only of the crude oil, but of the quenchers 
in the crude oil. There are relatively few chromophores in crude oils which can quench 
molecules of small HO-LU gap; thus, red excitation shows a smaller slope in Fig. 25. 
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Figure 23. Relative quantum yield 
of Sales crude oil vs dilution. Sub­
stantial intennolecular fluorescence 
quenching is observed at high con­
centration. Energy transfer which 
also results from intennolecular in­
teraction does not decrease the quan­
tum yield. 

Figure 24. Stem-Volmer plot of the 
quantum yield data for a) North Sea 
(lighter) crude oil and b) Sales (heavier) 
crude oil showing that fluorescence 
quenching depends linearly on concen­
tration. The quenching rate constant of 
Sales is 5 times larger than for North 
Sea in agreement with the lifetime de­
cay rates for these two crude oils shown 
in Figures 19 and 20. 
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Figure 25. Stern-Volmer plot of the quantum yield data for UG8 crude oil showing that quenching is linearly de­
pendent on concentration, thus simple models apply. High collisional quenching rates (larger slopes) are observed 
for shorter wavelength excitation due to the larger concentration of smaller, blue-absorbing chromophores in crude 
oils. This observation corroborates similar Stern-Volmer results for collisional rate constants determined by life­
time measurements (see Figure 20). 

5.3.1. The Energy Gap Law. The plot of the quantum yield vs. excitation photon en­
ergy is shown in Figure 26 for Vixburg oil. The most plausible explanation for the decline 
in quantum yield with increasing wavelength is the exponential increase in the rate of in­
ternal conversion kic with decreasing HO-LU gapSI as shown in Eq. 15 . 

(15) 

A is the frequency factor, ~E is the HO-LU gap (and equals the photon energy) and 
a is an energy parameter. This equation accounts for the overlap integral of the ground vi­
brational state of the electronically excited state with the excited vibrational state of the 

Figure 26. For crude oils. the dependence of quantum 
yield on HO·LU gap (or photon energy) is accurately 
reproduced with Eq. 16, using the Energy Gap Law. 
Smaller excitation energies yield larger rates of inter­
nal conversion. Fluorescence decay, which is largely 
independent of excitation wavelength, competes with 
internal conversion; thus, less fluorescence occurs with 
small HO-LU gaps. 

0.8,,--....,----....,-----,--....,----, 
Vilbur, Crude Oil 

0.7 

0.6 

0 .1 

15 2 2.5 3 3.5 
Bandgap (and PholOn Energy) in eV 
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ground electronic state. Figure 4 depicts this vibrational state overlap which largely gov­
erns the outcome of photoexcitation. The quantum yield dependence on photon energy is 
then given by 

1... = _--:--_~~ 
<P 0 I + _A_ exp(- _d_E) 

k Fo a (16) 

where <I> and <1>0 mean the quantum yield with and without internal conversion, respec­
tively. kFO is the radiative decay rate for crude oils. Eq. 16 has been used to fit the quantum 
yield data presented in Figure 26. <1>0 has been set equal to 0.85 instead of unity allowing 
for small but typical intersystem crossing for aromatic hydrocarbons. 31 Table 1 shows that 
kFo is about 109/sec for crude oils, thus, the two parameter fit gives A-10 12 and a-3500 
cm-I. The frequency factor A has the correct magnitude for vibrationally induced proc­
esses. The energy parameter roughly equals the highest vibrational frequencies of the 
molecule. Essentially, the overlap of the respective ground and excited vibrational states 
decreases with increasing differences in the quanta of excitation where dE/a roughly 
gives the mismatch of the number of quanta. 51 For "-ex = 350 nm, the number of quanta 
mismatch is about 9. Coupling through the highest energy vibrational modes reduces the 
quanta mismatch producing larger probabilities. 31 

The fit ofEq. 16 to the quantum yield data is quite good inspiring confidence in this 
analysis. Thus, the huge variation of quantum yield on excitation wavelength appears to 
be governed primarily by the systematics of rates of internal conversion. Furthermore, 
crude oils seem to represent a good system to confirm the validity of Eqs. 15 and 16. In 
spite of the expected wide applicability/I few systems, such as a group of selected pure 
compounds, properly demonstrate the energy gap law because idiosyncratic molecular 
properties tend to dominate. The very large number of contributing fluorophores in crude 
oils tends to average out individual molecular differences so that general trends can be ob­
served, such as the energy dependence of internal conversion. Figure 27 plots, for many 
crude oils (including Vixburg crude oil of Figure 26), the relative dependence of the di­
lute-solution quantum yield on excitation wavelength.34 All crude oils exhibit the same 
relative decline in quantum yield with increasing excitation wavelength, and are thus sub­
jected to the governing principles of Eq. IS and 16. Again, the systematic behavior of 
crude oils illustrates the strong correlation of their aromatic components. 

CUI-off 
Wa\'elenglh 
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-<0 . SS9 nm 
- ... ·618 nm 
--c-· 7)0 run 

o ·77lnm 
- 0- · 900nm 
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--Q---14SJ nm 

°300~~-=~~~~~==~~ SO 400 ~50 500 550 600 650 700 
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Figure 27. The dependence of the relative quantum 
yields on excitation wavelength for all crude oils is 
nearly the same. All crude oils exhibit the Energy Gap 
Law. This uniformity implies that the different crude 
oils have similar chromophores. The fraction of optical 
absorption due to large chromophores (which are less 
fluorescent) is greater for heavier crude oils and as­
phaltenes thereby reducing their quantum yields. 
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Figure 22 shows that dilute crude oils exhibit somewhat different absolute quantum 
yields. Different crude oils most likely have the same fluorophores for each spectral range 
measured. However, the crude oils do not possess the same ratios of these chromophores 
(in different total concentration). Otherwise, in the dilute limit the crude oils would be in­
distinguishable; yet their quantum yields differ. Heavy crude oils have a large fraction of 
optical absorption from large aromatics with their small quantum yields. Thus, the inte­
grated quantum yield of dilute heavy crude oils is lower. For example, for 325 nm excita­
tion, the quantum yield ratio for dilute solutions is -2.5 for the lightest and heaviest crude 
oil shown in fig. 22. The implication is that for heavy crude oils, less than half of the ab­
sorption at 325 nm, is accounted for by large HO-LU gap molecules of large quantum 
yield. The other -60% of the absorption in heavy crude oils is accounted for by small HO­
LU gap molecules of small quantum yield. Correspondingly, the fluorescence spectra of 
dilute heavy crude oils show large red-shifts compared to corresponding spectra of light 
crude oils, as will be shown in the next section of this chapter. 

Figure 28 plots the quantum yields at different excitation wavelengths for dilute so­
lutions of an asphaltene, a resin, a crude oil without asphalt, and the whole oil. As ex­
pected, the quantum yields of the whole oil are bracketed by those of the oil constituents. 
The asphaJtene quantum yield at 325 nm is even lower than that of the heaviest crude oil 
(25%) indicating that the asphaltene has the smallest proportion of small, blue-emitting 
chromophores. These smaller ring systems, which asphaltenes lack, have higher quantum 
yields than the larger ring systems. Thus, the asphaltenes are characterized by lower quan­
tum yields, and heavy crude oils, with higher asphaltene fractions, also exhibit decreased 
fluorescence emission. For some crude oils, half of the optical absorption is due to their 
asphaltene fraction (depending on wavelength), this absorption will not produce much 
fluorescence emission. 

The quantum yields of the resin and the crude oil without asphalt are similar in the 
spectral range investigated. The crude oil without asphalt is deficient of large aromatics 
consequently yielding large quantum yields. In addition, the resin also lacks large chromo­
phores; it also has large quantum yields. The size of resin molecules is limited by the re­
quirement of heptane solubility. For the longest wavelengths of excitation, the quantum 
yield of the whole crude oil is nearly equivalent to that of its asphaJtene but much lower 
than the quantum yields of the resin and crude oil without asphalt. This is because the bulk 
of optical absorption of the oil for long wavelengths is due to the asphaltene fraction. For 
shorter wavelengths, the whole oil quantum yield approaches that of the resin and crude 

Figure 28. The quantum yields of UG8 samples: 
the asphaltene, resin, and oil fraction (crude oil 
without asphaltene and resin). The oil fraction and 
resin exhibit larger quantum yields throughout the 
spectral range due to their lack of large aromatic 
chromophores (which have small quantum yields). 
The quantum yield of the whole crude oil is similar 
to that of the asphaItene at long wavelength be­
cause here optical absorption of the crude oil is due 
its asphaltenes. At short wavelength the oil fraction 
and resins account for more optical absorption in 
the crude oil, so the quantum yield of the crude oil 
approaches those of the lighter fractions. 
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oil without asphalt fraction and is much higher than the quantum yield of the asphaltene. 
The optical absorption of the whole oil for the short wavelength range is largely due to the 
small chromophores. Because the asphaltene is deficient in small chromophores, the as­
phaltene contributes less to optical absorption in this spectral range. 

5.4. Fluorescence Spectra 

Energy transfer (Eq. 9) interactions offluorophores produce large, measurable spec­
tral effects in complex fluorophore mixtures such as crude oils. Energy transfer between 
dissimilar molecules always occurs from the molecule of larger HO-LU gap to the mole­
cule of smaller HO-LU gap, where the excess energy is rapidly thermalized. Conse­
quently, photoemission subsequent to energy transfer is characterized by a red-shift 
relative to the spectrum obtained from the initially excited molecule. 

Figure 29 shows the fluorescence emission spectra of ten crude oils for many excita­
tion wavelengths (300 nm, 350 nm, 400 nm, 470 nm, 543 nm, 674 nm, 790 nm, and 838 
nm).33 The left side of the figure shows spectra for neat crude oil solutions while the right 
side shows spectra for crude oils in the dilute limit. The crude oils in all figures are listed 
in order of cut-off wavelength (essentially lighter to heavier). The laser source peak is 
clearly seen in the four spectra obtained with longer wavelength excitation, due to scat­
tered light from the sample. The fluorescence emission spectra show that there are a vari­
ety of fluorophores involved in the production of fluorescence from the crude oils. There 
is a large difference between the neat and dilute crude oil spectra for short wavelength ex­
citations, thus collisional energy transfer is very important for high concentrations. Also, 
at short excitation wavelengths, there are significant variations in the spectra for different 
crude oils, particularly for the neat samples. Therefore, the particular distribution of 
fluorophores and their concentration strongly affect the fluorescence spectral profiles. The 
difference between spectra of neat and dilute crude oils decreases with increasing excita­
tion wavelength. Also, the differences among spectra of different crude oils decrease with 
increasing excitation wavelength. Evidently, collisional energy transfer (with subsequent 
fluorescence emission) becomes less important for longer wavelength excitations even for 
very high concentrations associated with heavy crude oils. For long wavelength excitation, 
quenching, not energy transfer dominates the collisional processes due to the low quantum 
yields associated with small HO-LU gap chromophores. 

Figure 30 confirms that energy transfer is a primary factor producing large spectral 
differences among crude oils for short wavelength excitation. The fluorescence spectra 
with 316 nm excitation of North Sea, a lighter crude oil and Sales, a heavier crude oil are 
plotted in Figure 30 as a function of oil concentration. With successive dilutions, the spec­
tra of the crude oils show monotonically decreasing red-shifts. For higher chromophore 
concentrations, mUltiple energy transfer collisions cause greater red-shifts in fluorescence 
emission. The near equivalence of the spectra of neat North Sea crude oil and Sales crude 
oil dilute by a factor of 5 shows the concentration difference of these two crude oils. 
These two crude oils showed the same factor of 5 difference in concentration in analyses 
of fluorescence lifetimes (Figures 19,20) and quenching (Figure 24). The convergence of 
results on the independent measurements of spectra, lifetimes and quantum yields pro­
duces strong validation of the underlying framework (Eqs. 7-11). 

Figure 31 is a comparison of spectra for neat and dilute samples of a light oil 
(Brunei) and a heavy oil (Sales) at 300 nm, 470 nm, and 790 nm excitation wavelengths. 
Increasing the concentration of crude oils results in an increase in collisional energy trans­
fer at 300 nm excitation as seen from the large red-shift for the neat samples of both the 
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Figure 30. The emission spectra with 
316 nm excitation for a) North Sea, a 
lighter crude oil and b) Sales, a heavier 
crude oi I at different concentrations. A 
substantial red-shift with increasing 
concentration results from energy trans­
fer. 
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light and heavy crude oils. The spectral red-shift in going from dilute to neat crude oils is 
evident for 470 nm excitation, but to a lesser extent. However for 790 nm excitation, there 
is no red-shift; the spectra of the neat and dilute solutions are nearly identical for each oil. 
Therefore, the collisional energy transfer effects are shown to decrease with increasing ex­
citation wavelength. A quantitative analysis of energy transfer can be perfonned by using 
the spectral analysis as shown in Figure 32. The spectrum for the dilute crude oil is con­
sidered to be intrinsic, not influenced by energy transfer. The spectrum is normalized as 
shown in Figure 32 such that its maximum intensity at any wavelength equals but does not 
exceed that of the neat crude oil. The area under the normalized spectrum is compared to 
the area under the spectrum for the neat crude oil solution to determine the fractional 
change in the emission spectrum in going from the dilute to the neat limit, thus yielding 
the percent of energy transfer. The dotted spectrum in Fig. 31 illustrates this graphical de­
tennination of the fraction of energy transfer. 

Figure 33 shows the fraction of energy transfer vs excitation wavelength for three 
crude oils ranging from light to heavy.33 The fraction of energy transfer varies between -I 
to -0 which is the maximum possible range of this parameter. The variation of energy 
transfer depends strongly and monotonically on the excitation wavelength. For short 
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Figure 32. Energy transfer effects can be 
quantified with graphical analysis. The di­
lute sample exhibits no energy transfer so 
provides the intrinsic spectrum. The neat 
sample suffers from extensive red-shifts 
from energy transfer. The maximum frac­
tion of the dilute sample fluorescence spec­
trum present in the neat sample spectrum is 
determined by normalizing the dilute sam­
ple spectrum to just 'fit in' the neat spec­
trum. The fractional area occupied by the 
dilute spectrum gives the intrinsic emission. 
This approximate procedure is sufficient be­
cause the extent of energy transfer varies 
tremendously. 

300 350 400 450 500 550 
Emission Wavelength (nm) 

wavelength excitation, nearly 90% of the fluorescence emission for neat crude oils results 
from collisional energy transfer. For longer wavelength excitations, virtually none of the 
fluorescence emission results from collisional energy transfer. This large dependence of 
energy transfer on excitation wavelength is almost independent of crude oil type. Yet, the 
different crude oils differ dramatically in their chromophore and fluorophore concentra­
tions. With regard to energy transfer, all crude oils (except perhaps the very lightest) are in 
the high concentration limit. Therefore, the fraction of energy transfer is almost inde­
pendent of the exact value of the large chromophore concentration. There is a small de­
pendence of the collisional energy transfer on crude oil type. Heavier crude oils, with their 
much high chromophore concentration, show slightly more collisional energy transfer. 

- .. • ua 8 (heavy) 
-tI - Nonh Sea (medium) 

--e-- Brunei (light) 

0.2 

Excitation Wavelength (nm) 

Figure 33. The ratio of energy transfer to total emission plotted vs excitation wavelength for three crude oils rang­
ing from light to heavy exhibits several systematic trends. Collisional energy transfer varies from nearly 100% for 
the shortest wavelength excitation to nearly 0% for the longest wavelength excitation. All crude oils show nearly 
the same behavior. Thus, for crude oils, the fraction of collisional energy transfer is not a function of chromophore 
concentration; all crude oils are in the high concentration limit. The heavier crude oils exhibit slightly higher en­
ergy transfer due to higher chromophore concentrations. 
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Figure 34 plots both the energy transfer for the neat sample and the quantum yield 
for the dilute sample. The strong correlation shown in Figure 34 leads to the following ex­
planation: as the concentration of a crude oil increases, more interactions occur among 
chromophores. With short wavelength excitation, small blue-absorbing and emitting chro­
mophores are excited preferentially because of their larger number than red emitting chro­
mophores. With intermolecular interaction, the excitation energy passes to the numerous 
slightly larger chromophores. Because their bandgap is large, their quantum yields are 
large so fluorescence results. With a sufficient number of interactions, almost all mole­
cules which were initially excited will transfer their energy to chromophores with a some­
what smaller HO-LU gap producing red-shifted emission. For long wavelength excitation, 
only a small fraction of chromophores are fluorescent. If an excited fluorophore interacts 
with another large chromophore, it is most probably with a nonfluorescent chromophore. 
Thus, quenching is the end product of intermolecular interactions with these red-absorbing 
chromophores. The little fluorescence emission which results upon red excitation is from 
the few initially excited chromophores which have not been quenched. Figure 29 shows 
that as the excitation wavelength increases, the Stokes shift decreases and the relative 
magnitude of the hot bands (excitation from vibrationally excited states) increases. Even 
the small decrease in energy across the spectral range increasingly favors quenching over 
energy transfer in collisional processes for longer excitation wavelengths. 

6. SMALL AROMATICS AND ASPHALTENES 

6.1. No Short Wavelength Emission from Asphaltenes 

The fluorescence emission spectra for short wavelength excitation (265 nm) are 
shown for two asphaltenes in Figure 35. In this figure, the asphaltene spectra are con­
trasted with the fluorescence emission spectrum of a light crude oil in which the spectral 

0.7 
Brunei Crude Oil 

0.6 
0.8 .. 

0.5 to .!! 
'" c e 0.6 -x··· auantum Yield 0.4 a 

Eo- c 
>. 5! 
e!l 0.4 0.3 000< 
Q) -e- Energy \ (ii' c 0.2 is: tll Transfer . 

0.2 '-
X'-. 
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~"-" 
0 0 

200 300 400 500 600 700 800 900 

Excitation Wavelength (run) 

Figure 34. The fraction of fluorescence emission which results from energy transfer varies from -\ 00% to 0% 
with excitation wavelength. The cause of this large variation is the intrinsic (dilute solution) quantum yield of the 
chromophores involved in the intermolecular interactions. Energy transfer from chromophore interactions to a 
large HO-LU gap molecule is likely to result in emission due to their large quantum yields. Interactions involving 
small HO-LU gap chromophores produce only quenching due to tiny intrinsic quantum yields. Consequently, fluo­
rescence spectra for neat crude oils are different for short wavelength excitation, depending on which fluorophores 
receive the excitation energy. With long wavelength excitation, intermolecular interaction produces only quench­
ing, so all crude oil spectra are independent of concentration, and are the same. 
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Figure 35. Fluorescence emission spectra of two 
asphaltenes and a light crude oil. For the crude oil, 
emission from I and 2 ring aromatics is identified. 
The asphaltenes lack significant spectral emission 
from these sman aromatics. As will be shown intra­
molecular energy transfer is negligible; thus. as­
phaltenes lack sman ring systems. 

contribution from single ring aromatics and 2 fused-ring aromatics are observed as distinct 
emission maxima. The spectral range for emission from single aromatic rings is about 290 
nm and from two ring aromatics is about 330 nm. The asphaltenes exhibit emission from 
large aromatic ring systems, with the emission maxima in the range of 450 nm to 500 nm 
but exhibit very little (yet finite) emission from I to 3 ring aromatic systems.52 

Different spectral regions are correlated with the size of aromatic ring systems with 
varying degrees of confidence. Substituents, heteroatoms and different solvents can alter 
absorption and emission wavelengths for individual compounds. For multiple fused rings, 
structures with larger aspect ratio (kata-condensed) such as linear systems tend have ab­
sorption and emission shifted towards longer wavelengths than for structures with a small 
aspect ratio (peri-condensed). There is only a small variation in band locations for single 
rings systems, and larger variations for larger numbers of fused rings (e.g. 5 ring systems). 
Thus, the spectral range corresponding to small numbers of rings can be assigned with 
greater confidence. 

Figure 36 shows the emission spectra for two asphaltenes for various excitation 
wavelengths. Figure 36a shows two spectra for NS asphaltene obtained with excitation at 
265 nm and 290 nm. Both spectra in Figure 36a are quite similar and lack short wave­
length emission. Figure 36b shows fluorescence emission spectra obtained for three exci­
tation wavelengths (265 nm, 290 nm, and 340 nm) for UG8 asphaltene. Again, the 
emission spectra are fairly similar, all exhibiting a lack of short wavelength emission. This 
lack is not strongly affected by excitation wavelength, thus does not result from a peculi­
arity in the absorption spectra. 

The correlation of the fluorescence emission spectra of asphaltenes with the popula­
tion distribution of aromatic rings assumes that the fluorescence spectra are unaltered by 
inter- and intramolecular interactions. This chapter shows that fluorescence spectra can be 
significantly altered by electronic energy transfer between molecules. For instance, the 
fluorescence spectra of crude oils show significant red-shifts at high concentrations of 
crude oil solutions due to energy transfer. The red-shift occurs because, upon molecular 
collisions, electronic excitation energy is irreversibly transferred from molecules with 
larger electronic energy (thus short wavelength emission) to molecules with smaller elec­
tronic energy with concomitant thermalization of some of the excitation energy. The issue 
remains whether small aromatic moieties are present in asphaltenes, but do not fluoresce 
due to energy transfer. Here, we establish that the asphaltene solutions are not signifi­
cantly influenced by inter- or intramolecular interactions by monitoring fluorescence spec-
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Figure 36. The fluorescence emission 
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are fairly insensitive to excitation wave­
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sorption spectrum. 
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tra and lifetime with increasing dilution. Intramolecular energy transfer effects are ruled 
out by our lifetime analyses of asphaltenes and de-asphaltened oils Thus, the correlation 
of fluorescence emission spectra with aromatic ring distributions can be made. 

6.2. No Intramolecular Energy Transfer in Aspbaltenes 

In crude oils, molecular processes which give rise to electronic energy transfer, thus 
spectral shifts, also produce quenching. These processes provide other de-excitation path­
ways in addition to radiative decay. Thus, molecular energy transfer and collisional 
quenching necessarily result in a reduction of excited state lifetimes of electronically ex· 
cited molecules. Eq. 17 gives the decay rate for a fluorescent molecule in solution. 

(17) 

kF is the measured fluorescence decay rate, kFo is the intrinsic fluorescence decay rate of 
the fluorophore (or of the initially·excited fluorophore moiety in a molecule containing 
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multiple fluorophore moieties). kQ is the collisional decay rate with the quenchers of con­
centration [Q]. kET is the intermolecular energy transfer rate with fluorophores of concen­
tration [Q']. kETO is the intramolecular energy transfer rate for the transfer of electronic 
excitation energy between two aromatic moieties within the same molecule, and kQ• is the 
corresponding intramolecular quenching rate. Intermolecular effects can be eliminated by 
simple dilution as we have done here. The intramolecular processes of energy transfer and 
quenching are independent of concentration but dependent on molecular structure and mo­
lecular conformation. As collisional quenching and intermolecular energy transfer in­
crease, for instance due to increased concentrations, the decay rate increases; thus, the 
measured fluorescence decay rate kF increases. This decrease in lifetime can be monitored 
directly, as has been done for solutions of different crude oils of various concentrations. 

The inextricable link between the spectral fluorescence red-shift induced by energy 
transfer and the reduction of excited state lifetimes (and reduction of fluorescence quan­
tum yield) has been established for crude oils. Consequently, the extent of red-shift due to 
intra- and intermolecular energy transfer can be monitored by determining the extent of 
fluorescence lifetime reduction. Here we verify the concepts for asphaltenes and use life­
time measurements to determine the extent of spectral red-shift induced by energy transfer 
processes. 

Figure 37a shows the fluorescence decay curves for dilute solutions of NS asphal­
tene and NS de-asphaltened crude oil (DAO) for excitation at 290 nm and emission at 330 
nm.52 In addition, the decay curve obtained for a concentrated solution ofNS asphaltene 
(-10% by weight) is shown. This spectral range corresponds to excitation and emission of 
2 ring aromatic moieties. The decay curve for the dilute asphaltene solution has relatively 
long lifetimes, as indicated in the figure; a few nanoseconds for the short component and a 
little over 12 ns for the long component. Typical fluorescence lifetimes of organic mole­
cules are in the range of several to tens of nanoseconds. The fluorescence decay curves of 
crude oils also yield two fluorescence lifetimes, and the magnitudes are nearly the same as 
found for the asphaltenes. The fluorescence lifetimes of crude oils decrease considerably 
when energy transfer and quenching effects dominate. Figure 37a shows that a single, very 
small lifetime is obtained for the concentrated asphaltene solution, where quenching and 
energy transfer dominate excited state decay. The long lifetimes obtained for dilute asphal­
tene solutions indicate that energy transfer and quenching effects are not dominant for the 
2 ring aromatics in asphaltenes. 

The intrinsic fluorescence lifetimes for the asphaltene solutions are not known; how­
ever, a very good estimate for these values can be obtained from the dilute DAO solutions. 
Figure 37a shows that the dilute asphaltene and DAO solutions yield nearly the same de­
cay curves for 2 ring aromatics. The low concentration of the solutions ensures that inter­
molecular effects are negligible. This was checked by observing no change in decay rates 
for increasing dilution. Furthermore, the DAO molecules in general do not contain two 
fluorescent moieties in one molecule, so do not suffer from appreciable intramolecular en­
ergy transfer. Yet, large energy transfer effects are observed for the concentrated asphal­
tene solution where a single, very small lifetime is measured. Thus, the similar decay 
curves for the asphaltene and the DAO indicate that the asphaltene also does not suffer 
from significant intramolecular energy transfer; the decay curve, and thus the asphaltene 
fluorescence spectrum are intrinsic. 52 The asphaltene lacks substantial emission from the 2 
ring aromatics because they contain only a small population of these ring systems, not be­
cause of spectral perturbation from energy transfer. 

The lack of significant intramolecular energy transfer does not necessarily mean that 
only one chromophore group resides in a single molecule. In fact, it is expected that those 
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Figure 37. Fluorescence lifetime decay 
curves are shown for a) 2 ring aromatics 
and b) roughly 4 to 7 ring aromatics for 
NS asphaltene and NS de-asphaltened 
oil (DAO). Long fluorescence lifetimes 
are obtained for dilute asphaltenes; and 
these lifetimes are similar to those of the 
DAO. Thus, the dilute asphaltenes do 
not exhibit significant inter- or intra­
molecular energy transfer; the lifetimes, 
thus the fluorescence spectra are intrin­
sic. The concentrated asphaltene solu­
tion has a very short lifetime, here, for 
the 2 ring aromatics, due to rapid inter­
molecular energy transfer which also re­
sults in red-shifted spectra. 
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asphaltene molecules with a 1 or 2 ring aromatic group also have a second chromophore 
group elsewhere in the molecule; otherwise, the molecule would be soluble in heptane and 
would not be in the asphaltene fraction. The examination of various bichromophore mole­
cules reveals that energy transfer or other intramolecular interactions become predominant 
only when the conformational geometry is optimal.53 The emission spectra of a series of 
a,ro-di-3-pyrenyl alkanes (two pyrene groups connected by an alkane chain) show that if 
the chain length is too short or too long, then the emission is predominantly from the 
monomer. For chain lengths between 3 and 6 carbon atoms, there is substantial emission 
from both the monomer and the dipyrene excimer. Pyrene has an unusually long lifetime 
of -500 ns, and alkyl chains are quite flexible so these molecules are optimal for observ­
ing intramolecular effects. For fluorophore groups with much shorter lifetimes, and more 
rigidly held, as would be expected for asphaltenes, the lack of intramolecular interactions 
between two chromophores can easily be understood. Nevertheless, if the small estimates 
of molecular weight for asphaltenes are correct (e.g. -900), our results, that small aro­
matic rings are not generally present in asphaltenes, imply that many asphaltene molecules 
possess only one chromophore group. 
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Figure 37b shows fluorescence decay curves for dilute solutions of NS asphaltene 
and NS DAO for excitation at 390 nm and emission at 430 nm. This spectral range corre­
sponds to fluorophores with very roughly 4 to 7 fused aromatic rings. Again, the asphalte­
nes exhibit relatively long lifetimes which are similar to the intrinsic fluorescence 
lifetimes found for crude oils. This implies that energy transfer effects are not very signifi­
cant. Again, the asphaltene lifetimes are very similar to the DAO lifetimes, indicating that 
the measured asphaltene lifetimes are intrinsic. That is, kF - kFo in Eq. 17 because the 
other decay rates are very small. Figure 38 shows fluorescence decay curves for UG8 as­
phaltene and UG8 DAO illustrating that our observations are general. The lifetimes show 
that spectra of dilute asphaltenes are unaffected by inter- or intramolecular interactions for 
two-ring aromatics and for larger ring systems. Concentrated asphaltene solutions show 
large reductions of lifetimes due to intermolecular interactions. 

Figure 39 shows the fluorescence decay curves for solutions of various concentra­
tions of UG8 asphaltene. The excitation wavelength, 316 nm, and emission wavelength, 
370 nm, correspond roughly to 3 and 4 ring aromatics. Energy transfer and quenching 
have an increasing impact on fluorescence lifetimes as the concentration increases. If the 
dilute asphaltene solutions exhibited some but not overwhelming intramolecular energy 
transfer, a moderate reduction in fluorescence lifetimes should be detectable, comparable 
to the measurable collisional effects for moderately concentrated solutions of asphaltenes. 
No significant intramolecular effects are detected in the decay curves; the fluorescence 
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Figure 38. Fluorescence lifetime decay curves 
are shown for a) 2 ring aromatics and b) 
roughly 4 to 7 ring aromatics for UG8 asphal­
tene and UG8 de-asphaltened oil (DAO). Long 
fluorescence lifetimes are obtained for dilute 
asphaitenes, and these lifetimes are similar to 
those of the DAO. Thus, the dilute asphaltenes 
do not exhibit significant inter- or intramolecu­
lar energy transfer; the lifetimes, thus the fluo­
rescence spectra are intrinsic. The concentrated 
asphaltene solution has a very short lifetime, 
here, for the larger aromatics, due to rapid inter­
molecular energy transfer which also results in 
red-shifted spectra. 
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Figure 39. Fluorescence decay curves for UG8 asphaltene at different concentrations. Moderate degrees of inter­
molecular energy transfer are readily detected in fluorescence lifetimes. The nearly identical lifetimes for asphalte­
nes and DAO'S (Figures 37 and 38) indicate that no energy transfer takes place for dilute asphaltenes; the 
fluorescence emission spectra are intrinsic. 

lifetimes and, thus, the fluorescence emission spectra of dilute asphaltene solutions are in­
trinsic. The fluorescence emission spectra can be used to ascertain population distributions 
of different sized aromatic rings. 

6.3. Aromatic Ring Sizes of Asphaltenes 

The examination of spectra from several asphaltenes reinforces the general conclusion 
that asphaltenes lack short wavelength emission. Figure 40 shows fluorescence emission 
spectra with 290 nm excitation from five asphaltenes. Some variability is observed in the as­
phaltene spectra implying differences in their aromatic ring populations. Nevertheless, the 
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Figure 40. Fluorescence emission spectra for five asphaltenes; all asphaltenes lack emission from small aromatic 
molecules due to their low popUlation in asphaltenes. The asphaltene with the greatest fraction of short wavelength 
emission (thus smallest aromatic rings) CAL, is known to be very polar with its large aliphatic sulfoxide content. 
Thus, for asphaltenes, higher polarity correlates with smaller aromatic rings. 
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unifying characteristic of the asphaltene spectra is the lack of emission in the short wave­
length region. Because energy transfer effects are absent, the spectra are intrinsic. The much 
larger fluorescence emission of dilute asphaltene solutions at 400 nm than at 330 nm corre­
sponds to a much larger popUlation of large fused-ring systems than of 2 ring aromatics. By 
inference, the very small fluorescence emission of asphaltenes at 290 nm with 265 nm exci­
tation indicates a very small population of single ring aromatics in asphaltenes as well. Bulk 
examination of these population ratios have not been achieved by any other method. 

In a related system, coal pyrolysis tars, almost no fluorescence emission was ob­
served below 300 nm with 260 nm excitation. 54 Using spectral analysis, intramolecular ex­
cimer formation was ruled out as a source for this lack of emission. However, the extent of 
intramolecular energy transfer was not determined. Perhaps the lack of short wavelength 
emission in these tars results from the lack of small aromatic ring systems. 

For these asphaltenes, the asphaltene CAL exhibits anomalously large emission at 
shorter wavelengths indicating that this asphaltene has a larger fraction of smaller aro­
matic rings. Among these asphaltenes, CAL asphaltene has, by far, the highest content of 
sulfoxide,z7,55 which is a very polar chemical group. CAL is 2.6% sulfur by weight, of 
which 44% is sulfoxide; the sulfoxide fraction of the other asphaltenes is below 10%. 
Higher polarity of asphaltene molecules correlates with smaller molecular weight.56 Our 
results show a similar inverse correlation between polarity and aromatic ring size. These 
inverse correlations follow from the definition of asphaltenes. In order for an organic 
molecule to be insoluble in heptane, it can have either high polarity or large molecular 
weight. Our results extend this concept; to be heptane insoluble, a molecule can be nonpo­
lar but with a large aromatic ring system, or be polar with a smaller ring system. The sul­
foxide sites are predominantly alkyl sulfoxides, not aromatic sulfoxides/7 so molecular 
solubility is influenced by a combination of different functional sites. 

Asphaltenes exhibit very little fluorescence emission in the spectral range at 290 nm 
corresponding to single ring aromatics and at 325 nm corresponding to 2 ring aromatics. 
This emission constitutes less than I % of the total. In addition, asphaltenes show little 
emission in the spectral range at 370 nm corresponding roughly to 3 ring aromatics. We 
use these observations as a guide to indicate the relatively small populations of small aro­
matic ring systems in asphaltenes, compared to larger ring systems. However, it is difficult 
to determine precisely these population ratios due to the molecular complexity of asphal­
tenes and the unknown optical constants of the contributing structures. Destructive studies 
of asphaltenes have seen the presence of single ring aromatics.57 However, the relative 
population of single ring aromatics to multiple ring systems was not determined. In fact, 
the fluorescence studies reported here also detect the presence of single ring aromatics. In 
addition, the fluorescence studies determine that the single ring systems are present in 
relatively low concentration. 

The maximum fluorescence emission for asphaltenes occurs near 450 nm with sig­
nificant fluorescence intensity out to 550 nm. It has been shown that many aromatic rings 
systems with 7 to 11 rings and without heteroatoms fluoresce with maxima in the 430 nm 
to 500 nm range.5lHiO The replacement of carbon with heteroatoms typically results in a 
red-shift of the fluorescence maximum if there is any spectral effect.61 Thus, we estimate 
that the most predominant fused-ring systems present in asphaltenes are in the range of 4 
to 10 rings. In addition, the Urbach tail results show an exponential decline of very large 
ring systems in asphaltenes. Estimates of the average size ofasphaltene fused ring systems 
have varied widely from very small (1-4) to very big (> 10).62 We believe the methodology 
employed here is more direct, and thus more reliable. Scanning Tunneling Microscope re­
sults also obtain average ring sizes for asphaltenes in the range of 4 to 10 rings.63 
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Figure 41. Fluorescence emission spectra 
for the asphaltene, resin, and oil fraction of 
UG8 crude oil , a heavy oil. The lighter frac­
tions have greater emission at shorter wave­
length (and less at longer wavelength) 
indicating smaller aromatics for the lighter 
fractions . 
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Figure 41 shows a comparison of asphaltene spectra with the spectra of the correspond­
ing resin and crude oil without asphalt of UG8 crude oil. The UG8 asphaltene spectrum ex­
hibits a maximum emission at -450 nm and shows little emission in the I and 2 ring aromatic 
spectral region. The UG8 resin spectrum exhibits a maximum emission at -400 nm and shows 
some emission in the spectral region corresponding to small rings. The crude oil without as­
phalt of this heavy oil exhibits a maximum emission at -350 nm and exhibits considerable 
emission in the spectral range corresponding to small rings, Asphaltenes and resins corre­
spond to defined crude oil fractions and do not vary grossly from different crude oils. On the 
other hand, the oil fraction of crude oils corresponds to all but the heaviest fraction for a given 
oil and thus, varies enormously when obtained from different crude oils. The crude oil UG8 is 
fairly heavy (asphaltene fraction is 9%), thus the UG8 crude oil without asphalt is somewhat 
heavy, The emission spectra of the asphaltenes, resins and maltenes show, in order, greater 
short wavelength emission, in accord with the expectation that the molecular size of the aro­
matic molecules decreases in the order asphaltenes > resins> crude oil without asphalt. 

7. CONCLUSIONS 

Optical measurements have been performed in the oil field for six decades to detect 
crude oil while drilling. In spite of this long history of optics with crude oils, only recently 
have studies exploited optical techniques, some new, some traditional, to expand greatly the 
understanding of crude oils and asphaltenes. The complexity of the components of individ­
ual crude oils and asphaitenes, along with the tremendous variation of crude oils (if not as­
phaltenes), inhibited scientific assault by these bulk measurement techniques. However, it 
turns out that one is not required to dismember chromatographically crude oils and asphalte­
nes into constituents to advance understanding. In fact, complex intermolecular dynamics 
can be studied only by maintaining the crude oil body whole. The large number of experi­
mental parameters; wavelengths, quantum yields, lifetimes, spectra, concentrations, sample 
type, firmly constrain imagination with reality. Surprising systematics result, enforcing the 
vantage that crude oils and asphaltenes are of one rather well-behaved family. 
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Chapter III 

MOLECULAR STRUCTURE AND 
INTERMOLECULAR INTERACTION OF 
ASPHALTENES BY FT-IR, NMR, EPR 

R. Scotti" and L. Montanari 

ENIRICERCHE S.P.A. 
via Maritano 26, 20097 
San Donato Milanese, Italy 

1. INTRODUCTION 

AsphaJtenes are a problem in the production of heavier crude oils for their tendency 
to flocculate and precipitate during both oil production and oil refining. 1-3 

The need for a more efficient exploitation of heavy feedstocks has lead to an in­
creased interest during the last years in elucidating the molecular structure of asphaltenes 
in order to understand their behaviour in thermal and catalytic processes. 

By definition,4 asphaltenes are a solubility class. They are the insoluble part of pe­
troleum after addition of n-alkane solvents in a volume ratio at least 1 (oil):40(solvent). 
They are dark brown to black friable solids with no definite melting point. 

The molecular nature of petroleum asphaltenes have been the subject of many inves­
tigations.5- 18 Analytical and spectroscopic techniques usually give the mean characteristics 
of asphaltene fraction, which is composed of a distribution of highly differentiated and 
very complex aromatic molecules, surrounded and linked by aliphatic chains and heteroa­
toms. These molecules differ significantly in their chemical characteristics, as molecular 
weight, aromaticity, alkyl substitution, functional groups, heteroatoms and metal contents. 
Every technique is useful to give information about a particular aspect of the asphaltenes 
but it is necessary to integrate results from more than one technique in order to draw more 
general conclusions. 

In the past the asphaltene fraction often was described in terms of a single, repre­
sentative molecule composed with the mean contents of the elements and functional 
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groupslS derived from different techniques. This approach gave an idea of the structural 
complexity of asphaltenes but it could be misleading as it neglected the chemical differ­
ences between the molecules. 

With regard to the analytical methods used to understand better the structure of na­
tive petroleum asphaltenes, Infrared Spectroscopy (IR) permits the identification and the 
determination of the relative abundances of some functional groups. IR has been used for 
50 years to study coal and its derivatives as the knowledge of coal composition was essen­
tial in order to understand the chemistry of conversion processesl9--22 but already in 1956 
Brandes23 calculated the percentage of aromatic, naphthenic and paraffinic carbons in a se­
ries of gas oils. Later on petroleum compounds were investigated and considerable efforts 
have been made to analyze the structure of the nonvolatile fractions of petroleum, particu­
larly the asphaltenes. For qualitative determinations, solutions, films, Nujol oil mulls and 
potassium bromide pellets can be used in conventional way. For absolute quantitative de­
terminations, the extinction coefficients have to be properly calculated according to Beer's 
law, taking the precision and the accuracy of experimental parameters (e.g. cell thickness, 
light path, solvents and so on) into account but that sometimes cannot be done due to the 
signal overlapping. 

Yen et a1.24,2S applied IR for the elucidation of the structure of petroleum resins and as­
phaltenes and proved that, using adequate compounds of known structure as references, the 
presence of many structural groups can be detected, their relative contributions estimated 
and their relative positions to one another determined. He also used the low temperature IR 
technique to study the alkylene nature and C-R out-of-phase ring bending vibrations ofpe­
troleum asphaltenes26 and combining the results of X-Ray Diffraction (XRD), Nuclear Mag­
netic Resonance (NMR) and IR suggested that asphaltenes consist of a heavily substituted 
linked or katacondensed system.27 Moreover13C-NMR and IR studies28 showed that the aro­
matic ring system contains alicyclic and alkyl substituents. Yen also discussed the differ­
ences between petroleum- and coal-derived asphaitenes,29 as other authors.3D,31 

The vibrational bands of oxygen containing functional groups are relatively strong 
and isolated and permit their identification. Carbonyl groups can be easily identified, how­
ever, the hydroxy- and amino-groups show characteristics which are not resolvable from 
each other.32,33 Speight and Moschopedis studied the quinone-type oxygen in petroleum 
asphaltenes and resins9 and the role played by the oxygen functions in hydrogen-bonding 
interactions which occur between them.7 Hydrogen-bonding interactions were already 
studied by Petersen34,35 in asphalts. 

IH-NMR has been extensively used to provide a detailed characterization of the 
various petroleum fractions. This technique, however, suffers from the disadvantages that 
the characteristic features ofthe carbon skeletons have to be calculated from the hydrogen 
distribution and approximations are required. More recently with the availability of \3C_ 
NMR spectroscopy it has been possible to obtain information directly about the average 
carbon skeletons of the molecules present in hydrocarbon mixtures. Average molecular pa­
rametersS.8,1O.12 as aromatic carbon fraction (fa)' average number of carbon per alkyl side 
chains (n) and average percent of substitution of aromatic carbon (As)' were determined 
by combining the data from IH_ and \3C-NMR. 

However, interpretation of the observed \3C-NMR spectra is usually limited to the 
determination of the fraction of aromatic and aliphatic carbon. To interpret spectra of sin­
gle compounds, it is usual to combine chemical shift data with the knowledge of reso­
nance multiplicity. Thus singlet, doublet, triplet, and quartet multiplicities imply C, CH, 
CR2 and CH3 respectively. This assignment to carbon group type is achieved using other 
NMR methods as Distortionless Enhancement by Polarization Transfer (DEPT),36,37 Gated 
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Spin Echo (GASPE)38-41 and 2 D_NMR42-43 which give further descriptions of the hydro­
carbon skeleton of asphaltenes. 

Moreover solid-state NMR44 gives information about the chemical shielding anisot­
ropy (CSA), which is not achievable in solution. The chemical shift of a nuclear spin de­
pends upon the relative spatial orientation of the external magnetic field and the molecule 
to which the spin belongs. Due to this orientational dependence, chemical shielding is 
characterized by a second rank tensor (nine elements) but only the symmetric part of the 
shielding tensor (six elements) is measurable in an NMR experiment as the anti symmetric 
portion (three elements) produces only second-order effects in the external magnetic field. 
The shielding principal parameters (crll' cr22 and cr33) can be obtained from the 13C NMR 
spectral pattern of the powdered sample. This broad but highly characteristic band has 
break points which can be analyzed to obtain the tensor principal values of each chemi­
cally unique spin. This procedure has been used to evaluate the degree of condensation 
and of substitution of aromatic rings, not avaliable directly from NMR spectra in solution. 

Fluorescence spectroscopy has been applied directly to crude oils or to asphaltene 
solutions and the absorption/emission behaviours of such a multicomponent system care­
fully studied.45--S0 In the oil industry fluorescence analysis is routinely used as an indicator 
of the presence of crude oil but this technique can be used also to explore structural infor­
mation of asphaltene molecules as the condensation of aromatic rings from the differences 
in intensities and positions of the fluorescence bands. 

Also destructive techniques, such as the use of oxidizing agents capable of selectively 
oxidizing aromatic carbons l7 and the experiments offlashpyrolysis coupled with GC-MS9,SI 
were used to give more insights into the nature of aliphatic chains and ofheteroatom specia­
tion in asphaltenes. However this method concerns only a part of asphaltenes (oxidized or 
pyrolyzed ones) and several assumptions must be made to draw conclusions. 

The tendency of the asphaltenes to aggregate is a well known characteristic usually 
studied in hydrocarbon solution. By means of Small-Angle Neutron Scattering 
(SANS),s2.s3 the existence of aggregates in oil and their dimensions and shape as a func­
tion of the solvent were confirmed. Unfortunately this behaviour tends to preclude the cor­
rect determination of moleculer weight of asphaltenes.54 In fact, the measurements by 
Vapour Pressure Osmometry (VPO)1l,55,56 are strongly affected by the temperature, the as­
phaltene concentration and the solvent polarity. In comparison to VPO, Gel Permeation 
Chromatography (GPC) has the advantage of giving the distribution of molecular weights 
rather than a single value of Mn but suffers from the lack of suitable standard compounds 
for calibration and the dependence on the dilution and temperature used during elution 
from the chromatographic column.sl Also with greatest dilution compatible with the in­
strumental analytical sensitivity, it is not clear that the value of molecular weight is ob­
tained for single unassociated molecules of asphaltenes. So the molecular weights can be 
better considered as relative values useful to compare different asphaltenes rather than ab­
solute values. 

Electron Paramagnetic Resonance (EPR) spectroscopy provides a convenient 
method for the investigation of paramagnetic species. EPR spectra of asphaltenes show 
the signals of two different paramagnetic centers: V(IV) in vanadyl group V02+ and free 
radicals, which are the focus of interest in the present study. 

V02+ compounds have been deeply investigatedS7-74 for many years in crude oils and 
their fractions (bitumens, asphaltenes) but also in kerogens and other carbonaceous mate­
rials. In crude oils vanadium and nickel organometallic compounds are present mainly as 
petroporphyrins but also as other porphyrin-like coordination spheres around the metal. 
The distribution of the different complexes depends on the origin of crude oils. 
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Unlike diamagnetic square planar Ne+ the five coordinate square pyramidal vanadyl 
complexes are paramagnetic and their spectroscopic parameters (g-value, hyperfine cou­
pling constant) are related to the ligand nature. Much effort has been directed toward the 
synthesis and the EPR characterization of vanadyl chelate models with different ligands: 
four nitrogen (4N), four sulfur (4S), four oxygen (40) but also other possible combina­
tions of these ligands.59-{jI,63,64,72 

Other studies have been directed towards enhancing the nonporphyrin vanadyl sig­
nals by improving the separation procedures of the crude oil heavy fractions which con­
tain vanadyl complexes.59,70,73 As metals strongly affect hydrocracking and thermal 
cracking of heavy oils, the characteristics ofvanadyl complexes were also followed before 
and after these processes.77,78 

EPR studies on asphaltene free radicals, associated with unpaired 1t electrons stabi­
lized by resonance in large aromatic ring system, are not numerous 75-84 even if the radical 
species and the problems involved in the analysis are similar to those found in coal and 
other carbonaceous materials.85-102 

This work elucidates the molecular structures and the intermolecular interactions of 
seven asphaltenes from different origins by means of a large number of analytical and 
spectroscopic techniques. No technique used in this study is novel. The original aspect of 
the investigation is the attempt to integrate and interrelate all of the measurements. As al­
ready noted, asphaltenes are a complex system and only main characteristics can be ob­
tained by different analysis methods. It is therefore particularly important to verify the 
consistency of the experimental data in order to understand if a parameter is really mean­
ingful. So the same information has been obtained by independent techniques when possi­
ble and the results compared, 

A two-steps approach is followed: 103,104 

I, The molecular features which differentiate the asphaltenes from the seven crude 
oils are obtained mainly by IR and NMR techniques. The internal consistency 
and the interdependence of the parameters are shown also comparing them with 
results obtained by other techniques (elemental analysis, fluorescence), Finally a 
relation between the molecular characteristics and the structural behaviours in­
vestigated by powder X-Ray Diffraction (XRD) was found. 

2. Continuous wave EPR spectroscopy was utilized to study asphaltene free radi­
cals, which behave as probes of the the molecular and structural characteristics 
of the asphaltenes, as the large molecules environment strongly influences the 
radical magnetic properties, The EPR parameters (g-value, line-width, line­
shape), the dependence ofEPR signal on temperature, the saturation behaviours, 
allowed the confirmation of some previous conclusions and improved the inves­
tigation of the intermolecular interactions between the asphaltenes molecules, 
Also the interaction of the polyaromatic molecules with oxygen was studied in 
order to verify the dependence of the magnetic properties on the gas surround­
ing the asphaltenes. 

2. EXPERIMENTAL SECTION 

Asphaltenes were isolated from crude oil Villafortuna (VI) and Gaggiano (GA); resi­
dues 350+ °C Brent (BRE), Gela (GE) and Safaniya (SAFA); residues 550+ °C Arabian Light 
(AL) and Belayim (BEL). Asphaltenes were precipitated with an excess ofn-heptane (40:1), 
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sonicated for 20 minutes and then filtered. Asphaltenes were then purified by Soxhlet extrac­
tion with n-heptane for 8 hours and dried under vacuum at 100°C until constant weight. 

Liquid state 'H- and l3C-NMR were carried out on a Bruker AMX-300 spectrometer 
operating at 'H resonance frequency of 300 MHz and l3C resonance frequency of 75.47 
Mhz. 'H-NMR spectra were obtained as CDCl3 solution with a pulse width of 3.5 f.ls (30° 
flip angle), recycle delay of 2 s, data point of 8 K, tube diameter of 5 mm, spectral width 
of 18 ppm and at least 200 scans. '3C-NMR spectra were obtained by applying an inverse 
gated decoupling technique to suppress NOE effect. Chromium acetyl-acetonate 
[Cr(acac)3J (0.01 M in the final solution) was added to assure complete nuclear magnetic 
moment relaxation between pulses. These conditions are necessary to have quantitative 
l3C-NMR signals. Operating conditions were: pulse width 2.7 f.lS (30° flip angle), data 
point 8 K, tube diameter 5 mm, solvent CDCI3, spectral width 250 ppm, recycle delay 2 s, 
nearly 20,000 scans. 

Solid state l3C-NMR spectra were acquired on a Bruker CXP-300 operating at a l3C 
resonance frequency of 75.4 7 MHz with pulse width of 2 f.ls (30° flip angle) and with the high 
power proton decoupler gated on during acquisition and off between pulses. A delay time of 4 
s was applied between pulses. The spectral fitting was carried out by matching a properly 
phased experimental spectrum with the simulated one (TENSOR software, Bruker). 

The GAted SPin Echo (GASPE) l3C-NMR technique used was that proposed by Cook­
son and Smith40-42 with the average scalar coupling constant JCH of 125 Hz for aliphatic carb­
on. Spectra integration was carried out on C, CH2 and CH+CH3 sub-spectra. The GASPE and 
CSE (Conventional Spin Echo) sequences are shown in the following Scheme 1. 

The l3C part of the sequence is the simple spin echo procedure composed of a relaxa­
tion delay-90-,-180-,-data acquisition. This sequence gives the formation of an echo after 
the 2 , period. All C resonances are shown in CSE spectrum. However, in the GASPE se­
quence 'H irradiation is gated on, coincident with the 180° I3C pulse. This causes a modula­
tion of the intensity of the echo magnitude dependent on the scalar coupling constant J 
between C and corresponding H. This modulation can be used to identify resonance multi­
plicity. Generally eight GASPE and one CSE spectra are acquired to achieve the GASPE 
NMR editing. The GASPE(,) acquired are: GASPE (1I4J), GASPE (1I2J), GASPE (3/4J), 
GASPE (l/J), GASPE (5/4J), GASPE (3/2J), GASPE (7/4J), GASPE (2/J). 

GASPE 
18 

CSE 
18 

Relaxation Delay 

90° lSOO 

Data Acquisition 

Scheme 1. I3C Spin Echo pulse sequence. In combination with the upper lH decoupling yields a GASPE sequence 
while combined with the lower lH decoupling Yields a CSE sequence. 
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To obtain selected multiplet spectra the following summations were carried out: 

• C == (l/2J) + (3/2J) 
• CH2 == [(CSE) + (2/J) + 2(1/J)] x 0.5 - C 
• CH == 1.414 x [(1I4J)+(7/4J)-(3/4J)-(5/4J)] - [(CSE) + «2/J) -2 (lIJ)] x 0.5 
• CH3 == (CSE) + (2/J) - 2(1/J) - 1.414 x [(1/4J)+(7/4J)-(3/4J)-(5/4J)]. 

Fourier Transform IR (FT-IR) spectra have been recorded on a DIGILAB FTS-15E 
spectrometer in absorbance mode. Each spectrum resulted from the accumulation of 1000 
scans with a spectral resolution of 4 cm·1 in the 4000--600 cm·1 spectral domain. Samples 
were prepared by mixing with spectroscopic grade KBr to obtain a 0.5 % (w/w) asphal­
tene/KBr mixture. Spectra were acquired relative to a pure KBr reference and analysis 
was focused on three regions of the spectrum: 2800-3200, 1500-1800 and 650-950 cm· l • 

A deconvolution technique, using the NeIder-Head algorithm, was applied to evaluate the 
relative intensities of overlapped IR bands. 

EPR spectra were recorded on a Varian E 112 spectrometer operating at 9.2 GHz mi­
crowave frequency and magnetic field modulation of 100 kHz. Asphaltene radical densi­
ties have been calculated by comparison with Varian Strong Pitch signal as standard with 
an error of ± 15%. DPPH (g == 2.0036) was used as the g marker and the microwave fre­
quency was accurately read with a HP 5350 B frequency counter. The EPR resonant cavity 
was a Varian E-231 cavity with operation mode TEI02, equipped with a home-built tem­
perature controller operating in a temperature range from -150°C to 150°C. Asphaltenes 
were introduced in 4 mm EPR tube and then evacuated for at least one hour under rotating 
pump (nearly 10-2 mbar) vacuum before measurement. 

The GPC experiment were performed using a Waters 600 E pump for liquid chro­
matography equipped with a differential refractometer detector Waters 410. A set of six 
Waters ~Styragel columns (300 mm x 7.8 mm I. D.) was used: 2 x 100 A, 2 x 500 A, 1 x 

1000 A, 1 x 10000 A. The sample concentration was 0.1 %w/w, and the solvent flow rate 
was 1 mllmin. The calibration curve was obtained using 2 vanadyl-porphyrins (MW 543 
and 679 daltons) and 2 fractions of a pOlycarbonate of bisphenol A (MW 3650 and 5230 
daltons). The GPC data were acquired and processed with a NEC APC IV Power Matel 
personal computer and a Waters Maxima 825 software. 

Fluorescence studies were carried out on a Perkin Elmer spectrofluorimeter (model 
LS-50B) equipped with a Xenon flash lamp. In addition to the excitation and emission spec­
tra we obtained synchronous spectra both by scanning the range 300-700 nm with a fixed 
wavelength interval (~A. == 3 nm) (the usual Stokes shift between the 0-0 bands in the excita­
tion and emission spectra in polycyclic aromatic compounds) and by scanning the same 
wavelength range with a constant energy difference (~v == -1400 cm· I). Fluorescence spectra 
were recorded at room temperature at a concentration of 5 mg r l in perchloroethylene. 

The XRD data were collected at ambient conditions using Philips equipment with 
monochromatic Cu Ka. radiation (A. == 1.5418 A), step-scan method, divergence slit of 
114°. Typical scan: 28 range == 2°_35°, step == 0.05°, time x step == 20". Data treatment was 
carried using the Siemens Diffrac AT package run on a IBM PC 330 p-75. 

3. RESULTS AND DISCUSSION 

The composition of the seven asphaltenes expressed as percent of carbon (C%), hy­
drogen (H%), nitrogen (N%) and sulphur (S%) from elemental analysis are tabulated in Ta­
ble 1. The oxygen content (0%) is calculated by difference; therefore, caution is needed in 
the interpretation of any trend for the different asphaltenes. 
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Table 1. Elemental analysis and molecular weights 

C H N S 0 H/C 
Asphaltene %w/w %w/w %w/w %w/w %w/w mol/mol Mw 

GE 79.7 6.9 1.1 10.8 1.5 1.04 3100 
BEL 83.9 8.1 1.9 5.3 0.8 1.16 2170 
SAFA 82.4 7.7 1.0 7.7 1.2 1.12 2870 
AL 84.1 7.0 1.0 7.1 0.7 1.00 2301 
BRE 86.9 7.4 l.l 2.1 2.6 1.02 2360 
GA 88.5 7.1 1.0 2.7 0.7 0.96 2140 
VI 90.3 6.1 1.0 1.9 0.8 0.81 1900 

From top to bottom, the atomic H/C ratios, calculated from H% and C%' and S% de­
crease while N% appear very similar for the seven asphaitenes. 

Also GPC molecular weights (Mw) are reported. As previously observed, they can 
not be considered as absolute values but only used to compare the seven asphaitenes. 

3.1. FTIR Spectroscopy 

A typical FTIR spectrum of asphaltenes is shown in Figure 1. The different bands 
were assigned to: 

3100-3640 em'! 
3000-3100 em'! 
2780-3000 cm-! 
1640-1800 cm-! 
1620-1590 cm-! 
915-852 cm-! 
760-730 cm-! 

o 7 

o 6 

o 5 

O-H, N-H stretch; 
aromatic C-H stretch; 
aliphatic C-H stretch; 
carbonyl C=O stretch; 
aromatic C=C stretch; 
aromatic C-H out-of-plane deformation (l adj H); 
aromatic C-H out-of-plane deformation (4 adj H). 

01 /\ I 
oa+-~V , -----..------TI------T'------r,------',-----,.-----

'000 JSOO 3000 2500 2000 1500 1000 

Wavenumbers 

Figure 1. Typical FT-IR transmission spectrum of asphaltenes (GA). 
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Table 2. Molecular parameter from FT-IR 

Asphaltene R nIR (C=O) W 

GE 3.34 6.0 0.44 1.56 
BEL 3.21 4.9 0.34 1.63 
SAFA 3.35 6.2 0.30 1.44 
AL 3.81 5.1 0.29 2.18 
BRE 3.07 2.8 0.19 1.43 
GA 2.52 5.2 0.30 1.45 
VI 2.59 3.8 0.18 2.26 

In particular the bands at 2927 and 2957 em'! were attributed respectively to C-H 
stretch of CH2 and CH3 groups and permitted the calculation of the molar ratio of the two 
groups R = nCH2/nCH3' This ratio is a measure of the lenght of the side alkyl chains, the 
higher the ratio, the longer the side chain. 

From spectra of 20 model compounds (normal and iso-alkanes and alkyl-aromatics) 
a linear correlation between the molar ratio R and the ratio between band intensities at 
2927 cm'! (12927) and 2957 cm'! (12957) was found on the basis of the following relationship: 

R = nCH2 = K 12927 

nCH3 12957 (1) 

where K= 1.243 is the slope of the plot R vs (1292/ 12957) (linear correlation coefficient 
0.996).The molar ratios R are reported in Table 2. They show a similar trend with the av­
erage number of carbon per alkyl side chain n obtained from NMR spectra as described in 
the next section. 

Another important feature in the IR spectra of asphaitenes is the low intensity of sig­
nals in the region 3600-3000 cm·I.This result indicates very low concentrations ofOH and 
NH groups, which are often considered important for asphaltene aggregation via H 
bonds. 7. 

Also, IR band intensities of carbonyl groups (1800-1640 cm'!) are generally weak 
for the asphaltenes. The spectral zone 1800-1600 cm'! was deconvoluted into three bands 
centered at 1700 cm'! for ketones, aldehydes and carboxylic acids; 1650 em'! for highly 
conjugated carbony1s such as quinone-type structure and amides; 1600 cm'! for aromatic 
C=C stretching. The normalized band intensities (intensity in arbitrary units I mg of sam-

Table 3. Normalized intensities ofFT-IR bands in 
1800-1600 cm-! zone 

Asphaltene 1700 em" 1650 em" 1600 em" 

GE 0.09 0.21 0.37 
BEL 0.14 0.31 0.85 
SAFA 0.13 0.13 0.60 
AL 0.10 0.13 0.57 
BRE 0.09 0.10 0.82 
GA 0.24 0.10 0.81 
VI 0.10 0.05 0.72 
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pie) are reported in Table 3. The 1735 cm·1 band of esters is too weak to be determined 
quantitatively and was not considered in deconvolution. 

The intensity ratio 

(2) 

was calculated. It is an empirical index of carbonyl abundances in the asphaltene mole­
cules, with respect to aromatic moieties (Table 2). The parameter trend qualitatively 
agrees with a decrease of carbonyl content in more aromatic asphaltenes. 

Another dimensionless molecular parameter can be obtained from the out-of-plane 
CH aromatic IR bands in the 930--700 cm-I spectral range: 

W = 1915-852 

1760-730 (3) 

where I 915-l!52 is the intensity of aromatic C-H out of plane deformation with 1 adjacent H 
and 1 760-730 the same with 4 adjacent H. The ratio W (Table 2) is related both to the degree 
of condensation and to the degree of substitution.22 In this case the VI asphaltenes have 
higher W values as expected on the basis of their aromaticity as indicated by NMR results 
in the next section while the high W value of AL oil asphaltenes may indicate a greater de­
gree of substitution. 

3.2. NMR Spectroscopy 

IH and 13C_NMR spectra of GA asphaltenes (as general example) are shown in Fig­
ure 2 where the main attributions of different spectral zones are emphasized. The choice 
of the different integration domains for IH-NMR spectra has been largely discussed in lit­
erature. Because of the overlap of signals, IH-NMR spectra have been divided into four 
regions: 

-1.0--1.0 ppm 
1.0--2.0 ppm 
2.0-4.0 ppm 
6.5-9.0 ppm 

y+ CH3 (Hy); 
13+ CH3, CH2, CH (Hp); 
a CH3, CH2, CH (Ha ); 

aromatic CH (HaJ 

The J3C-NMR spectra have been divided into two different integration domains: 

10-65 ppm 
100--170 ppm 

aliphatic C (Cal); 
aromatic C (CaJ 

The main molecular parameters from NMR spectra were calculated according to 
Dickinson's equations lO and listed in Table 4. 

They are the aromatic carbon fraction (fa)' the average number of carbons per alkyl 
side-chain (n) and the percent substitution of aromatic rings (As) for non bridging carbon 
atoms: 
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8 4 o 

100 (ppm) 50 o 

Figure 2. TypicallH (top) and I'C-NMR (bottom) spectra of asphaltenes. Integration domains are indicated. 

where CIS is the percent substituted aromatic carbon 

C _ C" XC,I 
IS -

n 

Table 4. Average molecular parameter from NMR 

Asphaltene t:r n A, 

GE 0.48 6.1 48 
BEL 0.49 5.3 40 
SAFA 0.51 6.S 49 
AL 0.53 4.8 44 
BRE 0.58 3.2 40 
GA 0.60 4.6 35 
VI 0.69 2.7 36 

(4) 

(5) 

(6) 

(7) 
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C1U is the percent unsubstituted aromatic carbon 

(8) 

and C1 is the percent nonbridge aromatic carbon 

(9) 

In the I3C-NMR spectra of all investigated asphaltenes some prominent peaks are 
present due to long alkyl side-chains. The spectral assignment of these signals is the fol­
lowing: 105.106 

14.1 ppm 
close to 23 ppm 

close to 32.7 ppm 

close to 29.7 ppm 

close to 20 ppm 

terminal methyl carbon of chain longer than C3; 
first methylene carbon (-CH2CH3) in long alkyl 
chains; 
second methylene carbon (-CH2CH2CH3) in 
long alkyl groups; 
third or further methylene carbon in long alkyl 
groups (-CH2)n -CH2CH2CH3 ; 

internal methyl groups (-CH(CH3)CH2-) and 
methyl group a to an aromatic ring. 

The relative molar fractions, evaluated from deconvolution of I3C-NMR spectra, are 
included in Table 5. A common characteristic of the spectra is that the intensity of the peak 
at 32.7 ppm is considerably lower compared to the peaks at 14.1 and 23 ppm. Besides, the 
ratios between the latter peaks are nearly one except for the GE asphaltene. 

These peculiarities are probably due to the presence of significant amount of cyclic 
aliphatic structure. The assignments of the prominent peaks is, in fact, strictly pertinent to 
the long aliphatic chains. With aliphatic cyclic structures which are generally substituted 
with branches, the a and ~ methylene groups show a large distribution of chemical shifts 
and they are not prominent peaks but they are part of the large peak centered at 29.7 ppm; 
the methyls (further than 13 position) resonate at the same position as for long chains (14 
ppm). If there are a great amount of aliphatic cyclic structures (with short branches) they 
contribute to the peak of methyls at 14.1 ppm while they do not contribute to the promi­
nent peak at 23 ppm: this seems the case of GE asphaltene. 

Table 5. Relative molar abundance of 13C_NMR peaks 
due to long alkyl side chains 

14.1 23 32.7 29.7 20 
Asphaltene ppm ppm ppm ppm ppm 

GE 0.20 0.13 0.07 0.46 0.14 

BEL 0.12 0.09 0.03 0.55 0.21 

SAFA 0.13 0.13 0.03 0.60 0.11 

AL 0.\1 0.10 0.05 0.47 0.26 

BRE 0.12 0.12 0.05 0.43 0.28 

GA 0.12 0.11 0.02 0.40 0.35 
VI 0.12 0.12 0.05 0.32 0.39 
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Another important feature is that the molar fraction of C at 20 ppm increases for 
more aromatic asphaitenes (GA and VI) because of the increase of methyls in a to aro­
matic rings. 

The molar ratios R from the IR (Table 2) show a similar trend with the parameters n 
from NMR spectra, but for a complete comparison between the two methods it is neces­
sary to estimate the average molecular number of CH3 in the alkyl side chains. 

The interpretation of 13C-NMR spectra for asphaltenes was limited to the division of 
spectral region into aromatic and aliphatic chemical shift ranges in order to obtain the fraction 
of aromatic carbon. To gain insight into CHi (i=0,1,2,3) assignments and the relative abun­
dances in the alkyl side-chains, spectral editing of carbon spectra was accomplished by using 
pulse methods that select carbons on the basis of the number of directly bonded protons. 

Assignment of carbon types has been achieved using the Single Frequency Off-reso­
nance Decoupling (SFORD) technique. 107 Asphaltenes, however, are complex mixtures 
yielding spectra that are largely congested. In this case the SFORD technique is of very 
limited value because of the great overlap of different C multiplets. 

Another spectral editing technique that appeared to be more promising for asphalte­
nes was GASPE, because it was successfully used in quantitative determination of per­
centage abundances of different C group types for liquids derived from petroleum.39 

C 

CH + CH3 

I 

~ 
60 so 40 30 20 10 o 

JlIIIII 

Figure 3. Conventional spin echo spectrum (bottom) and saturated CH2• CH + CH) and C GASPE spectra for GA 
asphaltenes. 
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Some typical GASPE \3C-NMR sub-spectra for the different CHn multiplets of the 
asphaltenes are shown in Figure 3. 

The CH+CH3 sub-spectra are characterized by some prominent peaks in the 10-30 
ppm region due to the different methyl groups, while a broad resonance (confirmed also in 
a DEPT 90° \3C-NMR experiment in which only CH groups are displayed) in the 40-60 
ppm range is due to the presence of different CH groups. To calculate the CH and CH3 

relative intensities we used a chemical shift cut-off at 30 ppm in the CH+CH3 sub-spectra. 
None of the asphaltenes studied showed any aliphatic quaternary carbon signals. The rela­
tive molar fractions (fCHi ) of different CHi groups (Table 6) are defined as: 

(10) 

where i = 0, 1,2,3; no are the moles of aliphatic quaternary carbon C; nCH' nCH2' nCH3 are the 
moles ofCH, CH2, CH3 groups and Ic ' IcH' IcH2' ICH3 are their GASPE 13C-NMRintensity. 

It is interesting to observe that asphaltenes have different CHiCH molar ratios 
(hereafter referred to as Q): Q is nearly I for GE and BRE, while it is nearly 1.6 for 
SAFA, AL, BEL and is more than 3 for GA and VIL. Low Q values are probably due to 
the presence of cyclic aliphatic structure for which the presence of CH groups does not re­
quire two CH3 end groups. High Q values are indicative of the relative abundance of CH3 

group probably due to a significant contribution of methyl group directly bond to aromatic 
carbons. Medium Q values may indicate an intermediate situation between the two de­
scribed. These data provide evidence of a general trend for asphaltenes to have a major 
contribution of CH3 groups in the alkyl side-chains according to their maturation. 

From GASPE 13C-NMR (fCH3) and 'H-NMR (n) data an average molecular methyl 
number (fiCH3) per side chain can be calculated: 

(11) 

An average number of carbon per alkyl side-chain (nIR ) can be now evaluated: 

(12) 

where R was defined in equation (1). The assumption that the molar ratio R is equal to the 
ratio between the number of CH2 and CH3 groups in the average side chains was used in 
equation (12). In Table 2 nIR values are reported and they are in good agreement with the n 
values obtained from NMR (Table 4). 

Table 6. CHi abundances from GASPE 13C-NMR 

Asphaltene fc fCH fCH2 fCH3 Q 

GE 0.20 0.57 0.23 1.15 
BEL 0.13 0.65 0.22 1.69 
SAFA 0.13 0.65 0.22 1.69 
AL 0.14 0.64 0.22 1.57 
BRE 0.21 0.58 0.21 1.00 
GA 0.11 0.56 0.33 3.00 
VI 0.11 0.50 0.39 3.54 
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Figure 4. Experimental (top) and simulated (bottom) 13C NMR static spectra ofGA asphaltenes. 

Greater insight into the type of condensation of the asphaltenes has been obtained by 
using solid state 13C-NMR. Under static conditions, the 13C-NMR spectra of asphaltenes 
(Figure 4 shows a typical example) have lineshapes which reflect the chemical shift an­
isotropy (CSA) of the different molecular carbons.44 CSA is much greater for aromatic 
carbons than for aliphatic. 

It is possible to extract the principal values of the CSA second rank tensor from 
NMR static spectra. For this purpose, the 13C-NMR static spectra ofasphaltenes have two 
main limitations: 

• the aliphatic band covers the aromatic a 33 component preventing precise band fit­
ting; 

• the large linewidth prevents any precise quantification of the different carbon li­
neshapes and contributions. 

A qualitative method to gain information about the different aromatic carbon abun­
dances has been derived from the intensity ratio of the NMR band at 170 and 100 ppm 
(hereafter called F). The choice comes from the fact that inner and bridging aromatic car­
bons have an axially symmetric tensor with maximum intensity at nearly 160-190 ppm 
while protonated and substituted aromatic carbons have an orthorombic symmetric tensor 
with maximum intensity in the range 140-100 ppm. So higher F values correspond to 
larger sized polycondensed aromatic rings. In Figure 5 the F values are reported with 
some other model compounds. 

Two main conclusions can be drawn: asphaJtenes of different origin show similar av­
erage aromatic condensation with the exception of VI, which seems to be more condensed; 
the average number of poly condensed aromatic rings is estimated to be between 5 and 7. 
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Figure 5. F values (intensity ratio of 170 and 100 ppm bands from solid state \3C NMR) of the seven asphaltenes 
compared with some model compounds. 

These results suggest that the aromatic clusters are linked in the average molecule 
by some heteroatom and aliphatic linkages, as proposed in literature. 16 

In order to have more insight into the nature of asphaltene aromatic cores the syn­
chronous fluorescence methodology was applied to the VI and GE asphaltenes which rep­
resent the asphaltenes with the greater difference in aromatic contents (Table 4). It was 
suggested '08 that synchronous excitation technique offers several advantages in the analy­
sis of polynuclear aromatic hydrocarbons (PAH), including narrowing of spectral bands, 
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enhancement in selectivity by spectral simplification, and a decrease of measurement time 
in multicomponent analysis. There are two ways to record synchronous spectra: 

1. at fixed interval between excitation and emission (~A, = 3nm) in the case of PAH 
which is the usual Stokes shift between the 0-0 bands in the excitation and 
emission spectra); 

2. at constant energy difference of one vibrational unit93 ,109 which allow to register 
the fluorescence spectra of some PAH which do not exhibit strong 0-0 transi­
tions. 

The first correlation between the structure of a PAH compound and its fluorescence 
spectrum is reflected by the dependence of the energy of the 0-0 band with the ring size ofthe 
compound. The spectrum of cyclic compounds with a larger ring number occurs generally at a 
longer wavelength than for compounds with a smaller ring number. The synchronous tech­
nique can achieve some sort of spectral confinement and we can delimit the following interval 
of synchronous spectra: 260-300 nm: one ring, 300-330 nm: two rings, 340-400 nm: three 
rings (linear compounds have longer wavelength of not linear ones), 380-500 nm: four rings, 
440-520 nm: five rings, 480-560 nm: six rings, 500-600 nm: seven rings. 

Figure 6 shows the constant wavelength difference (~A,=3nm) synchronous spectra 
of the GE and VI asphaltenes which show an envelope of signals between 300 and 600 nm 
confirming the complex nature of aromatic moieties in asphaltenes: the predominant peak 
for GE asphaltenes is at 458 nm while the component at wavelength over 500 nm is a 
shoulder; the same characteristics are shown for VI asphaltenes but the longer wave­
lengths components are at much higher concentration (almost the same intensity for the 
greater peak at 470 nm). The constant energy (~v=-1400 cm· l ) spectra (Figure 7) are simi­
lar to the previous ones with the prevalent peak at 440 nm for GE asphaltenes and at 470 
nm for VI ones. These values of synchronous wavelength found show that the medium 
size of aromatic clusters is of nearly 4-5 for GE and 5-7 for VI. These values are in a very 
good agreement with the size of aromatic clusters found with solid state 13C-NMR as pre­
viously described. 

~ 
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nm 

Figure 6. Constant wavelenght difference (t.A.=3nm) synchronous fluorescence spectra of GE (top) and VI (bot­
tom) asphaitenes. 
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Figure 7. Constant energy difference (Dov=1400 cm- I ) synchronous fluorescence spectra of GE (top) and VI (bot­
tom) asphaltenes. 

The main molecular characteristics of the seven asphaltenes can be summed up as fol­
lows: when the carbon content increases, the aromaticity and the aromatic core size increase. 
On the other hand, the length of alkyl side chains, the heteroatom content and the molecular 
weight decrease. In other words, the smaller molecular weight asphaltenes are more aromatic, 
contain less heteroatoms (particularly S), and have shorter aliphatic side chains. 

These behaviours are related to the structural characteristics. XRD spectra show a 
strong difference between VI and GE, the asphaltenes with maximum and minimum fa 
(0.69 VI, 0.48 GE). Spectra of other asphaltenes are intermediate between GE and VI. 

XRD spectra of asphaltenes show three characteristic peaks: 

• a peak at 29 about 25.2°, with an interlayer spacing (3.5 A) close to the dOO2 

(3.348 A) of graphite, attributed to a graphite-like structure of condensed aro­
matic rings; 

• a peak at 29 of 18-19°, probably due to aliphatic and not condensed aromatic 
fraction; 

• a third diffraction line, at low angles, with a spacing about 27-30 A, attributed to 
a spatial order of the graphitic nuclei of the asphaltene aggregates. It is detectable 
for VI and generally for the more aromatic asphaitenes. Besides more intense the 
graphite line at 25.2°, more intense and defined is the low theta diffraction line. 

This is a clear indication that asphaltene tendency to aggregate in solid state depends 
on the molecular characteristics. More aromatic asphaltenes with fewer and shorter ali­
phatic side chains have a greater tendency to aggregate in structures of stacked layers with 
a short range spatial order. 

3.3. Electron Spin Resonance Spectroscopy 

EPR spectra of asphaltenes show the signals of paramagnetic V02+ cations in por­
phyrin or non porphyrin structures and of organic free radicals. The GA spectrum is re­
ported in Fig. 8 as an illustrative example. V(IV) as vanadyl porphyrin, shows anisotropic 
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Figure 8. Typical EPR spectrum, recorded at 293 K, of a powdered sample of asphaltenes (GA)_ VO'+ porphyrin 
signal is shown in the bottom spectrum. Free radical signal and the m,=-112 perpendicular hyperfine line of V are 
pointed out with a smaller scan range (top). 

lines (~I = 1.965; g.L = l.985) with hyperfine structures (~I = 168.5 gauss; A.L = 56.5 
gauss) due to the tetragonal symmetry of the five coordinate square pyramidal vanadyl 
complex. 

The radical signal is isotropic. Owing to the lack of hyperfine structure the only 
structural parameters are g-factors, lineshapes and linewidths. 

3.3.1. Linewidth and Lineshape. Peak to peak separations of the EPR derivative 
peaks (~Hpp)' full widths at half-height in EPR absorption peaks (~H'I2) and the lineshape 
ratio R, = ~HI/2 /~Hpp are reported for all samples in argon, air or pure oxygen atmosphere 
(Table 7). There are small differences between the seven asphaitenes. Line shapes are in­
termediate between Gaussian, R, = 1.18, and Lorentzian, R, = 1.72, and only the oxygen 
partial pressure surrounding the samples slightly affects the linewidth. Unlike kero­
genes,"0 linewidth does not decrease monotonically and R, does not increase at higher 
aromaticity. Moreover linewidth broadening cannot be attributed unequivocally to unre-
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Table 7. EPR parameters of asphaltenes in different atmospheres 

Argon Air Oxygen 

Asphaltene g-value L'.H~~ L'.HII2 Rs Ns L'.H~~ L'.HII2 Rs N, L'.Hpp L'.H1/2 R, N, 
GE 2.0034 5.78 8.05 1.39 1.1 5.78 8.05 1.39 104 5.80 8.04 1.39 1.7 
BEL 2.0031 6.21 8.99 1045 2.9 6.31 8.99 1.42 3.2 6.38 9.08 1.42 3.8 
SAFA 2.0032 5.85 8.32 1.42 2.3 5.91 8040 1.42 2.7 5.90 8.36 1.42 3.3 
AL 2.0031 6.37 8.75 1.37 2.6 6.38 8.76 1.37 2.9 6040 8.75 1.37 3.7 
BRE 2.0029 6.09 8.88 1.46 4.2 6.07 8.78 1045 5.3 6.12 8.89 1.45 7.5 
GA 2.0029 5.23 7.38 1.41 2.8 5.12 7.31 1.43 3.1 5.25 7.38 1041 3.5 
VI 2.0028 6.31 9.26 1.47 6.3 6.27 9.26 1048 7.9 6.35 9.50 1.50 9.9 

solved hyperfine structure (in asphaltenes the hyperfine interaction is generally between 
the electron spin delocalized on aromatic 1t orbital and the nuclear magnetic moments of 
H attached to the aromatic C) of the EPR spectrum because no simple relation between 
molecular parameters as As or H/C ratio (Table 1) and L'.Hpp (Table 7) was found. This sug­
gests that in asphaltenes the aromaticity and the different degree of substitution probably 
overlap their effect on the linewidth and the lineshape and that also the different number 
of spins could contribute to line width by dipolar interaction. 

3.3.2. g-Value. The g-value is a parameter sensitive to the chemical environment of 
the unpaired electron although asphaltenes reflect the nature of a mixture of free radicals. 
These radicals are associated with delocalized 1t systems stabilized by resonance in 
polyaromatic centers. 75 The g-values of the seven asphaltenes range from 2.0028 to 
2.0034. They are somewhat higher than those of the aromatic hydrocarbon radical ions 
and increase with the decreasing of fa (Figure 9) and the related carbon content (Table I). 
This indicates that atoms other than carbon and hydrogen are important in the electronic 
structures of the radicals as gleaned from the g-values dependence on the content of het­
eroatoms (Figure 9). 

Requejo et a1. 11o correlated this fact with the level of maturity of kerogens behind the 
assumption that immature kerogens have a higher content of oxygen, nitrogen and sulfur. 
In coal oxygen is believed to be the atom responsible of g-value shift (2.0029-2.0037) ow­
ing to formation of quinone or phenoxy radicals86.94 which partially localize the radical 
wave function on the oxygen. 

Yen 75 suggested a possible nature of asphaltenes radicals for comparison with litera­
ture pure model compounds. He showed that asphaltene g-values are closest to certain 
types of neutral radicals of carbon and nitrogen and are lower than those for the semiqui­
nones. 

As already noted by Petrakis,86 however, comparisons between g-values of radicals 
in solid state with the isotropic g-values of pure compounds must be taken with caution. 
Although sulfur-containing radicals have g-values higher (about 2.0080)111 than those 
found for the seven asphaltenes, the g-shift seems to strongly depend on the sulfur content 
(Fig. 9). Besides, the nitrogen content is nearly the same for all the asphaltenes, except 
BEL, in spite of different g-values and generally oxygen content is lower than in coal. 

As a consequence, it is not possible to define the nature of radicals unequivocally 
but only to note the different level of heteroatoms in the de localized 1t system. In a delo­
calized system, an unpaired electron spends its time on the different atoms; so the higher 
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Figure 9. g-values of the asphaltenes radicals vs. aromatic carbon fraction fa (top) and vs. weight percent ofhet­
eroatoms (bottom). 

the amount ofheteroatoms in the system, the higher the g-value. As g-values of the seven 
asphaltenes increase at increasing heteroatoms content (Figure 9), it means that many of 
them do not form functional groups in the aliphatic or naphthenic parts of asphaltenes 
molecules. 
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Figure 10. Radical content of the seven asphaltenes (expressed as spins/g) vs.aromatic C fraction fa' 
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This result agrees with a previous XANES analysis1l2 which showed that all of the 
asphaltene nitrogen is contained within aromatic rings and is pyrrolic or pyridinic and that 
also most sulphur is aromatic, expecially in thiophene groups. 

3.3.3. Free Radical Concentration. The radical content of the seven asphaltenes, re­
ported as spins/g of asphaltenes (Nr), shows an increasing trend with aromaticity fa (Figure 
10). This is particularly evident comparing the extremes of the series, the most aromatic 
VI and the least GE, but it is not strictly true for all samples (e.g. GA). A similar trend was 
found for other carbonaceus material such as coal94 and kerogens I 10 where it was related to 
the increase in the aromatic core of polynuclear aromatic moieties. 

Considering the values of MW in Table 1, the fractional spin density per molecule 
can be calculated. The values (calculated from spectra recorded in air) range from 0.7 
(GE) to 2.5 (VI) free radicals / 100 asphaltene molecules, similar to the values found by 
Strausz.77 

3.3.4. Saturation. The saturation behaviour of the seven asphaltenes was studied by 
measuring the peak-to-peak amplitude on the first-derivative curves (Ipp) as a function of 
microwave power (P). 

For homogeneously broadened lines the first derivative of the absorption lineshape 
function (Y') is given by: \13 

Y'=_2 Hlt;y2(H-Hr) 2 

1t [1+(H-Hr)2y2t~ +H~y\t2] (13) 

where y is the magnetogyric ratio, H is the variable external magnetic field, Hr is the reso­
nant magnetic field, HI is the maximum amplitude of microwave magnetic field, tl is the 
spin-lattice relaxation time, t2 is the spin-spin relaxation times. Then ~p can be defined as: 

Ipp = 2Y' max (14) 

When the term HI2y2 tl 1z «1, it can be neglected and Ip' is proportional to the inten­
sity of HI or equivalently to the square root of P. When HI2l tl t2 »1, Ipp decreases with 
increasing P (saturation). EPR spectra are usually recorded under the former condition and 
the applied microwave power should be small when relaxation times are long. 

Homogeneous relaxation mechanism occurs when all free radical spins behave as a 
single spin system and have single values of tl and t2. In other words the energy absorbed 
from the microwave field is distributed to all the spins and thermal eqUilibrium of the spin 
is maintained through resonance. In this case the EPR lineshape is lorentzian and the sig­
nal intensity linearly increases with the square root of P until the term HI2y2 tl t2 can be ne­
glected in (13). 

Inhomogeneous relaxation mechanism occurs when each radical species has differ­
ent relaxation behaviours which reflect different molecular structures and/or different in­
teractions with the environment and gives rise to an independent narrow lorentzian EPR 
absorption. All these absorptions add up independently and yield a gaussian-shaped enve­
lope. For inhomogeneously broadened lines Ipp increases monotonically to a limiting value 
with increasing P as the microwave energy is transferred only to those spins whose local 
fields satisfy the resonance condition. 
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The line shapes of the EPR asphaltene radical signals (see paragraph 3.3.2.), are in­
termediate between gaussian and lorentzian and suggest that the relaxation mechanisms 
are not homogeneous, as expected for a complex system with a mixture of free radicals. 

As the differences between the lineshapes of the seven asphaltenes are small, the 
saturation plots were calculated in order to get more information about the relaxation 
mechanisms, related to the radical structure, expecially with regard to the comparison be­
tween the seven asphaltenes. 

Saturation measurements were made over the full range of P up to the maximum 
value of 200 mW. The plots Ipp vs pll2 were calculated after recording EPR spectra in ar­
gon, air, and pure oxygen. They strongly depend both on the nature of the asphaltenes and 
on the gas surrounding the sample as indicated by the comparison of the plots of the ex­
tremes of the series VI and GE (Figure 11) and of the values of microwave power (P max) at 
which Ipp are maxima for the seven asphaltenes (Table 8). The increase of oxygen partial 
pressure gives rise to an increase of the inhomogeneous character of the saturation plots, 
but we can not exclude also a decrease in relaxation times. This leads to the conclusions 
that oxygen interacts with the asphaltene spins and that this interaction is stronger with the 
more aromatic asphaltenes. The nature of this interaction and its relation with the struc­
tural characteristics of the asphaltenes will be thoroughly discussed in the paragraph 3.3.5. 
The saturation plots were also calculated according to other two procedures in order to 
emphasize the differences between the Ipp vs pll2 plots and to point out better some charac­
teristics of them. 
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Figure 12. Plots of normalised amplitude I\, vs. microwave power P in argon (0), air ( .... ) and oxygen (0) for VI 
(upper) and GE (lower) asphaltene radicals. I\, is defined by equation (15). 

The first procedure was similar to that used by Blombergen, Purcell and PoundlO4 

and already applied to carbonaceous pitches by Singer et a1.95 In these plots the normal­
ized EPR amplitude (Rn) is reported vs. P (Figure 12). Rn is given by: 

(15) 

where P n is a power level in absence of saturation and Ippn is the related peak to peak inten­
sity. 

This type of plot points out the effect of the saturation on the EPR intensity. In ab­
sence of saturation Rn = 1 and it is independent on power. When Rn < 1, the EPR line starts 
to saturate and Ipp is not proportional to the square root of P. 

Plots in Figure 12 show that the saturation occurs for all samples also at very low 
microwave power when Ipp seems to increase linearly with pI/2 (Figure 11). This means 
that also in this range of microwave power Ipp is not linearly proportional to the square 
root of P and therefore caution is needed in comparing the intensities of samples with dif­
ferent saturation behaviours. 



102 R. Scotti and L. Montanari 

Table 8. 

Argon Air Oxygen 

Asphaltene P '12 Pmax P II2 p max P'll P max 

GE 2.5 3-3.5 5.0 5 8.0 11-13 
BEL 5.5 6-7 7.5 8-9 18.0 26 
SAFA 3.5 4 5.0 5-6 14.0 16-17 
AL 4.5 5 5.5 7 16.0 30-32 
BRE 5.0 4-4.5 8.0 9-10 26.0 62-68 
GA 4.5 5 7.5 7-8 22.0 48-52 
VI 5.5 5-6 18.0 24-28 80.0 200 

A significant parameter of these plots is P112 ; it is the microwave power values at 
which Rn falls to one-half of its unsaturated value P 112 and the values for the seven asphal­
tenes are reported in Table 8 (the lower values ofP, 0.l-O.2 mW, were chosen as Pn in cal­
culating Rn)' The meaning of P 112 is similar to P max but its precision in order to compare the 
different plots is higher. For the same level of homogeneous lin homogeneous character, the 
higher P 112 (or P rna)' the lower relaxation times, especially t l . In other words, a relaxation 
pathway more efficient occurs. The trends for both P max and PI12 are similar; the values in­
crease from GE to VI and strongly depend on the partial pressure of oxygen. 

Singer et a1. 95 used another particular type of saturation plot, first described by Por­
tis,105 as it is able to emphasize the differences between the plots at high microwave pow­
ers where the degree of saturation is high and to better differentiate between the 
homogeneous and inhomogeneous relaxation mechanisms. 

The ordinate is the product 

(16) 

and the abscissa the ratio 

(17) 

The experimental plots confirm that the oxygen interaction with the asphaltenes gen­
erally increases the inhomogeneous character of the relaxation even if it does not affect 
the lineshapes (Table 7). Besides large values of P max and P 112 correlate with greater inho­
mogeneous character, as indicated by the comparison of VI and GE plots (Figure 13). 

3.3.5. Dependence of EPR Intensity on Temperature and on Oxygen Partial 
Pressure. The oxygen has a great effect on enhancing the absorption intensity at 293 K of 
the asphaltene radicals as indicated by evaluating the spin concentration in argon, air or 
pure oxygen (Table 7). This effect is completely reversible and does not depend on the 
mode of addition of the gas but only on the partial pressure of it. 

The m j=-112 perpendicular hyperfine line of V02+ signal (Figure 8) can be used as a 
reference standard to normalize the amount of asphaltene powder detected in the different 
atmosphere, as V02+ lines remained unaffected by oxygen.77 
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Figure 13. Portis plots in argon (0), air (A) and oxygen (0) for VI (upper) and GE (lower) asphaltene radicals. 
The ordinate and the abscissa are defined by equation (16) and (17). 

The variation of EPR line-intensity with temperature was investigated in argon and 
pure oxygen. The results are reported for VI and GE (Figure 14). 

In argon VI and GE radicals behave as paramagnetic molecules with S = liz (dou­
blet); there is a linear dependence of the reciprocal of EPR intensity on the absolute tem­
perature (Figure 14) according to the Curie-Weiss law (the correlation coefficients are = 
0.9989 for VI and = 0.9837 for GE): 

C' 
1=-­

d T +"i} (18) 

where Id is the EPR intensity for doublets, C' is a constant, T is the absolute temperature and 9 
is an empirical constant expressed as a negative absolute temperature that corrects the tem­
perature for non-zero intercept (9 = -34 for VI and 9 = -207 for GE). Non-zero intercepts are 
common in solid paramagnetic materials, where intermolecular interactions cause the align­
ment of neighbouring magnetic moments and contribute to the value of the intercept. I'6 

In oxygen the variation of the EPR intensity is dramatically different and does not 
follow the Curie-Weiss law (Figure 14). The increasing absorption with increasing the 
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Figure 14. Variation ofESR line intensity with temperature in argon (.) and pure oxygen (0) for VI (upper) and 

GE (lower) asphaltene radicals. 
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Figure 15. Linear dependence of the reciprocal of the ESR intensity on the absolute temperature for VI (0) and 
GE (0) asphaltene radicals in argon. The intercepts between the calculated straight lines and the abscissa indicate 
the values of the empirical constants 8 (8=-207 for GE and 9=-34 for VI). 
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temperature is typical of a system with radical pairs where an appreciable interaction be­
tween unpaired electrons give rise to diamagnetic singlet ground levels and thermally ac­
cessible magnetic triplet. 117,1J8 

Assuming that the singlet-triplet states are present in addition to doublets according 
to Yen and Young,76 the curves containing both temperature dependent processes have 
been simulate and the singlet-triplet separation energy J calculated. 

The population of the triplet states (Nt) depends exponentially on the absolute tem­
perature according to the Boltzmann factor: 118 

J h N oc 3exp(--st_) 
t kT (19) 

where Jst h is the singlet-triplet separation energy, h is the Planck constant and k is the 
Boltzmann constant. The relative population of the triplet states is: 

3exp(- Jsth ) 
Nt _ kT _ 3 

Ns+Nt -1+3exp(-~*) - 3+exp(~*) 
(20) 

where Ns is the population of the singlet states. For a given population the EPR intensity 
depends on the reciprocal of the temperature (Curie law). So the intensity of the absorp­
tion of the triplet states It can be written as: 

A 1 
It =- (J h) 

T 3+exp ~~ 
(21) 

where A is a constant. 
Assuming that singlet-triplet states are present in addition to doublets according to 

Yen and Young76 the total EPR intensity I in oxygen is given by: 

(22) 

where Id is the intensity of the absorption of the doublet states and C" is a constant. 
The curves Idt vs T were simulated for VI and GE (Figure 16) according to relation 

(22) and the singlet-triplet state separations Jst were calculated with a least square method. 
The calculated values are: GE: A = 3,609; C"=142 ; Jst = 326 cm·1 and VI: A = 42,112; 
C"=151; Jst =463cm· l • 

In order to fit better the experimental trends, the doublet part of (22) was actually 
simulated according to Curie-Weiss law as in (18). 

The calculated empirical constants are {} = -95 for VI and {} = -68 for GE). 
The best fits qualitatively agree with the experimental points but the results are quite 

satisfactory only for GE. The assumption of a single value for the singlet-triplet separation 
in complex systems as asphaJtenes is a strong approximation as it is strictly true for crys-
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Figure 16. Simulation of the variation of ESR line intensity with temperature in pure oxygen for VI (upper) and 
GE (lower) asphaltene radicals according equation (22). (0) are the experimental points. 

tals and pure compounds. In GE asphaltenes, radical pairs formation is much lower than in 
VI, and the trend Idt vs T can be simulated like a single singlet-triplet states. The calcu­
lated Jst is very similar to the values calculated for other asphaltenes77 and correspond 
quite well to a long-range interaction between free spins, according to the apparent ab­
sence of fine structure in EPR signal. In VI asphaItenes, the formation of radical pairs is 
very high as results from the trend of the EPR intensity. The superposition of singlet-trip­
let states with different separation energies precludes properly simulating the curve. 

The dependence of EPR intensity on temperature and the saturation of the lines by 
increasing microwave power show a reversible interaction of the molecular oxygen with 
the asphaItenes. In oxygen EPR intensity does not follow the Curie law as it does in argon. 
This oxygen "effect" is completely reversible and it is stronger with more aromatic as­
phaltenes. The easy reversibility after evacuation of oxygen and the line shape and the 
linewidth unaffected or only slightly affected by 02 partial pressure exclude the formation 
of a permanent strong bond. 

These results indicate a spin interaction with physically adsorbed oxygen, as already 
suggested for carbon and chars.93 Such an interaction between aromatic molecules and 
molecular oxygen is known and has been theoretically studied1l9 for smaller molecules 
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like benzene, which form a kind of complex oxygen-molecule bonded by a weak Van der 
Waals force. The formation of radical pairs occurs only after interaction with molecular 
oxygen. In addition to them also uncoupled radicals are present at the same time. Spin­
spin interaction gives rise to diamagnetic singlet states and thermally accessible magnetic 
triplet states. This interaction superimposes its effects on the temperature dependence of 
EPR intensity to the noninteracting spins which behave as doublets and follow the Curie 
law. The apparent absence of fine structure of the triplet states is probably due to the in­
clusion of 0 ~ 1 and -1 ~ 0 transitions in the line width because of a large distance be­
tween the free radical sites in the radical pairs/8 confirmed by the values of the calculated 
singlet-triplet separation Jsr At lower temperatures the radical pairs are mainly in singlet 
states and the EPR line is due to doublets. At higher temperatures most of radical pairs are 
in thermally accessible triplet states. 

Saturation plots depend on the relaxation times but cannot give unambiguous and 
separate information about tl and t2 owing to the term in the denominator of equation (18) 
and to the intermediate behaviour between inhomogeneous and homogeneous broadening. 
Even if it is not possible to discuss the detailed ralaxation mechanism, the plots show that 
oxygen interaction strongly affects them. In spite of slight differences in the line widths (Ta­
ble 7), the inhomogeneous character increases (Figure 13) with increasing oxygen partial 
pressure. The shift towards higher power values of P max and P 112 does not preclude that also a 
more efficient relaxation pathway of the radical excited state with a variation in relaxation 
times occurs. In any case such an interaction is more important for more aromatic asphalte­
nes. The saturation plots in Ar show a slight difference that cannot depend on the atmos­
phere surrounding asphaltenes and have to be related to the nature of them. The differences 
cannot be explained as in carbonaceous pitchs with the increase of radical size and concen­
tration, fewer protons and a greater electron delocalization.95 These characteristics should 
result in strong exchange or dipolar interactions and a narrowed EPR line with Lorentian 
shape and homogeneous behaviour. However, these spectroscopic parameters vary slightly 
for the seven asphaltenes in Ar and generally in reverse order to that expected. Also in Ar, 
P max and PI12 increase with aromaticity and the radical amount (Tables 7 and 8). We suggest 
that when no interaction with oxygen occurs, the saturation plots depend on a relaxation 
pathway that involves intermolecular interaction between aromatic layers as already seen in 
kerogens"O and coal macerals.86 The tendency to aggregate in graphite-like structure of 
stacked aromatic rings increases with aromaticity. In these structure there is an overlap be­
tween the 7t electronic states of adjacent molecules that could lead the radical to hopping 
from the host molecule to an adjacent one. This interaction is not due to an overlap of wave 
functions of adjacent radicals, as indicated by the absence of spectroscopic evidence of ex­
change processes. As already seen, only when oxygen adsorbs on asphaltenes surface there 
is a coupling of radicals. An indirect confirmation of intermolecular interactions comes 
from the following example. BRE asphaltenes coprecipitated together with long chain 
waxes. Their saturation plots (in air) after elimination of waxes has P max= 9-10 and PI12 = 

8.0, as reported in Table 8, higher than the values before the elimination P max = 6 and PI12 = 
4.5. As the aromaticity of asphaltenes molecules does not change after waxes elimination, 
the differences is more likely due to less ordered stacked structures in presence of waxes. 

It was observed that oxygen has a great effect on enhancing the absorption intensity 
at 293 K (Table 7). The plots EPR vs. temperature (Figure 14) shows that the trends are 
actually much more complex and also depend on the nature of the asphaltenes. First of all 
different saturation behaviours make difficult the comparison of the EPR intensity of the 
same asphaltene radicals in different surrounding atmospheres owing to the inhomogene­
ous broadening and lower relaxation times in oxygen. Also at higher temperature the trip-
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let states can explain the oxygen effect on enhancing the intensity as the intensity of the 
triplet is higher than that of the doublet. 120 According to these considerations the intensity 
of GE radical are higher in oxygen than in argon. The trend is different for VI radicals; the 
formation of radical pairs in oxygen is such that at lower temperatures, when the radical 
pairs are mainly in diamagnetic singlet states, the amount of residual doublets is lower 
than in argon at corresponding temperatures. 

4. CONCLUSION 

The molecular features which differentiate the asphaltenes from the seven crude oils 
have been investigated by a multidisciplinary and analytical characterization. The internal 
consistency and the interdependence of the parameters, mainly obtained by FT-IR and NMR 
techniques but compared with the experimental results by other techniques (elemental analy­
sis, fluorescence), have been shown. A relation between the molecular characteristics and the 
structural behaviours investigated by powder X-Ray Diffraction (XRD) was also found. 

The seven asphaltenes of different origin show a significant trend in molecular struc­
ture with increasing carbon content, which can be summed up as follows: more aromatic 
asphaltenes have shorter average length of aliphatic side chains, higher average aromatic 
core size and lower heteroatom content. These trends have interesting implications in the 
asphaltene tendency to aggregate. Particularly more aromatic asphaltenes have a more 
pronounced tendency to aggregate in graphite-like structures of condensed aromatic rings 
and also show a spatial order of the graphitic nuclei of the asphaltene aggregates with a 
spacing about 27-30 A. 

The average number of poly condensed aromatic cluster are less than eight for all as­
phaltenes. On the basis of this result, the average asphaltene molecule is better represented 
by isolated clusters of polycondensed groups consisting of between 5 and 7 rings jointed 
by aliphatic and heteroatom bridges. 

The l3C GASPE NMR technique gives clear evidence of the presence of CH groups 
in the asphaltene aliphatic chains, which are not easily observed with conventional NMR 
because of the broadness of their absorbance. The presence of condensed aliphatic cyclic 
structures is inferred from the abundance of CH groups compared to the CH3 • The ali­
phatic cyclic structures are more present in more aliphatic asphaltene, while they tend to 
disappear in more aromatic ones. 

Continuous wave EPR spectroscopy was utilized to study asphaltene free radicals, 
which behave as probes of the the molecular and structural characteristics of the asphalte­
nes, as the large molecules environment strongly influences the radical magnetic properties. 

Magnetic properties of unpaired electrons of asphaltenes radicals are sensitive to the 
chemical environment and to the aggregated structure of the asphaltenes themselves. 

The g-values of the EPR signals of petroleum asphaltenes show that heteroatoms 
play an important role in the electronic structures of the radicals even if it is not possible 
to define the nature of radicals unequivocally but only to note the different level of het­
eroatoms in the delocalized 11: system. 

The evolution of EPR intensities with the microwave power and with temperature 
turn out to be dependent on molecular nature of asphaltenes and on the presence of an 
oxygen atmosphere. In particular in a nonparamagnetic gas the electron spin relaxation 
mechanism seems to be caused by an exchange mechanism between adjacent molecules. 
Moreover oxygen molecules appear to interact in a stronger way with more aromatic as­
phaltenes and this interactions causes the appearance of singlet-triplet states in place of 
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the original doublet states. The dependence of EPR intensities in argon gas on temperature 
follows the Curie law and confirms that even at high spin densities the free radicals don't 
produce coupled state (triplet-singlet states). 

The hyphothesis assumed to explain the EPR relaxation mechanism agreed with the 
higher ring number condensation found in aromatic asphaltenes. 

LIST OF SYMBOLS 

A constant in relation (17 ); 
~ I hyperfine coupling parallel to a symmetry axis; 
A.l hyperfine coupling perpendicular to a symmetry axis; 
As average percent of substitution of aromatic carbon; 
C' constant in Curie-Weiss law, relation (13 ); 
C" constant in relation (17); 
C% percent ofC (w/w%); 
Cal I3C-NMR intensity of aliphatic carbon; 
Car I3C-NMR intensity of aromatic carbon; 
CI percent of non bridge aromatic carbon; 
CIS percent of substituted aromatic carbon; 
C IU percent of un substituted aromatic carbon; 
(C=O) empirical index of carbonyl abundances from FTIR; 
fa aromatic carbon fraction; 
fCHn relative molar fractions of different CHi groups (i = 0, 1,2,3); 
F intensity ratio of 170 and 100 ppm bands from solid state NMR; 
~ I g component for H parallel to axis of symmetry; 
g.l g component for H perpendicular to axis of symmetry; 
h Planck constant; 
H variable external magnetic field; 
H% percent ofH (w/w%); 
HI maximum amplitude of microwave magnetic field; 
Hr resonant magnetic field; 
Ha IH-NMR intensity ofH in a CH3. CH2, CH; 
H~ IH-NMR intensity ofH in ~+ CH3 CH2, CH; 
Hy IH-NMR intensity ofH in y+ CH3; 
Har IH-NMR intensity of aromatic H; 
HlC atomic ratio of C and H; 
Ic GASPE I3C-NMR intensity of aliphatic quaternary carbon C; 
ICH GASPE 13C-NMR intensity ofCH groups; 
ICH2 GASPE 13C-NMR intensity ofCH2 groups; 
ICH3 GASPE 13C-NMR intensity of CH3 groups; 
Id EPR intensity for doublets; 
Ipp peak-to-peak amplitude on the first-derivative curves; 
Ippn peak to peak amplitude related to P level in insaturated regime; 
Ixxxx intensity of a particular IR band (xxxx is the value in cm·I); 
J scalar coupling constant between C and corresponding H; 
Jst singlet-triplet separation energy (cm·I); 
k Boltzmann constant; 
K angular coefficient in relation (1); 
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quantum number for the z component of the nuclear spin angular momentum; 
average number of carbon per alkyl side chains from NMR; 
moles of aliphatic quaternary carbon C; 
moles ofCH; 
moles of CH2; 

moles ofCH3; 

average methyl number per side chain; 
average number of carbon per alkyl side-chain from FTIR; 
percent ofN (w/w%); 
radical content (spins/g) from EPR; 
population of the singlet states; 
population of the triplet states; 
percent ofO (w/w%); 
microwave power; 
P value at which Rn falls to one-half of its unsaturated value; 
value of P at which Ipp is maximum in a Ipp vs pll2 plot; 
power level in the insaturated regime; 
molar ratio ofCH3 and CH groups from GASPE 13C-NMR; 
molar ratio of CH2 and CH3 groups from FTIR; 
normalized EPR amplitude according relation (20); 
EPR lineshape ratio; 
spin quantum number; 
percent ofS (w/w%); 
spin-lattice relaxation time; 
spin-spin relaxation time; 
absolute temperature; 
first derivative of EPR absorption lineshape function; 
ratio of aromatic C-H with I an 4 adjacent H from FTIR; 
magnetogyric ratio; 
full width at half-height in EPR absorption peak; 
peak to peak widths ofEPR derivative peak; 
empirical constant in Curie-Weiss law, relation (13); 
wavelength; 
frequency; 
chemical shielding principal component; 
delay time. 
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1. INTRODUCTION 

Asphaltene represents the most refractory fraction of petroleum liquids. It is defined 
by the solubility in alkyl solvents, such as pentane or heptane [1,2]. For example, heptane 
asphaltene is defined as the fraction in the petroleum liquid that is insoluble in heptane but 
soluble in toluene. 

The importance of asphaltene in the petroleum industry is through its negative im­
pact on various petroleum operations, such as exploration, production, transportation, and 
refining [3-11]. In exploration, asphaltene may alter the flow phase of the reservoir; in 
production, it may plug the wellbore; in transportation, it may precipitate, and eventually 
clot up the pipeline; in refining, it hinders the refining yield. These are well known phe­
nomena experienced during many years of operations and/or processes. 

Many of the problems described above are related to a fundamental characteristic of 
asphaltene--the strong self-association propensity [1,2,8-11]. Apparently, the solubility 
defined asphaltene fraction has certain physical characteristics that lead to its insolubility 
in heptane (or pentane). These characteristics may also lead to their self-association, floc­
culation, sedimentation, and precipitation in an organic environment or along the opera­
tion/process streams. The importance of the self-association of asphaltene can be easily 
understood in practical applications where flocculation and precipitation of asphaltene are 
costly stumbling blocks. Mansoori [5,6] has been working on the subject of "arterial 
blockage", both experimentally and theoretically. Many valuable results have been pro­
duced by his group, giving us a good understanding on asphaltene or asphaltene/wax 
blockage phenomena. Much of his work is related to the fundamental characteristics of as­
phaltenes, since the self-association of asphaltene is the early stage of arterial blockage. 
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In order to avoid or resolve the problems caused by asphaltene, or even make use of 
its characteristics, one needs to have a good understanding of these phenomena at the mo­
lecular level. In this chapter the characteristics of asphaltene will be discussed. The start­
ing point is naturally the self-association phenomena, a readily observable experimental 
phenomenon resulted from combination of its many molecular properties [12-16]. Since 
the self-association of asphaltenes may differ from the conventional micellization process 
of surfactants, asphaltene aggregates will be used in this chapter instead of asphaltene 
micelles. 

From statistical mechanical theory point of view, information about each fundamen­
tal property (generally represented by a parameter) that is involved in the self-association 
process should be reflected in the aggregate structure, size, polydispersity, and growth 
characteristics. These properties can thus be identified and characterized through examina­
tion of the aggregate size, shape, polydispersity, as well as their responses to chemical, 
electrical and/or mechanical perturbation. Having this concept in mind, one can design a 
logical approach to uncover the self-association process by studying the static and dy­
namic structure of the aggregates under various physical conditions. 

Many research reports have shown that the asphaltene aggregates are on the colloi­
dal length scale [17-31], far smaller than the length scale of many classical experimental 
probes. Thus, the techniques used should have probes comparable to the colloidal length 
scale, in order to accurately determine the structure and other statistical mechanical pa­
rameters of the asphaltene aggregates. There are many direct and indirect spectroscopic 
methods available, among them the small angle neutron scattering (SANS) and small an­
gle X-ray scattering (SAXS) are the most suitable techniques from the length scale and 
resolution point of view. Both techniques are readily available, superb in resolution, and 
the statistical mechanical theories for data analysis are mature. More importantly, both 
techniques can be applied for in situ measurements which open up the possibility for ki­
netic study. 

In addition to the structural studies, other characteristics of asphaltene should be in­
vestigated in order to map out a complete picture. These include its (1) surface properties 
(2) interfacial properties (3) short range bulk properties and (3) long range bulk properties. 
All these properties are closely tied with petroleum processing. For example, the relevant 
petroleum operations/processes to asphaltene surface and interfacial properties are caustic 
wash, residue wash, tar-sand separation, oil recovery, oil emulsification and de-emulsifica­
tion, etc. The short range bulk properties are related to the inter-asphaltene short range in­
teractions which result in self-association, flocculation, sedimentation, and precipitation 
processes. The long range bulk properties are important for oil-in-water emulsion and can 
regulate the emulsion stability. 

The surface and interfacial properties were discussed in an earlier book chapter [11] 
and in many articles [32-43]. They will not be discussed here. In this chapter the focus 
will be on the bulk properties. Four major subjects will be discussed. The first part will be 
devoted to the colloidal structure of asphaltene aggregates, including their size, shape and 
polydispersity using SANS. In this study, short range interactions are involved while the 
long range interactions are less important. A brief description of the schemes for unambi­
guous analyses of the scattering data will be given. The second part makes use of hydro­
chloric acid (HCI) as a polar probe to "measure" the molecular packing of the asphaltene 
aggregates (through forming asphaltene/HClltoluene water-in-oil asphaltene emulsions). 
This process involves both long and short range interactions, along with the interfacial 
characteristics. This study sets a base for the molecular dynamic simulation study to be 
presented in the last part. The third part is a phase separation study, measuring the kinetics 
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along the phase separation path. It is essential for many petroleum processes, such as pro­
duction and transportation. The last part is a molecular dynamic simulation study for as­
phaltene self-association in toluene. This simulation makes use of all analytical data 
obtained from the previous experiments to identify the impact from each thermodynamic 
parameters on the self-association process. A scenario, based on the results from these four 
studies, is proposed for asphaltene self-association, flocculation and sedimentation proc­
esses. 

2. REVIEW 

Asphaltene self-associates has been reported long ago [7,17-23,25--29]. For many 
decades, this self-association phenomenon was investigated through rheological experi­
ments [7,17,25-29,44-46]. Since rheological experiments represents a macroscopic ex­
perimental method, it should be good for the macroscopic length scale only. This is 
equivalent to saying that the conclusion drawn from the rheological experiments should be 
reconciled or validated, at least from a more rigorous scientific point of view. 

Dwiggin performed the first solid X-ray experiment exposing the molecular inside 
of asphaltene in solid state [47, 48]. He concluded that asphaltene does exhibit cluster-like 
structure. Since the experiments were performed in the solid phase the self-association of 
asphaltene in petroleum liquids is still obscure. More concrete evidence was later obtained 
through surface tension measurements [39-43] and micro-calorimetric study [49]. These 
experiments, together with the fractal structural studies, provide direct evidence of asphal­
tene self-association and their fractal growth in organic solvents. These experiments more 
or less confirm the prediction of the asphaJtene structure on various length scale proposed 
by Yen [20]. While these experiments confirm Yen's structural model, a more fundamental 
question arises-what are the relevant thermodynamic or statistical mechanical parame­
ters? This has been the most difficult question to answer. It not only requires many tech­
niques to synergistically reveal all characteristics of such a complex system but also needs 
sophisticated modeling work to map out accurate scenarios. 

In fact, the reported studies on the aggregate structures, which carry most of the 
thennodynamic and statistical mechanical infonnation, differ from study to study. For ex­
ample, the shape of the asphaltene aggregates in organic solvents has been reported as 
sphere [24,31], disks [50,51], and cylinders [52], while high polydispersity of the aggre­
gates appears to be a general consensus. With the shape being in contradiction, an accurate 
statistical mechanical picture of the aggregation mechanism can hardly be established. 
Since all shapes reported are based on scattering methods and analyzed using presumed 
structural models, it is extremely difficult to judge the merit of one analysis scheme and/or 
model from another. In order to surmount this hurdle, constructing a model-independent 
analysis scheme is desperately needed, not only for mitigating the confusion but for re­
vealing the true aggregation mechanism of asphaltene. In this chapter, a model-inde­
pendent method will be introduced and applied to analyze the SANS data. The 
complimentary results on the shape of the aggregates will be compared with the model de­
pendent methods. Hopefully, this non-biased approach will bring better structural informa­
tion about asphaltene and lead to development of practical technology for better petroleum 
operations. 

In the last part of this chapter, computer simulations are presented to accurately map 
out the aggregation process and the structure of the aggregates. Several computer simula­
tions were reported before [53,54] to described the structures. The purposes of these mo-
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lecular dynamics simulation experiments are multi-fold. They can provide a clear aggrega­
tion path and the resulting aggregate structures. In addition, the relevant molecular pa­
rameters, such as molecular structural distribution, effect of the electrostatic interactions 
etc., can be incorporated to examine their influence. However, the simulations require rig­
orous analytical data as input to make the results accurate and convincing. In other words, 
the computer experiments still largely rely on the experimental data which mayor may not 
be accurate. Therefore, the conclusions drawn from the computer simulations may still be 
in jeopardy for a system as complex as asphaltene. 

3. MATERIALS AND EXPERIMENTS 

3.1. Materials 

Two series of asphaltene samples were used for the experiments presented in this 
chapter. They are derived (using heptane) from the Ratawi vacuum resid and the Arabia 
Medium Heavy vacuum resid respectively. The extraction process is standard. A weight 
(resid) to volume (heptane) ratio of I to 40 were mixed under nitrogen for over 8 hours at 
room temperature. The insoluble fraction (asphaltene) was extracted by filtration and 
dried under nitrogen. Prior to each experiment the asphaltene solutions were prepared by 
re-dissolving asphaltene in the proper organic solvents. All solvents used are HPLC 
grades. For small angle neutron scattering (SANS) the solvents used were deuterated to 
enhance the scattering contrasts between aggregates and the solvents. 

3.2. Small Angle Neutron Scattering Measurement 

SANS experiments were performed at two national laboratories, Argonne National 
Laboratory (ANL) and National Institute of Standards and Technology (NIST). At ANL, 
the asphaltene/toluene two-component systems were measured at room temperature. The 
neutrons at ANL are generated from a spallation source. The time-of-flight mechanism 
was used for the SANS spectrometer. By this method, the range of the wave length, A, 
used spans - 0.5 to 14 A. The configuration of the spectrometer was adjusted, together 
with the A range, to cover a spatial resolution, Q (= 41t/A sin(SI2), S is the scattering an­
gle), from 0.008 to 0.35 A-J. 

SANS experiments performed at the National Institute of Standards and Technology 
(NIST) were for asphaltene/toluenelHCI emulsions. They were performed on the specific 
spectrometer, NG-7 small angle neutron spectrometer. At NIST, the neutron beam was 
generated from a 25 MW heavy water reactor. A velocity chopper was used to select a 
mono-energetic neutron group for SANS study, as oppose to the time-of flight used in 
ANL. The A was selected at lOA and the Q range was adjusted to span 0.004 to 0.25 A-J. 

3.3. Conductivity Measurement 

Conductivity measurements were performed using a Hewlett Packard Low Fre­
quency Analyzer (model HP4192A) as well as a simple hand-held static conductivity me­
ter (VWR Scientific Model 2052). The conductivity cell for the HP4192A analyzer is a 
Rosemont glass immersion cell with cell constant equal to 1. The cell consists of four ano­
dized platinum plates to prevent double layer effect near the plates. The sample cell is a 
regular beaker containing 50 ml of sample. The distance between the cell and the beaker 
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wall was kept at 2 cm or wider to maintain the homogeneity of the local electric field. 
Low speed stirring was applied during measurements to maintain the sample isotropy. In 
the frequency range of 5 Hz to 100 kHz, the conductivity remains independent of the fre­
quency. We thus fixed the frequency at 100 kHz. The conductivity was measured as a 
function of asphaltene concentration and as a function of the added pH= 1.0 HCl volume. 
All measurements were performed at T = 25°C. 

3.4. Viscosity Measurement 

The viscosity measurements were performed using a Brookfield low shear rate vis­
cometer with a 0-1000 centipoise working range and a 0.1 % accuracy of the full scale. 
The cell was a cuvette cell, immersed in a temperature bath. The open end of the cuvette 
cell was capped to prevent solvent evaporation. Ratawi or Arabia Medium Heavy (AMH) 
asphaltene/toluene solution was first prepared with known asphaltene concentration. At 
time zero, known amount of heptane was added to initiate the phase separation. The vis­
cosity was measured continuously as the phase separation process proceeds. The measure­
ment was terminated when sedimentation occurs at the bottom of the cuvette cell and the 
viscosity starts to decrease drastically. A viscosity versus time curve was constructed for 
each separation process. Temperature was kept at 25°C through out the experiment. 

4. THEORY 

4.1. Small Angle Neutron Scattering Technique 

Small angle neutron scattering (SANS) is a powerful tool for characterization of the 
suspension structure in the colloidal length scale. Asphaltene aggregates certainly fall into 
this category. SANS detects the momentum transfer (or scattering angle and phase shift) of 
the incident neutrons after interacting with the suspended particles. The wavelength of the 
neutrons used in SANS can be selected from - I to 30 A, which is comparable to or smaller 
than the suspended particles. Thus, the momentum transfer resulting from the neutron-parti­
cle interactions will carry combined information of particle size, shape and inter-particle in­
teractions. SANS measurement gives the scattering intensity as a function of the scattering 
angle (equivalent to the momentum transfer) which carries particle (in this case the asphal­
tene aggregates) structure and their interaction parameters. However, one needs to extract 
these parameters through a proper data analysis. A typical model analysis depends on struc­
tures, polydispersity and interactions between particles. Ambiguity may arise when simulta­
neously extracting these parameters. Thus, caution should be taken whenever models are 
used for analyzing SANS data. Under certain conditions, a model independent analysis 
scheme may be used for limited analysis of the data, such as surface to volume ratio which 
helps identify the particle shapes. Combining the model independent with the model de­
pendent analyses is a more reliable approach and the results are usually unambiguous. In the 
following fundamental structural analysis schemes will be described (4.1.1.). In addition, a 
model independent method for shape analysis will be presented (4.1.2.). 

4.1.1. Model Dependent Structural Analysis. The scattering intensity distribution 
function of a SANS measurement, I(Q), represents the distribution of the scattered neutron 
at a sub tended angle e. Q is the momentum transfer which depends on scattering angle e 
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and wave length by Q=41t/A. sin(9/2). For detailed derivation of the following equations, 
the readers can refer chapter I of Ref. [Ill 

For an isotropic monodisperse suspension system I(Q) can be expressed in terms of 
the structural and interaction parameters as [55-57] 

(1) 

where Np is the number density of the particles (in this case the asphaltene aggregates), ~p 
is the scattering contrast between the aggregates and the solvent, and V p is the particle vol­
ume, P(Q) is the particle structure factor governed by particle shape and size. SeQ) is the 
inter-particle structure factor, governed by inter-particle interactions. Because the samples 
studied here are organic and dilute, the long range interactions can be neglected and S(Q) 
can be taken as unity. However, polydispersity should be taken into account in Eq. (1). 
I(Q) in this case becomes 

where 

f~;P(Q)dVp 
< P(Q»= f 

V:d~, 

(2) 

(3) 

In the model dependent analysis, a particle shape and a size distribution function are 
presumed to fit the experimental I(Q) using Eq.(2). The adjustable structural parameters 
account for particle size, shape, and size distribution function, are extracted through data 
fitting. In many cases, there are too many adjustable parameters used for fitting. This can 
yield ambiguous or physically meaningless results, due to multiple conversions. In order 
to avoid such ambiguity and be able to justify the presumed structures and their distribu­
tion functions, a self-consistent check is often needed. In the following such a self-consis­
tent check method is described. 

This self-consistent check method is based on an assumption--the function of the 
size distribution does not change with increasing asphaltene concentration. Under this as­
sumption, ~p will be independent of the concentration. With this assumption one can pre­
sume a structural model and a size distribution function to fit the data. In the course of 
data fitting, one can lump <Np>, ~p, and <Vp> into a pre-factor, A. After fitting, ~p 
(=AI<Np> <Vp> ) can be calculated using the extracted structural parameters and the pre­
sumed distribution function (see the result section for details). If ~p varies with asphaltene 
concentration, then the presumed distribution is not correct [56], otherwise, it may be an 
appropriate model. One can repeat this process for different structures and size distribu­
tion functions until consistent results are obtained. 

4.1.2. Model-Independent Analysis Scheme. As expressed in the previous section, 
I(Q) is a function of the structural function P(Q) which requires a model in order to pro­
ceed with the analysis. If a model independent analysis is to be used, it can only be ap­
plied at the integrated level of P(Q). This means that some detailed structural information 
will be lost. As a result, the model-independent analysis cannot provide as rich informa-
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tion as the model-dependent analysis, as far as the analysis of P(Q) is concerned. In fact, 
the most reliable parameter that can be obtained from a model independent analysis is the 
surface to volume ratio (SlY) of the asphaltene aggregates. It can help identify the shape 
of the aggregates via comparing with the model-dependent analyses. Mathematically, it 
sets a sufficient condition to reject certain shapes presumed in the model dependent analy­
sis. However it cannot adequately and rigorously determine the shape of the aggregates. 

The starting point of the SlY analysis is the scattering function of an arbitrary object 
at position ~ (see Figure 1). Taking the nuclei's scattering cross section distribution 
within the object as p( ~), then the intra-particle scattering function can be expressed, 

--> 

F(Q) = f dVpCr)eiQ'~ 
v (4) 

The scattering intensity distribution function I(Q) is the total integration of the complex 
conjugate of the intra-scattering function F(Q) 

I(QJ= F(Q)F(Q)* = f dV; f d~p(~)p(~)e -iQ(Fr"i;) 

V, Vj (5) 

If one replaces the scattering cross section correlation between ith and jth nuclei with their 
scattering contrast ~Pij' and assumes the system is isotropic, then the ensemble average of 

the phase factor e -iQ(Fr"i;) becomes sinQr/Qr where r is the distance between two nuclei 
[58]. If one further assumes that the contrast is only realized between the nuclei that form 
the particle and those form the solvent, then one can replace the contrast with the mean 
fluctuation of the scattering length density between the particle and the solvent. With these 
restricted conditions, the I(Q) becomes 

I(Q) = vj 41tr2dry(r) sinQr 
o Qr (6) 

where V is the particle volume and y(r) =< p(~)p(~) > is the so called Debye correlation 
function, representing the average of the product of two scattering fluctuations at position 
~ . Taking the auto-correlation, i.e., r=O, then 

Vy(r= 0) = V(~p)2 = ~ J Q2dQI(Q) 
21t 0 

Figure 1. 

(7) 
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Eq.(7) is the mean fluctuation of the scattering length density, in which the integral 

J Q2dQI(Q) is the "invariant", S, related to the total surface to volume ration (SN). Porod 
o 

[57] made use of this invariant and related it to the total scattering surface S at the large Q 
limit by 

(8) 

Using Eq. (7) and Eq. (8) one can easily derive SN for a homogeneous particle as 

S R.imI(Q)Q4 
- = 1t .:;Q--->-----

V ~ (9) 

As one can see for Eq. (7) and Eq. (9) the structural model of the aggregates is not in­
volved, and SN can be obtained directly from the experimental data I(Q) at the large Q 
limit. 

In the case of asphaitene, the aggregates are not homogeneous, thus, the problem be­
comes very complex if one were to detail all the scattering sites within the aggregates. 
One way to deal with such complication is to approximate the inhomogeneity with a per­
turbed homogeneous approach. 

In an inhomogeneous particle the argument of using the auto-correlation is not 
enough, since there exists contrast between ith and jth nuclei within an aggregate. Thus, 
Eq. (5) should be fully manipulated to account for all contrasts within the particle. An ap­
proximate method is to express the scattering function at the asymptotic Q. In this Q re­
gime one can still regard the small Q range to have constant scattering length density 
without contradicting the SN expression in Eq. (8). With this perturbation approach I(Q) 
can be modified as 

(10) 

The first term is the contribution from the inhomogeneity within a particle. It is a constant, 
representing the non-zero slope, Co' in the Porod's plot (I(Q)Q4 versus Q4). The new 
Porod's plot according to Eq.(lO) should oscillate about the straight line CO Q4+ C4. 

In order to reconstruct the S/V for a inhomoheneous system, a new invariant S * is 
defined as 

(11) 

The approximate surface to volume ratio can be written as 

(~)* =_1t~_~4 
(12) 
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Eq. (12) is the equation used for evaluation of the surface to volume ratio of the asphal­
tene aggregate. In this analysis, only the measured I(Q) is needed. No structure modeling 
will be involved. Once S/V is determined, one can compare with the S/V obtained from 
the model fitting. For example, when one presumes a spherical model to fit the data, the 
surface to volume ratio will be 3/<R> «R>=average radius). For cylindrical particles and 
flat particles it will be 2/<R> and 2/t (t = thickness of the flat particle) respectively. Upon 
each fitting, one can compute S/V using the extracted structural parameters and compare 
with the S/V obtained from Eq.(12). 

4.2. Conductivity and Its Indication 

4.2.1. Molecular Packing of Asphaltene Aggregates. The molecular packing of the 
asphaltene aggregates should in principle differ from a surfactant system, in part due to 
the inhomogeneity of the asphaltene molecular structures. How do asphaltene molecules 
pack in an organic solvent to form aggregates and what is the fundamental structural dif­
ference between the surface and the core of the aggregates? These are two main questions 
yet to be answered. Although colloidal structures are understood to some certain extend, 
the fundamental packing mechanism of asphaltene molecules in an aggregate is still un­
known. 

In this section an indirect method is applied to address this problem. This method 
"measure" the packing using an electrolyte probe--aqueous HCI with pH=l.O. The HCI 
molecules mix with asphalteneltoluene solution to form water-in-oil emulsions. The HCI 
molecules incorporated with the asphaltene aggregates act as a structural probe. When 
small quantity ofHCI are incorporated with this asphaltene solution, HCI will prefer to en­
ter the core of the asphaltene aggregate to avoid the direct contact with the highly hydro­
phobic toluene solvent. When HCI molecules are incorporated within the aggregates, they 
will reside at the polar sites of the aggregates. These polar sites form the basic packing 
scheme of the aggregates. 

Experimentally, one can characterize the packing scheme by measuring the system 
conductivity and its dependence on HCI concentration. This is because the conductivity of 
the HCI carrying asphaltene aggregates will vary in a manner reflecting the distribution of 
the electrolytes residing in the aggregates. However, this argument will fail if the attached 
HCI molecules alters the structures. Therefore, one should verify this method by checking 
if the HCI containing aggregates redistribute upon increasing asphaltene concentration. In 
addition, one needs to construct a phenomenological model to relate the conductivity with 
the molecular packing mechanism. The model can be expressed explicitly as a function of 
the HCI concentration. With the model, one simply measures the conductivity as a func­
tion of HCI volume fraction at a given asphaltene concentration and analyze the data using 
the phenomenological model. 

In the following a simple equation will be derived to relate the conductivity data 
with the intra-aggregate structure. The starting point is a simple system containing two 
identical spherical particles of charge Z and OZ. The chemical potentials of the two parti­
cles at the thermal equilibrium can be expressed as 

2~o = ~z + ~.z (13) 

where Ilo is the chemical potential of a neutral particle. The chemical potentials of the 
charged and the uncharged particles can be expressed 
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flo = fl~ + knT In X" 

flz = fl~ + knT InXz 

fl-z = fl~z + kn T In X-z 

where Xi is the mole fraction of the ith specy. From Eq. (13) to (16) one obtains 

Xz = X~z = Xv exp[_-_Z_2_e_2_] 
2kn T fofr 

E. Y. Sheu 

(14) 

(15) 

(16) 

(17) 

where e is the electron charge and So is the permittivity of vacuum. When an electric field 
E is applied, the current passing through the solution can be written as, 

1= ZeXzVz (18) 

where V z is the velocity of the particle with charge Z. The velocity can be expressed by 
Stoke's equation as, 

v.:: = Fz = ZeE 
(19) 

where 11 is the solvent viscosity. From Eq. (17) - (19), the conductivity a can be obtained, 

a== 
I 
E (20) 

Eq. (20) shows that the static conductivity ofa solution depends on the charges of the sus­
pended particles, their mole fractions, solvent viscosity and the hydrodynamic radius of 
the particle. Among these parameters, the particle charges and the mole fractions are pri­
mary parameters and can be controlled experimentally. The hydrodynamic radius of the 
particles, rh, is a derived parameter from the Stoke-Einstein equation. One thus should 
measure a as a function of one of the primary parameters and relate the conductivity be­
havior to the intra-structure of the asphaltene aggregate using some presumed packing 
models. The parameter we chose is the HCI volume fraction. 

In order to establish a relation between a (the measurable quantity) and the intra­
structure a presumed packing condition is needed. Based on this packing condition one 
can derive its corresponding mathematical expression for a using the primary parameters 
which one can vary experimentally. With the formula and the presumed packing condi­
tions, one can analyze the experimental data to validate the presumed packing conditions. 
This process provides a sufficient condition to prove the presumed packing condition from 
a mathematical point of view. It is not an adequate condition, unless all packing conditions 
are evaluated and experimentally tested against all controllable primary parameters. Un­
fortunately, only one experimental parameter, the HCI concentration, can be used to vali­
date the presumed packing conditions in this case. Thus, the packing scheme so obtained 
should only be taken as a suggestion. 
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Two monomer packing schemes are presumed here for asphaltene aggregates. In 
both schemes the asphaltene aggregates are assumed to have a polar core. The first one is 
similar to a surfactant based microemulsion droplet (water-in-oil droplet) where the polar 
ends of the asphaltenes (the polynuclear aromatic rings) point inward. When Hel is added, 
these asphaJtenes accommodate the Hel molecules in their polar cores to form a water 
droplet coated with the asphaltene molecules (act as surfactants) and suspended in the 
toluene bulk phase. The droplet responds to the increasing Hel volume fraction with a 
three-dimensional expansion. 

The second packing scheme has asphaltene molecules inter-locked within the aggre­
gates. Because of the wide structural distribution of the monomers, we assume there exists 
cavities within the aggregates. When Hel is added, the Hel molecules reside in these 
cavities. Since the asphaltene monomers are inter-locked, the droplet sizes do not expand 
upon increasing He\. Once the cavity space is filled with Hel, the system can no longer 
take extra He\. At this point, either percolation or phase separation will occur when more 
Hel is added. For these two packing conditions, the solution conductivity behaves differ­
ently as a function of the uptake volume of Hel solution, which provides the basis for 
verification. 

If the packing is like a water-in-oil emulsion, then, the only parameter independent 
of the Hel content is the effective asphaltene head area. It is the area of the polar end of 
the molecules facing inward [59]. Taking this area as aH then aHN Asp (N Asp is the number of 
asphaltene monomers per unit volume) is the total surface area of the polar core per unit 
volume of the sample. Assuming the droplets are spherical, then the total volume fraction 
of the disperse phase is 

and the total surface area S is 

or 

4 
<I> =-1t r3 ND 

3 

S = aH N Asp = 41t r2 N D 

2 aH NA.<p 
r = 

41tND 

(21) 

(22) 

(23) 

where ND is the number of droplets per unit volume of the solution. Since the total charges 
of an aggregate is proportional to the added Hel volume (i.e., Ze - <l>jND), one can substi­
tute Eq. (17) - (19) and Ze into Eq. (20) to get 

(24) 

or 

(25) 
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where K is a proportional constant containing aH, N Asp and 11. These three parameters were 
kept constant in our study. Eq. (25) can be used to examine if the packing is similar to a 
water-in-oil emulsion. This can be done by plotting cr/$w2 as a function of $ (=$w +$asp). If 
a linear relation is not shown, this model is incorrect, otherwise, it may apply. 

On the other hand, if the asphaltene molecules are inter-locked within the micelles, 
the movement of the molecules within an aggregate would be rather difficult. No re-distri­
bution of the droplets is expected to occur when HCl is added. In other word, the sizes of 
the droplets (rh in Eq. (20)) would remain constant. In this case, the conductivity will de­
pend only on the number of charges (or the volume) of the added HCI solution, or 

(26) 

This packing condition can be checked by plotting cr as a function of $w2• 

4.2.2. Percolation Mechanism. As the added aqueous phase saturates the polar sites 
and the cavities, either the asphaltene aggregates percolate to accommodate more aqueous 
phase or phase separation will occur. If percolation occurs, one can adopt the theory de­
veloped by Grest et al. to identify and characterize it [60]. They derived a set of simple 
equations to describe the percolation of a water-in-oil emulsionlmicroemulsion that con­
tains water droplets, 

ooc(<l>,.-<l»~ for <l»<l>c 

ooc(<l>-<l>J-s for <l><<l>c (27) 

where J..L and s are percolation exponents and are considered universal for many water-in­
oil microemulsions. In the case of asphaltene/HCl/toluene it is expected to differ from this 
theory. Details are discussed in the discussion section. 

4.3. Viscosity and the Kinetics of Asphaltene Phase Separation 

The intent of using low shear viscosity measurements for a phase separation study is 
to derive a simple viscosity equation that can be used for detecting the kinetic process of 
asphaltene phase separation. This is similar to the measurement of the size evolution of 
the laser ring to track the spinnodal decomposition process. In petroleum phase separation 
involving asphaltene, the first stage is the flocculation, and followed by sedimentation and 
precipitation. The flocculation stage is the most important stage giving a warning sign of 
the resulting sedimentation. It is also the stage where the dispersion phase remains in the 
solution and an analytical formulation can be derived without involving the dynamic 
change of dispersion concentration. 

The viscosity equations to be derived here will be for the flocculation stage only. 
The initial condition is a homogeneous asphaltene solution with asphaltene concentration 
above the aggregation onset concentration (there exists asphaltene aggregates). The sys­
tem at this stage is stable and in the equilibrium state with asphaltene aggregates sus­
pended in the bulk phase. When the precipitation process is initiated, either by lowering 
the pressure or by introducing heptane into the asphaltene/toluene solution, the flocs start 
to form and eventually lead to precipitation. 
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Assuming the floes are mono disperse and taking d as the average diameter of an ele­
mental asphaJtene aggregate, by which the floes are formed, the floes radius of gyration 
Rg(t) at time t can be expressed as [61-64] 

(28) 

where f is the fractal dimension of the floc, and N(t) is the number of the elemental aggre­
gates in a flocculate. With the formation of the fractal floes, the volume fraction of the dis­
perse phase is modified from 

1t 
C/> = N(t)-d3 p(t) 

(29) 6 

to 

41t 
C/>eff - N(t)-R:p(t) 

(30) 3 

where pet) is number density of the particles. Let v be the density of the elemental aggre­
gates, the total weight of the disperse phase will be 

and the effective volume fraction of the disperse phase will be 

LJ 
C/>eff = k(8W /v)N(t)! 

(31) 

(32) 

Where k is a proportional constant. Now, taking the simplest form for the relative 
viscosity 11" the Einstein equation, one arrives at 

(33) 

or 

Ji.n{[ll r(t) -1]v} = (2 -1)Ji.n[ N(t)] 
20kW f (34) 

If we further assume the flocculation process is diffusion limited in the concentration re­
gime studied here [65-66] and the process is governed by the Smoluchowski equation, 
then N(t) - t, and Eq. (34) becomes 

Ji.n{[llr(t) -1]v} = (2 -l)Ji.n[t] 
20kW f (35) 
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Eq. (35) is the equation to be used. It provides the fractal dimension when one analyzes 
the viscosity as a function of time according to Eq. (35). 

One should note that the Einstein equation is for hard spheres at dilute concentration 
only. By adopting the Einstein equation we assume the fractal flocs are hydrodynamically 
spherical and the entrapped solvent molecules are static with respect to the asphaltene 
molecules that form the floes. 

A similar equation can be derived for a polydisperse system (the fractal flocculates). 
The average number of micelles in each flocculate, <N(t», in this case can be expressed as 

J N(t)H{N(t)}dN(t) 
< N(t) >= -"----,;-------J H{N(t)}dN(t) (36) 

where H(x) is the size distribution of the flocculates. By taking the Stauffer's argument, 
H(x) can be obtained as [67] 

H[N(t)] = < N(t) >'-2 N(t)' exp[- N(t) ] 
r(2 -'t, I) < N(t) > 

< N(t) > (37) 

Using <N(t» and H[N(t)]one can go through similar exercise to get 

Kd 3 < N(t) >t-2 -t+~+1 ( 3 N(t») 

e f2-'t, 1 f < N(t) > 
<I> 1f(t) = ( ) < N(t) > f f -'t + - + 1, 

< N(t) > (38) 

where r(x,y) is the incomplete Gamma function. Eq.( 11) can then be incorporated into the 
Einstein viscosity equation to get 11 r• Since the distribution function of the flocs are not 
available, the monodisperse model is used in this chapter. 

4.4. Molecular Dynamic Simulation-The Computation Scheme 

As mentioned earlier, the energies involved in the asphaltene self-association proc­
ess are the central parameters yet to be determined, in order to understand the asphaltene 
self-association mechanism. Molecular dynamic simulation provides a good opportunity 
for this purpose. However, before setting up the simulation conditions, the approach 
should be logically designed based on the molecular thermodynamic nature of the system. 

From the thermodynamics point of view, the conventional aggregation or micelliza­
tion processes are largely driven by the hydrophilicity-hydrophobicity imbalance. Other 
energies, such as packing, double layer interactions, etc., often play minor roles only. The 
self-association of asphaltenes appear to be different. This is because asphaltenes are de­
fined based on the solubility which results in a class of materials potentially having very 
different molecular structures among themselves. Their only similarity may be that most 
of the molecules consist of certain degrees of polynuclear aromaticity. These can are re­
vealed in elemental analysis, HIC ratio or in NMR studies. It is thus very difficult to dis­
tinguish a hydrophilic portion from a hydrophobic portion for a given asphaltene 
molecule. Additionally, asphaltenes only self-associate in the organic media with low per-
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mittivities. This is equivalent to saying that the hydrophilicity-hydrophobicity imbalance 
will not be the governing factor, and that the interactions between asphaltene molecules 
are short ranged. In the past decade, experiments, theories and even computer simulations 
have been reported on this issue. Good progress has been made, however, the fundamental 
understanding of the self-association mechanism is still lacking. The main factor is the 
limited understanding of the physical and chemical characterization of the aggregates and 
the kinetic process of the aggregation. 

The difficulty in any simulation is always the same----to accurately mimic the real 
systems. For the simulation appropriate initial conditions must be set up. This requires in­
depth knowledge of the system. In the case presented here, the Ratawi vacuum residue 
(VR) derived asphaltene was chosen because it has been well studied in our laboratory. 
Data regarding its elemental analysis, chemical properties, and physical properties are 
readily available for us, allowing construction of a more accurate molecular structures, 
distribution and the initial configuration of the simulation. 

The simulation consists of 64 asphaltene molecules ranging in size from 3 rings to 
11 rings structures. The ring distribution was based on the Gaussian distribution with the 
peak at the 7 ring structure [68]. Two systems were modeled. One at a concentration of 
0.015 wt % (below the aggregation onset concentration) and the other above it at 5 wt %. 
The size of the cell was chosen to represent the system at the desired densities (concentra­
tions). With the above concentrations, the corresponding cell dimensions are 743.0 A and 
108.8 A, respectively. The molecular dynamic (MD) simulation was performed using 
CERIUS2 [69]. The molecules were placed randomly in the cell using the amorphous cell 
module in the Cerius2 package to define the initial configuration. This was followed by 
energy minimization. During the energy minimization process, the Dreiding force field 
was used to account for both inter- and intra-molecular interactions except the electro­
static ones [70]. A dielectric continuum of 3.5 was used to model the solvent. The Dreid­
ing Force field was not used to compute the electrostatic interactions because it calculates 
the monopole-monopole interactions only. One can still use the Dreiding Force field for 
computing electrostatic interactions, provided the monopole-monopole interactions calcu­
lated can represent a good estimate of the intra-molecular dipole moments. We tested sev­
eral computation packages on this issue. We used charge equilibration, MOPAC6 [71], and 
CHARMM [72] to compute the electrostatic interactions for simple molecules and evalu­
ate the dipole moments estimated. The results were compared with the experimental val­
ues; single ring and double ring molecules were the test cases. MOPAC6 was found to be 
far superior to the other two packages as far as dipole moment representation is con­
cerned. We thus calculated the electrostatic charges using MOPAC6. The MD simulation 
was lasted for 250 pico-seconds (ps) where the system energy starts stabilize. 

5. RESULTS 

5.1. Structure of Asphaltene Aggregates 

5.1.1. Model Analysis. Several presumed structural models and their size distribution 
functions were tested for many sets of SANS data. From the fittings quality, monodisperse 
cylindrical structure and the spherical structure with a Schultz size distribution are two 
good candidates to describe the Ratawi aggregate structure in toluene (see Figure 2). In or­
der to differentiate these two models, the self-consistent check process described in the 
experimental section was used. In this process the contrast of the aggregates should re-
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Figure 2. SANS data fitting using spherical 
Schultz model (solid line) and the monodis­
perse cylindrical model (dash line). 

main unchanged upon increasing asphaltene concentration. The contrasts for spherical 
particle with Schultz size distribution function and for the monodisperse cylindrical parti­
cle are derived in the following. 

The Schultz distribution function is similar to the Gaussian distribution, but with a 
right skewness. The explicit form of the Schultz distribution is 

(z+I)R 

f(R)=[~J'+1 RZe-~ 
<R> rJz+I) (39) 

where r z (x) is the gamma function, <R> and z is a polydispersity parameter, relating to 
the polydispersity as 

.J<R2>_<R>2 1 

< R> .Jz+l (40) 

The contrast term in Eq. (2), ~p, can be derived in terms of the extracted structural 
parameters from the mono-cylindrical model and from the spherical model with the 
Schultz size distribution function. For a monodisperse cylindrical particle of cross sec­
tional radius R and length L, Np can be written as [24,56] 

(41) 

where C is the concentration and K a proportional constant relating concentration to parti­
cle volume fraction. Using Eq.(41) ~p can be expressed in terms ofC, A, R, and L as 

(42) 

where A is the pre-factor used to fit the experimental data (I(Q)=A<P(Q) with A being the 
adjustable parameter in the fitting). For a spherical particle with the Schultz size distribu-
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Table 1. ~p values as function of concentration and temperature 

AsphaJtene 
Temperature = 25 ·C Temperature = 35·C Temperature = 43 ·C 

concentration* t.p (S.S) t.p (M.C) t.p (S.S) t.p (M.C) t.p (S.S) t.p (M.C) 

0.5 5.50 1.52 5.14 1.37 5.17 3.48 
1.0 5.40 1.26 5.03 1.46 5.12 2.89 
2.0 5.54 1.64 5.27 1.92 5.26 2.00 
3.0 5.63 1.64 5.33 1.96 5.42 1.98 
5.0 5.45 1.69 5.30 2.22 5.33 2.14 

*(wt%) 

tion, .6p can be derived by incorporating the Schultz distribution, Eq. (39) into Eq. (2) to 
get [24,56] 

A.[~J3 
.6p= <R> 

C. (z+6)(z + 5)(z+ 4) (43) 

Table I gives .6p values as a function of asphaltene concentration. The .6p values for 
the Spherical Schultz (S.S) model remain nearly constant while it varies with asphaltene 
concentration in the mono-cylindrical model (M.C). We thus conclude that the spherical 
model with the Schultz distribution in size is more suitable than the monodisperse cylin­
drical model for describing asphaltene aggregates. 

5.1.2. Surface to Volume Ratio Analysis. Figure 3 shows I(Q) from two spectrome­
ters, one from NIST and the other from ANL. The Q of NIST reaches a much smaller 
range and is able to exhibit the clustering structure discussed in Yen's model [20]. The 
sudden up-turn of I(Q) at small Q makes the modeling work difficult. Thus, one should 
use the model independent model to evaluate SlY and determine the shape before making 
model dependent analysis. 

10 

I 
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Symbol: 5% Aspbaltene (ANL) 
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Figure 3. I(Q) from two spectrometers. 
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Figure 4. Porod plot of the asphaltene in toluene. 

Figure 4 shows the Porod's plot using Eq. (10-12) where Co and C4, and thus SlY of 
the asphaltene aggregates can be obtained unambiguously. Figure 5 compares the SlY so 
obtained and those from the model dependent fitting. Obviously, a spherical model is 
more convincing than the other two structures. One may argue that the slight deviation of 
the data may justify slight oblate structure. However, the data are closer to a spherical ge­
ometry than to either a cylindrical or a flat particle. 

5.2. Conductivity Study 

5.2.1. Molecular Packing of the Asphaltene Aggregates. Figure 6 shows the conduc­
tivity as a function of asphaltene concentration in toluene. The volume fraction of the 
aqueous phase, <Pw ' is kept at 0.18. The conductivity is proportional to asphaltene concen­
tration in a fairly linear fashion. This indicates that Ze and fh in Eq.(20) remain constant 
while Xz linearly increases with asphaJtene concentration. It also suggests that the asphal­
tene aggregates do not grow with increasing concentration. Instead, more similar size 
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Figure 6. Conductivity of asphaltene /tolu­
ene/HCI solutions as a function of asphal­
tene concentration with water volume 
fraction cPw kept at 0.18. 
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micelles are formed. This justify the method of using Hel as a probe for investigation of 
the molecular packing. It also justifies Eq. (25) and (26). 

To validate the presumed packing schemes, we first examine the microemulsion 
droplet model. Figure 7 shows the analysis using Eq. (25). The curve is obviously not lin­
ear. This suggests that asphaltene aggregates do not swell in three dimensions like a water­
in-oil microemulsion droplet. Thus, this model is not appropriate. 

As we plotted the data according to Eq.(26) (see Figure 8) linearity appeared. At 1 
wt % asphaltene concentration, this linear behavior persists for <Pw up to about 0.06. Fig­
ures 9 to 12 show the same plots for asphaltene wt % of3, 5, 7.5, and 10. These data were 
collected using the simple hand-held conductivity meter. Even with such a simple conduc­
tivity meter, the curves are still fairly linear. This evidence favors the non-growing model 
with the monomers inter-locked in the aggregates. It also suggests that monomers are 
packed irregularly and there are substantial cavity spaces within the aggregates. A possible 
scenario for Hel uptake is as follows. Hel molecules exhibit stronger affinity for the polar 
core of the asphaltene aggregates at certain sites than the solvated solvent. When Hel is 
added, some solvent molecules in the cavities are forced to replaced by aqueous Hel near 
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Figure 7. cr/cPw' as a function of cPwplotted according to Eq. (25). 
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the polar sites. Due to the packing constraint (the monomers are more or less inter­
locked), the energy required to unfold an aggregate is too high. As a result, the aggregates 
do not swell or re-distribute upon Hel addition. Instead, they continue to accommodate 
Hel via repelling the solvent molecules out of the aggregates. 

5.2.2. Percolation Mechanism of the Asphaltene Aggregates. When the cavities are 
filled with Hel, the Ratawi asphaltene aggregates percolate to accommodate more Hel 
before the phase separation occurs. This is evident in Figure 13 which shows the conduc­
tivity plot of the 1 wt % asphaltene solution for ~w up to - 30%. Its demonstrate a series of 
phenomena upon increasing Hel. The curve shows a <Pw2 behavior at low <Pw regime (Fig­
ure 9). As ~w goes beyond 0.06, the conductivity starts to increase rapidly suggesting an 
onset of percolation. The solution phase separates at <Pw - 0.12. 

Figure 14 shows the analysis according to the Grest et al. theory (Eq.(27)). Linear 
behavior shows for both ~ > ~c and ~ < ~c. The percolation concentration determined was 
at ~w = 0.08. The exponents obtained were )..1,=0.5 and s= 0.24, considerably lower than the 
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Figure 12. Same plot as Figure 8 for 10 wt % asphaltene. 
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water-in-oil microemulsions (fJ = 2 ± 0.2 and s=1.2 ± 0.2) [73-78]. This point will be dis­
cussed in the discussion section. 

5.3. Viscosity and Fractal Dimension of the Asphaltene Aggregates 

Figure 15 shows the viscosity evolution as a function of time for 2.1 wt % Ratawi 
asphaltene in a 75/25 toluene/heptane mixed solvent. The toluene asphaltene solution was 
prepared first and added heptane at time zero when the viscosity measurement starts. At 
beginning the viscosity dropped for a little while, then remained constant for approxi­
mately 1.5 hours before starting to increase which is an indication of flocculation. The de­
tailed mechanism of the viscosity drop and the following "induction" period is not known. 
The flocculation process follows the trend described in Eq. (35) closely. When it goes be­
yond 400 minutes the viscosity started to decrease rapidly. This is likely due to the sedi­
mentation where asphaltene dropped out of the solution. The volume fraction of the 
disperse phase starts to decrease, thus lowered the viscosity. 

Figure 16 shows the analysis according to Eq. (35). The fractal dimension so ob­
tained is 1.8 which is a reasonable number. The time range selected for this analysis was 
from 150 minutes to 350 minute where we assumed only the flocculation process was oc­
curring. Of course flocculation and sedimentation may occur simultaneously. Coupling of 
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Figure 14. Plot for the asphaltene/toluenelHCI conductivity according to the Grest et al. theory. 
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these two processes to describe their effect on the viscosity is very complex. A separation 
publication will be devoted to this subject. 

A similar phenomenon was observed for AMH asphaitene at 2.3 we % (see Figure 
17). The fractal dimension is lower (1.53), indicative of a faster precipitation kinetic proc­
ess. The fractal dimension obtained (l.53) agrees with that obtained from a small angle 
neutron scattering analysis [79]. This justifies the analysis derived here. 

Figure 18 shows the results from the AMH at 5%, the effect of sedimentation sets in at 
- 400 minutes. A even lower fractal dimension (1.49) was obtained as expected, since the 
precipitation kinetic process is expected to be faster for higher asphaitene concentration. 

Figure 19 shows the reversibility study of the 2.3 wt % AMH sample. The precipi­
tated sample from Figure 17 was sealed at 25 DC for 15 hours, then sheared with vortex 
mixer for 1 minute. The viscosity measurement was then performed. The viscosity ap­
peared to reach plateau much faster (see Fig. 15 and 19), however, the fractal dimension is 
higher. This means that the flocculates are better packed and are more stable against floc­
culation. It may be a kinetic effect-the floes continue to adjust their packing and arrive at 
a higher packing density. 
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Figure 16. Analysis of Figure 15 according to Eq. (35). A fractal dimension of 1.8 was obtained. 
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Figure 18. Same plot as Figure 16 for 5 wt % AMH asphaltene in 75/25 toluenelheptane mixed solvent. 
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Figure 19. Shaking of the Figure 15 sample reveals similar flocculation process but with higher fractal dimension. 
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5.4. Molecular Dynamic Simulation 

Figure 20 and 21 show the simulation results for the 0.01 5 wt % and 5 wt % respec­
tively. As one can see, the 0.015 wt % does not show significant self-association. Dimers 
do exist, but no large aggregates are observed. On the other hand, the 5 wt % system 
shows aggregates of various sizes. F (see Figure 21) is a small aggregate while B, C, D 
and E are large ones of different shapes. Their common feature is the short range stacking 
phenomenon. The maximum stack observed contains approximately 7 asphaltene mole­
cules. This is comparable to the model proposed by Yen [20] derived from the X-ray work 
on asphaltene solids. In solution, the stacking appears to be similar. However, the stacks 
are loose and somewhat irregular (see D in Figure 21). Aggregate B is a good example. It 
consists of many short range stacks linked loosely together. As a result the aggregates do 
not show well defined cylindrical shape. It appears more like a sphere. This is also true for 
aggregate A, C and E. Aggregate D is more like a cylinder although the stacking direction 
changes after 7th molecules. We also found a monomer in this simulation (unmarked 
molecule in Figure 21) which mayor may not be significant. In order to evaluate the im­
portance of the dipole-dipole interaction, we used the charges obtained from charge equili­
bration method to compute the electrostatic contribution, which underestimates the dipole 
moments for simple molecules. The result shows a collapse of the molecules into a single 
huge aggregate. Since the experimental data from SANS and SAXS [ll ,30,31 ,50,51] have 

Figure 20. Molecular dynamics simulation for 0.015 wt % Ratawi asphaltene in toluene. No significant aggre­
gates were observed, as the concentration is below CMC. 
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Figure 21. Same study as Figure 20 for 5 wt % asphaltene. Aggregates form via stacking. Due to molecular shape 
distribution, the maximum stacks observed was 7 and the stacks are loose, resulting in spherical-like aggregates 
rather than cylindrical. A - F are aggregates of various sizes and G is an unassociated monomer. 

indicated that the average size of the aggregates is approximately 30-100 A, the occur­
rence of a collapse single aggregate phase is highly unlikely. This suggests, at least indi­
rectly, that dipole-dipole interaction must play an important role in controlling the 
self-association process. 

6. DISCUSSION AND FUTURE PERSPECTIVE 

6.1. Percolation and Molecular Packing 

The result obtained from Grest et al. [60] analysis (see Fig. 14) confirms the differ­
ence of the percolation process of asphaltene/HClItoluene system from a surfactant based 
microemulsion system [73-78]. The critical exponents obtained for the asphaltene/tolu-
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ene/HCl system is roughly 4-5 times smaller. The molecular mechanism behind the perco­
lation process is worth a lengthy discussion. 

Percolation is usually recognized from the sudden increase of a physical parameter 
(conductivity in this case) as a function of an experimentally controllable parameter (<Pw in 
this case). Many water-in-oil microemulsions exhibit this phenomenon. Asphaltene/tolu­
ene/HCl system may be classified as a water-in-oil microemulsion, although its packing 
scheme differs as we have shown in the conductivity study. The conductivity data show a 
percolation-like phenomenon (see Fig. 13). This is further confirmed by the analysis using 
the Grest et al. [60] theory via its linearity below and above the percolation threshold. As 
for the much smaller sand Il obtained, one can be argued as follows. 

The conductivity near the percolation threshold solely depends on the hopping rate 
of the charges between percolated aggregates. In asphaltenelHCUtoluene complexes, HCl 
molecules reside near the polar sites in the core. In other word, they are caged near the po­
lar sites. This restricts their movement within the aggregates, unlike the charges in a 
water-in-oil microemulsion droplet where charge carriers can move freely within the water 
pool. Due to this caging effect, the charges hopping between two aggregates involve more 
steps. Before a charge carrier hops from one aggregate to the other it may have hopped 
several steps among the polar sites within the resident aggregate. This lowers the rate of 
conductivity increase at the percolation transition. On the other hand, the inter-droplet 
hopping of a surfactant based microemulsion involves only one step. The charges can 
move freely within the droplet. The only hurdle to hop over in order to reach the other 
droplet is to cross the surfactant layer. 

If one assumes each hopping of a charge carrier in an asphaJtene aggregate follows 
the same critical behavior described in the Grest et al. [60] theory, (i.e., Il - 2.0 and S -
1.2) then the 4 - 5 time smaller of Il and s means that it requires approximately 4 to 5 hops 
to reach the other aggregate. This estimate may be approximate, but at least gives a crude 
sketch of the structure of an asphaltene aggregate and their polar site density. Certainly, 
more studies are needed to understand the relevance between the values of Il and s and the 
number of monomers per asphaltene which has been suggested to be - 5 to 10 from the 
computer simulation result presented in this work. 

6.2. Computer Simulation and Its Implications 

The asphaltene self-association, although related to the dipole moment as shown in 
the computer simulation, is a rather peculiar process. If one takes the self-association as a 
phase separation, is it a process similar to a spinodal decomposition, a micellization proc­
ess, or a nucleation process? From the data shown here and evidence presented from other 
studies, no concrete conclusion can be made. Here we like to propose a scenario which 
theorists can use as the basis to perform further study. 

In the work of Wang et al. [80] dealing with the effect of the dipole moment on the 
nucleation process, the authors concluded the that dipole moment should vanish in order 
for the nucleation process to go on. Assuming asphaltene system to be isotropic at the di­
lute concentration regime (i.e., below the aggregation onset concentration) and start to ag­
gregate according to a nucleation process when the concentration exceeds the aggregation 
threshold. In the initial stage of the aggregation, the molecules containing polynuclear aro­
matics may stack together as one can see from the simulation. As the stacking goes on, it 
becomes less and less regular. This can be realized from that fact that the molecular struc­
tures are inhomogeneous. Although the stacking becomes less and less regular, a net di­
pole moment may be resulted from the stacking. This net dipole moments can arise from 
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the structural arrangement ofthe atoms in the molecules and/or the heteroatoms (Nitrogen, 
sulfur, nickel, vanadium etc.) which are commonly found in asphaltenes. When the net di­
pole moments of the stacks become non-zero, the nucleation process is suppressed and the 
growth of the aggregates slowed down, and eventually stopped. This may be why the 
phase separation (or aggregation process) occurs but is terminated at a microscopic length 
scale. Because it is terminated at the colloidal length scale, it appears to be similar to a 
micellization process, even though the energies involved are completely different. 

While the continuous growth of the aggregates is slowed down by the reduction of 
the net dipole moment, the second stage of aggregation starts where the elemental aggre­
gates cluster into larger fractal objects. During this second stage, the packing energy and 
the fractal kinetics set in. The clustering process eventually stops when the fractal growth 
process equilibrates with the thermodynamic process, or when the fractal space saturates 
the 3-D space in the case of high concentration. Because of the influence from the thermo­
dynamic equilibrium there exists an equivalent activation energy during the fractal growth 
process. As a result, the fractal geometry of the cluster shows a reaction limited process as 
indicated in a earlier SANS study [77]. 

6.3. Future Perspectives 

The above description about the asphaltene aggregation mechanism is only a pro­
posed scenario. It should be validated or discarded based on more experimental and com­
puter simulation evidence. To understand the asphaltene aggregation processes and its 
relevance to phase separation, one should include (I) characterization of the kinetic proc­
ess of the self-association and the follow-up clustering processes. The clustering process 
occurs at rather low concentration as indicated in the SANS study in Fig. 3. Techniques 
available for this study may be pulsed X-ray scattering, freeze-fracture transmission elec­
tron microscopy with digitization capability, and possibly viscosity or dynamic light scat­
tering. (2) in situ measurement of the dipole moment effect on slowing down of the 
aggregation process. ESR may provide such an opportunity. More sophisticated computer 
simulation experiment and with larger number of molecules for better presentation of the 
real system (the polydispersity is an important parameter and should be well represented 
in a simulation study) may be able to provide similar information as well. The work of 
Galtsev et al. [81] using electron-nuclear double resonance spectroscopy gives some in­
sight of the stacks but was not able to map out a concrete association mechanism. Never­
theless, this technique may be a convincing one for providing accurate information. 
Similarly, the scanning tunneling microscopy is simple and accurate. However, the sample 
pretreatment is needed to insure good experimental data [82]. (3) the phase separation 
process as a function of pressure, temperature and solvent quality, as presented in the vis­
cosity section in this chapter. The recent work by Anisimov et al. [83] using dynamic light 
scattering allows one to detail the microscopic world of the phase separation. It is an ex­
cellent probe for sedimentation studies of ultra dilute systems. However, this work did not 
look into the separation mechanism in detail, thus was not able to characterize the funda­
mental mechanism of the phase separation path. 
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1. INTRODUCTION 

The petroleum industry is often concerned with the production, transportation and 
refining of heavy crude oils rich in asphaltenes. A successful addressing of the many diffi­
culties encountered in these processes relies on a precise understanding of the chemical 
properties and colloidal behavior of asphaltenes under various thermodynamic and flow 
conditions. Whereas asphaltenes are generally considered to be the major factor responsi­
ble for these difficulties, the influence of the other constituents of oil, such as resins, must 
not be overlooked. 

Asphaltenes and resins, the heaviest components of the oil, may flocculate during 
the reservoir exploitation as a result of a change in the thermodynamic (pressure, tempera­
ture, composition) or flow conditions.! Flocculation may thus appear during secondary oil 
recovery, when water or gas (such as for instance carbon dioxide or light hydrocarbons) 
are injected in the reservoir, inducing pore plugging and permeability reduction.2,3 The 
reservoir wettability and therefore the oil flow properties may be altered by asphaltene 
flocculation and/or adsorption onto the pore surfaces.4--{j Near the well bore shearing is an 
additional factor that may lead to formation damage. Asphaltene flocculation and deposi­
tion also induce severe damages by fouling and plugging production and surface handling 

• Present address: Universita degli Studi di Roma « La Sapienza », Dipartimento di Ingegneria Chimica, dei 
Materiali delle Materie Prime e Metallurgia, Via Eudossiana, 18,00184, Roma, ltalia. 
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facilities (e.g., downhole submersible pumps, tubing, flowlines, etc.). In order to remedy 
these problems, various methods have been proposed, based for instance on physical re­
moval or on solvent soaks with aromatic solvents blended in some cases with dispersants.7 
The objective of the current research is to find additives that prevent or delay asphaltene 
deposition.8-13 These asphaltene deposition inhibitors are supposed to act similarly to res­
ins by having a peptizing capability. The separation of crude oil from water is another im­
'portant topic and the role of components such as asphaltenes, porphyrins and waxes for 
stabilizing emulsions has been highlighted. 14,15 For instance, the "chocolate mousse" cre­
ated by accidental sea pollution is a stable water-in-oil emulsion. This stability has been 
explained by the formation at the oil/water interface of a highly condensed film, rich in as­
phaltenes and in other high molecular weight species. 16-18 

Concerning the refining process, the decrease of the consumption of fuel oil and the 
increase in the demand of gasoline and middle distillates necessitate the conversion of at­
mospheric or vacuum residues. 19,20 It becomes necessary for the refiner to upgrade heavier 
crude oils of lesser quality, in particular with high sulfur content.21 The refining of these 
complex feedstocks requires the conversion of heavy fractions. Several processes exist, 
based either on thermal cracking (visbreaking or coking) that give lighter products, or on 
catalytic cracking without hydrogen (fluid-bed catalytic cracking) or with hydrogen (hy­
drocracking) that allow the conversion of vacuum distillates. In thermal processes, insta­
bility of the visbroken products may appear giving rise to phase separation, sludge 
formation, viscosity increase, due the modification of the proportion of acidic and basic 
asphaltenes, the conversion of an important part of the resins and the solubility modifica­
tion of some heavy asphaltene molecules which are converted into more aromatic entities. 
In catalytic processes, acid catalysts can be deactivated because of coke formation or met­
al deposition, strongly depending on the asphaltene concentration. Consequently, a 
de asp halting pretreatment is proposed in order to reduce the asphaltene concentration in 
the feedstocks. 19 Whereas our knowledge has considerably improved in the last two dec­
ades, some parameters of these refinery processes are still unknown or uncontrolled. For 
example, there are instances in which feedstocks with very similar composition convert in 
a different way or can induce a different aging of the catalysts. Further progress in this 
field will stem from experimental investigations on processes occurring within a short 
span of time and under severe conditions (high temperatures and pressures, presence of 
hydrogen). 

Bitumen is another topic where basic research on asphaltenes and their molecular 
environment is an important issue.22-24 Residues coming from atmospheric or vacuum dis­
tillation, visbreaking and thermal cracking are commonly used to produce bitumens.25 The 
characteristics of bitumen as a binder depend on various properties, such as for instance 
adhesion or rheological behavior. These properties are strongly influenced by the chemical 
composition of the bitumen and the macroscopic organization of asphaltenes.26 The 
rheological (sol- or gel-like) behavior can be tailored to the industrial needs by the addi­
tion of polymers (e.g., olefins, SBS, EVA). A large amount of work has been carried out to 
characterize the rheological properties of various types of bitumens and several method­
ologies have been developed in this sense.27 Little is known, however, on the relationship 
between these rheological properties and the macroscopic organization of asphaltenes, res­
ins and added polymers within the bitumen matrix. Another important topic is the aging of 
bitumen, which is also likely to be related to the evolution with time of asphaltene content 
and macroscopic organization. 

A better understanding of the properties of asphaltenes and their interactions with 
the other constituents of oils or residues (such as resins) is highly desirable as it may help 
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in explaining the difficulties encountered and then proposing new solutions. A brief survey 
of the work published in this domain is presented in next section. 

2. OVERVIEW OF OUR KNOWLEDGE 

Asphaltenes are operationally defined as the components of crude oil or residues 
that are insoluble in light hydrocarbons such as n-pentane or n-heptane. They correspond 
to the heaviest and most polar among the constituents of oil and residues.28,29 The fraction 
soluble in the light hydrocarbon, referred to as the maltenes, contains a large variety of 
compounds that may in tum be separated (usually by liquid chromatography) into three 
classes of compounds: the saturates, the aromatics and the resins (SAR fractionation). The 
proportion of the different fractions (SAR) and asphaltenes varies strongly from one crude 
to another one. Numerous investigations have been carried out concerning the chemistry 
of asphaltenes. These complex molecules have been abundantly studied using many ana­
lytical and spectroscopic methods after their isolation from the crude oil or from different 
types of heavy fractions coming from refining processes. The elemental analysis shows a 
predominant amount of carbon (",SO % w/w) and hydrogen ("'S % w/w), together with het­
eroatoms such as sulfur, oxygen, nitrogen, nickel and vanadium, the proportion of which 
may vary considerably for asphaltene fractions having different sources. The proportion of 
metals (nickel and vanadium) does not generally exceed a few hundreds of ppm. Carbon 
13 magnetic resonance30,31 provides information on the different types of carbon molecules 
(e.g., aromatic or paraffinic), which is useful for aromaticity determination. Similarly, dif­
ferent types ofhydrogen32 can be observed by proton magnetic resonance. One thus distin­
guishes aromatic, naphthenic, methylenic, a-substituted next to aromatics and terminal 
methyl hydrogens. The pyrolysis approach provides data on the length and quantity of ali­
phatic chains. Another method based on the oxidation catalysed with ruthenium33,34 has 
been used to identify the different structural units of asphaltenes. It has been observed that 
the extent of aromatic condensation is low and that highly pericyclic aromatic structures 
are present in very small amounts, whereas the aliphatic/naphtenic domains have a large 
extent. Following carbon-hydrogen structure determination many works have been carried 
out to investigate the location of heteroatoms and their role in influencing the polarity, the 
acid-base character and thus the definition of the solubility properties of the asphaltene 
species. Various methods coupled to fractionation or chemical reactions such as pyrolysis 
have been carried out. Infrared spectroscopy has provided important information concern­
ing the chemical functions present in asphaltenes or in other petroleum products. Carbox­
ylic, phenolic, ketonic, ester functions have been identified.35-37 The presence of hydrogen 
bonds has been demonstrated by infrared spectroscopic. Mass and EXAFS/XANES spec­
troscopies have shown that the major part of nitrogen is located in heterocyclic species 
(e.g., pyrrole, carbazole or pyridine),37-40 whereas the easy elimination of oxygen during 
pyrolysis experiments supports the view that oxygen is not totally included in cyclic mole­
cules. On the contrary, sulfur is included in thiophene-like structures such as benzothio­
phenes, dibenzothiophenes or even more condensed molecules.40-42 Other types of sulfides 
have been observed by Yen.43 Ignasiak et al.44-45 has proposed a polymer-like structure in 
which sulfur participates to the link of basic elements in more or less extended configura­
tions. 

The metal environment has also been an important topic for the scientific and indus­
trial community. It seems that most of the nickel or vanadium atoms are included in por­
phyrins. The application of separation techniques such as size exclusion chromatography 
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or reversed-phase chromatography with specific detection methods, electron paramagnetic 
resonance and EXAFS/XANES46 spectroscopy has been successful for separating vana­
dium porphyrin and non-porphyrin compounds.47-49 It must be underlined that, in view of 
the low metal concentration in asphaltene fractions, only a small part of the molecules 
contains metal atoms such as vanadium or nickel. 

All techniques previously mentioned have been able to deduce simple structural pa­
rameters, which may be used for deriving a tentative average asphaltene (Figure 1) or 
resin molecule.34-50 To this purpose the use is made of more or less complex softwares51 ,52 
allowing a multidimensional approach, such as those developed for the representation of 
kerogen chemical structure. 53 The difficulty of these investigations is how to link several 
blocks of the molecule (e.g. polynuclear aromatic or naphtenic rings) or the particular 
functionalities detected by characterization methods. The average structure obtained can 
be mistaken. Nevertheless, such work has had the merit to generate molecular models 
helpful to understand the chemical evolution of these macro-cyclic molecules during vari­
ous processes. The average structure of asphaltene molecules can be simply described 
with condensed polynuclear aromatic rings connected to alkyl side-chains, 

While a large amount of work has been dedicated to asphaltenes, resins have been 
the subject of much less attention. These entities, like asphaltene molecules, contain 
polyaromatic and naphtenic rings but the naphthenic character is more pronounced. NMR 
spectroscopy54-55 has shown that resins are in average smaller than asphaltenes and pos­
sess much longer aliphatic side-chains. It must be recalled that asphaltenes and resins are 
two contiguous classes of components separated from a continuum of molecules according 
to their solubilities in a low molecular weight alkane solvent. Therefore the size and 
chemical composition of some asphaltene molecules can be very close to those of some 
resins, 

The industrial applications of conversion processes in which temperature plays an 
important role has emphasized the need for research on the behaviour of asphaltenes as a 
function of temperature. Several investigations36,56,57 have been concerned with the evolu­
tion of asphaltenic material with the heating temperature. Heating up to 350°C, small 
quantities of methane or ethane are detected. This production increases and hydrogen sul­
fide begins to appear for heating temperatures ranging from 350°C to 410°C. For tempera­
tures reaching 410°C, the conversion strongly increases, giving rise to lighter products 
such as n-alkanes with up to 36 carbon atoms and olefins. Coke formation is also detected 
as a result of aromatic condensation and asphaltene dehydrogenation. It has been sug­
gested that this thermal conversion can be interpreted as a depolymerization of the asphal­
tene molecules due to the break of sulfur or carbon bonds, leading to smaller units such as 
resins. Heating to still higher temperatures produces the elimination of the functionalities 
and a strong reorganization of the chemical structure towards a graphitic arrangement. 
During hydrotreating processes, such as hydrodesulfurization or hydrodemetallation, ther­
mal secondary cracking is suggested in competition with catalytic activity.58 

In addition to investigations on the chemistry of asphaltenes, another complemen­
tary approach concerning the colloidal structure of asphaltenes has been undertaken. 
Within this approach, asphaltenes in solution or in their natural medium are considered as 
a system exhibiting heterogeneities. The extent of these heterogeneities varies from the 
nanometer to the micron, corresponding respectively to the elementary asphaltene mole­
cules and to the huge aggregates generated by the flocculation process. 

Early works have been concerned with asphaltenes in the solid state. As demon­
strated by electron microscopy, the size of the elementary asphaltene entities varies be­
tween 2 and 10 nanometers.5~2 Wide angle X-ray scattering has allowed to gain an 
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insight into the asphaltene macrostructure.6~5 This technique has been used to obtain the 
interlamellar distance (Le., the distance between two aromatic layers), the aromatic layer 
diameter, the height of the unit cell and the number of lamellae contributing to the stack­
ing of aromatic rings, and finally the distance between two neighboring aliphatic chains 
(Figure 2a). On the basis of these investigations, Yen et al. 63 proposed in the early 60's a 
model providing an extended view of the asphaltene macrostructure (Figure 2b) that dis­
tinguished four different entities: the elementary molecule, the particle, the micelle and 
the aggregate. The structure of the molecule is similar to the one presented in Figure la 
and consists schematically of an aromatic region connected to aliphatic chains. The parti­
cle, called the crystallite, is formed by the stacking of several planar aromatic parts of the 
molecules, probably by 1t-1t association or hydrogen bonds (Figure 2b). Particles can fur-

a 

b 

Figure 2. Structure of asphaltenes63 - (a) cross-sectional view where La is the diameter of an aromatic sheet, dm 
and dy are respectively the spacing between aromatic sheets or aliphatic side-chains, L is the extension of the aro­
matic cluster, (b) macroscopic structure of asphaltenes. 
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Table 1. Average molecular weights of asphaltenes from 
several crudes by various techniques 70 

Technique 

Ultracentrifugation5 •. 7' 
Osmotic pressure 75 
Ultrafiltration77 

Boiling point elevation7R 

Freezing point depression75.76 
Vapor pressure osmometry7'.'O 
Viscositl,·82 
Light scatteringR3.1!4.'5 

Molecular weight 

300000 
80000 

80000-140000 
2500-4000 
600--6000 
1000-8000 
900-50000 
1000-4000 
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ther associate into micelles, and micelles can form large aggregates. These different enti­
ties may be linked by different kinds of interaction. Resins can also interact with asphalte­
nes. Molecular weights in the range of 1000--4000 have been proposed for sheets, 
4000--10000 for particles and 40000--40000000 for micelles. Nevertheless, this model suf­
fers from severe limitations. It has been deduced from investigations on asphaltene (solid) 
powder and it is not firmly proved that this model holds in solution. The influence of hy­
drogen bonds is not taken into account and the extension of the aromatic layers is likely to 
be overestimated. Various studies have in fact concluded to lower average ring num­
bers.66--{i9 

Many techniques have been applied to the characterization of the colloidal structure 
of asphaltenes and resins in solution. One of the major difficulties for interpreting the data 
stems from the strong polydispersity of asphaltenes in solution, which manifests itself in 
the wide range of molecular weights observed experimentally when using different meas­
urement methods (cf. Table 1, collected by Speight et aeo). These methods are in fact sen­
sitive to different molecular averages of the solute. The techniques that measure 
colligative properties (such as boiling point elevation, freezing point depression, vapor 
pressure and osmotic pressure) determine the number average molecular weights of the 
solute, whereas film balance, ultracentrifuge, viscosity or scattering measurements are re­
lated to averages that give more importance to high molecular weights. 22 .59.71-73In addition, 
the interpretation of the data is rendered difficult by association effects that occur even in 
very dilute solutions. These effects (and therefore the apparent molecular weight) have 
been shown to depend on asphaltene concentration, solvent and temperature. 

Ultrafiltration experiments have been carried out with membranes with pore diame­
ters in the range of 5 to 35 nanometers, confirming the occurrence of large colloidal aggre­
gates in asphaltene solutions.77 In a subsequent study, Briant and Hotier/8 carrying out a 
series of filtration experiments, were able to retain more than 80% of their (dissolved) as­
phaltenes on filters with an average pore diameter of 25 nanometers, while this quantity 
dropped to around 30% for filters with pore diameters in the range of 50 nanometers. 

Viscosimetric measurements have been carried out for asphaltenes both in solution 
and in their natural medium.78.82.83.86,87 It is recalled here that the viscosity behavior is a de­
cisive point for many industrial applications and that the presence of asphaltenes is re­
sponsible for the high viscosities encountered in residues or heavy crude oils. The 
viscosity of dilute solutions and residues relative to the solvent (i.e., pure solvent or malte­
nes) is observed to increase linearly with asphaltene (low) volume fraction, the observed 
slope or intrinsic viscosity being in the range of 6---8, which is much larger than the ex­
pected Einstein's value (=2.5) hard spheres. These important values have been interpreted 
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in different ways. Reerink82 interpreted his data using a model of flat ellipsoids, while 
Sheu and coworkers proposed a model of solvated spheres.86 For concentrated solutions or 
residues various models have put forward to interpret the strongly nonlinear viscosity in­
crease with concentration, together with a non-Arrhenius dependence of the viscosity with 
temperature. 86 

The small angle scattering techniques, allowing the measurement of molecular 
weights and radii of gyration of dispersed colloids, have been widely utilized in the past 
three decades, starting with the pionering work by Dwiggins.88-90 Using a Bonse-Hart type 
of X-ray diffractometer, Dwiggins detected in natural crude oils small asphaltic colloids, 
having radii of gyration between 2 and 4 nanometers as well as, in some instances, very 
large aggregates of several hundreds of nanometers. Kim and Long91 did also observe the 
presence of small particles with sizes in the range of 2 to 4 nanometers for asphaltenes 
both in solution and in its natural solvent (deasphalted oil). More recently, several 
groups86,92-I05 have utilized small angle X-ray and neutron scattering methods, sometimes 
coupled with other techniques, not only for determining the molecular weights and radii of 
gyration of asphaltic colloids, but also with the purpose of gaining an insight into the 
polydispersity, geometrical shape and internal structure of these colloids. Various shape 
models have been employed to account for the scattering data, including models of 
disks,92,93,lo2 spheres86,96,IOO and rods97,lol with some amount of an appropriately chosen 
polydispersity. Very recently, models of asphaltic particles possessing a fractal-like inter­
nal structure have been proposed.lo5,lo6 The structural evolution of these colloids has been 
followed by small angle scattering techniques as a function of temperature,96,97,I04 pres­
sure lO2 or solvent composition.104 Increasing the temperature leads to a molecular weight 
lowering (or disaggregation), whereas a pressure increase (at constant temperature) pro­
motes aggregation when the solvent is near-critical. Fractions obtained by size exclusion 
chromatography have been also characterized by small angle neutron scattering.92 The ad­
dition ofn-heptane induces an increase of the molecular weight.95 It now appears that X­
ray or neutron scattering techniques are well developed and can be used for the 
characterization and comparison of various asphaJtenes extracted from crude oils or other 
heavy fractions produced by various treatments. It has been in particular shown that as­
phaltenes aggregates after visbreaking operation are bigger than those obtained after hy­
drotreatment. 92,99 It is worth mentioning here that light scattering measurements are 
limited to extremely dilute solutions (volume fractions below 0.5 or 0.1 %) as asphaltenes 
are strongly absorbent and fluorescent in the visible domain. \07 To overcome these diffi­
culties measurements have been carried out using a long wavelength laser source (1024 
nm) for which the absorption is low. 85 

We have previously insisted on the large polydispersity of asphaltenes. One way to 
simplify the treatments of the data obtained with various techniques is to make a frac­
tionation. Several approaches have been carried out using selective fractionation with dif­
ferent solvents, ultracentrifugation72 or preparative liquid or gel-permeation 
chromatographies. Speightl08 has summarized the methods that can be used for separation, 
most of these being utilized for the fractionation of the deasphalted oil. Nevertheless, 
some methods are recommended for asphaltene fractionation as a function of their chemis­
try: acidic, basic and neutral fractions can be obtained and for neutral fractions it is possi­
ble to distinguish aromatic and non aromatic entities. The gel or size exclusion 
chromatography (Ope or SEC), which has been more extensively applied,lo9,lIo separates 
particles according to their hydrodynamic volumes by eluting them through a porous col­
umn: large particles cannot enter small pores and are eluted first, whereas small particles 
travel a more tortuous path through the pores and are eluted last. The practical difficulties 
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encountered with this technique relate to the detection of the eluted fractions and to the re­
sidual adsorption of asphaltenes onto the gel filling the column (in practice this adsorption 
is limited by the addition of pyridine I II or lithium saltsll2 to the solutions). The interpreta­
tion of GPC results is not straightforward as the calibration curves established for narrow 
polymer (e.g., polystyrenes) cannot be utilized with molecules that differ not only in size 
but also in chemical content. A satisfactory way to calibrate the column is to use fractions 
obtained by GPC and measure their molecular weight by other techniques, such as vapor 
pressure osmometry,lI3,1I4 ultracentrifuge,Il0 scattering measurements92,112 or osmometry.I09 
All these measurements have shown that the polydispersity of asphaltenes is very large. 
The real problem is the preparation of sufficiently narrow asphaltenes fractions for cali­
bration. Acevedo et al. lls have used both dialysis and chromatography in order to improve 
this fractionation. Chemical analysis of the different GPC fractions reveal that the largest 
asphaltene molecules exhibit a more pronounced poly-aromatic character4S,II3,1l6 and are 
more concentrated in sulfur and metals. I 16 

One of the major conclusions of investigations on the asphaltene colloidal state is 
that asphaltene molecules self-associate in solution to give rise to more or less extended 
aggregates. On the basis of surface tension and calorimetric measurements, micellar-like 
structures have been proposed86,117-12o for the 'basic' asphaltene aggregates, these aggre­
gates being in tum capable of association into structures of larger scales. The critical 
micelle concentration (below which asphaltenes are fully dissociated) lies in the range of 
0.1 %, meaning that in practice asphaltenes are under a micellar form even in dilute sus­
pensions. In presence of resins, asphaltenes might form smaller micellar-like structures, 
more stable against flocculation. An unsolved question concerns the forces involved in the 
micellization mechanism. These forces include van der Waals as well as 7t-7t interactions 
between aromatic nuclei, dipolar l21 and charge-transferl22 interactions and hydrogen 
bonds. H-bonding has been identified even in very dilute asphaltene solutions. 123 The ad­
dition of resins to asphaltene solutions has the effect of enhancing H-bonding as a result of 
specific resin-asphaltene interactions or of asphaltene dissociation.3s The blocking of the 
H-bonding sites of asphaltenes by methylation or silylation has in fact been shown to lead 
to asphaJtenes of smaller molecular weight. 123- 12S 

Flocculation is another important issue as it has many detrimental consequences on 
oil exploitation and production. The growth of large aggregates under changes in thermo­
dynamic (e.g., composition or pressure) conditions has in fact dramatic macroscopic ef­
fects such as large viscosity increases and deposition of sediments. From a practical point 
of view it is of interest to predict the conditions of incipient flocculation that delineate re­
gions of colloidal stability from regions of precipitation. Although there exist experimen­
tal evidences of kinetic and irreversible effects, several thermodynamic models have been 
proposed to predict flocculation in these systems. 126 On the experimental side, most stud­
ies have been concerned with the flocculation of asphaJtenes induced by the addition (at 
ambient pressure and temperature) of a solvent (e.g., a low molecular weight alkane) to 
the solution or to crude oil, whereas in practice (e.g., in the reservoir) this phenomenon 
often occurs under a variation of pressure (at usually high pressures and temperatures). 
The experimental methods employed include optical microscopy,I07 viscosimetry,78,I07,127 
filtration,78 light transmission or scatteringl28 as well as more sophisticated techniques 
such as quasi-elastic l29 radiation scattering and conductivity measurements. 130 Atomic 
force microscopyl3l has also been utilized to observe aggregates deposited onto mica sur­
faces. It is important to point out here that asphaltenes do not precipitate at once: the most 
aromatic and heteroatom-rich asphaltenes precipitate first and give rise (when redissolved 
in a good solvent) to the largest aggregates. 132 
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From these studies of flocculating (or near-flocculating) asphaltene suspensions, it 
appears133•134 that the static and dynamic properties of such systems have some analogies 
with those predicted by the classical models of colloidal aggregation, such as percolation 
or the so-called diffusion-limited and reaction-limited colloid aggregation (DLCA and 
RLCA).135-137 Scattering experiments indicate in fact that large asphaltene aggregates pos­
sess a very open (solvated), self-similar (fractal-like) internal structure. 105-107 In addition 
the kinetic variation of flocculating aggregates may be interpreted within the framework 
of these models. 129 No clear-cut picture has emerged yet and some more experimental 
work is needed to measure other characteristic parameters such as the aggregate size dis­
tribution. The conditions under which the different mechanisms of aggregation (DLCA, 
RLCA or percolation) prevail have not been clearly identified either. 

Geochemical investigations on the structure of kerogen might shed some light on the 
colloidal structure of asphaltenes. 138--140 There are in fact evidences that kerogen, the or­
ganic matter trapped in sedimentary rocks, is a precursor of petroleum constituents, among 
which asphaltenes are the closest to kerogen in chemical composition. These constituents 
are formed by a complex process of thermal maturation and migration from the source 
rock to the reservoir rock. These evidences stem from an analysis of the bypro ducts ofpy­
rolysis experiments, which are supposed to mimic the thermal maturation process over a 
reasonable time scale. 141 The macrostructure of kerogen that emerges from these and other 
studiesl42 consists of a more or less crosslinked macromolecular network (cf. Figure 
3).142,143 Asphaltenes might therefore also consist of similar cross-linked entities. Accord­
ing to Altgelt and Boduszynski l44 such crosslinking considerably reduces the entropy of 
mixing in a solvent and therefore is responsible for the poor solubility of asphaltenes in 
many solvents (as is the case for polymers in a solvent).145 

While the description of the asphaltene macrostructure in simple solvents has been 
an important challenge in the last thirty years, the morphology of asphaltenes in their 
natural medium is less well understood. Two structural models for crude oils have been 
proposed. Figure 4 illustrates Pfeiffer and Saal's22 peptization model, in which asphalte­
nes form the center of some micellar entities surrounded and stabilized by resins and 
then by the other constituents of oil. These authors suggested that a nearly continuous 
transition exists from the most polar entities (asphaltenes) at the center of the micelles to 
the less polar (aliphatic) entities forming the surrounding medium. Whenever a shortage 
of resins occurs, attraction forces are created giving rise to association between micelles 
(Figure 4-b) and ultimately to an extended gel-type structure (Figure 4-c). Yen'sl46 model 
depicts the asphaltenes in their natural medium as gathered in oil-external or reversed 
micelles (Figure 5), the center of the micelle being composed of polar groups associated 
by hydrogen bonding or charge transfer interactions. 147 Oil-external micelles can revert 
to oil-internal ones depending of the surrounding medium properties. Aggregation of sev­
eral micelles can form supermicelles and further aggregation can give rise to giant super­
micelles or liquid crystal structures. Today, one of the present challenges for the research 
is to extend to real asphaltene-rich systems (e.g., crude oils and residues) the techniques 
and models that have been used with some success to analyse asphaltenes in pure or sim­
ple solvents. Unfortunately, only a few techniques can be used for investigating crude 
oils or heavy fractions, among which X-ray small-angle appear to be very promising.87.95 
Other techniques like atomic force microscopy or scanning electron or fluorescence mi­
croscopies have provided important insights into the macroscopic organization of real 
material such as asphalts. 148 In this latter study, the authors have identified in some as­
phalts beehive-like network structures with more or less spherical pores of around 6 /lm 
in diameter. 
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Figure 4. Asphaltene molecules in their natural environment." (a) peptized asphaltene micelles. 

Rheological measurements are also of a great interest for improving our under­
standing of real systems properties.86,87, 149-152 Crude oils or heavy fractions can exhibit 
newtonian or non-newtonian behavior. Vacuum residues may exhibit a yield value which 
is characteristic of a three-dimensional organization,87 This macrostructure is very depend­
ent on the temperature as the yield stress increases progressively disappears when the tem­
perature increases. Storm and Sheu l51 have measured the viscosities of a vacuum residue 
(Ratawi) diluted with various quantities of the corresponding maltene fraction, from 
which they inferred the intrinsic viscosity of the asphaltenes. They found values close to 
those obtained for asphaltenes in a solvent. The viscoelastic properties of heavy oils and 
bitumens have also been investigated as a function of temperature or composition. I so In 
particular, the addition of polymers such as olefins, SBS to bitumen has the effect of alter­
ing its rheological properties towards a more elastic behavior.25 Viscosimetric measure­
ments carried out on residues under the temperature and pressure conditions of refinery 
processes are very scarce, 152 
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Research on the properties of asphaJtenes and other heavy fractions (such as resins) 
has thus been focused on the two following topics: the chemical characterization and the 
colloidal state. A quite good description of the average local order and chemistry of these 
heavy compounds exists. Some progress can still be performed to develop new analytical 
techniques or improve existing methods. Such progress could thus help in better quantify­
ing the various types of sulfur or nitrogen atoms present in asphaltenes and resins and de­
termining more precisely the aromatic and naphtenic ring sizes as well as the aliphatic 
chain lengths and how these entities are linked together. The detailed knowledge of chemi­
cal composition is not, however, sufficient to explain the irregular macroscopic behavior 
frequently observed in various industrial applications. Chemical characterization is crucial 
for the understanding of catalytic reactions, but as mentioned previously, heavy fractions 
of similar chemical composition may exhibit very different catalytic behavior. Likewise, it 
has been observed that crude oils having quite similar compositions mayor may not pro-
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duce deposits in the reservoir or in surface facilities. Some crude oils may thus show dra­
matic instabilities although they contain a small quantity of asphaltenes. 

These observations have motivated an important research effort whose purpose is to 
understand the colloidal behavior of these complex materials. We present below the work 
recently carried out at tne French Institute of Petroleum by using three different but com­
plementary techniques of colloidal characterization: small-angle scattering, cryo-scanning 
electron microscopy and viscosimetry. These techniques are presented in next Section (3), 
together with the preparation and analysis of the various asphaltenes and resins used. Sec­
tion 4 presents the results obtained on: asphaltene solutions (4.1), near-flocculating solu­
tions, with the addition of a flocculant (n-heptane), resins solutions (4.2) and finally 
natural systems (4.4), including vacuum or atmospheric residues as well as crude oils. The 
physical picture that emerges from these data is briefly summarized and discussed in the 
last Section (5). 
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3. EXPERIMENTAL 

3.1. Methods 
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3.1.1. Small Angle Scattering Techniques. 153.154 The measurement of the scattering of 
a radiation (X-ray, neutron or light) at small angles is a powerful tool for probing the col­
loidal structure from nanometric to submicronic scales. In the case of asphaltenes the use 
of conventional light scattering is limited to extremely dilute solutions (concentrations be­
low 0.1 %) as these compounds are strongly absorbent and fluorescent in the visible do-
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main. We will therefore focus our presentation on the small-angle X-ray and neutron scat­
tering (SAXS and SANS) techniques. Both techniques have been extensively used in re­
cent years for examining the colloidal structure of asphaltenes both in solution and in their 
natural medium (such as in a real oil or a residue). 

3.1.1.1. Principle. The quantity that is measured in a SAXS or SANS experiment is 
the intensity I(Q) scattered over a range of scattering vectors Q, whose modulus is defined 
as 

Q 41t . e =-sm 
A. (1) 

where A. is the wavelength of the incident radiation and e the (small) angle of observation. 
In order to perform our experiments, we have used two X-ray arrangements: a Huxley­
Holmes type camera for SAXS and a Double Crystal Cameral 55 specially designed for 
scattering measurements at ultra-small angles (USAXS). The Q-range accessible with 
these two instruments is very extended from 6.10-4 to 0.5 kl. A special setup has been de­
veloped in order to perform experiments at high temperatures up to 500K. 

SANS measurements have been performed using two different spectrometers (PAXE 
and PACE) at the Leon Brillouin Laboratory (LLB - CE Saclay - France). We have 
adopted appropriate conditions in order to obtain scattering curves in the largest possible 
Q-range (3.5.10-3 -1.6. 10-2 k l ). 

The measured intensity I(Q) probes the correlations between asphaltene regions over 
a scale of order I/Q. Small-angle scattering experiments reveal therefore the spatial struc­
ture of asphaltenes over length scales between a few and several tens (or hundreds in the 
case of USAXS) of nanometers. The scattering spectra I(Q) of asphaltene solutions are 
usually interpreted within the two-component (i.e., the asphaltenes and the solvent or sur­
rounding medium) approximation: 

I(Q) = ny2 (PA - Psi F(Q)S(Q) = q,Y(PA - Psf F(Q)S(Q) (2) 

In these Eqs. n is the number per unit volume of particules with volume Y (Y is pro­
portional to the molecular weight M of the particles), q,=n Y the particle volume fraction, 
P A and Ps are the scattering length densities of asphaltene and solvent or surrounding me­
dium. F(Q) is the particle form factor (i.e., the scattering that would be obtained from a 
single isolated particle, with the following normalization F(Q=O)= I) and SeQ) the struc­
ture factor that accounts for interparticle correlations. The form and structure factors de­
pend strongly on the underlying physical model employed for representing asphaltene 
colloids. We present and discuss below various colloidal models, together with their corre­
sponding form and structure factors. 

3.1.1.2. The Scattering Contrast. As appears in Eq. 2, a sufficient contrast between 
the scattering length densities PA and Ps must exist in order to obtain measurable intensi­
ties. They are calculated according to the following formula: 

~.b. 
p=-'-' 

v (3) 
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Table 2. X-ray and neutron scattering lengths (b) for 
different elements 

b -X-ray scattering b - Neutron scattering 
Elements (l0·12 cm) (10. 12 em) 

H 0.282 -0.374 
D 0.282 0.667 
12C 1.69 0.665 
14N 1.97 0.94 
0 2.26 0.58 
S 4.51 0.28 
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where v is a volume of scattering material and bi the scattering length of the atom i present in 
the volume v. The scattering length (Lb) is calculated by averaging the scattering lengths of 
each atomic constituent over the composition ofasphaltenes (as determined from the elemen­
tal analysis) and solvent or surrounding medium. In real materials (crude oils or residues) the 
elemental analysis of the maltenes is also required. To obtain the scattering length, the deter­
mination of volumetric masses of both components is also necessary. We have compared in 
Table 2 the X-ray and neutron scattering lengths for different elements. For X-ray radiation, 
the scattering length of an atom is proportional to the number of electrons since b=boz 
(bo=0.282.1 0-12 cm) where z is the atomic number. 156 For neutron scattering, the radiation in­
teracts with the atoms' nuclei and b depends on the nature of the nuclei (cf. for instance in Ta­
ble 2 the important variation ofb for hydrogen and deuterium). 

Consequently with X-rays the scattering length density is proportional to the elec­
tronic density. Asphaitenes, being the heaviest and most polar among the constituents of 
oil, exhibit a 'natural' contrast with other organic compounds, thus allowing SAXS meas­
urements to be carried out not only on asphaltene solutions but also on real oils or resi­
dues. With neutrons, the use of deuterated solvents is required in practice to obtain a 
sufficient contrast. For real materials the presence of different isotopes (e.g., deuterium 
and hydrogen) induces a significant Q-independent incoherent scattering that masks the 
elastic contribution (Eq. 2). In practice, the use of SANS is limited to asphaJtene and res­
ins in deuterated solvents. 

3.1.1.3. Form and Structure Factors for Various Colloidal Models. Particles are as­
sumed to be homogeneous with some characteristic shape (e.g., spherical, cylindrical, dis­
coidal, etc .. ), whose geometrical parameters (e.g., the sphere radii) obey a certain size 
distribution. This distribution, which reflects the more or less strong polydispersity found 
experimentally is usually strongly skewed towards small particles. A log-normal distribu­
tion is very often considered (but other types of distributions can be considered, cf. below 
Eq. 20). Within this approach the particles are assumed to be uncorrelated (i.e., S(q)=l) 
which, strictly speaking, is valid for dilute solutions. A generalization of Eq. 2 to polydis­
perse systems is used 

I(Q)=(PA -ps)2InkV;Fk (Q) 
k (4) 

in which nk is the number density of particles with volume V k (proportional to their molecular 
weight Mk) and form factor Fk(Q). We list here the form factors for simple geometries: 
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I) spheres of radius R and volume V 

F(Q) = V(3 Sin(QR)-QRCOS(QR»)2 = V<I>2(QR) 
(QR)3 

2) cylinders of axial length 2H, cross-sectional radius R and volume V 

F(Q) = V r¥ sin2(QHcosa)4J~(QRsina.) sin ada. 
Jo (QHcosa.)2(QRsina.)2 

D. Espinat et aL 

(5) 

(6) 

where J I is the first order Bessel function and the parameter a. is the angle between the 
scattering vector Q and the cylinder axis. 

This complex expression (6) can be simplified in some limiting cases: 

• rods of length 2H, radius R (2H» R) and volume V, in the Q-range defined as 
followed: 

QR~I and QH» 1 1t ( (QR)2) F(Q)=V--.exp ---
(2QH) 4 

(7) 

• flat cylinders of radius R, thickness 2H (R»2H), and volume V, in the following 
Q-range: 

QH~I and QR»l 2 (QH)2) F(Q)=V--exp ---
(QRi 3 

(8) 

3) ellipsoids of axes lengths (2a,2a,2xa) and volume V: 

n 
F(Q) = V J02 <1>2 (Q.a. Jcos2(a.) + x2 sin2(a.) ).cos(a.).da. 

(9) 

where <I> is the function defined in expression 5 and a the angle between the scattering 
vector Q and the ellipsoid. 

In practice, the geometrical and polydispersity parameters are fitted to the experi­
mental data. This procedure is cumbersome for non-spherical geometries as the number of 
parameters to be fitted is important. 

In the low Q region (i.e., for sizes larger than the particle sizes), referred to as the 
Guinier regime, an expansion of FiQ) in Eq. 4 leads to a simple, model-independent 
(therefore also applying to aggregating or polymer-like particles, see below) expression 
for the scattered intensity: 

(10) 

In this expression q,=Lnk V k is again the particle volume fraction, V w and R~z are cer­
tain averages of the volumes and radii of gyration of the particles (see below Eqs. 11 and 
12). It is convenient here to introduce the molecular weights Mk=VkdANAv' (dA being the 
asphaltene volumetric mass and NAv Avogadro's number) and Mw=VwdANAv. The average 
Mw is the weight average molecular weight, which is defined as: 
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(11) 

From Eq. (10) this quantity is deduced from the forward scattering IQ->o: 

(12) 

R!z is the z-average square radius of gyration: 

R~z = ~>k.M~.R~k /~>k.M~ 
k k (13) 

Alternative forms of Eq. (10) are sometimes utilized (these forms are equivalent in 
the Guinier regime where qRgz <1), such as Guinier's law: 

(14) 

and Zimm's expression: 

I(Q) = ( Q2R2) 
l+ __ g_z 

3 (15) 

In practice, the logarithm of the measured intensities are plotted as a function of Q2 
(Guinier) or the inverse intensities as a function of Q2 (Zimm). The linear regime (if any) 
is then identified and the averaged radius of gyration and molecular weight (or volume) of 
the particles are extracted from a least-squares fit. 

At this point we have not taken interactions and correlations between particles into 
account, considering in fact very dilute solutions. These correlations manifest themselves 
in the structure factor. For dilute solutions, it may be shown that, to leading order in Ij> and 
Q: 

K<I> =_1_[1+ Q2R~z]+2A <I> 
I(Q) Mw 3 2 (16) 

where K = (p A - P S)2 d A / N Av and A2 is a certain average of the second virial coefficient 
that describes particle-particle interactions (A2<O for attractive interactions, A2>0 for re­
pulsive interactions). Then, small-angle scattering measurements on solutions with several 
different particle dilutions will provide a determination of Mw' RgZ and the second virial 
coefficient Az. In practice KIj>/I{Q)is plotted as a function of Q2+AIj> (A being an appropri­
ate constant) and Rgz and A2 are extracted from the two limiting straight lines (one corre-
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sponding to <p ~ 0 , the other one to Q ~ 0). These two straight lines have the same inter­
cept, equal to lIMw ' This representation is called a Zimm plot. 

Other types of colloidal materials possess some internal structure because they are 
made up of repeat units (with some average composition) joined by either loose or cova­
lent binding. Loose binding may occur because these units find themselves in the mini­
mum of their interaction potential. The particles then resemble aggregates whose 
properties depend on the formation process and the nature of the interaction potential. 
Typical aggregates are those grown (from initially isolated units) by the so-called diffu­
sion- and reaction-limited colloidal (or cluster) aggregation (DLCA and RLCA) processes. 
The first growth process (DLCA), which occurs in systems with a strongly attractive inter­
action potential, is governed by Brownian diffusion: each time a structural unit or cluster 
meets (by diffusion) another structural unit or cluster these two entities join and form a 
larger aggregate. 135,136 The second (much slower) growth process (RLCA) occurs in sys­
tems in which the interparticle interaction potential displays an energy barrier that needs 
to be overcome for the entities to join. These two kinds of aggregates represent in fact two 
limiting situations and have some very distinctive static and dynamic properties. Another 
type of frequently encountered colloidal material is made up of covalently linked subunits 
and consists typically of polymer-like structures (with possibly some degree of branch­
ing). 

In both types of colloids the repeat units are of molecular size and therefore the form 
factor F(Q)::d for the Q range spanned in SANS and SAXS experiments. The intensity 
scattered is proportional to the structure factor S(Q) of these aggregates or polymer-like 
structures. 

We first consider dilute systems. In the (Guinier) low Q regime (QRgz<l) the pre­
vious expressions (Eqs. 10 and 14) for the scattered intensity hold. We focus here on the 
intermediate range of scattering vectors (QRgZ >1 but Qa < 1, a being a typical size for 
these repeat units), where the behavior ofI(Q) yields an information on the internal struc­
ture of the scattering object. The intensity scattered by aggregates or polymer-like struc­
tures usually behaves over this intermediate range of scattering vectors as a power law: 

(17) 

where D is the fractal dimension characterizing the internal structure of the scattering ob­
jects. 157 The fractal dimension D is the exponent that relates the mass to the dimension of 
the object: let M(r) be the mass included in a sphere of radius r (originating at the center 
of mass of the fractal object), then D is defined as M(r) ~ rD, where r varies from the size a 
of the repeat unit to the object's overall radius R. The maximum value of D is 3 (corre­
sponding to dense, homogeneous objects). The density of a fractal object is not constant 
but decreases with increasing dimension r: 

(18) 

Fractal dimensions of typical aggregates range from D~1.7 (DLCA) to 2.1 
(RLCA).135,136 The fractal dimension of linear polymer chains range from 1.7 (swollen 
chains, i.e. chains in a good solvent) to 2 (gaussian chains, i.e. chains in a theta-solvent), 
while branched polymer chains near a connectivity (sol-gel) transition have a fractal di­
mension equal to 2 (in a good solvent).137 
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In the case of polydisperse fractal objects, the observed scattering exponent in the 
intermediate regime (see Eq. 17) also reflects the polydispersity of these objects. In fact, 
an expression similar to Eq. (4) must be used: 

I(Q) = (p A - P s / r nk V~Sk (Q) = Kf n(M)M2SM (Q)dM 
k (19) 

in which K is a constant and the structure factors of fractal objects with mass M, SM (Q), 
behaves as Q-D in the intermediate scattering regime. For many aggregating or polymer­
like structures the distribution of objects n(M) (i.e., the number of fractal objects with 
mass M) exhibits the following scaling behavior 

n(M) = M-2f[M I M], (20) 

where M is an average or typical mass and f(x) is the scaling function that describes the 
shape of the cluster mass distribution. The mass M increases with time for DLCA or 
RLCA aggregates, whereas it diverges to infinity for systems approaching a percolation 
(sol-gel) transition. The scaling function f decays very rapidly (faster than any power law) 
for x> 1 (i.e., for M> M) and behaves for x<1 as a power law f(x) '" x-< , where T is (like 
the fractal dimension) an exponent characteristic of the structure, e.g., r=0 (DLCA), 1.5 
(RLCA) or 2.2 for systems close to a connectivity (sol-gel) transition. Then, injecting Eq. 
(20) into Eq. (19) leads again to a power law behavior for the scattered intensity: 

(21 ) 

where the apparent fractal exponent d=D(3-T) if T>2 and d=D if T<2.158.l59 
Several ad-hoc expressions have been worked out for the scattering function of di­

lute polydisperse fractal objects over the whole range of scattering vectors (from the 
Guinier to the intermediate regime) and the reader is referred to referenceslo5.16o for more 
details. 

To lowest order in <I> the scattering intensity of (dilute) fractal entities is described by 
Zimm's expression (Eq. 15). As the volume fraction increases these fractal entities start to 
overlap. When these objects are large enough there exists a concentration regime (referred 
to as semidilute) where these objects are strongly interpenetrated but nevertheless the vol­
ume fraction remains low. The overlap concentration <j>*,.,MI R! (for which the overall 
concentration equals the concentration inside the fractal objects) delineates the dilute and 
semidilute regimes. In the semidilute regime the scattering intensity has the same structure 
than in the dilute regime (cf. Eq. 15): 

(22) 

the length S corresponding to the correlation length (of concentration inhomogeneitites). 
This length may be viewed as the size of uncorrelated entities or blobs below which the 
fractal correlations still hold. This length tends to Rg I J3 in the dilute regime (<I><<j>*) and 
decreases with increasing concentration. Well in the semidilute regime (<I> ><j>*) t, decreases 
according to a power law in <I> (with an exponent that depends on the fractal dimension D). 
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It may be shown161 that IQ .... o is proportional to the volume fraction $ and to the mass of 
these correlated entities (or 'blobs') Mb: 

(Q>1/~) (23) 

IQ-..O crosses over to the dilute expression (Eq. 12) for low $. In the intermediate regime 
(Q> 1/~), the scattering intensity should still behave as Eq. (17). 

3.1.2. Cryo-Scanning Electron Microscopy. 162-164 Scanning electron microscopy is a 
fundamental technique for the description of a sample texture. However, the very low vac­
uum pressure (10-5 torr) imposed by the use of an electron beam limits its standard appli­
cation to solid samples. In liquid containing samples like gels or suspensions, the direct 
removal of the liquid would inevitably lead to changes in the native structure. An alterna­
tive possibility for preparing such samples is to solidify the liquid by freezing it and main­
tain the sample at low temperature during the observation. Such low temperature methods 
have been first developed by biologists for the study of living cells. Since then, cryo 
preparation equipments have become commercially available and the use of low tempera­
ture methods has become general for the study of liquid containing samples. A summary 
of rapid freezing methods is provided (reference 163). 

An Oxford-Hexland cryotrans CTl500 system interfaced to a JEOL JSM6300F 
scanning electron microscope was used for our experiments. 

The studied suspension is introduced into a drilled copper stub (lmm diameter cav­
ity), covered with a thin copper plate (in contact with the liquid) and, finally, rapidly fro­
zen by plunging into sub-cooled nitrogen at a temperature of about 63K. The stub is then 
transferred into a cryo-preparation vacuum chamber, which is a cold stage maintained at 
108K. The copper plate is then removed in vacuum in order to cleave and expose a fresh 
fracture plane of the sample. The cleaved sample is then transferred into the cold stage of 
the microscope which is maintained at 83K. A heater in the stage enables the temperature 
to be raised to any preset value from 83K to 323K. The sublimation process is controlled 
by the SEM image observation. For the vacuum of the microscope chamber, the appropri­
ate sublimation temperature of toluene is about 158K. Our observations have been made at 
this temperature, and the sublimation process was followed as a function of time. The po­
rous texture of the sample corresponding to an etching depth of several micrometers was 
typically revealed after about 40 minutes. If necessary, the sublimation process was 
stopped and the sample coated with gold in order to improve the image quality. Observa­
tions have been performed at low voltage and in secondary electron mode. 

3.1.3. Viscosimetry. Viscosimetric measurements have provided one of the earliest 
evidences of the colloidal nature of asphaltene in solutions or in their natural medium. 165 

From the increase in viscosity induced by the presence of asphaltenes in the medium, 
some information can be extracted concerning the properties of these colloids. We focus 
here on the region of linear viscosity increase that is observed for high asphaltene dilu­
tions (asphaltene volume fractions $ below 2-3%). The slope of the linear portion of the 
relative viscosity as a function of the volume fraction q, is by definition the intrinsic vis­
cosity [11] of the dissolved colloids: 

Solution viscosity I [ "LI. 
TJ = = + 11.1'1' 

r Solvent viscosity (24) 
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Equivalently, [11] is the limiting value for ~=O of the reduced specific viscosities: 

[] I. (1'\r -I) 
1'\ = Im---

~-->o <I> (25) 

The intrinsic viscosity [11] is related to the colloidal hydrodynamic volume. For hard 
spheres [11] is equal to Einstein's value, 2.5. Viscosimetric measurements carried out on as­
phaltenes in a solvent or in their natural medium82.86,87,151 yield intrinsic viscosity values in 
the range of 6---8 or above, indicating that the hydrodynamic volume of an asphaltene par­
ticule is much higher than that of the hard sphere with an equivalent quantity of asphal­
tene material. 

Various interpretations have been proposed for these significant intrinsic viscosities 
and hydrodynamic volumes. Reerink,82 assuming that asphaltene particules are compact 
objects elongated and ellipsoidal in shape, inferred the ratio of the major axis to minor 
axis for such ellipsoids. Sheu and coworkers,86 assuming that these particules are solvated 
spheres occupying an effective volume fraction ~eff' inferred the values of ~erl~, i.e., the 
ratios of the hydrodynamic volume Veff of the particule (containing asphaltene and the sol­
vent trapped inside the particle) to the volume V occupied by asphaltene material only: 

(26) 

The volume of asphaltene material in the particle is proportional to its molecular 
weight: M=dA VNav' while for particles of radius R the effective volume Veff is proportional 
to R3. Thus, within this model of solvated spheres, the intrinsic viscosity should be equal 
to: 

(27) 

and should therefore measure the effective volume occupied per unit mass of the particle 
('II is a constant in Eq. 27). It is worth mentioning that Eq. 27 has been verified experi­
mentally for other colloidal systems, e.g. for polymers in solution, where it is referred to 
as the Flory_Fox166 equation. 

3.2. Sample Preparation 

Asphaltenes were prepared according to the AFNOR T60--115 method from various 
crude oils and residues. The corresponding maltenes (i.e., the fraction soluble in n-hep­
tane) were separated in turn (SAR fractionation) by elution in a column filled with silica 
and alumina with the following solvents: n-heptane, a toluene/n-heptane (1/3, 2/3) mix­
ture, then a toluene, 1-2 dichloroethane and methanol (1/3,1/3,1/3) mixture. 

The elemental analysis of these various asphaltenes and the resins from a Safaniya 
vacuum residue (VR) have also been determined, leading to the chemical compositions 
gathered in Table 3. The asphaltenes and resin contents of some crude oils and the corre­
sponding atmospheric and vacuum residues are listed in Table 4. 
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Table 3. Chemical composition of (i) asphaltenes extracted from different 
crude oils or vacuum residues, (ii) Safaniya vacuum residue resins. 

The amount of asphaJtenes in these crude oils is given 

Products - Asphaltene contents (% w/w) 

A-0.6 
B-14 
0-4 
M-I 
R-24 
V-9 
W-4 
Safaniya crude oil- 1.5 
Safaniya vacuum residue - 15 
Safaniya vacuum residue resins 

Asphaltene chemical composition 

C7.2, H •. o NO.055 00.2 SO.023 

CO.7• H •. 02 NO.13 00.1 SO.2IS 

C7.35 H 8.57 NO.lll 00.08 SO.OIl 

C'.30 H 7.9 No.09s 00.13 SO.008 

C •. '3 Ho .•• No.oos °0.0• SO.3S7 

C •. o• H 7.69 No.oos 00.08 SO.337 

C •. S25 H • .5 NO.093 00.11 SO.IS9 

C. 96 H'.2 NO.078 00.07 SO.228 

CO .• 7 H 7.49 No.on 00.08 SO.23. 

Co .• o H •. o No.os 00.081 SO.I.' 

4. COLLOIDAL MACROSTRUCTURE 

4.1. Asphaltene Solutions 

4.1.1. Investigations by Scattering Techniques. Our first approach has been to char­
acterize by X-ray or neutron scattering techniques asphaltenes in a simplified environ­
ment, consisting of a good solvent.92- 95 The small-angle scattering spectra of asphaltene 
solutions display some very generic features, an example of which is given in Figure 6. 
This figure depicts the X-ray scattering spectrum ofa solution with 5.45% (w/w) asphaJte­
nes of a Safaniya vacuum residue (VR) in toluene. This spectrum was obtained by using a 
combination of SAXS and USAXS cameras that allowed us to explore a very large range 
of scattering vectors (Q from 5 W-4 ,,\:1 to 2 10-1 ,,\:1). Two regions (delineated by the scat­
tering vector Q1 in Figure 6) can be distinguished in the spectra of asphaltene solutions: i) 
a region at low and intermediate scattering angles where the scattered intensity is charac­
terized by a quasi-plateau at low Q followed by a strong decrease at higher Q and ii) a re­
gion at very low scattering angles where the scattered intensity rises sharply with 
decreasing Q. The latter region, usually accessible with USAXS instruments, indicates the 
presence of large-scale (>50-100 nanometers) heterogeneities in the solution, which we 
further discuss at the end of this Section. In the following we focus on region (i), accessi-

Table 4. Resin and asphaltene contents (% w/w) for R and B crude oils, 
Safaniya vacuum residue (VR), B atmospheric residue, W atmospheric 

and vacuum residues. RIA is the ratio resins to asphaJtenes 

Resin AsphaItene 
concentration concentration 

(%w/w) (%w/w) RIA 

Safaniya vacuum residue (VR) 25 15 1.66 
R crude oil 21 22 0.95 
B crude oil 27 14 1.9 
B atmospheric residue 30 15 2 
W atmospheric residue (AR) 22 6 3.66 
W vacuum residue (VR) 28 22 1.27 
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Figure 6. X-ray scattering ofSafaniya vacuum residue asphaltenes in solution in toluene (5.45 % w/w). 

ble with most X-ray and neutron spectrometers, which reflects heterogeneities of re­
stricted extension (a few tens of nanometers) corresponding to the single asphaltenic parti­
cles or aggregates. After explaining the procedures used for interpreting the scattering 
spectra in terms of size, molecular weight, shape and internal structure for these entities, 
we present and discuss experimental scattering data for asphaltenes in various solvent, 
temperature and concentration conditions. We also compare SAXS and SANS data ob­
tained on identical samples. 

4.1.1.1. Treatment of Scattering Data.'04·154 As a first step in the treatment of the 
spectrum some simple characteristic regions and laws are identified, such as typically: i) 
in the low Q region, a Guinier or Zimm behavior, from which the molecular weight and 
radius of gyration ofthe asphaltene entities are extracted and ii) for intermediate and large 
Q a scaling dependence of the type I(Q) "" Q'o (cf. Section 3.1.1). Then a structural model 
for the asphaltene entities consistent with the behavior for intermediate and large Q (ii) is 
chosen. It is worth mentioning here that different structural models may give rise to simi­
lar spectra: for instance the value D "" 2, which is very often observed experimentally, is 
consistent with models of homogeneous disk-like particles (cf. Eq. 8) or with aggregates 
having an internal structure characterized by a fractal dimension"" 2 (cf. Eq. 17). In a sec­
ond step, the complete expressions for the form or structure factors are used (e.g. Eqs. 5, 
6, or 9 for dilute spheres, cylinders or ellipSOIds) and the corresponding parameters (i.e., 
the radius for spheres, the cross-sectional radius and axial length for cylinders, etc.) are 
adjusted so that the calculated spectrum fit the experimental data. In order to account for 
the data it is often necessary to introduce some additional parameters characterizing the 
polydispersity of the asphaltene entities (e.g., the standard deviation and the average value 
for log-normal size distributions, the exponent t and M for distributions of the type repre­
sented by Eq. 20). 
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1.00.--------.;;:--------------------, 

Log (1/c) 

D Safaniya 
B V 
M A 
R 

2.00 -1---------------------\ 
-2.50 Log(Q) -0.65 

Figure 7. SANS scattering curves for various asphaltenes extracted from different crude oils, D, B, M, R, Sa­
faniya crude oil, V,A. The scattering intensity is corrected by the aspbaltene concentration (c) in deuterated tolu­
ene. 

This type of treatment has been extensively applied in the literature. 86.87.92.93,95.104 We 
have demonstrated95 that, using realistic size distributions, different models (spheres, disks 
or ellipsoids) are able to fit the experimental data. In our opinion the results of such treat­
ments should be taken with caution. However, as already emphasized, the information ex­
tracted from the low Q behavior, i.e., the weight-average volume V w or molecular-weight 
Mw (see Eq. 12) and the z-average radius of gyration (see Eq. 13), is more robust and 
model-independent as it does not depend in particular on whether the asphaltene entities 
are assumed to be homogeneous particules or have some internal structure. 

As an example the data in Figure 7 corresponding to dilute solutions of asphaltenes 
of various origins in toluene have been treated by a least-squares fitting procedure with a 
model of spheres having a log-normal distribution for the radii (characterized by an aver­
age radius and a standard deviation). Results of this treatment are gathered in Table 5. The 
fitted size distributions for asphaltenes R, W, B, D are plotted in Figure 8. It appears that 
the distribution is skewed towards small particles, but yet the largest particles are numer-

Table S. Size parameters deduced from curve fitting procedure 
(sphere model) for various asphaltenes in solution in toluene 

(see Table 3) (Ro is the average radius of the log-normal 
distribution, cr the standard deviation,95 <v> is the 

volume average) 

Aspbaltenes RoCA) a <V>CA3) 

A 6.3 0.6 130000 
B 9.6 0.62 700000 
D 11 0.64 1200000 
M 18 0.48 550000 
R 4.6 0.72 480000 
Safaniya crude oil 12 0.54 370000 
V 5.7 0.63 180000 
w 8 0.57 170000 
Safaniya vacuum residue 8.5 0.6 340000 
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ous enough to have a strong influence on the scattering signal. The primary information 
that can be (at first glance) extracted from Figure 7 is a classification of the different as­
phaltenes according to the position of the quasi-plateau IQ-->o' i.e. according to their volume 
or molecular weight (cf. Eq. 12). 

It is worth mentioning that powerful tools such as molecular simulation softwares 
could in principle be utilized to calculate more complex models of asphaltene entities l67 

and their scattering spectra. To our knowledge, such an approach has not been attempted 
yet. 

4.1.1.2. Concentration Effects. Figure 9a shows a SANS Zimm plot carried out for 
solutions in toluene of asphaltenes from Safaniya vacuum residue. The concentration 
range was in the range 0.1-4.7 % w/w. Two domains can be observed; the first one con­
cerns the highest concentrations (2.5-4.7 % w/w) where the second virial coefficient is 
near zero and the second one concerns very low concentration values (Figure 9b). We suc­
ceeded in performing experiments at very low asphaltene concentration (0.025 % w/w). 
We have deduced by extrapolation at Q=O and C=O, the weight average molecular weight 
(Mw = 61700 g.mole· I ), at C=O the radius of gyration (Rg = 48.3 A), and finally for Q=O 
the second vi rial coefficient (A2 = -2.33. 10-4 cm3.mole.g-2). This coefficient is very low 
and slightly negative, which can be an indication either that asphaltenes are not solu­
bilized in a very good solvent or that the average molecular weight is concentration de­
pendent. We have plotted on Figure 10 the variations of the mean-square radius of 
gyration and the extrapolated intensity at Q=O as a function of the asphaltene concentra­
tion. These values has been calculated from SAXS and SANS experiments. Up to 5% w/w, 
the scattered intensity is proportional to the concentration and the radius of gyration re­
mains constant. Above 5% w/w asphaltene concentration, we do not observe a linear evo­
lution of the intensity and the radius of gyration decreases. We are no longer in the 
approximation of a dilute regime. For low concentrations, asphaltenes aggregates are inde­
pendent and the scattering intensity is then proportional to the concentration of these as­
phaltene clusters and depends on the form factors of each aggregate type (see formula 4). 
As the concentration raises, aggregates are progressively in contact and the scattering in­
tensity is no longer sensitive to the average size of the particles but depends on a charac­
teristic length much smaller than the average size (see Section 3.1.1-formula 22). 
Cabane l68 has discussed and illustrated this behavior (Figure 11) which can explain the de­
crease of the apparent radius of gyration (Figure 10). This concept is in good agreement 
with the molecular description of the asphaltene molecules as illustrated on Figure 1. Sev­
eral more or less extended asphaltene macromolecules, showing a similar polymer-like 
structure, with covalent bonds between aromatic and aliphatic basic entities, can be in in­
teraction via 1t-1t associations or hydrogen bonds. The size of these macromolecules 
shows a large polydispersity. As concentration increases, they can come into contact and 
may be interpenetrated. 

4.1.1.3. Comparison between SAXS and SANS Data. We have compared small an­
gle neutron and X-ray scattering data (Figure 12) of Safaniya Vacuum Residue asphalte­
nes. The intensity is corrected by the concentration and the contrast term which was 
calculated according to the chemical composition (see section 2). The two curves are very 
similar at small Q values (Q ~1O-2 kl), and SAXS intensity becomes higher for Q greater 
than 5. 10-2 kl. This behavior can be explained by contrast term variations. We know that 
asphaltenes are mainly composed of aromatic and aliphatic blocs; if we compare the elec­
tronic densities for X-rays or the coherent scattering length density for neutrons (Fig-
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Figure 9. Zimm-plot for small angle neutron scattering curves of Safaniya Vacuum Residue asphaltenes in toluene 
- Asphaltene concentrations (c: %w/w) [a] (crosses: 0.1, diamonds: 0.5, down triangles: I, up triangles: 2.5, open 
circles: 4, squares: 4.7) - [b] (open circles: 0.025, up triangles: 0.05, down triangles: 0.1, diamonds: 0.5, squares: 
I) - Full circles correspond to extrapolations for Q=O or c=O. 
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Figure 10. Mean-square radius of gyration (Rg) (000: SANS experiments, 000: SAXS data) and scattered in­
tensity extrapolated at Q=O (1(0» (_.: SAXS, ••• : SANS) as a function of the concentration ofSafaniya Vac­
uum Residue asphaltenes in solution in toluene (L\p2, contrast term). 
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Figure 11. Characteristic length /; for density fluctuations for diluted system (a), and concentrated one (b). (c) 
Evolution of/; and the scattered intensity at Q=O as a function of the concentration. '68 
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Figure 12. Comparison of SAXS and SANS curves of Safaniya VR asphaltenes in toluene. The scattering inten­
sity is divided by the asphaltene concentration and the contrast term (K=c. Ap2). 

ure 13), we can observe that X-ray or neutron contrasts are not identical for the different 
blocs. We have calculated the p term (formula 3), for hydrogenated and deuterated tolu­
ene, Safaniya VR asphaltenes, aromatic and aliphatic regions. According to NMR charac­
terization, we have considered simple molecules, perylene (five benzene rings) and 
pentadecane (C'SH32) for chemical representation of respectively aromatic and aliphatic 
regions. One can notice for SANS, that the contrast term (~p2) is much higher for aliphatic 
entities than for aromatic ones in deuterated toluene. On the contrary, X-rays are predomi­
nantly sensitive to the aromatic species of asphaltenes. Consequently, at large Q-values, 
each technique will "see" different regions (aromatic or paraffinic) of the asphaltene mole­
cules and the scattered intensity will be different. At small Q-values, both techniques will 
be sensitive to the aggregation of (i) aromatic entities for X-rays and (ii) paraffinic parts 
for neutron, but large asphaltene aggregate size is defined by both types of entities, aro­
matic and paraffinic. In consequence, each technique will give the same scattering, which 
means same aggregate size. We can compare this behavior, with any gray circle you can 
draw on your computer screen; if you look at this picture far from your screen (small Q), 
you will see the gray circle, but if you have good eyes close to the screen you will see 
black and white dots (large Q). 

4.1.1.4. Solvent and Temperature Effects. We have investigated the effect of sol­
vents and temperature on the molecular weight ofasphaltenes by small angle neutron scat­
tering (Figure 14). We have confirmed that the average molecular weight is strongly 
dependent on the nature of the solvent.74 Good correlation has been found between this 
molecular weight and the dipolar moment of the solvent molecules (Figure 15). The aver­
age molecular weight is much larger in benzene than in pyridine. An increase of the tem­
perature is followed by a decrease of the size of the asphaltene particle. We can notice that 
for sufficiently high temperature, the molecular weight of asphaltenes as a function of the 
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Figure 14. Average molecular weight 
evolution of Safaniya vacuum residue 
asphaltenes in solution in different sol­
vents and as a function of temperature 
(SANS experiments) .• ortho-xylene,. 
benzene, • tetrahydrofuran, ... pyridine. 
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solvent seems to reach an unique value, suggesting a dissociation to the molecule. We can 
suggest that for higher temperatures, de-aggregation will take place giving rise to elemen­
tary asphaltene molecules. The asphaJtene behavior in various solvents, as a function of 
temperature increase or concentration decrease is good proof of the self-association of 
these entities. 

4.1.1.5. Upturn ofl(Q) at Very Low Q. An upturn of the X-ray scattered intensities 
at very low Q (Q<3-4 10-3 kl) is usually observed for asphaitenes, both in solution (see 
Figures 6 and 16) and in their natural medium (cf. next Section). This indicates the pres-

Figure 15. Average molecular weight of 
Safaniya vacuum residue asphaltenes in so­
lution in different solvents and as a function 
of dipolar moment of the solvent (SANS ex­
periments). 
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-4.00 LoglO(Q) -0.50 

Figure 16. Small angle X-ray scattering of various asphaltenes in solution in toluene. (0) D, (x) R, (+) Safaniya 
vacuum residue (see Table 3). 

ence oflarge-scale (>21t/Q) heterogeneities in the medium. The steep increase ofI(Q) with 
decreasing Q (the apparent exponent d such that I(Q) ~ Q-d lies in the range of 2.5--3) indi­
cates that these heterogeneities are quite dense. We have verified that this intense scatter­
ing at very low Q exists for asphaltenes of various origins (Figure 16) and is roughly 
proportional to the concentration, at least for concentrations in the range from 2 to 10 % 
w/w (Figure 17). 

This behavior is reminiscent of what is sometimes observed in polymer solutions, 
where it is referred to as the 'Picot-Benoit' effect. 169 Its physical origin is unclear: it might be 

1~~------------,-------------~--~ 

~ 1()2 

.2. 
0:=-
S! -=-
01 
0 100 ..J 

1~2~~ ________ ~~~~ __________ ~~ ____ ~ 
10-3 Q1 10-2 10-1 

Log (Q) [A-1] 

Figure 17. Small angle X-ray scattering of Safaniya vacuum residue asphaltenes in solution in toluene for three 
different asphaltene concentrations: (I) 2 % w/w; (2) 6 % w/w; (3) 10 % w/w. 
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due to the presence of some micro-gels. This effect can be removed by ultracentrifugation 
or filtration, which seems to be also the case with asphaltene solutions (see next paragraph). 
This upturn at very low Q is also often observed in gels and several theories have been pro­
posed to explain these inhomogeneities in the network structure (they are reviewed in ref. 
[169]). A plausible hypothesis is that asphaltene solutions contains some pieces or remain­
ings of the original kerogen three-dimensional network. To further understand the nature of 
these heterogeneities, the acquisition of scattering data 1) on more dilute asphaltene solu­
tions (i.e., for concentrations below I %) and 2) at still lower Q would be highly desirable. 

Two types of models have been proposed for SAXS data interpretation (Figure 18): 

I) in the first situation (Figure 18-a), small asphaltene molecules form complex ag­
gregates; various types of interaction between these molecules can be suggested, 
according to the literature, as van der Waals forces and/or hydrogen bonding. 
Asphaltenes molecules are micelles, whose size can vary; their contribution to 
SAXS intensity is observed at large Q values (Q>Ql). The spatial distribution of 
these aggregates can give rise to asphaltene concentration or density fluctua­
tions. Thus, extended regions, rich in aggregates, exhibit an asphaltene concen­
tration (C2) higher than the average concentration of the solution. Consequently, 
in other regions, the concentration is much lower (C 1). These density fluctua­
tions can justify the increase of the scattered intensity. 

2) in the second situation (Figure 18-b), polydispersed asphaltenes molecules or 
micelles, which sizes are rather small, coexist with more or less dense big aggre­
gates with produce a strong scattering contribution at very small Q. 

a 

\ 
\ 

b 

\ • 
Figure 18. Aggregation models for asphaltene solution in good solvent. (a) the concentration (density) fluctua­
tions, CI and C2 are respectively the concentration of dark and bright zones, (b) mixed system of huge aggregates 
and asphaltenes micelles (dark lines represent asphaltene micelles). 
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We have tried to distinguish between these two different situations (Figure 18 a or 
b) by using additional techniques. Ultracentrifuge was used at high angular velocity. We 
have mentioned in the introduction that this method was already applied to the asphal­
tene molecular weight determination.59,71,72 A 9 % w/w Safaniya VR asphaltene solution 
in toluene was submitted to high velocity centrifuge (4200 rd. S·I) during ten hours. We 
have verified that the sedimentation of asphaltene species is a long time process. After 
ten hours treatment, we have recovered at the bottom of the centrifuge cell a dark, vis­
cous deposit. The supernatant solution was still dark, like the initial suspension. The up­
per part of this supernatant was collected, the asphaltene concentration being close to 2% 
w/w. The bottom was also collected; its asphaltene concentration has been found close to 
50 % w/w. Supernatant and bottom fractions were either concentrated by toluene evapo­
ration for the first one, or diluted in toluene for the second fraction and scattering data 
has been collected (Figure 19). The important result of SAXS data is the absence of the 
scattered intensity at small Q-values (Q<QI) for the supernatant fraction. Thus, it is pos­
sible to isolate asphaltene molecules which will not have tendency to form large dense 
aggregates or density fluctuations. The chemical composition analysis of both fractions 
has shown that the bottom fraction is more aromatic and has an higher oxygen content 
than the supernatant one, 

"What is the evolution of these large heterogeneities as temperature increases?" We 
have tried to answer to this question by USAXS experiments. We should suggest that tem­
perature increase will homogenize the asphaltene solution by dispersion of the aggregates 
forming dense regions, Figure 20 shows a comparison of SAXS data of 6% w/w Safaniya 
VR asphaltenes in toluene at 293K and 353K. Scattering at large Q-values is strongly 
modified by temperature increase due to the lowering of the average molecular weight of 

1000 

100 

8 - 10 
I"7w ---. .......... 

0.1 

1E-3 0.01 0,1 

Q ( A -1 ) 

Figure 19. X-ray scattering of supernatant and bottom fractions (Safaniya VR asphaltenes) obtained by ultracen­
trifuge, (_) supernatant, (e) bottom, 
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Figure 20_ Small angle X-ray scattering of Safaniya VR asphaltenes in toluene (6% w/w) for two temperatures. 
(I) 293K, (2) 353K. 

asphaltenes (see Figure 14). Small Q intensity has not changed during temperature modifi­
cation. The density fluctuations appear to be stable as temperature increases. We can pro­
pose two different explanations to this strange behavior: 

1) 353K is not a sufficiently high temperature to modify interactions responsible 
for the fluctuations. However, we have seen that temperature increase is fol­
lowed by decrease of the average molecular weight (measured at large Q). In 
consequence, we should conclude that different types of interactions might exist 
between asphaltene species. 

2) dense and more or less extended regions having a gel-like structure are present. 
They can be compared to micro-gels which have been observed in polymers so­
lution and are eliminated by filtration. We have made previously the hypothesis 
that micro-gels might be responsible for an intense scattering in the small Q­
range, sometimes called Picot-Benoit effect. 169 "How can we describe these par­
ticular macrostructures?" Looking at the hypothetical asphaltene molecule 
presented in Figure 1, we see that aromatic or naphtenic blocs are linked by ali­
phatic chains. We can suggest larger macromolecules, exhibiting size polydis­
persity and probably more crosslinked. This macromolecule and kerogen (see 
Figure 3) can exhibit similar structural characteristics. The strain existing in the 
bridges connecting aromatic sheets could reduce swelling of the structure. Size 
lowering of the large macromolecules imposes carbon-carbon break and thermal 
cracking at temperatures, close to 573K, much higher than 353K. The fraction 
of total mass of asphaltenes in solution involved in these extended macrostruc­
tures still remains unknown. 

In order to gain insight into the morphology of these large scale heterogeneities, we 
have performed cryoscanning electron microscopy experiments (Cryo-SEM).95 

4.1.2. Cryo-SEM Investigation of Asphaltene Solution in Toluene. A 2% and 4% w/w 
Safaniya vacuum residue asphaltene solutions in toluene have been observed with a scan-
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a 

b 

_ l00nm 

Figure 21. Cryo-SEM images ofSafaniya vacuum residue asphaltenes in solution in toluene. (a) 2% w/w asphal­
tene concentration, (b) 4 % w/w at higher magnification. 

ning electron microscope at different magnifications (Figure 21 a-b). The sample prepara­
tion and the observation mode have been presented in the experimental section. The image 
exhibits an heterogeneous material where bright regions form a complex network where 
pores of very different sizes are observed. After quenching of the asphaltene solution and 
transfer into the microscope, the sample temperature is progressively increased up to 63K 
under high vacuum (10-6 torr). According to the colligative properties of the solution, if 
asphaltene concentration differs from one region to another one, the sublimation tempera­
ture will be affected. The same experiment, for pure toluene has been performed and the 
image obtained has not exhibited a heteregeneous system. We have concluded that the as­
phaltene concentration is not homogeneous in the solution. We can propose that for low­
concentrated asphaltene regions, the toluene is sublimated for lower temperature, giving 
rise to dark pores (see Figure 21). For more concentrated regions, it will be necessary to 
reach higher temperatures, which is not the case in Figure 2 \. Toluene is not yet subli­
mated. If there were no variation of the asphaltene concentration, the toluene sublimation 
will occur for one defined temperature and it would be impossible to reveal the macro­
structure seen in Figure 21. 
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4.2. Flocculation Process by N-Heptane Addition to AspbaUene 
Solutions 

183 

The asphaltene flocculation process has been investigated by adding various quanti­
ties ofn-heptane to asphaltene solutions in toluene. Both viscosimetry and scattering tech­
niques have been applied in order to get a better description of the suspension structure 
evolution. 

The viscosities of Safaniya VR asphaltenes l70 were obtained in toluene and in tolu­
ene/heptane mixture (55/45 % w/w) for asphaltene volume fractions (<I» between 1 and 10 
% (Figure 22). The viscosity vs. asphaltene volume fraction curves shows two different 
domains: (i) in the first one, corresponding to volume fraction below 3 %, the viscosity in­
creases linearly, (ii) in the second one (<I> > 3%) a strong increase of the viscosity is meas­
ured. This increase of the viscosity is more pronounced when n-heptane is added 
(Figure 22). The intrinsic viscosity ofthe asphaltene molecules can be calculated from vis­
cosimetric measurements at low volume fractions (see formula 25 and Figure 22). We 
have plotted intrinsic viscosity vs. n-heptane concentration (Figure 23). As flocculant con­
centration increases, we first observe a decrease of the intrinsic viscosity, up to 15 %, and 
then a strong increase up to 45% which corresponds to the flocculation threshold (see in­
troduction). These results are in good agreement with previous works. 78 

Scattering curves (SANS) display on Figure 24 a strong increase of the intensity (Q 
"" 3. 10-3 A"I) indicating that asphaltene molecules grow in size and in molecular weight, 
except for heptane fractions between 0 and 15 %. Molecular weights as a function of the 
radii of gyration (see formula 14) are plotted in a double-logarithmic representation for 
Safaniya VR asphaltenes (Figure 25). The points seem to line up on straight lines of slope 
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Figure 22. Relative viscosity and intrinsic viscosity of Safaniya VR asphaltenes in solution in pure toluene ce) 
and a mixture toluene/heptane (55/45 %w/w) (0) as a function ofasphaJtene concentration (~). 
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Figure 24. SANS data for 2% w/w Safaniya VR asphaItene for different mixtures of toluene/heptane, (T) \ 00/0, 
(0) 85/\5, (Q) 65/35, (x) 55/45. 
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Figure 25. Molecular weight vs. radius of gyration for Safaniya VR asphaltenes. 

2.05 (Mw '" Rz2.05). We have compared the viscosimetric and neutron scattering data. As 
explained in the experimental section dedicated to viscosimetric measurements, the intrin­
sic viscosities of solvated objects must be proportional to their volume per unit of mass, or 
to the volume occupied by the asphaJtene aggregate (R/) relative to the volume of asphal­
tene material inside this aggregate (Mw or I(Q=O». Comparison between intrinsic viscos­
ity and the ratio (Rz3/Mw) is shown on Figure 26 as a function ofn-heptane concentration. 
We can see that these quantities, [11] and (Rz

3/Mw), exhibit parallel variations. 
The n-heptane addition effect on the density fluctuations has been followed by 

SAXS experiments (Figure 27). Except a small increase of the intensity for small Q 
(Q<Q I), as n-heptane content raises, the Q dependence of the intensity is not strongly 
changed (I(Q)'" Q'2.7). For higher heptane concentration (50% w/w), the asphaltene solu­
tion being flocculated, the scattered intensity shows a huge increase. The exponent of the 
power-law dependence of the intensity is close to 4 (I(Q)'" Q,37). This observation reveals 
the presence of large and dense asphaltene particles in the solution. Larger aggregates may 
exist, but their contribution to the scattering intensity will be predominant at smaller Q­
values, not accessible with the Bonse-Hart camera used for our experiments. 

4.2.1. Cryo-SEM Flocculation Study. Cryo-SEM technique was applied to follow the 
aggregation process when n-heptane is added. We have first observed n-heptane (35% 
w/w) low concentrated asphaltene suspension (Figure 28). We must point out that this sus­
pension did not exhibit any huge aggregates detected by the naked eyes. We can distin­
guish two different morphologies: (i) the first one reproduces the network structure which 
has been previously observed without flocculant addition; thin bright filaments, corre­
sponding to asphaltene highly concentrated regions are still present, (ii) the second one 
does not show anymore the network morphology, but denser, more homogeneous aggre­
gates are formed, whose size is close to one micrometer. They indicate the onset of the 
flocculation and probably have their origin in the aggregation of some asphaltene mole-
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Figure 26. Intrinsic viscosity (0) and ratio (R/lMw) C'f') as a function ofn-heptane weight fraction (asphaltenes 
Safaniya VR in suspension in toluenelheptane). 

cules which are very sensitive to the presence of heptane. This behavior has been con­
firmed by filtration experiments of asphaltene solutions in toluene with increasing amount 
of n_heptane.132 The first insoluble fraction recovered with the lowest amount of flocculant 
contains asphaltenes of higher molecular weight, higher aromaticity and more pronounced 
polar character. 
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Figure 27. SAXS data for 2% w/w Safaniya VR asphaltene for different mixtures of toluenelheptane. (I) 100/0, 
(2) 80/20, (3) 65/35, (4) 50/50. 
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Figure 28. Cryo-SEM pictures of 2% w/w Safaniya v acuum residue asphaltene suspension in toluene with n-hep­
tane (35% w/w) - (a) low magnification, (b) high magnification. 

Another Safaniya VR asphaltene suspension (2% w/w) containing 65% w/w n-hep­
tane in toluene has been observed in cryo-microscopy. Figure 29 displays two charac­
teristic pictures for different magnifications. Large fractal aggregates are easily observed. 
A part of the solution has been deposited on a carbon grid used for transmission electron 
microscopy analysis and then quenched as explained in the experimental section. We can 
see on picture 29, the well defined holes of the carbon of the grid. The network morphol­
ogy has quite disappeared giving rise to denser and isolated aggregates. They exhibit a 
large polydispersity, the size of some of them can reach several micrometers. High magni­
fication image depicts the fractal structure formed by aggregation of small clusters whose 
size is near 0.1 J.lm. Finally, we have performed cryo-microscopy analysis with the same 
asphaltene in solution in a heptane/toluene (80/20) mixture, well above the flocculation 
threshold. Huge aggregates could be easily visualized by the naked eyes. We have col­
lected one of them, and further deposited on the carbon grid (Figure 30). Fractal aggre­
gates are still present; the inside asphaltene concentration is much higher that the average 
concentration. Fig. 30-b shows that the basic cluster of the fractal aggregate is larger than 
0.1 J.lm and has grown in comparison with that in a 65 % w /w heptane solution. 

_ 100nm 

Figure 29. Cryo-SEM pictures of 2% w/w Safaniya vacuum residue asphaltene suspension in toluene with n-hep­
tane (65% w/w). (a) low magnification, (b) high magnification. 
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Figure 30. Cryo-SEM pictures of 2% w/w Safaniya vacuum residue asphaltene suspension in toluene with n-hep· 
tane (80% w/w). (a) low magnification, (b) high magnification. 

4.3. Resin Solutions 

Figure 31 displays a comparison of small angle X-ray scattering data for asphaltenes 
and resins Safaniya vacuum residue. We can observe similarities for both spectra: 

1. at very low Q-values, an important increase is also detected for the resin suspen­
sion indicating the presence of large density fluctuations. We can remark that the 
transition between small and large Q-values, Q 1, is larger for resins than for as­
phaltenes. We can suggest that the minimum fluctuation size is smaller for resins 
than for asphaltene suspensions. 

2. at low and intermediate Q, the pseudo-plateau corresponds to an intensity much 
smaller than for asphaltene solution, corresponding to a smaller weight average 
molecular weight (Mw = 3500). The Q-dependence of the scattered intensity is 

103r.r----------~------------~--__, 

102 

101 

100 
CI 

.9 
10.1 

........ ....... - ......... .... , 
' .. 

10.2 L.l.--------:,-l-----LL,-----------..1.... __ ---l 
Q1 Q1 

(asphsltenes) (resIns) 
10-3 10.2 10.1 

log (Q) [A-1] 

Figure 31. Comparison of SAXS data for asphaltenes and resins in toluene. (I) 6% w/w asphaltenes in toluene, 
(2) 6% w/w resins in toluene. 
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different from that observed for asphaltenes; we have measured a more diffuse 
scattering indicating the presence of small entities. It seems that resins and as­
phaltenes have a similar behavior. We have verified that, as is the case for as­
phaltene molecules, an increase of the temperature is followed by a decrease of 
the average molecular weight (Mw = 2500 at 350K). 

Many works of the literature have shown that resins are the best solvent ofasphalte­
nes. 128 We have applied scattering methods in order to investigate the good solvent effect 
of resin addition on the solubilization of asphaltene molecules. On Figure 32 are plotted 
large-Q X-ray scattering intensity for a pure asphaltene solution and a mixture of asphalte­
nes plus resins in toluene. The scattering intensity measured for higher Q when resins are 
added to asphaltene solution exhibits a significant increase. This behavior is easily under­
standable because of the presence in suspension of small entities (resins) whose contribu­
tion is higher at large scattering vectors. On the contrary, we can observe a scattering 
decrease at small Q values (Q<2.10-2 AI) characteristic of solution macrostructure modifi­
cation. In order to clarify this behavior, we have compared the scattering curve of the mix­
ture of asphaltenes plus resins with the sum of the intensities measured for pure 
asphaltenes and for pure resins (Figure 33). The curve measured for the sum is larger than 

Figure 33. X-ray scattering curves for a 
mixture of Safaniya vacuum residue as­
phaltenes and resins: (I) 2% w/w as­
phaltene + 4 % w/w resins in toluene, 
(2) the sum of scattering intensity for 
pure asphaltenes (2% w/w) and pure res­
ins (4% w/w) in toluene. 
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the intensity of the mixture asphaltenes plus resins, which can be interpreted by a decrease 
of the asphaltene average molecular weight. These experiments are in favor of the good 
solvent properties of resins. 

4.4. Macrostructure Investigation of Natural Systems 

The characterization of asphaltene macrostructure in solution or their flocculation is 
still an important issue for better understanding of the involved mechanisms, but we need, 
for industrial purpose, more information about the structure of asphaltenes in their natural 
environment. Small angle X-ray scattering has been applied in this aim. We will summa­
rize in this section some results obtained concerning several systems such as crude oils, at­
mospheric or vacuum residues and maltenes. 

4.4.1. Small Angle X-Ray Scattering o/Crude Oils. Vacuum Residue. and Maltenes. 
Figure 34 shows the X-ray scattering curves of pure Safaniya vacuum residue and its mal­
tenes at room temperature. We can easily distinguish two different domains: 

1. Q> 1 0-2 KI: the curves after a pseudo-plateau, exhibits a pronounced decrease of 
the intensity as Q increases. This behavior corresponds to the scattering of small 
dense regions. It is difficult to quantify the contribution to the contrast term (see 
formulae 2 and 3) of each type of molecules which are present in the residue. 
According to the SAXS theory, we can assert that these regions have a high 
electron density and are probably related to more or less aggregated aromatic 
parts of the asphaltenes. It clearly appears that the average size of these regions 
are smaller in maltenes than in vacuum residue. 

2. Q<10-2 A· I : for Safaniya vacuum residue, an intense scattering (I(Q)::::: Q.2.2) is 
measured indicating the presence of large density fluctuations, similarly to as­
phaltene suspensions. No experimental points are plotted in these small-Q re­
gions for Safaniya vacuum residue maltenes, because no intense scattering has 
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Figure 34. Small angle scattering of pure Safaniya vacuum residue (0) and its maltenes (_). 
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Figure 35. Small angle X-ray data for three natural systems: (XXX) R crude oil, (+++) Safaniya vacuum residue 
and B crude oil (000). 

been measured. This observation suggests that the presence of asphaltenes is re­
sponsible for these large fluctuations. We can suggest a heterogeneous distribu­
tion of aromatic regions in the material giving rise to large dense domains. 

We have compared the X-ray scattering of several pure systems (Figure 35). Scatter­
ing curves obtained for two crude oils 8 and R are compared to the Safaniya VR scatter­
ing. Important variations can be detected. The scattering at large Q is identical for crude 8 
and Safaniya VR, whereas crude oil R exhibits much intense scattering and consequently 
heterogeneities of larger scale. At small Q values an intense scattering is measured for 
crude B, but we can notice that the Q-dependence is not identical to the one observed for 
Safaniya YR. No increase of the intensity at small Q is measured for crude oil R: no large 
heterogeneities are present. The asphaJtene concentration being very high for this crude 
(see Table 4), we can suggest a volume homogeneous distribution of the asphaltenes. We 
can propose an illustration of this behavior by two figures (Figure 36 a-b) which have 
been published by van Garderen et al. J7I These authors have simulated the aggregation 
processes considering various models. For Figure 36-a, we can imagine that each elemen­
tary symbol represents the aromatic regions of the asphaltene micelles whose size is close 
to several nanometers. At much larger scale, inside the square of the figure, whose size is 
close to a fraction of micrometer, the spatial distribution of the symbols or asphaltenes is 
homogeneous. Different situations are depicted in Figure 36-b; the spatial distribution is 
not yet homogeneous. If symbols are representative of asphaltene species and are drawn 
alone in Figure 36, we can suggest that other fractions constituting the crude oil or resi­
due, such as resins, aromatics and saturated fractions, will fill spaces existing in between 
asphaltenes. 

Diluted Safaniya VR in toluene has been analyzed by SAXS (Figure 37). The shape 
of the curves has not been strongly modified in comparison with those measured for as­
phaltene solutions. Even if the maltene fraction is present, the intense small-Q scattering 
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a b 

Figure 36. Examples of simulated aggregates: 17 1 (a) filled space, (b) large heterogeneities. 

is still present. The heterogeneities macrostructure is therefore not modified by the pres­
ence of maltenes. 

4.4.2. SAXS Investigation of Distillation Products, Atmospheric, and Vacuum 
Residues. Figure 38 shows SAXS curves of B crude oil and the corresponding atmos­
pheric residue. We find the same scattering behavior for both samples. Two domains, de­
fined by Q-values greater or lower than 10-2 A'I, are easily distinguished. High Q-values 
data show a decrease of the scattering after atmospheric distillation. The asphaltene con­
centration being very similar for both samples, the decrease of the intensity can be attrib­
uted either to the presence of smaller elementary dense asphaltenic regions, or to a 
variation of the contrast term between asphaltene and maltenes. During atmospheric distil-
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Figure 37. SAXS data of diluted Safaniya vacuum residue in toluene: (1) 10% w/w, (2) 34 % w/w. 
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Figure 38. Small angle X-ray scattering of B crude oil (000) and corresponding atmospheric residue ( ••• ). 

lation, asphaltenes are not modified and many light fractions of the crude oil are elimi­
nated. Consequently, the surrounding medium of asphaltenes becomes denser giving rise 
to a decreasing of the contrast term. The range of low Q exhibits similar evolution of the 
intensity for crude and atmospheric residue. Much more important differences between 
scattering data of W atmospheric and vacuum residue are displayed in Figure 39. The as­
phaltene concentration has been strongly raised by vacuum distillation, from 6% w/w for 
atmospheric product to 22 % w /w for vacuum residue (see Table 4). The asphaltenes to 
resins ratio has been also modified after vacuum distillation (see Table 4). Maltenes pre­
pared from atmospheric residue exhibit a very low scattering in the extended Q-range in­
vestigated. If W atmospheric residue scattering vs Q shows a classical behavior, it is not 
the case for the corresponding vacuum residue. Two domains can be clearly separated: 

1. Q>4.10-3 AI: the scattering intensity follows a power-law dependence vs. Q 
(I(Q) '" Q-1.88), which can be compared to fractal dimension of aggregates ob­
tained by diffusion-limited cluster-cluster mechanism (Df = 1.8). We can de­
scribe the macrostructure of this residue as small dense, probably aromatic, 
particles forming fractal-like aggregates whose sizes can exceed several hun­
dreds nanometers. 

2. Q<4.10-3 AI: another power-law is found (I(Q) '" Q-31), characteristic of large 
fluctuations. We can suggest, as illustrated in Figure 36-b, that the previous 
huge fractal aggregates do not fill the space giving rise to less dense, i. e. poorly 
concentrated asphaltene regions. 

An investigation of the rheological behavior of this material has not been yet real­
ized, but we have observed very different aspects for W vacuum residue and for R crude 
oil which have quite the same asphaltene concentration. The first one seems to have gel­
like elastic properties and the second one flows more easily and does not clearly exhibit 
viscoelasticity. Explanation of this behavior is not straightforward; we can suggest differ-
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Figure 39. SAXS curves of real products: (+++) W vacuum residue, (~) W atmospheric residue and (000) W 
maltenes. 

ent types of interaction between asphaitenes, stronger in the case of W vacuum residue 
than for R crude oil. Maltenes can have special properties which are going to influence as­
phaltene interactions. If we look at the asphaltene composition (see Table 3), we can re­
mark that W crude oil asphaltenes have a more pronounced aromatic character than 
asphaltenes extracted from R crude. These observations confirm that there is not a simple 
correlation between the asphaltene concentration and the rheological properties of crude 
oils. 

We have plotted in Figure 40 X-ray scattering curves of maltenes from W atmos­
pheric and vacuum residues. They do not show important differences, except at small Q 
(10-2 A-I), where intense scattering is observed for maltenes extracted from vacuum resi­
due. This behavior can be related to the densification of maltenes after vacuum residue, 
due to light fractions elimination, responsible to aggregation of basic molecules. A radius 
of gyration of I nm has been estimated for maltenes from the atmospheric residue. 

4.4.3. SAXS Investigation oJthe Effect oJ Temperature on SaJaniya Vacuum Residue. 
The macrostructure evolution of natural products as a function of temperature is an impor­
tant issue, not only because many of these heavy fractions are heated at high temperature 
during industrial processes, but also because structural information can be extracted out 
from the evolution of SAXS data. We know that crude oils or residues are rich in paraffins 
which form huge crystals at room temperature. They can of course have an important in­
fluence on the scattering curve. It is absolutely necessary to verify whether the heteroge­
neities observed at small or large scales, at low temperature, remain at higher 
temperatures. 

We have investigated the thermal evolution of Safaniya VR up to 573 K. Figure 41 
shows the X-ray scattered signal from room temperature to 423 K and 473 K. The inten-
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Figure 40. X-ray scattering of W maltenes: (~M) extracted from vacuum residue and (+++) from atmospheric 
residue. 

sity at very small Q, close to 5.10-4 A-\ has decreased, but for higher Q, no important evo­
lution of the curve is depicted. This observation confirms the good temperature stability of 
large heterogeneities. It is obvious that such fluctuations at 473 K cannot be caused by 
paraffinic crystals in the material. We can think of strongly aggregated domains, due to 
van der Waals forces or crosslinking, as was previously discussed concerning asphaJtene 
suspensions in toluene. We have explored higher temperatures (573 K), and Figure 42 dis­
plays the corresponding scattering data. In this temperature range, we can suspect the be­
ginning of thermal cracking. Two different results have been obtained out for two separate 
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Figure 41. SAXS of Safaniya vacuum residue at 293K (I), 423K (2) and 473K (3). 
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Figure 42. Small angle X-ray scattering of Safaniya VR at 473K (I) compared with two different SAXS curves 
obtained at 573K (2). 

samples of apparently similar composition. The first experiment has provided identical 
scattering data to those obtained at 473 K. The SAXS data given by the second experiment 
are slightly different and show an important increase of the intensity (Q<1O-2 AI). We 
confirm the heterogeneities stability for highest temperatures. An interpretation of the sec­
ond experiment can be proposed considering the onset of thermal cracking. We can sug­
gest that the cracking begins locally, producing less dense regions due to liquid-like 
structure oflight hydrocarbons. The consequence of these domains on the scattering curve 
will be an enhanced scattering at low Q if the size of these domains is large enough. 

5. CONCLUSION 

We have presented a series of results concerning the colloidal state of asphaltenes or 
resins in solution or in their natural medium obtained by the use of the following comple­
mentary techniques: small angle scattering, viscosimetry and cryo-scanning electron mi­
croscopy. All these experiments have confirmed the complex colloidal structure of 
asphaltenes even in good solvents. Asphaltenes have a propensity to form aggregates, the 
size of which strongly varies with the composition of the surrounding medium and tem­
perature. These colloidal systems exhibit extended fluctuations and are very heterogene­
ous. These main features still remain to be understood. We have recalled the various types 
of interactions (van der Waals, hydrogen bonds, etc.) which can explain molecular aggre­
gations, but some additional work is required in order to improve our knowledge of the 
driving forces behind such association processes. We can suggest interaction energy calcu­
lation between asphaltene molecules which can be made using molecular simulations of 
representative molecules, taking into account the influence of the solvent. We have high­
lighted several experimental evidences indicating that asphaltene aggregates exhibit some 
polymer or fractal-like behavior. We have proposed the concepts of effective and real vol­
umes for asphaltene aggregates. The first one is larger than the real volume occupied by 
asphaltene material but can vary as a function of the solvent quality, similarly to polymer 
swelling. We can consider that up to an asphaltene concentration close to several weight 
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percents, depending of the solvent quality and the size of the aggregates, we are in the di­
lute regime and the scattering is sensitive to isolated asphaltene aggregates. Above this 
concentration, analog to the polymer overlap threshold ~*, asphaJtene aggregates inter­
penetrate and overlap each other. 

The origin of large scale fluctuations is still mysterious; we have suggested two 
different images, one corresponding to special molecular interactions between asphaltene 
species, the other to large aggregates coexisting with smaller asphaltene molecules. 
These huge aggregates may be remainings of the kerogen structure, and resemble micro­
gels well known in polymer science. Ultracentrifuge experiments have demonstrated the 
possible fractionation of two types of molecules, some of them giving rise to large fluc­
tuations. These first investigations must be pursued in a more systematic way, requiring 
asphaltene fractionations in solution or for low-viscous real material. We can suggest fil­
tration experiments where larger aggregates, or crosslinked complex macromolecules 
will be retained on the filter. Centrifuge or ultracentrifuge could be performed producing 
several fractions, which could be further investigated by scattering methods or vis­
cosimetry and analytical techniques for precise chemical composition determination. We 
have seen the influence of temperature which contributes to a decrease of the average 
molecular weight, but have little influence on the large scale heterogeneities. This point 
should require further investigations. In particular, it should be interesting to realize ex­
periments in the USAXS domain at much higher temperature in order to explore if het­
erogeneities tend or not to disappear. We can expect a pronounced decrease of the 
asphaltene or resin molecular weight, corresponding to the dissociation of the aggregates 
into elementary molecules. This approach will necessitate carrying out experiments un­
der high pressures, especially for investigations in solvents with low boiling tempera­
tures at atmospheric pressure. 

Another important issue is the characterization of asphaltenes in real systems. We 
have shown that small angle X-ray scattering technique can be successfully applied. Nev­
ertheless, additional experiments should be performed in order to really understand which 
information can be carried out from SAXS diagrams. We have suggested that scattering 
originates from aromatic regions. Artificial crude oils made by the same maltene fractions 
but containing various amounts of asphaltenes can help us for improved scattering treat­
ments. Viscosimetry and rheology methods can also provide interesting new information. 
Fractionations, as for asphaltene solutions, can be used for a better understanding of the 
large scale fluctuations observed in natural products. 

These different suggestions can open new research area; they probably need labori­
ous sample preparations, but are necessary for giving a better insight into the colloidal be­
havior of asphaltenes, resins or natural systems. 
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1. INTRODUCTION 

Coal is a complex organic substance in which aromatic and heteroaromatic rings 
with hydroxyl and alkyl groups are connected through the bonds such as methylene and 
ether, and naphthene rings. Coal has a wide range of chemical compositions and proper­
ties, and ASTM classification widely used defines anthracite, low, medium, and high-vola­
tile bituminous coal, subbituminous coal, and lignite, according to their heating value, 
volatile matter and fixed carbon content. The carbon % of coal, expressed as dry and min­
eral matter free basis, is in the range of about 65-95 % and increases with coal rank, i.e., 
from lignite to anthracite, with the accompanying decrease of oxygen and hydrogen %. 
Coal also generally includes a small percentage of minerals that can be removed by acid 
washing. 

Coal contains or produces heavier components than petroleum. A heavier component 
than asphaltene, i.e., preasphaltene, defined as benzene (or toluene) insoluble/pyridine (or 
tetrahydrofuran) soluble component. Recently, a heavier component than preasphaltene 
can be obtained using a powerful solvent, carbon disufide - N-methyl-2-pyrrolidinone 
mixed solvent. So, coal chemists can offer the information about association behaviors of 
these heavy components, which seem not to exist in petroleum. The chemical structures of 
asphaltenes from coal and petroleum seem to be different in aromaticity, functional group 
such as OH groups, and probably molecular weight and shape, resulting in different colloi­
dal structures and formation dynamics in solution. It is our impression that research on 
chemical structures on coal and coal-derived substances is active and much progressed, 
but behaviors and structures of the solution state such as colloidal structures and viscosity 
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are not well understood, compared to those for petroleum, probably because heavy com­
ponents from coal are little corrrmercially used as themselves. 

Related to this review, solution properties and chemical structure of coal asphalte­
nes, and noncovalent bonding in coal were reviewed by Steedman l in 1985, and Stenberg 
et ae in 1982, respectively. 

2. MOLECULAR STRUCTURE 

2.1. Preparation of Coal-Derived Asphaltenes and Other Heavy Solvent 
Soluble Components 

. Coal-derived asphaltenes and other heavy solvent soluble components are obtained 
from solvent extraction, various solubilization reactions, carbonization (tar), and liquefac­
tion, of coal. Solubilization reactions used are pyrolysis, covalent bond breaking by vari­
ous reagents, and chemical modification of coal such as alkylation, silylation, and 
hydrogenation. Usually coal-derived components are separated by solvent fractionation 
into oil, asphaitene, and preasphaltene. Oil is a soluble fraction in n-alkane, usually n-pen­
tane or n-hexane. Asphaltene is a fraction soluble in benzene or toluene and insoluble in n­
alkane, while preasphaitene is soluble in pyridine or tetrahYdrofuran (THF) and insoluble 
in benzene or toluene. Preasphaitene is a heavier component than asphaltene and oil, since 
pyridine and THF are a better solvent for coal molecules than benzene. Kinetic study on 
coal liquefaction usually assumes the reaction steps of coal ~ preasphaltene ~ asphaltene 
~ oil. 

Solvent extractions of coal usually give low extraction yields. The extraction yields 
for exhaustive Soxhlet extractions with pyridine, one of the best solvent for coal extrac­
tion, are a few % to about 40 % for coals of a wide range of rank. The dependency of the 
pyridine extraction yields on carbon % of coals shows maximum at around 85--88 carbon 
%. By using quinoline as an extraction solvent at 300°C the yield of 50 % was obtained 
from bituminous coals,3 and the authors concluded that the extract obtained is indigenous 
in the coal, not the products from some solubilization reactions, though at 300°C the 
breaking of weak covalent bonds in coal is possible to occur. Recently lino et al.4 have 
found that I: I (volume ratio) carbon disulfide - N-methyl-2-pyrrolidinone mixed solvent 
gives more than 50 wt% of extraction yields for several bituminous coals at room tem­
perature. Solvent fractionation of the extracts obtained gave a heavier component than 
preasphaltenes, i.e., pyridine insoluble/the mixed solvent soluble fraction. 

Generally cleavage of covalent bonds connecting two aromatic clusters (aromatic 
ring systems including hydroaromatic structure) has been considered to be necessary to 
obtain a large amount of solvent soluble substances. This is based on, so called "two phase 
structure model", i.e., coals consist of covalently bound cross-linked networks which are 
not soluble in any solvent and a small amount of low-molecular weight constituents 
trapped in the networks. This model derives from (1) coals show elastic and swelling be­
haviors; (2) NMR studies of coals differentiate mobile and immobile constituents; (3) ex­
traction yields of coals are usually very low. Recently the "associated structure model" in 
which coal consists of giant aggregate of solvent soluble molecules, has been proposed, 
based on extraction yields higher than 50 % which were obtained without any solubiliza­
tion reactions for some bituminous coals.5,6 The authors think that for several bituminous 
coals the associated structure model is more probable. Even if the associated structure 
model is correct, cleavage of covalent bonds connecting two aromatic clusters is needed to 
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get low molecular weight substances such as asphaltenes. There are many methods to 
solubilize coal. The chemical structures and properties of coal-derived substances ob­
tained depend on both a kind of coal and a reaction used.7 If methylene or ether bonds 
which connect aromatic clusters are selectively cleaved, the structure of aromatic systems 
can be preserved. However, even if a simple reagent is used, the reactions occurred are 
often very complex with many side reactions. 

A mild depolymerization of coals by phenol has been carried out using acid as a 
catalyst. 8-10 The use of p-toluenesulphonic acid as a catalyst was found effective for pyri­
dine solubilization of coals of different rank.9 Olah et al. 11 found that HF-BF3-H2 system 
was effective for depolymerization of coal under mild conditions, resulting in an increase 
in the extractability of coal in pyridine and cyclohexane. Reductive alkylation has been 
also used to undergo bond cleavage in coals in liquid ammonia and in THF. 12-15 By reduc­
tive alkylation extensive cleavage of carbon-heteroatoms (0, S, N) bonds occurs, com­
pared to little cleavage of carbon--carbon bonds. Oxidation generally destroys the aromatic 
rings in coals as well as causing cleavage of methylene and ether bond. 

Asphaltenes and other components are also obtained from coal tar and coalliquefac­
tion products. Coal liquefactions are carried out at 400 - 550°C using hydrogen andlor 
hydrogen-donating solvent, and catalyst, in laboratories or plants of various scale. 

The solvent fractionation of coal-derived substances is not so simple, since the order 
of the solvents used, i.e., pyridine ~ benzene ~ hexane or the reverse order, and frac­
tionation conditions such as temperature and time surprisingly change the yields of each 
component. The removal of the solvent used from coal-derived substances, especially 
pyridine, is another problem. Drying in vacuo at 80 - 120°C is often insufficient to re­
move a solvent retained strongly in them. Washing with special solvents such as super­
critical carbon dioxide is reported to be effective for pyridine removal. I6--19 It is not rare 
that the recovered components after solvent stripping from a solution are found to become 
not completely soluble in the solvent used, probably due to the change in their association 
state. 20.2 I It is concluded that the composition of oil, asphaltene and preasphaltenes ob­
tained depends upon the association state among these molecules and so upon the separa­
tion method used. 

Snape and Bartle22,23 proposed the factors that differentiate oil, asphaitene, and 
preasphaltenes, by examining their structures and molecular weights. These are molecular 
weight, M n, acidic OH%, and size of aromatic rings (the ratio of internal (bridgehead) aro­
matic carbon to total carbon, Cin/C)' Acidic OH% and Cin/C are related to the solubility 
decrease by association due to hydrogen bonding and 1t-1t interactions between aromatic 
rings, respectively. As the values of these parameters increase, the solubility decreases. 
Figure 1 shows a three dimensional description by the three parameters and shows that the 
volume within boundary corresponds to oil, and the volume outside the boundary, to as­
phaltenes and heavier components.23 Ouche4 proposed a simpler criterion which uses aro­
maticity If.) and molecular weight for the differentiation of oil, asphaltenes and 
preasphaitenes of petroleum and coal-derived materials. 

2.2. Structural Parameter and Model 

Brown-Ladner structural parameters25 based on elementary analysis and IH-NMR 
spectra have been widely used for the average structural description of coal-derived sub­
stances. They are I., 0, and Hars/Cars in Eq. (1-3). I. is the aromaticity, defined as the 
atomic ratio of aromatic carbon to that of total carbon. 0 is the degree of substitution on the 
aromatic rings (the ratio of substituents to H). Hars ICars is the degree of condensation of 
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Figure 1. Differentiation between oil and asphaltene on three-dimensional plot of Mn versus % acidic OR versus 
Cin/C.23 Volume within boundary corresponds to oil. 

aromatic rings, i.e., the aromatic hydrogen to carbon ratio of the hypothetical unsubsti­
tuted aromatic rings, from which the size of aromatic rings can be approximately esti­
mated. 

-I' = C/H-H:/x-H~/y 
J a C/ H (1) 

(2) 

(3) 

where CIH and OIH are atomic ratios and Ho.*=H/H, Ho*=HcJH, and Har*=Ha/H. Ho.IH, 
HiH, and Ha/H are the fractions of hydrogen on a-carbon atoms, on other non-aromatic 
carbon atoms, and on aromatic carbon atoms, respectively. Deriving the equations above, 
nitrogen and sulfur are neglected, and all oxygen is assumed to be phenolic oxygen. 

In Table 1 the structural parameters reported for various coal extracts were summa­
rized, including the results by modified Brown-Ladner equations (Retcofsky and Friedel,26 
Kanda et a1.27) and by recent solid state I3C-NMR (Fletcher et a1.28). Table 1 shows that the 
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Table 1. Structural parameters reported for various coal extract components 

Conditions Structural parameters 

HarICor.,h 0< 
Carbon Temp. Time Yield (if.' -f.D) / (if.N -f.D)/ 

Coal % Solvent ("C) (h) (%) f.a 1.,), .. 28 if.' -I. B) 1'28 Literature 

Loy Yang 65.5 Toluene 320 16.2 0.30 1.00 0.72 Redlich39 

Beulah-Zap 71.6 Pyridine 115 120-168 3.1 0.48 0.79' 0.53J Fletche~8 
Wyodak 73.6 Pyridine 115 120-168 6.2 0.53 0.77' 0.54J Fletche~8 
Illinois #6 76.9 Pyridine 115 120-168 27.9 0.68 0.75' 0.49J Fletche~8 
Taiheiyo 77.9 Quinoline 350 4 46.1 0.71 0.88 0.43 Iwata3 

Blind Canyon 79.4 Pyridine 115 120-168 32.1 0.57 0.74' 0.50J Fletche~8 
Akabira 81.2 Quinoline 350 94.0 0.79 0.81 0.48 Iwata3 

Lewiston 82.0 Pyridine 115 120-168 14.7 0.73 0.75' 0.44J Fletche~8 
Lower Kittanning 82.3 Acetone" 25 0.75 6.7 0.70 0.81 0.47 Iin030 

pyridined 25 3 29.5 0.77 0.76 0.53 Iin030 

CS2-DMA' 25 3 10.0 0.85 0.79 0.36 Iino3O 

Pittsburgh #8 82.6 CS/ 25 16 4.0 0.61 0.71 0.40 Retcofk/6 

Pyridine 115 120-168 26.5 0.69 0.75' 0.46' Fletche~8 
Pittsburgh 82.7 Pyridine 25 16 0.72 0.66 0.41 Iino3O 

Markham Main 83.18 Toluene 350h 17.0 0.77 0.45 Bartle31 

Bayswater 83.6 Quinoline 350 4 70.0 0.82 0.78 0.41 Iwata3 

Miike 83.9 Quinoline 350 4 96.7 0.75 0.75 0.46 Iwata3 

Acetone" 25 0.75 9.4 0.65 0.80 0.52 Iin030 

pyridined 25 3 21.6 0.69 0.80 0.63 Iino3O 

Daiyon 84.0 Quinoline 350 4 81.6 0.77 0.76 0.48 Iwata3 

Upper Freeport 86.2 Acetone" 25 0.75 7.4 0.74 0.69 0.39 Iino3O 

Pyridine" 25 3 22.0 0.78 0.72 0.48 Iino3O 

CS2-DMA' 25 3 30.0 0.79 0.71 0.51 Iin030 

Pyridine 115 120-168 14.9 0.74 0.76' O.4I J Fletche~8 

ZaoZhuang 86.9 Acetone" 25 0.75 7.4 0.68 0.68 0.47 Iin030 

Pyridine" 25 3 26.9 0.74 0.66 0.59 Iino3O 

CS2-DMA' 25 3 28.7 0.82 0.69 0.40 Iin030 

Indian Ridge 87.4 Quinoline- 350 4 63.0 0.84 0.65 0.35 Iwata3 

Goonyella 87.9 Quinoline 350 4 93.2 0.83 0.68 0.42 Iwata3 

Shin-Yubari 88.1 Quinoline 350 4 97.4 0.80 0.66 0.43 Iwata3 

Acetoned 25 0.75 6.1 0.65 0.80 0.49 Iin030 

Pyridine" 25 3 33.0 0.70 0.63 0.65 Iino3o 

CS2-DMA' 25 3 17.7 0.76 0.71 0.44 Iin030 

Balmer 89.4 Quinoline 380 4 52.1 0.86 0.64 0.35 Iwata3 

Pocahontas #3 89.7 Pyridine 115 120-168 0.5 0.74 0_68' 0.40' Fletche~8 

Beatrice 91.5 Quinoline 370 4 42.0 0.89 0.64 0.29 Iwata3 

a Atomic ratio of aromatic carbon to that of total carbon. b Aromatic hydrogen to carbon ratio of the hypothetical unsubstituted 
aromatic rings. <Degree of substitution ofthe aromatic rings_ d Acetone soluble (AS) and acetone insoluble I pyridine soluble (PS) 
fractions, respectively obtained from fractionation of the carbon disulfide - N-methyl-2-pyrrolidinone mixed solvent extract_ ' 
Pyridine insoluble I carbon disulfide - N.N-dimethylacetoamide (DMA) mixed solvent soluble fraction (PI') obtained from frac-
tionation of the carbon disulfide - N-methyl-2-pyrrolidinone mixed solvent extract. f CS2 soluble fraction obtained from frac-
tionation of the pyridine extract. 8Carbon % of extract. hSupercritical extraction under 10 Mpa pressure. 'The parameter 
corresponding to H Ie ,f. '=Aromatic carbon % . .I;B=Aromatic bridgehead carbon %_ J The parameter corresponding to a, N or.Y or.Y a 
.I; =nonprotonated aromatic carbon %. 

extraction yields are dependent upon a kind of solvent and extraction conditions used. 

When acetone or CS2 was used as an extraction solvent, the yields were less than 10 %. 
While, when a better solvent such as pyridine and quinoline was used, higher yields were 

obtained, although the yields depend on coal rank. Coals with carbon % of 85-88 % gen-
erally gave the highest extraction yields. Quinoline extraction at 350--380 °C gave yields 
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higher than 90 wt%, probably due to some covalent bond cleavages at such high tempera­
tures. Table 1 shows that aromaticity (f.) ranges widely from 0048 for Beulah-Zap lignite 
to 0.89 for Beatrice low-volatile bituminous coal, i.e., fa increases with increasing coal 
rank, indicating that aromatization reaction proceeds by coalification process. Degree of 
condensation of aromatic rings CHars /CarJ is 0.74-0.88 for the extracts of low-rank coals 
(carbon % < 80 %) corresponding to 1~3 rings, and 0.63-0.81 for those of higher-rank 
coals (80 % < carbon % < 91 %) to 2-4 rings. Degree of substitution of the aromatic rings 
(a) is 0.29-0.65, regardless of coal rank. 

Retcofsky and Friedee6 investigated the structure of extracts of a bituminous coal 
(82.7 carbon %). The carbon disulfide soluble portion, which is about 4 % of the original 
coal, was obtained by extracting the coal with pyridine at room temperature, followed by 
the extraction of the pyridine extract with carbon disulfide. By considering the result that 
41 per cent of the oxygen in the coal used was phenolic,29 Har was calculated by Eq. (4) 

H"r / H = H"r+O I H -004101 H (4) 

where Har + o/H is the fraction of aromatic and phenolic hydrogen. Kanda et al.27 modified the 
Brown~Ladner equations, in which the number of aromatic peripheral hydrogen atoms is cor­
rected for heterocyclic 0, N, S atoms, and oxygen atoms were separated into phenoxy 1 and 
heterocyclic oxygens. Iwata et al. 3 obtained the quinoline extracts from various ranks of coals 
at 350~ 380 CC. The quinoline extracts were further extracted with pyridine at room tempera­
ture and the extraction yield attained a maximum of 85 %. The structural parameters calcu­
lated from both quinoline extracts and pyridine extracts showed a good agreement. 

lino et al. found4.5 that a 1: 1 carbon disulfide ~ N-methyl-2-pyrrolidinone mixed sol­
vent gave high extraction yields, more than 50 wt%, for several bituminous coals at room 
temperature. No significant bond cleavage has been observed to occur during the extrac­
tion. The extracts obtained, i.e., the mixed solvent soluble fractions, were further fraction­
ated with acetone and pyridine into acetone soluble (AS) fraction, acetone 
insoluble/pyridine soluble (PS) fraction, and pyridine insoluble (PI) fraction which is a 
heavier fraction than preasphaitenes, as shown in Figure 2.4 The structure parameters of 
each fraction, which were re-calculated values of those in reference 30 using modified 
Brown-Ladner equations,27 are shown in Table 1. For the bituminous coals the aromaticity, 
fa, generally increased as the fraction became heavier, i.e., AS < PS < PI', while Hac/Cars is 
similar among three fractions. PI' is carbon disulfide ~ N,N-dimethylacetoamide mixed 
solvent soluble fraction ofPeo 

PS 
(pyridine solubles) 

PI 
(pyridine insolubles) 

Figure 2. Fractionation procedure of the 
extract obtained from carbon disulfide - N­
methyl-2-pyrrolidinone (CS,-NMP) mixed 
solvent extraction: -
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Fletcher et a1. 28 have carried out Soxhlet extraction of eight Argonne coals using 
pyridine purged with argon and followed by a novel washing procedure to remove pyri­
dine, and compared structural parameters of the extracts and residues, which are obtained 
by using solid state I3C -NMR. They estimated 12 informative structure parameters from 
their careful and detailed NMR analysis, but in Table 1 only 3 parameters corresponding 
to Brown-Ladner's parameters are shown. They estimated that the number of aromatic car­
bons per cluster of the extracts shown in Table I is 10 -17, smaller than that of the corre­
sponding residues. Bartle et a1. 31 carried out supercritical toluene extraction of coal at 350 
°C. From the structural analysis of the extract fractions, using IH-NMR, !3C-NMR, gas 
chromatography and mass spectroscopy, model structures for asphaltene (petroleum ether­
insoluble/benzene soluble fraction) were suggested. The aromatic ring size is 1-2 rings, 
and all aromatic clusters are connected directly (biphenyl-type) or by methylene carbon or 
ether oxygen, resulting in a rather rigid structure. 

Many results on structural parameters and structure models of solvent solubles ob­
tained from dissolution reaction of coals have been reported. Makabe and Ouchi stud­
ied32- 34 the average structure of asphaltenes and preasphaltenes from mild hydrogenation, 
i.e., a treatment using NaOH-alcohol system at 300°C and 350 °C. The NaOH-alcohol 
treatment was found to make the coals nearly completely soluble in pyridine. These coal 
products are expected to keep their original aromatic cluster structure, since the treat­
ment was performed under mild conditions. The coals of low coal rank, i.e., Taiheiyo 
(77.3 carbon %) and Akabira (8l.2 carbon %) coals, have tetralin-type rings, while a 
higher rank coal, Shin-Yubari coal has a 4 ring aromatic nucleus and nearly two 
naphthenic rings are attached to it. Mild hydrogenation products of Yubari coal studied 
by Ouchi et a1. 35 ,36 also have 3-4 aromatic ring. The SRC products (solvent refined coal, 
94% soluble in quinoline) from a bituminous coal were analyzed by Curie point pyro­
lyzer and !3C-NMR, and aromatic ring structures in an Akabira bituminous coal were de­
termined as shown in Figure 3.37 

Charlesworth38 carried out structural analysis of asphaltenes from hydrogenation of 
Loy Yang coal at 350, 425, and 500°C, using I3C-NMR, IH-NMR, IR and UV spectros­
copy. The results indicate that aromaticity,1., increase as the hydrogenation temperature 

o 

Figure 3. Aromatic ring structures estimated for a Japanese bituminous coal.37 
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Figure 4. Model structures for the fractions separated by distillation of heavy liquefaction Iiquid.40 

rises and most of the saturated carbon atoms are naphthenic carbons, and there are very 
few side chains or methylene bridges. Chemical structure of asphaltenes from Loy Yang 
coal (65.5 carbon %) from heat treatment have also been also investigated by Redlich et 
al.39 The asphaltenes obtained at 320°C were suggested to be obtained from physical ex­
traction without any dissolution reactions and their structural parameters are also shown in 
Table 1 . The liquefaction of a bituminous coal (79.3 carbon %) was carried out at 500°C 
by Anderson et al.40 The products obtained were 10 % gases, 5 % light oil (b.p. < 250°C), 
55 % heavy liquid, 15 % char, and 15 % water. The heavy liquids were further separated 
by distillation into light, middle, heavy fractions, and resid. The structures of each frac­
tions estimated from the structural parameters based on the modified Brown-Ladner equa­
tion/7 are shown in Figure 4. The structures are considerably different among the 
fractions, from light fraction to resid, though they are obtained from the same coal. This 
may be attributed to the high hydrogenation temperature of 500°C. Increasing the severity 
of the treatment seems not only to break linkages between aromatic clusters, but also to 
break hydro aromatic rings, resulting in reduction of size and number of rings. Snape and 
Ladner41 studied chemical structures of asphaltenes from three coal liquefaction processes, 
namely solvent refined coal (SRC), hydrogen-donor solvent liquefaction (HDS), and su­
percritical gas extraction (SCG). The degree of substitution of the aromatic rings for the 
asphaltenes from liquefactions tends to be low compared to the extracts described above. 

Shinn constructed42 the structure model of Illinois No.6 coal (79.4 carbon %) using the 
detailed information on its chemical structures and liquefaction products. Figure 5 shows the 
model structures for the liquids obtained from the short-contact time i.e., mild liquefaction of 
low H2 consumption, which are used to construct a structure model of the coal itself.42 These 
model molecules seem to correspond to preasphaltenes, i.e., high molecular weight materials 
containing many polar functional groups, since in this mild liquefaction only reactive bridges 
are broken, and many functional groups are preserved. The model structures for the liquids 
from severe liquefaction with increased temperature and residence time are shown in Figure 
6.42 In general, the products are shifted towards lighter fractions, i.e., low-molecular weight 



Molecular and Colloidal Structure of Coal Asphaltenes 211 

H 

Figure 5. Model structures for the products of mild liquefaction of a bituminous coal.42 

Figure 6. Model structures for the products of severe liquefaction of a bituminous coal. 42 
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and less functional groups, suggesting the occurrence of further depolymerizations as well as 
removal of functional groups. Figure 6 shows that some condensation reactions increasing the 
size of aromatic rings also occur in severe liquefaction. 

Nakamura et a1.43 estimated model structures for the fractions obtained from the ex­
traction at room temperature. A bituminous coal (86.9 carbon %) was extracted with carb­
on disulfide - N-methyl-2-pyrrolidinone mixed solvent and the extract (63% yield, daf) 
was further fractionated into pyridine-insoluble (PI), pyridine solublelbenzene insoluble 
fraction (PS, preasphaltene),benzene solublelhexane insoluble (BS, asphaltene), and hex­
ane soluble (HS, oil). BS, PS, and PI fractions were further hydrogenated under mild con­
dition using Adkins catalyst, according to the method by Katoh and Ouchi.44,45 The hexane 
soluble oils thus obtained from BS, PS and PI by the hydrogenation, together with the 
original HS were analyzed by using mass spectrometry and high pressure liquid chroma-

~ 
o $' 

PS 

of 0 ~ 
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~ o 
PI 

~ ~s 
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Figure 7. Model structures for HS, BS, PS, and PI fractions from the room temperature extraction of a bituminous 
coal.43 
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tography (HPLC) using a column packing which can separate substances according to ring 
size. Aromatic compounds with 3--4 ring size were the main products, independent of the 
heaviness of fractions, although aromaticity, /., and heteroatom content increased as the 
fraction became heavier. The model structures estimated for HS, BS, PS and PI molecules 
are shown in Figure 7.43 The difference among the fractions are mainly molecular weight, 
the quantity of functional groups, and aromaticity. 

2.3. Structural Difference between Asphaltenes from Coal and 
Petroleum 

It is difficult to generalize the similarity and difference between the structures of as­
phaltenes from coal and petroleum, since the structures obtained depend upon source ma­
terials used and methods and conditions to get asphaltenes, especially for coals. Yen46 has 
investigated the differences between coal-derived and petroleum asphaltenes. The detailed 
structure analysis for the asphaltenes from a Laquinillas crude petroleum in Venezuela and 
from liquefaction of high volatile bituminous coal in West Kentucky in USA by the Syn­
thoil process, respectively, suggests that (1) the aromaticity of the petroleum-derived as­
phaltenes is lower than that of coal-derived asphaltenes; (2) the aromatic ring sizes of the 
petroleum-derived asphaltenes are larger than those of coal-derived asphaltenes; (3) the 
aliphatic substituents of the petroleum-derived asphaltenes are longer that those of the 
coal-derived asphaltenes; (4) the molecular weight of petroleum-derived asphaltenes is 
around 10 times higher than that of coal-derived asphaltenes; (5) petroleum-derived as­
phaltenes are less polar than coal-derived asphaltenes. 

Snape and Bartle22 obtained various structure parameters of preasphaltenes, asphal­
tenes and oils obtained from solvent extraction of a UK bituminous coal and a US lignite, 
a Turkish crude oil, an athabasca tar sand, and a Turkish asphaltite, respectively, as shown 
in Table 2. Table 2 shows that the petroleum asphaltenes have higher molecular weight 
and contain less oxygen, acidic OH and basic nitrogen than the bituminous coal-derived 
asphaltenes. The size of the aromatic nuclei in the petroleum asphaltenes is 3-6 rings, and 
2-3 rings for the coal-derived oil, asphaltene, and preasphaltene. Mullins et a1.47 compared 

Table 2. Analytical data for benzene insolubles (BI), asphaltenes (As), and n-pentane solubles (n-Ps) 
of petroleum and coal-derived extracts22 

Petroleum samples 
Coal-derived substances 

Crude oil 
Bitumens solvent extracts 

Turkish crude oil Athabasca Turkish asphaltite UK coal US lignite 

As n-Ps As n-Ps As n-Ps BI As n-Ps As n-Ps 

C% 81.9 82.5 78.9 82.3 83.3 84.0 77.8 80.0 85.2 75.0 82.5 
H% 7.9 11.0 8.4 \0.8 7.2 8.9 5.4 6.3 9.2 \0.1 12.2 
0% NO NO 4.1 2.8 1.4 0.6 12.4 10.1 4.2 13.8 5.2 
N% 0.6 0.2 1.1 0.4 l.l 0.2 2.4 NO NO 0.3 0.2 
S% 9.7 4.4 7.5 3.7 7.0 7.0 0.9 NO NO 0.7 0.8 
HIC 1.18 1.59 1.27 1.56 1.03 1.19 0.83 0.94 1.29 1.60 1.76 

Mn 2000 430 1750 470 1610 390 1500 590 370 910 510 
AcidOH% 0.8 0.1 1.4 0.6 0.5 NO 8.2 6.3 2.2 4.7 3.1 
BasicN% NO NO 0.2 0.1 NO NO NO NO NO NO NO 

fa 0.54 0.22 0.43 0.24 0.59 0.47 0.79 0.72 0.51 <0.2 <0.2 

BI. Benzene insolbules; As. Asphallene (n-pentane insolublelbenzene solubles), n-Ps, n-Pentane solubles; ND, Not determined. 
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molecular structure of nitrogen in coal with that ofasphaltenes by using XANES spectros­
copy and reported that coals and petroleum asphaltenes are similar with regard to their 
high concentrations ofpyrroles and pyridine among nitrogen functional groups. 

Generally, the aromatics of lignites have 1-2 rings and about one naphthenic ring 
with aliphatic chains and oxygen-containing functional groups such as hydroxyl and car­
boxyl groups. As coal-rank increases, Le., coalification proceeds, both the number and 
size of aromatic rings increase, while oxygen-containing functional groups decrease. Bitu­
minous coals with 85--87% carbon have 3-4 aromatic ring size. Molecular weights of 
coal-derived asphaltenes are lower than those of petroleum-derived asphaltenes. The rea­
son may be that molecular weights of coal-derived asphaltenes, which have lower solubil­
ity by hydrogen bonding and polarity due to oxygen-containing functional groups, must be 
low to be benzene soluble. While, long aliphatic chains of petroleum asphaltenes increase 
solubility in benzene by disrupting molecular association. 

3. COLLOIDAL STRUCTURE 

3.1. Interactions Responsible for Colloidal Structure Formation 

Hydrogen bonds and 1t - 1t interactions are considered mainly responsible for asso­
ciative behaviors of coal-derived asphaltenes and other components, though charge trans­
fer and ionic interactions also may contribute. Stenberg et al. reviewed48 these interactions 
in coal and their effects on coal extractability, and viscosity and molecular weight meas­
urements of coal-derived liquids. Sternberg et al.48 separated asphaltenes obtained from 
the liquefaction products of Kentucky high volatile bituminous coal into acidic/neutral 
and basic components by dry HCI gas and measured their IH-NMR spectra. The broad 
peak at 5.35 ppm due to hydroxyl groups in the spectrum of the acidic component shifts 
toward lower ppm and broadens when the basic component is added to the acidic compo­
nent, indicating the formation of hydrogen bonds between them. They have also found that 
50 % of the acidic/neutral component of the asphaltene, which is now free of asphaltene 
bases, is soluble in hexane, i.e., converted to oil fraction, due to the breaking of the hydro­
gen bonds between asphaltene acids and bases. Acidity and basicity of acidic/neutral and 
basic components are attributed to acidic phenolic OH and pyrrole NH, and basic nitrogen 
in pyridine rings and ether oxygen, respectively. The results above do not imply that as­
phaltenes consists of acidic and basic components in a I: 1 ratio. The concentrated carbon 
disufide solution of an acid/neutral component of asphaltene shows a broad IR band at 
3250 cm·1 which is attributed to intermolecular hydrogen bonds between molecules of the 
acid/neutral component.49 Near-IR and IH-NMR studies of hydrogen bonding between the 
hydroxyl group of o-phenylphenol (OPP) with asphaltenes and their acidic and basic com­
ponents show that the IR band of the free OH group ofOPP at 1.44 Ilm (6944 em-I) is re­
duced rectilinearly when the basic component is added to its CS2 solution, while no acidic 
component caused a decrease in the 1.44 Ilm absorbance, indicating the hydrogen bonding 
of the basic component with the OH of OPP.50 OPP was selected because their self-asso­
ciation is sterically hindered.51 Interactions of model compounds, Le., OPP and pyridine, 
with asphaltene acid and base fractions were also studied using NMR.51 Molar enthalpy of 
the interaction of pentane soluble oil with asphaltene (A) and its acidic/neutral (AA) and 
basic (BA) components is in the order BA> A> AA, and correlates well with the IH-NMR 
downfield chemical shift of the OH signal of OPP as a function of added asphaltene (A, 
AA, BA) concentration in carbon disufide solvent.52 Molar enthalpy of the interaction of 



Molecular and Colloidal Structure of Coal Asphaltenes 215 

quinoline with A, AA, BA, silylated A, and oil were also measured.53 As described later, 
silylation and acetylation of OH group of coal-derived substances increase their solubili­
ties, which confirms that intermolecular hydrogen bonding plays a key role in solubility of 
coal-derived substances.54-56 Larsen and Baskar57 offered the evidence for the breaking of 
hydrogen bonds in coal by polar solvents such as pyridine. Miura et a1.58 developed the 
method of quantitative estimation of various hydrogen bonds in raw and heat-treated coals 
by FTIR and DSC analysis. 

Hirsch59 carried out detailed X-ray scattering measurements of coals of various 
ranks. From the results obtained the models for stacking structures of aromatic rings in 
coals were proposed, as shown in Figure 8, which shows the change of stacking structures 
with coal rank, and stacking order increases with coal rank. Recent research by X-ray dif­
fraction60 indicates that aliphatic moieties attached to the aromatic rings in bituminous 
coals cause distortions in the stacking structures. X-ray diffraction study on the structure 
of coal derived asphaltenes were carried out by Schwager and Yen,61 using the same 
method they used for petroleum asphaltenes, and obtained the following results. Con­
densed aromatic sheets (clusters) are suggested to be stacked on top of each other with the 
sheets parallel, and with aliphatic chains or naphthenic rings protruding from the edges. 
The asphaltene obtained by Synthoilliquefaction process indicates that the average inter­
layer distance ranges from 3.57 to 3.76 A; the average interchain distance is between 4.81 
to 5.35 A; and the average diameter of the aromatic clusters perpendicular to the plane of 
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the sheets ranges between 9.4 to 12.2 A. The average effective number of aromatic sheets 
associated in a stacked cluster is 4. It should be noted that graphite-like parallel stacking 
of aromatic rings is not always favored especially for small aromatic compounds, com­
pared to other orientations such as perpendicular orientation between rings.62 Base-cata­
lyzed C-alkylation at carbons such as benzylic methylene carbons in coal for a 
low-volatile bituminous coal with high aromatic carbon content if. = 0.85) increases the 
extraction yield in pyridine, depending on the size of the alkyl group introduced. The 
larger alkyl groups disrupt the stacking of aromatic rings and make the coal more sol­
uble.63 

The contribution of charge transfer (electron donor - acceptor) interaction to associ­
ated structure of coal-derived substances is not well understood, because of the difficulty 
of its separation from other interactions. x-x interactions between aromatic rings de­
scribed above are considered to include van der Waals, charge transfer, and other interac­
tions. Schwager et a1.61 suggested the formation of charge transfer complexes of 
asphaltenes with electron acceptors such as 12 and tetracyanoethylene (TCNE), though the 
evidences offered seem not so clear. Liu et a1.64 also found that the addition of a small 
amount of TCNE increases the extraction yields of several coals and the solubilities of 
coal extracts, probably due to the formation of charge transfer complexes between TCNE 
and coal molecules. While, Nishioka et al. 65 reported that charge transfer interactions are 
relatively strong forces in high-volatile bituminous coals. Duber and Mikosz66 identified 
the triplet state due to charge transfer interactions or organic biradicals in bituminous 
coals by ESR measurements, though Retcofsky et a1.67 showed no existence of the triplet 
states in coals. 

Boiling point reflects intermolecular forces. White and Schmidt68 have found that 
the mid-boiling point (about 450-800 K) of distillates from R-Coal and Wilsonville lique­
faction products is a linear function of their average molar volume and average molar po­
larizability, which are directly related to van der Waals interaction. White and Schmid 
wrote that the results obtained support, but not prove, the conclusion that van der Waals 
forces are the dominant intermolecular forces, determining their boiling points. While, for 
low boiling range of SRC-II liquefaction distillates, which contain substantial amounts of 
phenolic substances, the boiling points do not show the linearity with molar volume and 
polarizability. This suggests that the contribution of hydrogen bonding to the total inter­
molecular forces increases as the boiling point of the distillates decreases, as the concen­
tration of hydrogen bonding species increases. 

3.2. True Solution or Suspension? 

When we treat a solution of coal-derived substances, we are often asked, "Is this a 
true solution or a suspension?" Rombach wrote in his paper69 as follows. There are some 
fine particles in coal solutions which are really not dissolved. These particles are able to 
pass through a common filter, therefore they are not as easily detected as an insoluble resi­
due. As the use of the term "colloid" leads to so many misunderstandings, the author 
(Rombach) suggests the term, "suspension" when the substance is not truly dissolved and 
the term "solution" when the substance is in a molecular dispersion. The difference is, in 
terms of physical chemistry, the contrast between the effect of surface energy in the first 
case and the effect of solvation enthalpy in the latter. As the surface energy increases rap­
idly with decreasing particle size, the size of particles reaches a lower limit to be in sus­
pension, below which aggregation and precipitation of the particles occur. Rombach 
showed from scanning electron microscope (SEM) studies that for coal-derived substances 
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about 0.15 flm of particle size is a lower limit. Although a practicable experimental 
method must be found for determining whether we are dealing with a solution or a suspen­
sion, a solution of coal-derived substance is considered to be a true solution after the fil­
tration by 0.15 flm membrane filter. Larsen and Lee70 recommended the following 
procedure for differentiating a coal-derived suspension from a true solution: (1) filtration 
through a 0.2-0.5 flm filter; (2) centrifugation of the solution at over 100000 g; (3) re-dis­
solution of a solid obtained by evaporation of a solvent. Of course, it is a quite different 
case if insoluble substances form by air oxidation or other chemical reactions. 

3.3. Colloidal Structures 

3.3.1. Solubilities. The solubilities of coal-derived substances increase by silylation 
by hexamethyldisilazane, i.e., OH OSiC(CH3)3 or acetylation ofOH groups. 52. 54. 71 The re­
sults for silylation of a bituminous coal ("untreated coal" in Table 3), and pyridine extracts 
of the raw and heat treated coal are shown, together with their hydroxyl oxygen content in 
Table 3.71 Table 3 shows that 58 % ofpreasphaltene was converted to a lighter fraction, 
i.e., asphaltene, by silylation. These results can be attributed to loss of intermolecular hy­
drogen bonds among coal molecules. Similarly, the pyridine extraction yields of a high­
rank bituminous coal (89.6 carbon %) increase from 5% to 90 % by C-octylation at 
carbons such as benzylic methylene carbons, probably due to the disruption of the 1t-1t 

stacking of aromatic rings by the introduction of the large octyl group. 63 

As described in Section 2, the heavier extract fraction than preasphaitene, i.e., pyri­
dine insoluble fraction, PI, is obtained by the extraction with 1: 1 carbon disulfide - N­
methyl-2-pyrrolidinone mixed solvent and further fractionation with pyridine, as shown 
Figure 2.4 Sanokawa et a1. 72 have found that 30-50 % of PI became insoluble in the mixed 
solvent, but the solubilities recovered by the re- addition of the separated extract fractions 
(AS and PS in Figure 2) or the addition of the compounds which have strong interaction 
with coal molecules, to pI.5•64,72 Especially, tetracyanoethylene (TCNE) and tetracyanoqui­
nodimethane (TCNQ) were found to be very effective. All the solubility experiments 
above were done using 0.2 fl membrane filter, suggesting that there is no supended parti­
cles, described in Section II-B. The results for TCNE addition are shown in Table 4.5 Table 
4 shows that the addition of only 10 mg (2.5 wt%) of TCNE to 0.4 g of PI increased the 
solubility of PI from two coals in the CS2 - NMP mixed solvent from 59.6 and 68.4 % to 
97.6 and 98.7 %, respectively. Moreover, 14.2 and 31.9 % of the mixed solvent soluble 
fractions (MS) of PI became pyridine solubles, as shown in the footnote of Table 4. Solu­
bility used here is the fraction of 0.4 g of PI dissolved in 50 ml of the carbon disulfide -
N-methyl-2-pyrrolidinone mixed solvent at room temperature under ultrasonic irradiaion 

Table 3. Effect of silylation on solubility of coal and coal extracts in benzene71 

Pyridine extract" of Pyridine extract" of 
Untreated coal untreated coal tetralin treated coal 

Before silyl. Aftersilyl. Before silyl. After silyl. Before silyl. After silyl. 

Benzene insol./pyridine sol. 19 10 100 42 67 40 
fraction(wt%) 

Benzene sol. fraction (wt%) 0 9 0 58 33 60 
Hydroxyl oxygen b 5.7 5 3.4 

D 19% and 97% of extraction yields, respectively. bHydroxyl content (wt%) oftrimethylsilylated benzene soluble product by sili­

con analysis. 
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Table 4. Solubility increase of pyridine insoluble extract 
fraction (PI) by the addition of tetracyanoethylene (TCNE)5 

MIh MSb 

PI" (from Zao Zhuang coal), OAg 40.4 59.6 
PI 0.4g + TCNE O.Olg 2.4 97.6 h 

PI" (from Upper Freeport coal), O.4g 31.6 68.4 
PI 0.4g + TCNE D.OIg 1.3 98.7< 

"Pyridine insoluble fraction of the carbon disulfide - N-methyl-2-pyrrolid­
inone mixed solvent extract. hMI and MS are the mixed solvent insoluble 
and soluble fractions, respectively. <These MS include 14.2% (based on 
MS) and 31.9% of pyridine soluble fractions, respectively. 

for 30 min. The studies on IR spectra of the extract fractions and reversibility of the effect 
of TCNE addition suggest that the solubility increase is caused by the breaking of nonco­
valent bonds in associated structures of coal molecules by TCNE, which interacts and 
form new associates with coal molecules which are soluble in the mixed solvent. 5 As the 
forces for the associate formation charge transfer interaction must be considered first, but 
the situation here seems more complex, because other strong electron acceptors such as di­
chlorodicyano-p-benzoquinone (DDQ) and p-chloranil were not effective for increasing 
solubility.64 The extraction yields with the CS2 - NMP mixed solvent for several bitumi­
nous coals also greatly increased by the addition ofa small amount of TCNE.64.13 

3.3.2. Molecular Weight. Molecular weight can be determined from physical proper­
ties of a molecularly dispersed solution. It is very difficult to determine a true molecular 
weight of coal-derived substances, since they tend to associate even at high dilution, and 
possibly contain fine insoluble substances, i.e., a suspension. Schwager et a1.14 have found 
that the molecular weights extrapolated at infinite dilution for asphaltenes from five lique­
faction processes and their O-silylation derivatives in vapor pressure osmometry (VPO) 
measurements are almost identical in benzene and THF, respectively. This implies that 
coal-derived asphaltenes approach complete dissociation as their concentrations approach 
infinite dilution in both benzene and THE Molecular weights of 5 asphaltenes obtained 
are in the range of 380-560 amu. From the comparison of the slope of the molecular 
weights vs. concentration curve which is considered as a measure of association, hydrogen 
bonding is suggested to be responsible for association of coal-derived asphaltenes.15 Hom­
bach69.15 indicated that usual osmometric methods including VPO is not recommended for 
molecular weight determinations for complex coal-derived substances, since the van't 
Hoff equation used for osmotic pressure is not applicable for the substances with polydis­
persed molecular weights and inhomogeneous chemical structures such as coal asphalte­
nes. Collins et a1.16 also suggested that there is no accurate method for the molecular 
weight determinations of coal-derived substances, since coal solutions cannot be viewed 
as a solution of a series of polymer homologues which is a necessary condition for use of 
osmotic or light-scattering methods.16 Hombach75 has reported that a fraction obtained by 
ultrafiltration (0.2 and 0.035 J.1m pore filter) in pyridine solution of pyridine extract from a 
solubilized bituminous coal have very high molecular weights, i.e., 1.59 x 106 using a low­
angle laser light-scattering method. Larsen et a1. 77showed that for relatively low molecular 
weight coal-derived substances mass spectrometry is available, and molecular weights de­
termined by 252Cf plasma desorption mass spectrometry are in good agreement with those 
obtained by field ionization mass spectrometry and gel permeation chromatography. As-
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phaltenes from distillation residues ofliquefaction products of various coals have 260-330 
of number-average molecular weight by 252ef plasma desorption mass spectrometry. 77 

Lee et al. 78 used VPO as a means for determination of the degree of association of 
coal-derived substances. From the relation between molecular weight and concentration of 
coal-derived substances in solution, the dissociation constants of dimer, trimer, and higher 
multimers, and their distribution change with concentration were determined. 

3.3.3. Viscosity. Viscosity of coal-derived substances in solution and bulk is related 
to their associated structures, and in coal liquefaction processes it is important to control 
high viscosity of coal-solvent mixtures. Bockrath et al. 79 measured the viscosities of 
preasphaltene, asphaJtene (and its acid/neutral and basic components), and oil (pentane 
soluble) of coal-derived liquids from liquefaction. Figure 9 shows the viscosity of the mix­
tures of various compositions of acid/neutral and basic asphaltenes for fixed total asphal­
tene fraction (30 % asphaltene in oil). Figure 9 shows that the viscosity of the mixtures in 
the oil (upper curve) is greater than would be expected on the basis of a simple additive 
relationship (lower curve), suggesting that hydrogen bonding between acid/neutral with 
basic asphaltenes increases viscosity. The preasphaitenes, on a weight basis, have approxi­
mately twice the effect on viscosity as do the asphaitenes, probably due to their larger mo­
lecular weight and functionality in comparison to the asphaltenes. 79 Bockrath et al. 80 also 
have showed that intermolecular association involving hydrogen bonding is a prime factor 
for the viscosity increase which occurred with increased asphaltene concentration in a ref­
erence solvent. Similarly the importance of hydrogen bonds largely involving phenolic 
OH in the viscosity increase was suggested. 50 Arganinski and Jones81 •82 also suggest that 
the influence on the viscosity of coal-derived preasphaltenes and model compounds in 
THF was the order hydrogen bonding> molecular weight » degree of aromatic conden­
sation (charge transfer interaction). 

3.3.4. Surface Tension. Surface tension is used for analyzing colloidal properties 
such as micelles formation. Hayasaka et al. 83 measured the surface tension of N-methyl-2-

Figure 9. Visosity (upper curve) of the mixtures of 
various compositions of the acidic/neutral and basic 
components of asphaltene in pentane soluble oil at 60 
as a function of base content.7' Total asphaltene con­
centration is fixed as 30 % in the oil. The lower curve 
is calculated assuming a simple additive relationship 
from the viscosity of each componenet in the oil. 
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pyrrolidinone (NMP) solution of acetone soluble (AS) and acetone insoluble/pyridine sol­
uble (PS) fractions of the carbon disulfide - N-methyl-2-pyrrolidinone mixed solvent ex­
tract of a bituminous coal by the Wilhelmy method. The surface tensions of the solutions 
freshly prepared by the dilution of the concentrated solution with NMP changed with time, 
and it took several hours to attain an equilibrium state of lower surface tension. This sug­
gests that the rate of the re-construction to a new association state are very slow. The equi­
librium surface tensions of NMP solution of AS decreases with AS concentration and a 
discontinuity point at some concentration (0.1-0.3 g/dL for two different As's) are ob­
served, where the slope in the surface tension - In c plots changes, suggesting that at this 
concentration association state abruptly changes, such as the formation of micelles. The 
discontinuities observed in this study are not so distinct as the case reported for pyridine 
solution of a petroleum asphaitene by Sheu et a1.84•85 The discontinuity concentration for 
the petroleum asphaltene was also found to be about 0.03 g/dL, one order lower than those 
for the coal extracts, reflecting the difference of micelle structures probably due the differ­
ence between chemical structure, molecular weight and shape of both constituents. For PS 
from the same coal as AS, on the other hand, discontinuity was not observed. Further 
study is needed to clarify this. 

3.3.5. X-Ray Analysis. Ho and Briggs86 used small angle X-ray scattering measure­
ments to determine the size and shape of micelles (associates) from asphaitene and 
preasphaitene in a solvent such as pyridine and THE The fraction of asphaltene or 
preasphaltene forming micelles in solution depends on their concentration and molecular 
size, 1t-1t and/or hydrogen bonding properties of the solvent and on the agitation. A step­
wise association state of micelles proposed is shown in Figure 10.86 The majority of the 
micelles are spherical with a diameter of 22-38 A, and the larger micelles in the 80--100 A. 
range and greater than 220 A. are also present. Floc structures with dimensions in excess 

Asphaltene or Preasphaltene 
~,.--" - Monomer Units (15 - 20 A) 

+ Via Hydrogen Bonding and 
1t-1t Bonding 

@ --Micelle (22 - 38 A) 

+ ___ Via London - Van der Waals 
Attraction 

@--supermicelle (80 - 100 A) 

+ ___ Via London· Van der Waals 
Attraction 

_Bigger Supermicelle 
or Floc ( > 220 A) 

---Precipitation 

PRECIP~TATES_precipitate or Floc 
(of the order of 2000 A+) 

Figure to. Proposed association mechanism of asphaltenes and preasphaitenes in solution. S. 
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Table 5. Fractal dimention, d, and particle radius, Ro' for untreated and 
O-methylated pyridine extracts in solutions89 

Coal C%" Treatment Fractal dimention d Ro(A) 

Illinois No.6 78 untreated NO 72±6 
O-methylated 1.70±O.O4 72±6 

Wyodak-Anderson 75 untreated 1.79±O.OI 81±6 
O-methylated 2.46±O.OI 91±6 

Beulah-Zap 73 untreated 2.l3±O.O3 85±6 
O-methylated 2.29±O.O4 85±6 

" Mar. ND, not detennined. 
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of 1000 A form when asphaItene - solvent systems are allowed to stand for extended peri­
ods, which are destroyed by mechanical shear as in ultrasonic agitation. Upon extended 
standing the floc structure returns. Schwager et al. 87 showed from X-ray diffraction analy­
sis of asphaltenes (not in solution) that the average stacking height of the aromatic clus­
ters, L , ranges between 10.6-13.6 A, corresponding to the average number of aromatic 
sheets ~f 3.9 - 4.8. The average layer diameter of the sheets is 8.0-10.3 A. The application 
of small-angle X-ray scattering techniques to the study of oxidized aged coal liquefaction 
products indicates that the rapidly increasing viscosity is well correlated with the appear­
ance of larger colloidal scattering centers, with average radii of gyration in the region of 
50 A.88 

3.3.6. Small-Angle Neutron Scattering. Although small-angle neutron scattering 
(SANS) studies on the size distribution and shape of petroleum asphaltene associates in 
solution have been actively carried out, only a few SANS studies on coal-derived sub­
stances were reported so far. Cody, Thiyagarajan et a\.89.90 measured SANS of deu­
teropyridine solutions of pyridine extracts and their O-methylated derivatives from three 
coals shown in Table 5.89 Laser desorption mass spectrometry of the extracts, untreated 
and methylated, indicates a predominance of relatively low mass materials, with molecu­
lar weight of the order 300 and a mass envelope which tails off around a thousand dal­
tons. 89 Table 5 shows the fractal dimension, d, and particles radii, Ro, in their pyridine 
solution. Table 5 indicates that the solution structure of the extracts exists as small parti­
cles, with radii about 80 A, and the values of d «3) indicate that the small particles fur­
ther form a randomly assembled, loosely extended aggregates, as shown in Figure II. 
Considering the molecular weights and radii for the particles, the elemental particles are 
themselves aggregates of the extract molecules. ~ in Figure II, the radius of the loose ag­
gregates could not be estimated due to the lower limit of Q. O-methylation is expected to 
decrease aggregation and/or make aggregates more loose, since hydrogen-bonding interac-

Figure 11. A simple depiction of a pyridine solution of pyridine extract.'· 
The double-headed arrow highlights the smallest scattering length in the sys­
tem, the diameter (2Ro) of the smallest particle. The circle depicts the radial 
limit of the aggregates, with a radius~. 
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tions are considered to constitute the dominant associative interparticle interaction. How­
ever, Table 5 suggests that the change in the solution state due to O-methylation is slight, 
and it induces more densed packing of aggregates for the two coals, in which d increases 
by O-methylation. The effect of hydrogen bonding on the solution structure is, then, con­
sidered to be manifested predominantly in the topology of the extended aggregated struc­
tures i.e., in the magnitude of d. SANS data on the carbon disulfide -
N-methyl-2-pyrrolidinone mixed solvent extracts in solution by Cody, Thiyagarajan et al. 91 

are interesting. The solution of pyridine insoluble/the mixed solvent soluble component, 
PI (Figure 2) in the mixed solvent contains no large aggregates, but the solution of pyri­
dine extract from the same coal, which may be a lighter component than PI, contains large 
aggregates, though a light component seems less aggregative due to low content of func­
tional groups. 

There seems to be still disagreement regarding the shape of aggregates of petroleum 
asphaltenes in solution. SANS is undoubtedly a powerful tool to reveal complex colloidal 
structures of asphaJtenes and other heavy components of petroleum and coal, with the 
combination of other chemical and physical methods. But we have to wait for some time 
until clear pictures about their size and shape are obtained. 

3.3.7. Computer Simulation. Computer-aided molecular design (CAMD) has been 
utilized in the designs of the drugs and new functional materials. Recently, it has been ap­
plied to coal.92- 95 Energetically stable three dimensional structure (conformation) of the 
extract fractions of coal was constructed by computer simulation.95 The structure in the en­
ergy-minimum state for three model molecules (Figure 12-b) of acetone-insoluble/pyri-

a 

Figure 12. An associated structure (a) simu­
lated for three molecules (b) of PS (acetone in­
soluble/pyridine soluble fraction) of a 
bituminous coal.95 
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dine soluble fraction, PS, obtained from the carbon disulfide - N-methyl-2-pyrrolidinone 
mixed solvent extraction of a bituminous coal is shown in Figure 12_a.95 The most stable 
structure for the PS fraction was estimated to be an associated structure and the 1t-1t inter­
actions between aromatic ring systems playa major role to form the association. For a de­
tailed discussion on association behaviors of coal-derived substances in solution a lot of 
reliable data on their structures and thermodynamics such as a phase diagram in solution 
are needed. 

4. CONCLUSION 

The chemical structures of asphaltenes from coal are different from petroleum as­
phaltenes in their higher content of aromatic rings and functional groups such as OH 
groups, and lower molecular weight. Coal also has heavier components than asphaltenes, 
i.e., preasphaltenes and further heavier ones, which cannot be usually obtained from petro­
leum. The structures of these components are not well understood, as compared to those of 
asphaltenes and oils. Comparison of colloidal structures and formation dynamics of coal­
derived asphaltenes (and heavier components than asphaltenes) in solution with those of 
petroleum-derived asphaltenes may be fruitful for a clear understanding of these complex, 
but challenging targets. However research on these issues has not yet been extensively 
carried out for coal derivatives, compared to those for petroleum, probably because heavy 
components from coal are little commercially used as themselves. More researches on the 
issues above and also those on thermodynamics of extreme complex, multi-component 
mixtures such as asphaltenes in solution, which include a phase diagram and a gel - sol 
transitions, is highly needed, together with more precise chemical structure elucidations of 
coal and coal derivatives. 
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1. INTRODUCTION 

The development of thermodynamic and kinetic models describing asphaJtene pre­
cipitation and deposition from both pressurized (live) and atmospheric (dead) crude oils 
has been hampered by a lack of detailed characterization and phase behavior data. Specifi­
cally, standard laboratory analyses that are suitable for vapor-liquid equilibria (VLE) 
modeling are usually insufficient for representing complex molecular structures such as 
asphaJtene micelles. 

AsphaJtene molecules (or micelles) are a specific solubility class of petroleum and 
are most commonly found in heavy oils or bitumens; that is, asphaJtenes are defined as the 
n-pentane or n-heptane insoluble fraction of an oil. I This operational definition is a conse­
quence of the extremely complex structure of asphaJtenes which include highly aromatic 
cores, long chain aliphatic groups, heteroatoms (nitrogen, sulfur and oxygen) as well as 
trace quantities of heavy metals (vanadium and nickel). Therefore, it is virtually impossi­
ble to describe any asphaltene purely by its chemical structure. 

AsphaJtene molecules are believed to be surrounded by resins that act as peptizing 
agents which maintain the asphaJtenes in a colloidal dispersion (as opposed to a solution) 
within the crude oil.2 The resins are typically composed of a highly polar end group, 
which often contain heteroatoms such as oxygen, sulfur and nitrogen, as well as long, non­
polar paraffinic groupS.3 The resins are attracted to the asphaltene micelles through their 
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end group. This attraction is a result of both hydrogen bonding through the heteroatoms 
and dipole-dipole interactions arising from the high polarities of the resin and asphaltene.4 

The paraffinic component of the resin molecule acts as a tail making the transition to the 
relatively non-polar bulk of the oil where individual molecules also exist in true solution. 

Numerous experimental investigations have been undertaken to study the general 
nature and specific parameters that affect asphaltene deposition. However, most of the re­
ported data are restricted to measurements at ambient pressure conditions on stock tank 
oils. Consequently, they do not provide adequate information for petroleum production 
processing. Asphaltene precipitation (for example, in well tubings, flowlines and/or proc­
ess equipment), normally occurs at elevated temperature and pressure conditions. It has 
been established that the effect of composition and, in turn, of pressure on asphaltene 
deposition is stronger than the effect of temperature. However, there still exists some dis­
agreement in the literature regarding the effect of temperature on asphaltene precipitation. 
In general, the parameters and properties that are reported to affect asphaltene deposition 
and/or flocculation include: 

• Composition 
• Pressure 
• Asphaltene and resin concentrations in the reservoir fluid 
• Electrokinetic effects induced by streaming potential generation during reservoir 

fluid flow 
• Temperature 
• Water-cut 

With respect to pressure, asphaltene precipitation is expected to begin at pressures in 
excess of saturation. This finding is mainly based on field observations in well tubings 
which indicate that asphaltene deposition occurs below the depth at which the bubble 
point pressure is expected. This phenomenon was largely ascribed to the different com­
pressibilities of the lighter ends and the heavier components of live crude oil. As a matter 
of fact, the relative volume fraction of the lighter ends within the crude would increase as 
the pressure ofthe single-phase reservoir fluid approaches its bubble point. Such an effect 
is similar to adding a light hydrocarbon (precipitant) to a crude causing asphaltene depep­
tization. Below the bubble point, the low molecular weight hydrocarbons vaporize from 
the liquid as a gas phase causing an increase in the density of the liquid phase (i.e., a 
change in the liquid composition). Recognizing that increased light ends can cause asphal­
tene precipitation, the vaporization oflight ends can result in an increased asphaltene solu­
bility in the crude oil. 

The ratio of resins to asphaltenes is often more important than the absolute asphal­
tene content. In fact, severe asphaltene precipitation can often be encountered in reservoirs 
with very low total asphaltene contents. Conversely, there have been reports of high as­
phaltene content oils that show no appreciable deposition. For example, the Mata-Acema 
crudes (in Venezuela) with asphaltene contents of 0.4 to 9.8 wt % have asphaltene deposi­
tion problems, whereas, the Boscan crude with 17.2 wt % asphaltene content does not 
have asphaltene deposition 2roblems.5 As a general rule, oils containing 1: 1 or greater 
weight ratio of resins to n-pentane asphaltenes are less subject to asphaltene deposition.3 

The available laboratory and field data indicate that asphaltenes separated from 
crude oils consist of various molecules with molecular weights ranging from below 1000 
to hundreds of thousands.6,7,8 Such an extensive range of asphaltene size distribution sug­
gests that asphaltenes may be partly dissolved and partly suspended/peptized in the crude 
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oil. While the first scenario is a relatively well understood reversible thermodynamic proc­
ess, the latter is a more complex, irreversible colloidal mechanism. 

Based on the previous discussion, the structure, characteristics and phase behavior 
of asphaltenes and asphaltenic oils are very complex. As a consequence, alternative ana­
lytical techniques (e.g., Gel Permeation Chromatography, Field Desorption Mass Spec­
troscopy) have been utilized to characterize both the molecular size and structure of 
asphaltenes and other heavy molecules. Further, the phase behavior of both live and dead 
asphaltenic crudes has been measured. As such, the experimental program was undertaken 
with the goal of providing comprehensive compositional and phase behavior data for pre­
dictive precipitation models. 

2. EXPERIMENTAL EQUIPMENT AND PROCEDURES 

2.1. Asphaltene and Crude Oil Characterization 

As mentioned previously, standard compositional analysis to c7+, C30+ or even C90+ 
are usually insufficient for mathematically representing the large, aromatic structures at­
tributed to asphaltene molecules. As a consequence, more detailed compositional methods 
have been developed to represent these heavy molecules both in terms of molecular size 
and structure. 

2.1.1. Gel Permeation Chromatography. Gel Permeation Chromatography (also re­
ferred to as Size Exclusion Chromatography) is a liquid column chromatographic tech­
nique which sorts molecules according to molecular size and shape.9 The sample solution 
is introduced into the column, which is filled with a highly cross-linked, porous packing, 
and is then carried through the separation zone by a mobile effluent. The size classifica­
tion takes place by repeated exchange of the solute molecules between the bulk solvent of 
the mobile phase and the stagnant liquid phase within the pore space of the packing. The 
pore size range of the packing determines the molecular size separation characteristics of 
the column. The distributed sample exiting the chromatographic column is identified with 
a refractive index (RI) or ultra violet (UV) detector that presents the concentration re­
sponse against retention time or volume. 

Figure 1 provides a schematic of the GPC apparatus used for the measurement ofpe­
troleum molecular weight distributions. The main component of the system was a 
Hewlett-Packard, HP 1090A, high performance liquid chromatograph (HPLC). The opera­
tion of the chromatograph and injection system was controlled by a personal computer 
which also directed data acquisition. 

Petroleum samples were dissolved in tetrahydrafuran to prepare 1 wt% solutions for 
injection to the HPLC. Tetrahydrafuran (THF) was also used as the carrier solvent in this 
application at a constant flow rate ofO.l mLimin. Injection volumes to the apparatus were 
made in 15 ~L increments and the system temperature was maintained at 30°C. Molecular 
separation occured through two GPC columns charged with PLgel, a highly cross-linked 
spherical polystyrene / divinylbenzene matrix. Columns of 100A and 1000A pore sizes al­
lowed for the separation of compounds with molecular weights ranging from 10-40,000 
g/mole. Each column was 30 cm in length with an inside diameter of7.55 mm. 

As the reference sample was eluted from the separation columns, a refractive index 
detector measured its concentration; this response was plotted against elution time to pro­
duce a distribution profile. In order to convert these elution profiles to molecular weight dis-
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Figure 1. Gel Permeation Chromatography (GPC) experimental schematic with separation columns in series and 
a Refractive Index Detector. 

tributions, the raw data was usually transformed by a calibration curve developed from the 
elution times of standard polystyrene compounds through the GPC. However, a number of 
researchers have discussed the problem of converting elution profiles to distributions for 
molecules with structures not similar to the standards. 10.11 Specifically, GPC separates mole­
cules based on their molecular characteristics (which include molecular size, shape, polar­
ity, charge, etc.) as opposed to their molecular weight. As a consequence, molecules of 
varying structure (but the same molecular weight) may elute at different times. 

In response to this concern, new calibration techniques that consider the structure of 
the reference and sample molecules have been introduced. However, these methods re­
quire extensive analytical data including proton nuclear magnetic resonance CH NMR) 
and elemental analysis measurements. I I For this reason, a simpler analytical technique 
was used to correct the calibration curve; this was accomplished by replacing the polysty­
rene standards with actual hydrocarbon molecular groups.12 An advantage of GPC is the 
ability to separate and collect specific fractions of the sample during measurement. 10 As a 
result, oil fractions were gathered at different elution times and then analyzed for their 
weight average molecular weight by Vapor Pressure Osmometry (VPO). These results 
were then used to develop a new calibration curve for the GPC apparatus. In short, the 
new calibration curve yielded more representative molecular weight distributions than 
those obtained by conversion from polystyrene standards. 12 

While the resolution of crude oils into molecular weight distributions represented a 
marked improvement over simple lumped components in thermodynamic model predic­
tions, different physical properties may be exhibited by compounds of similar molecular 
weights (for example, a paraffinic and highly aromatic molecule of the same molecular 
weight will have very different densities, melting temperatures, etc.).1 Similarly, a narrow 
boiling fraction of petroleum may contain molecules of widely ranging molecule weights 
due to their structural differences. Therefore, it is important to classify the whole crude 
distribution into sub-fractions based on molecular structure. In this work the selected sepa­
ration scheme was a S.A.R.A. representation (Saturates, Aromatics, Resin and Asphalte-
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nes). This scheme was selected as it separates the asphaltene fraction and provides a quan­
titative estimate of the crude resin (or polars) concentration. Additionally, the saturates 
fraction is useful as a tie to more common C30+ GC analyses that are usually completed on 
pressurized samples before they are flashed to atmospheric conditions. 

Two methods were used in the separation of atmospheric oils into their S.A.R.A. 
constituents. I) a High Performance Liquid Chromatographic (HPLC) method utilizing the 
GPC experimental system and 2) a Liquid- Solid Chromatographic (LSC) method based 
on the principles of gel-clay adsoption. 

The HPLC method consisted of three main steps.I3,14 A sample of crude oil was dis­
solved in known volume of normal pentane. The mixture was then shaken for at least 8 
hours at which time the asphaltenes were filtered from the precipitant/oil mixture. Finally, 
the pentane solubles (deasphaJted oil containing saturates, aromatics and resins; often 
called maltenes) were processed through the HPLC. 

The key to the separation of the saturate, aromatic, and resin fractions of the crude 
oil by HPLC was the type of column chosen to complete the fractionation. A column 
packed with an alkyl amine modified silica gel was utilized as it offered unique selectivity 
for the paraffinic (saturate) and aromatic hydrocarbons in crude oil. It is important to note 
that the experimental apparatus for HPLC separations was the same as that for GPC meas­
urements except for the energy analysis column and a column switching valve for back­
flushing. The HPLC apparatus is shown in Figure 2. 

As the pentane solubles were introduced to the HLPC column, the fractions were ad­
sorbed onto the column packing. The characteristics of each hydrocarbon group dictated 
their retention time within the packing and the net result was that the saturate fraction 
eluted first and was sampled by a refractive index (RI) detector. The aromatics eluted next 
and an ultraviolet absorbance (UV) detector measured their composition. Finally, the col­
umn was backflushed and the resins (or polars) were sampled and measured by the UV de­
tector. To conclude the analysis, the fractions were collected and weighed providing an 
overall mass balance. 

A second method (liquid-solid chromatography, LSC) was also utilized for the 
preparation of S.A.R.A. fractions that were later analyzed using Field Desorption Mass 
Spectroscopy. The LSC procedure is common to petroleum laboratories and is stand­
ardized for use throughout the industry.15 A small sample of crude oil was dissolved in a 

Figure 2. High Perfonnance Liquid 
Chromatography (HPLC) experi­
mental schematic. The system is 
similar to the GPC apparatus but 
contains an Energy Analysis separa­
tion column, Refractive Index and 
Ultra Violet detectors and a switch­
ing valve for backflushing the sys­
tem. 
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volume of benzene equal to the sample weight in grams. When fully dissolved, n-pentane 
was introduced in a measured volume for each mL of benzene previously added. 16 This 
mixture was stoppered, shaken for a short period and then left to stand for at least two 
hours. The solids were filtered and washed with hot pentane until the washings were col­
orless; this filter residue represented the asphaltene fraction of the original crude. 

The filtrate from this process was transferred to a chromatographic column charged 
with glass wool and Attapulgus clay (or Fuller's Earth). After recycling the mixture through 
the column for at least two hours, the resin fraction of the crude was absorbed onto the clay 
while the saturate and aromatic fractions were drained into a kettle. The resins were desor­
bed from the clay by refluxing methyl ethyl ketone for a period of one hour. After evaporat­
ing the ketone solvent, the remaining fraction represented the resin component of the crude. 

The saturate/aromatic mixture was then fed to a second chromatographic column 
charged with alumina over a base of silica gel. The solution was followed into the column 
by n-pentane and then benzene. The pentane effluent was collected and then evaporated to 
dryness to yield the saturate fraction. Similarly, the benzene effluent was treated to pro­
duce the aromatic fraction. 

This LSC procedure was used to prepare S.A.R.A. fractions for analysis by Field 
Desorption Mass Spectroscopy. 

2.1.2. Field Desorption Mass Spectroscopy. Field Desorption Mass Spectroscopy 
(FDMS) has shown promise for the molecular characterization of heavy hydrocarbon 
molecules. 15 Specifically FDMS was selected for heavy component analysis as it can ion­
ize molecules without initial vaporization; this permits the analysis of non-volatile compo­
nents (Le., asphaltenes). 

In FDMS molecules are adsorbed on an emitter which is typically a 10 IlIll tungsten 
wire covered with carbon microneedles (the role of the emitter is chiefly to produce a high 
electric field focused on the tip of its microneedles due to their very small radii of curva­
ture). An electric current is applied to the emitter (with a potential gradient approaching 
108 volts/cm). Under the influence of these fields a valence electron tunnels from the 
molecule to the anode to produce an ion radical. With accurate control of the emitter cur­
rent the molecular ion is released from the anode with minimum fragmentation producing 
a mass spectra for even the heaviest organic molecules. 

A Micromass Autospec Mass Spectrometer was utilized for characterizing heavy hy­
drocarbon samples (the Autospec is a high resolution, magnetic sector instrument). In a 
typical trial, approximately 10 l-lg of sample was coated onto the emitter. It should be 
noted that consistent loading of sample onto the emitter was crucial to the operation of the 
spectrometer and required a significant amount of experience. 17 Additionally, the small 
sample size resulted in short run times which reduced the time available for tuning the 
spectrometer on a sample before taking the spectrum. In order to minimize the limitations 
of the small single charge, multiple samples were often run and then integrated. 

2.2. AsphaItene and Crude Oil Phase Behavior 

Asphaltene and crude oil phase behavior measurements are categorized depending 
on whether the procedures utilize live or dead oil samples. Specifically, the measurement 
of asphaltene particle size distributions was completed on atmospheric samples while the 
asphaltene precipitation onset tests were performed on live, pressurized fluids. 
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2.2.1. Asphaltene Particle Size Distributions. The measurement of the kinetics of as­
phaltene precipitation was performed with a Brinkmann 2010 laser particle analyzer. This 
apparatus is a direct particle size analyzer; that is, no calibration is required. The analyzer 
is driven by a personal computer that executes operational software and controls data col­
lection. The basic concepts involved in the operation of the analyzer are as follows. 

A fine, low-energy red beam is emitted by a HeliumlNeon laser and focused through a 
series of objectives to a rotating wedge prism. The prism spins the laser beam into a circular, 
optically defined path and is focused thereafter to a spot smaller than one micron inside the 
measuring cell. The beam diverges after the cell onto a photodiode, registering optical 
power. As the scanning radius of the circular path is defined and the rate of rotation of the 
prism is precisely monitored, the peripheral velocity of the beam is easily determined. The 
basis of measurement is to monitor the optical power impinging on the photodiode against 
time. As the beam strikes the first interface of a light-scattering or light-absorbing particle, a 
discreet, sharp decay of the signal occurs and a lower level is maintained during the transi­
tion period. At the second interface, the signal recovers upward to the initial value, produc­
ing a time-based square pulse. The length of this pulse multiplied by the angular velocity of 
the beam provides the diameter of the measured particle. 

As in many experimental applications involving crude oils, the opacity of a petro­
leum or petroleum-precipitant mixture is key to determining alterations in the system con­
ditions. For example, researchers l8,19 have discussed the difficulty in visually determining 
the onset of asphaltene agglomeration and have therefore, utilized experimental tech­
niques including small angle neutron and x-ray scattering. In this work, a microflow cell 
was employed to overcome laser absorption by the dark fluid. 20,21 The sampling region in 
this cell was approximately I mm thick allowing for the laser beam to pass through even 
relatively dark oil mixtures while still scanning and measuring the sample. 

A schematic of the experimental apparatus for the measurement of asphaltene ag­
glomerate particle size distributions is given in Figure 3. Initially, the fluid reservoir was 
charged with a given volume of n-alkane precipitant. An injection of the required volume 
(or mass) of asphaltic crude oil was made to the reservoir and upon first contact, asphaltenes 
began to agglomerate and precipitate. The reservoir was sealed (to prevent external oxygen 
from access to the mixture) and the fluids were stirred throughout the experiment to ensure 
that the asphaltenes were well suspended. Finally, a vortex breaker was also installed to de­
stroy the vortex created by the magnetic stir bar; the main objective in this technique was to 
keep the asphaltene agglomerates suspended in the crude oil-precipitant mixture. 

Figure 3. Laser Particle Analysis schematic in­
cluding fluid reservoir, circulation pump, parti­
cle size analyzer and viewing monitor. 
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Initial experiments were completed at 22°C and atmospheric pressure although the 
development of a new thermodynamic cell allowed for the measurement of asphaltene ag­
glomeration kinetics at elevated temperatures and pressures.22 

2.2.2. Asphaltene Precipitation Onset Measurements. The experimental system util­
ized for the measurement of live oil asphaltene precipitation onset conditions is shown 
schematically in Figure 4. The solids detection system (SDS) is based on the transmittance 
of a low intensity laser light through fiber optic transmission probes mounted across a vis­
ual phase behavior cell. The main body of the cell consisted ofa Pyrex glass cylinder 20.3 
cm long with an internal diameter of 3.2 cm. This translates to an effective working vol­
ume of approximately 130 cm3• The cylinder was housed inside a steel shell with vertical 
tempered glass plates to permit visual observation of the internal Pyrex tube. The volume, 
and hence pressure of the fluids under investigation, were controlled by a variable volume 
displacement pump. The same displacement fluid was connected to the outer steel shell to 
maintain a balanced differential pressure on the Pyrex cylinder. Equilibration of the fluid 
under investigation was achieved by means of a specially designed, magnetically coupled, 
impeller mixer. The entire PVT cell was mounted inside a temperature controlled, forced 
air circulation oven. The cell temperature was measured with a platinum RTD and dis­
played on a digital indicator with an accuracy ofO.2°F while pressure was monitored with 
a calibrated digital Heise pressure gauge. The maximum operating pressure and tempera­
ture for the SDS are 15,000 psi and 360°F, respectively. 

The laser utilized in the SDS operates in the near IR spectrum and provides good 
sensitivity for the measurement of crude oil phase behavior. The laser has an power rating 
of 10-3 Wand will register approximately 1O~ W on the power meter (which is sensitive to 
readings of 10-12 W) through a medium grade oil. 

The entire system is controlled by a software package that accomplishes two signifi­
cant objectives. First, a computerized pump is controlled to adjust the system pressure at a 
defined rate. Second, the software (in real time) records and presents the system tempera­
ture, pressure, solvent volume, time and most importantly, the transmitted power level of 
the detector. 

Initially, the visual PVT cell was completely cleaned and evacuated with the tem­
perature of the air-bath set to the desired value. Subsequently, 50-70 cm3 of crude oil was 
isobarically charged to the cell (at a pressure in excess of the solid formation pressure at 
that temperature) from the storage cylinder using a displacement pump. At this point, the 
SDS components were mounted across the full length PVT cell windows and a reference 
scan of the light transmittance through the oil was performed. The pressure of the cell was 
then lowered isothermally at a programmable rate while the cell contents were mixed con­
tinuously. The experiment was stopped soon after a drop in the power of transmitted light 
is observed, which corresponds to the onset formation of a solid phase. This process was 
repeated at different temperatures to generate a complete phase behavior envelope (Le., a 
PT diagram). To test for the reversibility of the solid precipitation, the pressure of the test 
fluid was increased and the corresponding power was measured. If the measured power in­
creased and returned to its value prior to the solid precipitation, the precipitation was 
deemed reversible. Alternatively, if the transmitted power did not increase, the deposition 
was termed irreversible. 

The SDS was also used to identify the onset of solids formation from a given crude 
oil due to isobaric solvent or diluent injection. The procedure involved charging a known 
amount of oil sample to the pre-cleaned and evacuated PVT cell (note, the system dead 
space prior to sample charging was less than 0.5 cm3). Thereafter, the transmitted power 
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was measured and recorded continuously (in real time) while the solvent/diluent was in­
jected and agitated at a programmable rate. 

3. RESULTS AND DISCUSSION 

One atmospheric crude oil and three live oil samples were utilized in the charac­
terization and phase behavior measurements. The atmospheric oil sample was a bitumen 
from Cold Lake, Alberta, Canada (note, bitumens are defined as fluids with boiling points 
> 950°F and viscosities> 10,000 cP). Cold Lake bitumen has average molecular weight of 
575 g/mole and an n-pentane asphaltene content of approximately 18% by weight. The 
three live oil samples were bottomhole, black oil samples taken from the Gulf of Mexico 
with standard condition gas-oil ratios (GORs) between 1000 and 1500 scf/STB. Impor­
tantly, the live fluids were maintained in a single-phase condition well above their satura­
tion pressures prior to the initiation of the phase behavior experiments. 

3.1. Asphaltene and Crude Oil Characterization 

3.1.1. Gel Permeation Chromatography. Figure 5 shows the continuous molecular 
weight distributions for the S.A.R.A. fractions of Cold Lake crude oil as separated by the 
HPLC method. While the areas under each curve represent the relative concentration of 
that fraction in the original oil, it was also possible to determine the weight average mo­
lecular weight of that structural group. From Figure 5, the concentrations of the saturate, 
aromatic, polar and asphaltene fractions were 33.1 %, 24.8%, 24.7% and 17.4% by weight, 
respectively while the weight average molecular weights were 341, 368, 852, and 1975 
g/mole. It should be noted that the asphaltene molecular weight distribution shown in Fig­
ure 5 was obtained from the subtraction of a Cold Lake pentane deasphalted oil from the 
original virgin sample and not from an asphaltene solution run through the GPC. This was 
important, as the problems of asphaltene association or agglomeration in terms of experi­
mental measurements have been previously discussed. 
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Figure S. Molecular Weight Distributions of S.A.R.A. fractions separated from Cold Lake bitumen by the HPLC 
method. Distributions were measured by Gel Permeation Chromatography. 
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Figure 6. Measured and mathematically reconstructed Molecular Weight Distributions of Cold Lake bitumen. 
Distributions were measured by Gel Permeation Chromatography. 

The continuous molecular weight distributions from Figure 5 were integrated to re­
construct the original Cold Lake crude oil (Figure 6). The solid line was the sum of the 
four separate fractions (which include the original, subtracted asphaltene distribution) 
while the dashed line represented the initial molecular weight distribution measured sepa­
rately. 

The agreement between the two techniques was strong although it should be noted 
that the right sides of the two curves must coincide, as this was where the asphaltene frac­
tion was taken for the S.A.R.A. analysis. 

Each of the S.A.R.A. fraction distributions from Figure 5 were fitted with log-nor­
mal distribution functions which are ideal for the entry of compositional data into predic­
tive deposition models. For example, thermodynamic and kinetic model calculations '2 can 
be completed using a continuous thermodynamic approach or by creating pseudocompo­
nents based on a gaussian quadrature technique.23,24,25 In this manner, a representation of 
the molecular size and structure of the whole oil and its S.A.R.A. fractions was available 
for input to the model. 

3.1.2. Field Desorption Mass Spectroscopy. Like the GPC characterization, FDMS 
was used to characterize Cold Lake bitumen and its S.A.R.A. sub-fractions. Note, a table 
is provided later in this section comparing the LSC separation to that previously obtained 
using the HPLC technique. 

Figure 7 is plot of the Cold Lake saturates separated by the LSC procedure and ana­
lyzed using FDMS. From this diagram, the saturates display a fairly narrow distribution 
up to a molecular weight of approximately 750 g/mole after which it tails off with very 
small concentrations to approximately 2000 g/mole). It should also be noted that the satu­
rate light ends were not well represented with this method. As a result, standard C30+ 
analyses (which extend to a molecular weight of approximately 450 g/mole) were tied 
against this data to provide a complete molecular representation of the crude fraction. 

Like the GPC data, the molecular weight distribution of the saturates fraction (as 
well as the whole oil, aromatics and polars) were fitted with log-normal distributions. A 
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Figure 7. Molecular weight distribution of Cold Lake saturates separated by the LSC method. Distribution meas­
ured by field desorption mass spectroscopy. 

separate plot of each of the S.A.R.A. fractions is provided in Figure 8. Note, in a similar 
manner as employed for the GPC data, the FDMS asphaltene distribution was obtained by 
subtracting the saturate, aromatic and polar traces from the whole oil. However, recent ad­
vances have suggested that disassociated asphaltene distributions will be measured in the 
future. Specifically, the FDMS appears to be an appropriate tool for making these meas-
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Figure 8. Molecular weight distributions of S.A.R.A. fractions separated from Cold Lake bitumen by the LSC 
method. Distributions measured by field desorption mass spectroscopy. 
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Table 1. Weight average molecular weights of Cold Lake S.A.R.A. fractions measured by GPC and 
FDMS 

GPC weight average FDMS weight average 
Cold Lake bitumen HPLC fraction LSC fraction molecular weight molecular weight 
fraction concentration (wt%) concentration (wt%) (glmole) (glmole) 

Saturates 33.1 32.8 341 355 
Aromatics 24.8 23.4 368 472 
Polars 24.7 25.3 852 1010 
Asphaltenes 17.4 17.4 1975 1920 

urements but will require a properly prepared sample of asphaltene dissolved in a solvent 
that has the necessary properties for adsorption onto the emitter. 

Comparing the FDMS and GPC data provided in Figure 5 and Figure 8, there is cer­
tainly a qualitative similarity in the magnitude and location of the distributions. In order to 
evaluate the quantitative differences between the methods, Table 1 and Figure 9 were pre­
pared. Table 1 compares the fraction concentrations and weight average molecular 
weights. 

Based on the data in Table 1, there is good consistency between the HPLC and LSC 
separation methods for generating the S.A.R.A. fractions from the Cold Lake bitumen. 
These values validate and support the use of the HPLC method for two reasons, as the re­
sults were comparable with the standard LSC technique. First, the HPLC method was sim­
pler to execute, requires less experimental time and reduced the possibility of losses. 
Second, the weight average molecular weights measured by GPC and FDMS were quite 
comparable with the largest differences occurring for the aromatic and polar fractions. 

A graphical representation of the GPC and FDMS reconstructed molecular weight 
distributions is provided in Figure 9. 
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Figure 9. Reconstructed molecular weight distributions of Cold Lake bitumen measured by gel permeation chro­
matography and field desorption mass spectroscopy. 
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As for the tabular data, there is good consistency between the overall integrated dis­
tributions from the OPC and FDMS characterizations of the Cold Lake bitumen sample. In 
general, the FDMS distribution appears to be slightly narrower which results in a higher 
maximum weight probability percent after the traces are normalized. The similarity be­
tween the distributions also supports the use of the alternative calibration method used to 
convert the OPC elution profiles to MW distributions using actual oil sample molecular 
weights measured by Vapor Pressure Osmometry. 

3.2. Asphaltene and Crude Oil Phase Behavior 

3.2.1. Dead Oil Particle Size Distributions. An example of an asphaltene agglomer­
ate particle size distribution is provided in Figure 10 for Cold Lake asphaltenes precipi­
tated by 5 mL volumes ofn-pentane per gram of bitumen at atmospheric conditions. Like 
the OPC and FDMS characterization data, the particle size analysis was well represented 
by a log-normal distribution function which is also shown on the plot (the mean particle 
size of this distribution is approximately 210 ~m). In general, the regression coefficients 
for the particle size analyzer data were slightly less exact than those obtained from the 
OPC apparatus. 12 

It has been stated that an adjustment in both the diluent-oil ratio and in the type of 
diluent used will affect the characteristics of the precipitated asphaltenes. To evaluate that 
hypothesis, asphaltene particle size distributions were measured for various combinations 
of diluents and diluent-oil ratios with Cold Lake bitumen. 

Figure 11 shows the variation in the mean particle size of Cold Lake asphaltenes de­
posited by various normal paraffin diluents at a constant dilution ratio of 20: 1 (that is, 20 
mL of diluent per gram of bitumen). The data in Figure 11 indicates that the larger paraf­
finic molecules precipitate asphaltenes of a decreased overall average particle size. This 
finding was consistent with expectations as the smaller paraffin molecules shift the equi­
librium in the bulk oil to a greater extent than the larger molecules which were more com­
parable to those structures already in existence in crude oils. 
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Figure 10. Measured and mathemati­
cally fitted particle size distribution of 
asphaitene agglomerates from Cold 
Lake bitumen diluted with 5 volumes of 
n-Pentane per gram of bitumen. 
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Figure 11. Mean particle size of asphal­
tenes vs. carbon number of paraffin di­
luent used to initiate precipitation. An 
increase in the carbon number of a 
paraffinic diluent resulted in a smaller 
mean particle size of precipitated as­
phaltenes. 

300 ~ 

250 -

200 r-

• 
150 

I Dilution Ratio: 20: I Diluent:Oil I 

IOO L----J----~ ____ _L ____ ~ ____ L_ __ _J~ 

4 6 10 12 14 16 

Carbon umher of Paraffin Diluent 

For comparison, the effect of increasing dilution ratio on the characteristics of n­
heptane precipitated asphaltene agglomerates is shown in Figure 12. The important fea­
tures of this figure are twofold: first, there was a critical dilution ratio at which the 
precipitation of asphaltenes begins. Second, beyond a dilution ratio of approximately 40: I, 
no measurable increase in the average particle size was evident. 

It is interesting to note that the particle size data follows similar behavior to the total 
amounts of asphaltenes precipitated in bench scale experiments. That is, a mathematical 
relationship appeared to exist between the mean particle size of the agglomerated asphal­
tenes and the total quantity (wt%) of asphaltenes precipitated from the Cold Lake bitu­
men. In other words, the use of weak diluents produced fewer asphaltene agglomerates of 
a smaller average size. 12 

Figure 12. Mean particle size of Cold 
Lake asphaJtene agglomerates vs. the di­
luent: bitumen ratio of n-heptane to oil. 
An increase in the carbon number of a 
paraffinic diluent resulted in a larger 
mean particle size of the precipitated as­
phaltenes to a maximum limit at a dilu­
tion ratio of approximately 40: I. 
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These findings were consistent with earlier published material for pressurized oils 
diluted with normal paraffins ranging from Ethane through Decane?6 In that study an in­
crease in the carbon number of the paraffin diluent also produced smaller asphaltene parti­
cles in lower quantities. 

3.2.2. Asphaltene Precipitation Onset Phase Behavior. The live oil asphaltenic crude 
oil phase behavior measurements were completed on the three Gulf of Mexico samples in 
the solids detection system described earlier. Figure 13 represents transmittance data 
through live oil # I which was initially maintained at a constant pressure of 9000 psi. The 
experiment was started by isothermally reducing pressure at a predefined rate while con­
tinuously agitating the cell contents. The transmitted power through the cell began to rise 
as pressure was decreased due to continuous reductions in the overall fluid density (note, 
this behavior has also been observed in paraffin wax precipitation studies where the opti­
cal transmittance decreased during cooling trials as the overall fluid density began to in­
crease). The trend continued uninterrupted until the bubble point pressure was reached at 
approximately 5300 psi. At this point the rapid decrease in transmitted power was due to 
the presence of gas bubbles refracting the laser beam through the cell. Note, after a period 
of time, vapor-liquid equilibrium was reached and the transmittance through the liquid 
phase stabilized in the vicinity of the saturation pressure. 

To conclude the experiment, the system pressure was returned to the starting condi­
tion of 9000 psi at which time the initial transmitted power (3.2 f.1W) was reestablished. As 
expected, without the presence of asphaltene precipitation, the experimental path was 
fully reversible. 

Figure 14 contains the transmittance data for the second Gulf of Mexico fluid. In 
this experiment the reservoir pressure was again isothermally reduced (from 13,000 psi) 
with the corresponding increase in transmitted power. It is interesting to note that the rise 
of this single-phase data is less pronounced than for the first live oil. As the second oil was 
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Figure 13. Transmitted laser power vs. operating pressure for a live oil without asphaltene precipitation due to 
pressure drop. The continuous increase in transmitted power was due to the decrease in the single-phase fluid den­
sity with decreasing pressure. The continuous increase indicated that asphaltene agglomerates did not form to a 
critical size which interrupted the laser through the PVT cell. The sharp decrease in transmittance was indicative 
of the fluid bubble point pressure. 
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Figure 14. Transmitted laser power vs. operating pressure for a live oil with asphaltene precipitation due to pres­
sure drop. The drop in the transmitted power was due to the presence of asphaltene agglomerates which scattered 
and absorbed the transmitted laser beam. 

slightly heavier than the first, this finding was consistent with the theory that the transmit­
tance (or change in transmittance) is related to the compressibility or density of the fluid. 
In any event, the rise in the optical transmittance continued until a pressure of approxi­
mately 7000 psia where the signal power decreased by almost three orders of magnitude 
due to the formation and growth of asphaltene agglomerates (note, reference testing has 
shown that asphaltenes agglomerates must grow to a size of approximately 10 ).lm before 
transmitted power reductions are noticeable). Perhaps the most interesting observation for 
this second Gulf of Mexico sample is that its bubble point pressure was previously estab­
lished at 3000 psi. Therefore, asphaltene precipitation was noticeable some 4000 psi above 
saturation. 

To conclude the experiment, the system pressure was returned to the initial condition 
of 13,000 psi. Interestingly, the transmitted power reached a value of 0.3 ).l W after ap­
proximately 12 hours of constant agitation with the magnetic mixer followed by an addi­
tional 12 hour stabilization period. Therefore, a significant portion of the precipitated 
asphaltenes re-dissolved into the oil indicating a fairly high degree of reversibility for this 
fluid. 

The final phase behavior diagram represents transmitted power data gathered on a 
third Gulf of Mexico live oil during a differential liberation experiment (note, this fluid 
showed evidence of asphaltene precipitation due to pressure drop above the saturation 
pressure in a previously conducted precipitation onset trial). A differential liberation is a 
standard PVT analysis test in which the live oil is flashed in a step-wise manner below the 
saturation pressure (at reservoir temperature) with the produced vapor removed and ana­
lyzed at each step. 

Figure 15 contains transmittance data collected at each of the differential liberation 
pressure steps. Not surprisingly, the data shows decreasing transmittance with decreasing 
pressure as the residual oil becomes heavier with the continued vaporization of light ends. 
However, unlike a number of reference samples that did not show evidence of asphaltene 
precipitation, the decrease in transmittance was not continuous. That is, at a pressure of 
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Figure 15. Asphaltene precipitation lower phase boundary obtained during a differential liberation (PVT) test. 
The break in the transmitted optical power data was likely indicative of asphaltene re-dissolution into the increas­
ingly heavier oil as light ends were continually liberated and removed from the system. 

3550 psi the continuous decrease in the optical power was interrupted. Without additional 
evidence, it appeared likely that the precipitated asphaltenes were beginning to return to so­
lution at this point due to the increasing "heaviness" or solvating power of the residual oil. 

The differential liberation test represents a type of pseudo-lower phase boundary 
measurement for the asphaltene precipitation envelope. A true lower boundary would exist 
if the overall system composition had remained constant; that is, if produced vapors had 
not been removed from the system. Therefore, an additional trial was conducted where the 
gas phase was allowed to remain in the system. This procedure also yielded a slight break 
in the transmitted power data but was less obvious than that shown in Figure 15. As a re­
sult, more tests are needed to determine its validity. 

The type of data generated in Figures 13, 14, and 15 may be used to generated va­
por-liquid-solid phase behavior envelopes. Although much of the work to date has been of 
a proprietary nature, it may be stated that for a sample set of approximately 6 live oils, the 
precipitation onset and dissolution boundaries have varied marginally with changes in 
temperature. Perhaps this finding begins to validate the earlier statement that asphaltene 
precipitation is a process that is most sensitive to pressure and composition and to a lesser 
extent, temperature. 

4. CONCLUSIONS 

In order to improve the predictive capabilities of thermodynamic and kinetic models 
describing asphaltene precipitation, detailed analytical characterization data and phase be­
havior of live and dead crude oils have been measured. Gel Permeation Chromatography 
and Field Desorption Mass Spectroscopy have been used to generate continuous molecular 
weight distributions of an oil and its S.A.R.A. fractions. Comparisons showed good consis­
tency between the techniques although the Mass Spectroscopy method was preferred, as it 
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was simpler to execute, required less experimental time and reduced the possibility of 
losses. In either case, the heavy molecular structures in the oil were represented with con­
tinuous distribution functions that were ideal for input into the mathematical models. 

The phase behavior of asphaltenic oil samples has been measured using particle size 
analysis on atmospheric oils and a solids detection system on live oils. For atmospheric 
oils, the data showed a relationship between the asphaltene agglomerate particle size dis­
tribution and the total quantity of asphaltenes precipitated. For live oils, the solids detec­
tion system was shown to have the ability to measure asphaltene precipitation onset 
pressures at conditions above the saturation pressure. Also, the system was used to ob­
serve at least partial reversibility of asphaltene precipitation upon repressurization for spe­
cific fluids. An estimation of the asphaltene precipitation re-dissolution (or lower) phase 
boundary was obtained during differential liberation PVT tests. Finally, initial measure­
ments suggested that asphaltene precipitation is less sensitive to alterations in temperature 
than pressure and compositional variations. 
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Chapter VIII 

CONDUCTIVITY OF ASPHALTENES 

Per Fotland and Hilde Anfindsen 

Norsk Hydro E&P Research Centre 
5020 Bergen, Norway 

1. INTRODUCTION 

Asphaltenes have been studied extensively over the past 50--60 years. 1-2 A number of 
experimental techniques have been employed. The simplest and most widely used tech­
nique is the measurement of the solubilities of isolated asphaltenes in various organic liq­
uids, both aromatic solvents and flocculants like pentane.3-4 These studies yield valuable 
information with regard to the solubility parameters of asphaltenes. Advanced scattering 
techniques like neutron (SANS) and x-ray (SAXS) scattering have been used in order to 
elucidate the size and shape of asphaltene particles in solution.5- 7 The focus of the differ­
ent studies has varied depending on the area of application. Information with regard to the 
structure of asphaltenes is required in areas like crude oil production, paving asphalts, re­
finery processes, etc. 8- 12 This chapter will focus on the area of oil production. 

Precipitation of asphaltenes in crude oil production can be detrimental to the economy 
of an oil field. In particular offshore fields with sub-sea completions are costly to clean 
regularly, if asphaltene deposits downhole become a problem. Even small amounts of pre­
cipitated material per volume of crude might, in a short time, lead to large deposits in the 
tubing of a well. The volume rate of these wells might be 3000--4000 Sm3 (Standard cubic 
meter, i.e. the standard state is 1 bar and 15°C) and interventions in sub sea wells leads to 
lost production and costly operations, in the order of 1-2 million dollars per intervention 
(not counting lost production of8-12 days). It is therefore vital to have information on the 
phase behavior of the asphaJtene fraction at both reservoir and production conditions. 

The need for information on the asphaltene phase diagram of crude oil, necessitates 
the use of good downhole samples and reliable measurement techniques. This has lead to 
the development of the so called monophasic downhole samples. The sampling tool util­
ised is designed to keep the pressure on the sample at, or above the reservoir pressure at 
all times. This is necessary in order to keep the asphaltenes in solution, because once they 
have precipitated there is no guarantee that they will resolubilize if the pressure and tem­
perature of the sample is restored. Once the sample arrives at the laboratory, the pressure 
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is kept at reservoir pressure and the temperature is restored to reservoir temperature. It is 
common practice to equilibrate the samples for about one week, prior to measurements. 

There are a number of different measurement techniques used in order to determine 
the onset of asphaltene flocculation. Among these are; gravimetry, different optical tech­
niques, interfacial tensionl3- 15 and electrical conductivity. However, there still exists some 
uncertainty as to which method is the most reliable. Ideally measurements with several 
different techniques should be performed on the same crude but as indicated above good 
samples are expensive and therefore hard to obtain. 

According to Conway,16 non-aqueous solvents can be classified in two different 
classes, namely as protic and aprotic. The protic solvent molecules have functional groups 
which contains labile protons. The most typical example of these molecules are carboxylic 
acids (-COOH), but also alcohols and nitrogen containing groups might be protic solvents. 
Reservoir crude belongs to the other group, i.e. the aprotic solvents. The hydrogen atoms 
are predominantly bound to carbon in stable covalent bondings. At normal conditions, hy­
drogen in C-H bonding is not available for exchange. 

The polar fraction of crude oil is known to contain heteroatoms; nitrogen, sulfur and 
oxygen in addition to metals like vanadium, nickel and iron. A number of different struc­
tures have been determined for asphaltene molecules and labile protons can be found in 
many of these. Resins, although a lighter fraction, also contains heteroatoms and should 
therefore be expected to contain labile protons. 

So, a typical crude oil is a mixture of protic and aprotic solvents. For most crudes 
the aprotic fraction dominates, but in the case of heavy oils this might not be true. The 
protic fraction of the crude has the potential of becoming ionized and also being stabilized 
by other protic molecules or by permanent or induced dipoles. It is therefore likely that the 
asphaltene and resin fraction of any crude oil contains a certain fraction of ions. Some of 
these ions can exist as free ions and other in associated states. 

The fraction of polar molecules in crude oil is not enough to bring the dielectric con­
stant any higher than 2-4, the oil must consequently be regarded as a low permittivity solvent. 
By interpretation of the dielectric constant one should keep in mind that symmetrical mole­
cules might have quadropoles. For instance, dioxane is completely soluble in both water and 
oil. By looking at the dielectric constant one should expect dioxane to be soluble in oil, but 
not in water. By symmetry the dipolar moment is zero, but knowledge of the structure 'ex­
plains' the solubility in water. The same argument could apply to crude oil. Even though the 
dielectric constant is low the fraction of quadropoles and similar electrical structures might 
act as solvent molecules for ions. Both molecules with a high dipolar moment and those with 
zero moment can be responsible for solvating ions in hydrocarbons. Gemane 7 points out that; 
"It is possible that the distribution of these molecules in the solution is not uniform but rather 
dielectric ally enriched in the vicinity of ions where the electric field is high". 

The saturation solubility is exponentially related to the standard free energy of 
bringing the particular molecule from the solid state to the solvated ionic state. Thus any 
changes in the solvent that brings about small changes in the standard free energy might 
result in a significant change of solubility. It is well documented that the asphaltene solu­
bility of a reservoir crude may change drastically upon decreasing the pressure. A decrease 
in pressure leads to expansion of the components with highest compressibility, thus the 
volumetric concentration of asphaJtenes decreases. The overall result of this expansion is 
that the oil becomes more aprotic. 

This chapter will focus on the electrical conductivity of crude oil as a technique for 
determination of both the onset of asphaltene flocculation and the implication for the 
structure of asphaltenes. In contrast to the large number of asphaltene articles published, 
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very few are concerned with the measurement of electrical conductivity. Application of 
electrical conductivity in science is mainly linked to salts, acids and bases in aqueous me­
dia. The electrical conductivity of asphaltenes and crude oil has been much less studied. 

2. A SUMMARY OF LITERATURE ON ASPHALTENES AND 
ELECTRICAL CONDUCTIVITY 

Below is a short summary of some of the contributions in the literature to the con­
ductivity of asphaltenes. The articles previously written by the present authors l 8--20 will be 
reviewed in the next section with additional data. 

2.1. Brief Review of Conductivity Articles 

In 1974 S. Penzes and J.G. Speight!! performed conductivity studies on fractions of 
Athabasca bitumen in benzene, pyridine and nitrobenzene. The Athabasca asphaltenes 
were dissolved by stirring for four hours before measurements were performed. The tem­
perature was varied in the range of20-50°C by heating at a rate ofO.3°C/min. 

Their results show that the conductivity increases both as a function of concentration 
and temperature. They also show that the conductivity increases when the dielectric con­
stant of the solvent increases. In fact, this increase can be correlated with a corresponding 
decrease in molecular weight. So, the authors report strong evidence that" the asphaltene 
portion of an oil does indeed have the ability to participate in charge transfer systems." 

Another study on the electrical nature of asphaltene deposition is provided by P. 
Lichaa and L. Herrere22 in 1975. The asphaltene fractions employed were taken from both 
crude oil and solid deposits from the tubing. Two sets of electrical experiments were per­
formed. The first experiment measured the degree of electro-deposition, by subjecting an 
asphaltene solution to a high DC electric field. The reported field strength was of the order 
250 kV/m. The asphaltene solutions were subjected to this field for three days. Upon in­
spection, only the negative electrode contained any deposition and it was identified that it 
consisted mainly of asphaltenes. One additional point of interest is the fact that the Boscan 
crude contains natural inhibitors for asphaltene deposition. No deposition was found when 
the diluents were fractions of the Boscan crude. It should also be noted that by reversing 
the polarity of the electrodes the deposited material remigrated to the negative electrode. 

The second experiment consisted of microscopically observing the movement of as­
phaltene particles under the influence of a DC field. The field strength was lower but of 
the same order of magnitude as in the first experiment. The movement of the particles is 
reported to be rectilinear and circular. After a given period of time the particles were seen 
to deposit on the negative electrode. 

Both experiments indicate that the asphaJtene particles have a net positive charge. 
They also conclude "that electrical effects play an important role in the asphaltene deposi­
tion problem." 

In the next article of P.M Lichaa13 he extends the usage of the previously described 
electro-deposition experiment. The asphaltenes were isolated from 7 different crudes and 
the observations confirm those of his first study. By using electromicrography the size of 
the particles was determined. The sizes were found to vary in the range of 10 - 5000 A and 
the aggregates were therefore classified as colloids. Furthermore, the article describes 
measurements of the zeta potential and electric charge of the asphaltenes and the results 
agree with the previous findings. 
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The two articles by Lichaa points out a number of interesting topics relating to as­
phaltene problems but only the electrical part has been reviewed in this report. 

In 1978, Kendall24 measured the conductivity of medium heavy crude oil as a func­
tion of temperature. His measurements showed that the resistivity increases exponentially 
with the inverse temperature. In a log-lin plot the resistivity turns out to be linearly pro­
portional to the inverse temperature. As the conductance and resistance are inversely pro­
portional, his study indicates that the conductivity increase exponentially with increasing 
temperature. Kendall uses the theory of semi-conductors to explain his finding, but also 
remarks that the observed results could be due to contamination of brine or other colloi­
dally dispersed matter. 

In 1985 Maruska et. al. 25 published an extensive study on the electrical transport 
processes in heavy hydrocarbon fluids. The material they studied was called Catalytic 
Cracking Bottoms (CCB) and was taken from the bottom stream of a distillation tower. 
Their results included measurements of both AC and DC conductivity. In the AC mode 
both conductivity and the dielectric response were recorded. The CCB was diluted in n­
paraffins, cyclo-paraffins, white mineral oils and aromatics. 

The conductivity as a function of wt% solvent shows an initial increase. As more 
solvent is added the conductivity values level off and proceed through a relatively broad 
maximum. After the maximum the conductivities decrease and approaches that of pure 
solvent. Although not noted in the paper, it is of interest to see that the curves for the aro­
matics (Le. toluene, xylene, mesitylene and tetraline) all preserve their curvature through­
out the scan, while those for the simple paraffins (nC5-nC9) change curvature at different 
weight fractions of added solvent. The point of change in curvature coincides with the on­
set of precipitation of asphaltenes and this will be dealt with in a later paragraph. A long 
term stability test of the DC conductivity was also performed. This test used a field 
strength of 1000 kV/m for 3 months. The recorded conductivities showed no time depend­
ence and no electrode reactions or coatings were observed. 

Maruska et al. explains the conductivity in terms of pi-electron charge transfer be­
tween polynuclear aromatic hydrocarbons. They specifically mention that the CCB con­
tains mainly naphtalene, phenanthrene, chrysene, perylene, pyrene, benzanthracene and 
benzopyrene. Whenever planar overlap of these and like molecules takes place within the 
liquid, then charge transfer is possible. The difference in the conductivity curves of the n­
alkanes and the aromatics is explained by the fact that aromatics will enhance charge 
transfer while aliphatic molecules will hinder the transfer of charges. 

Another article addressing the topic of heavy oil distillation residues was published 
by Siffert et al. in 1989.26 The object of the paper was to investigate the presence of sur­
face charge on heavy oil residues in organic media. The authors measured the zeta-poten­
tial of several different residues from Boscan and Safaniya crudes. The following solvents 
were used; acetic acid, methanol, acetone, formamide and ethylenediamine. The results 
are discussed in terms of the solvents donor number and acceptor number, which relates to 
the ability of the liquid to donate electrons in a reaction between donor and acceptor mole­
cules. In their conclusion they state that the stability of residues and asphaltenes in various 
solvents relies upon the surface charge of the particles. Furthermore, the charge of the par­
ticles stems from the charge transfer of the surrounding liquid and not from classical ion­
counterion mechanisms. The authors continue to conclude that in oils the surface charge is 
very small "since the disperison medium is formed essentially by saturated hydrocarbons 
having a very low charge transfer capacity." 

An investigation of "asphaJtenes in polar solvents" was published in 1991 by Sheu 
et al.27 The purpose of the paper is to verify that asphaltene molecules self-associate. The 
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asphaltene fractions were extracted from Ratawi crude by heptane precipitation. The as­
phaltenes were dissolved in toluene and frequency scans of the conductivity, at different 
temperatures, were recorded. The conductivity data show a strong temperature depend­
ence at low frequencies and virtually no temperature dependence at high frequencies. 

The same authors published a paper on the dielectric properties of asphaltene solu­
tions in 199428 • Again the source of asphaltenes was a distillation residue. The purified as­
phaltenes were dissolved in toluene and conductivity was measured as a function of 
temperature. The results of this study were almost identical to their first study. This sup­
ports the view that charges move freely on a short time scale (high frequency), i.e. within 
an asphaltene aggregate. The low conductivity at low frequencies, indicates that the 
charge transfer between aggregates is restricted. 

An article published in 1995 by MacMillan et al.29 focused on the topic of "evaluat­
ing asphaltene precipitation based on laboratory measurements and modelling." The con­
ductivity measurements contained in this paper were solely for the purpose of detecting 
the onset of asphaltene precipitation. Furthermore, they used optical fluoresence and vis­
ual observations to verify the flocculation onset. By titrating the crude with a flocculant 
(n-alkane) they observed that the conductivity initially increases due to increased mobility 
of the ions. However, they do not comment on the fact that their conductivity values in­
crease at the point of precipitation. In a remark about the method they claim that the con­
ductance values contain a high background contribution from the equipment. This may 
account for the somewhat surprising behavior of the conductivity at and after the onset. 

2.2. Overall Conclusions 

As is evident from the above list, all of the contributors are working with purified 
asphaltenes. The isolation procedure most commonly used is by precipitation with an n-al­
kane (nC7). The asphaltenes are then redissolved or dispersed in various solvents. The ob­
jective of the studies is mainly focused on downstream applications or solely to 
investigate the structural properties of the asphaltenes. Very little is mentioned about the 
applicability of the results with regard to the reservoir oil. In the literature, in general, 
there still seem to be a dispute whether the asphaltene precipitation is reversible or not. 

It seems that all of the above mentioned papers conclude that asphaltenes are colloids 
and possess a net charge. The mechanism by which they gain this net charge is somewhat 
unclear but the electronic properties of the surrounding medium might be of importance. 
The conductivity of the asphaltenes is also seen to increase as a function of increasing tem­
perature. Some of this effect can be attributed to a decrease in viscosity, but in some systems 
an excessive increase is observed and this is explained by an activation like charge transfer. 

An increase in asphaltene concentration also leads to increasing conductivty values. 
None of the above papers have tried to calculate the molar conductivity. This property is 
commonly used for interpretation of conductivity data in terms of interactions between 
conducting entities. However, asphaltenes are not pure components and as such the molar 
concentration can only be approximated, so this source of error should be kept in mind 
upon interpreting such data. 

By increasing the dielectric constant of the solvent media, the conductivity is seen to 
increase. This agrees well with the theory of ions, but can also be correlated to electron 
donor properties of the solvent. In non polar media the asphaltene conductivity is very 
low, indicating either restricted charge transfer between the asphaltenes or heavily aggre­
gation to ion pairs and higher aggregates. This is also refelected by the fact that asphalte­
nes are insoluble in n-alkanes. 
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Conclusions with regard to net charge are difficult as two different studies show 
conflicting results. Strong evidence is presented to show that the particles have positive 
net charge due to electro-deposition, while equally strong evidence finds no electro-depo­
sition. It is somewhat unclear from the studies whether measurements are performed on 
dispersions or on solutions. This might affect the results of electro-deposition measure­
ments. It should however be remarked that a number of studies show that the asphaltenes 
have a defined zeta-potential and therefore possess net charge. 

Overall, there is plenty of evidence for the existence of a net charge on asphaltenes. 
It would therefore be worthwhile to investigate and utilize this property of the asphaltenes. 
The next chapter will review some of the existing data published by the present authors 
and include new data. 

3. CONDUCTIVITY MEASUREMENTS; EXPERIMENTAL 
CONSIDERATIONS 

3.1. Experimental Set-Up 

As previously mentioned, the measurement of electrical conductivity of crude oils 
and asphaltene fractions has two purposes; a) to detect the onset of flocculation and b) to 
study the structure of asphaltenes in solution. For both cases a cell with a large electrode 
area and small spacing between electrodes are required. The present description of experi­
mental set-up relates to the one used by the authors. 

A coaxial cylindrical cell geometry was chosen. Two different cells were built, i.e. 
one for high pressure and temperature applications and one for studies at atmospheric 
pressure. Both cells have an internal spacing between electrodes of approximately 1.5 
mm. The cell constant of the 1 bar cell is 0.0029 cm- I , while the cell constant of the high 
pressure cell has not been determined because only relative values of the conductance are 
required. The conductance values of oil as measured by the high pressure cell is in the 
range of 0.2-2 J.1S. The cells have ports for inlet and outlet of fluid and are connected to a 
mixing chamber with a stirrer and to a high pressure pump, used for circulating the fluid 
in a closed loop. 

The cell is connected to a HP4192A measurement bridge. If frequency scans are 
needed this can be achieved by controlling the conductance meter by a PC. Further details 
of the set -up can be found in references. 18--20 

3.2. Measurements 

The metering bridge was used in an AC parallel mode. This means that the actual 
circuit is defined as a parallel resistance (R) - capacitance (C) circuit. In addition there is a 
software option for fitting the experimental spectrum to almost any equivalent circuit in 
order to check for unwanted contributions to the conductivity.30 This option was used to 
determine the exact value of the DC conductivity. This value is only needed if the results 
are being compared to models of electrical conductivity in non-polar solvents. By utilizing 
this software, the resistance and inductive elements of the wiring are taken into account. 
Both these values should be kept at a minimum because they may influence the resonance 
peak significantly. Otherwise, readings at I kHz were regarded as sufficient. 

The applied voltage was I volt which results in a field strength of approximately 
700 V 1m. This is negligible with respect to the field strength surrounding the ions, which 
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is of the order 108 V/m. 16 So, any interference of the applied field with the conducting spe­
cies was neglected. It should also be noted that the Wien effect of increased conductivity 
with increasing field strength is only significant at 106 Vim and higher. 31 The Debye­
Falkenhagen31 effect of increased conductivity with increasing frequency will not interfere 
with the calculations of the DC conductivity, as it occurs at high frequencies. 

During the operation of the experimental set-up described above certain precautions 
need to be taken, I) make sure that resonance effects are minimized, 2) keep the wiring 
fixed and follow closely the recommendation as set out in the manual of the instrument 
and 3) keep the set-up isolated above ground. If point I is overlooked one can get too high 
conductivity values and the results might be jammed with artifacts relating to the set-up. 
Regarding point 2, if the wiring is not fixed the capacitance of the total circuit might vary 
during measurements and this could lead to changing values of the resonance frequency 
which again influences the conductivity (note that even an empty cell will give conductiv­
ity values depending on the measurement frequency employed). The last point (3) is par­
ticularly difficult to satisfy but never the less, very important. If, at any point, the circuit is 
grounded or partially grounded the values could switch between different levels or fluctu­
ate to the extent that readings become impossible. 

3.3. Material and Fluids 

The purified asphaltenes were obtained from core samples of a North Sea reservoir. 
The solid material was isolated by extraction using the Soxthec principle. The solvents 
were used as received. Further details can be found in reference.2o The following solvents 
were used; benzene, tetrahydrofurane, pyridine, trichloroethane and dichloromethane. 

3.4. Estimation of Molar Conductivities 

The molecular weight was measured by freezing point depression in benzene in the 
range of 800-1400 g/mol. For calculations of molar concentrations the molecular weight was 
set equal to 1000 g/mol. Furthermore, it was assumed that only 10% of the asphaltenes were 
contributing to the conductivity as potential ions. Both of these assumptions are uncertain and 
this must be kept in mind while interpreting the conductivity data. Molecular weights of as­
phaltenes may vary a lot according to measurement procedure and solvents.32- 33 

3.5. Conductivity Model 

The measurements of molar conductivity were matched to the Fuoss model34.35 of con­
ductivity in low permittivity media. The model of Fuoss is based on the formation of ion pairs 
and triple ions as chemical entities. Petrucci36 has shown that the existence of both ion pairs 
and triple ions can be deduced from a purely physical point of view. That is, there is no need 
to invoke equilibrium constants in order to account for the formation ofthe ionic aggregates. 

The point of this investigation is not to test the various conductivity models, but to 
look for indications that conform with the notion that some fraction of the asphaltenes 
might behave as ions in low polar media. In the present interpetration we have used the 
Fuoss model. Briefly, the theory accounts for ion pairs and triple ions in the form;34 

ion pairs from free ions (1) 

(AB) + (AB) = ABA + + B' triple ions from ion pairs (2) 
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Ka is the equilibrium constant and a denotes activity. The formation of ion pairs is 
favoured by increasing concentration and/or decreasing the dielectric constant of the sol­
vent. The ion pairs act as dipoles and are therefore electrically neutral and will cause the 
molar conductivity to decrease. In contrast the ion pairs which form triply associated ions 
will cause the conductivity to increase. 

The existence of ion pairs can be tested by fitting the conductivity data to the model 
proposed by Fuoss. The equation has the following form: 

(3) 

The A is the molar conductivity, Ao is the molar conductivity at infinite dilution and 
c is the concentration of ions. The fraction of free ions is denoted by a and is determined 
by an iterative procedure involving the equilibrium constant of the ion pair formation, the 
Debye Huckel mean ionic activity constant and the radii of the conducting species. For 
simplicity the radii was set equal to 50 A, the exact value of the radius was not critical for 
the fitting procedure. The constants S, E, II' and 12 are calculated from knowledge of the 
dielectric constant, viscosity and the temperature. The only unknowns which are varied in 
order to obtain a fit, are the equilibrium constant of equation I and Ao' The best fit was ob­
tained by a minimization procedure. 

In order to check for the presence of triply associated ions, Fuoss has shown that the 
data can be plotted according to the following simple equation; 

Ac°.5 =Ac +B (4) 

Where A and B are regarded as unknown constants. Thus a linear relationship be­
tween the product Aco.s versus c would be an indication of triple ions. 

4. RESULTS AND DISCUSSSION 

4.1. Conductivity of Purified Asphaltenes in Organic Solvents 

Figures I and 2 show the DC conductivity of asphaltenes in benzene and tetrahydro­
furan respectively. In the same figures are the application of equation 4 shown. Both 
curves show an initial decrease of molar conductivity. The benzene case seems to ap­
proach a minimum. At approximately 0.0025 M there appears to be a break in the curve. A 
linear curve in the concentration range of 0.00 I to 0.0025 M indicates the presence of tri­
ple ions. 

The tetrahydrofuran measurements have the same initial appearance but a well de­
fined minimum is observed at 0.00025 M and at approximately O.OOIM there appears to 
be a break in the curve. Again the application of equation 4 shows a linear region indicat­
ing the presence of triple ions. 

Equation 3 cannot be used in these two cases due to potential triple ion formation. 
Furthermore, equation 3 cannot predict a minimum in the molar conductivity as a function 
of concentration. 

The conductivity of asphaltenes in 30% pyridine in benzene, and in pure pyridine, is 
shown in Figures 3 and 4, respectively. The conductivity shows a monotonic decrease as a 
function of concentration for both curves. According to the Fuoss theory this behavior is 
related to the formation of ion pairs. The solid lines of the figures show the best fit to 
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Figure 1. The molar cond1:lctivity (black squares) and the conductivity times .the square root of the molarity (open 
circles) as a function of the molarity ofasphaltenes in benzene. The straight line indicated between the two arrows 
is evidence of the existence oftriple ions. Temperature is 20°C. 
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Figure 3. The conductivity of asphaltenes in a mixture of 30% pyridine in benzene. The solid line represents a fit 
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Table 1. The table lists the dielectic constant, molar conductivity at 
infinite dilution (Ao) and the ion pairing constant 

according to equation 1 

Dielectric Ion pairing 
Solvent constant Ao Scm2/mol constant 

Pyridine 12.75 17.80 1.6E6 
80% THF in benzene 5.89 4.70 6.2E8 
\0% benzene in Tri. 5.76 1.10 8.7E6 
30% Pyr. in benzene 4.55 0.37 2.3E5 

THF is tetrahydrofuran. Tri denotes trichloroethane and pyr. denotes pyridine. 
The conductivity of the pure solvents was in all cases found to negligible 
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equation 3. The fit indicates that it is physically plausible that asphaltenes can exist as ions 
and ion pairs. 

Table I shows a listing of the various experiments that has been performed with the 
molar conductivity at infinite dilution, the dielectric constant of the mixture and ion pair­
ing constant. In some experiments no fit to equation 3 could be made. Table I also shows 
that the molar conductivity at infinite dilution increase as a function of increasing dielec­
tric constant. 

No definite conclusions can be made concerning the ion pairing constant except that 
the large values indicates a strong tendency of the ions to form ion pairs. This is to be ex­
pected due to the low dielectric constants. Pyridine which has the highest dielectric con­
stant has also the lowest ion pairing constant. 

4.2. Conductivity as an Indicator for Asphaltene Precipitation 

As the conductivity seems to be related to the state of the asphaltenes in solution, it 
is also reasonable to assume that the conductivity will be sensitive to precipitation of as­
phaltenes. When asphaltenes precipitate, the fraction of ions is reduced and this should 
lead to a decrease in conductivity. 

In Figures 5 to 7 are the titration experiments shown. All figures relate to the same 
crude, which was a typical black oil with an asphaJtene content (C5) of 0.6 wt%. Figure 5 
shows the crude diluted with xylene. Xylene is regarded as being a good solvent for as­
phaltenes and, as such, is not expected to induce asphaltene precipitation. The squares in 
Figure 5 represent the conductance of the solution. The curve has the same appearance as 
the one measured by Maruska et al. Initially the conductivity increases due to increased 
ion mobility or a reduced activation energy for charge transfer. Xylene itself has negli­
gible conductivity and a dilution of the asphaltenes in the crude must therefore lead to a 
decreasing conductivity. At the maximum, the effect of dilution cancels the effect of in­
creased mobility. After the maximum, the dilution effect is dominant and the conductivity 
values approaches that of pure xylene. 

The connected circles of Figure 5 show the weight normalized conductivity (wnc). 
This value is obtained by dividing the conductivity with the weight fraction of oil at the 
given point. The resulting parameter, wnc, bears resemblance to the molar conductivity. 
The weight fraction of oil is proportional to the weight fraction of asphaltenes and if we 
assume that the molecular weight is constant, then the wnc is proportional to the molar 
conductivity. In Figure 5 the curve is seen to increase monotonically as a function of dilu­
tion. This is in good accordance with the measurements presented in the previous section. 
The classical interpretation is that in the absence of ionic interactions the conductivity is 
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Figure 5. The conductivity (squares) and weight fraction normalized conductivity (circles) of crude oil as a func­
tion of weight fraction xylene. Temperature is 20°C. 

at a maximum, i.e. the molar conductivity at infinite dilution. Adding ions to the solution 
increases the overall conductivity but decreases the conductivity per molecule i.e. the 
wnc. 

The smoothness of the curve indicates that no major structural changes or phase 
changes take place. 
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Figure 6. The conductivity (squares) and weight fraction normalized conductivity (circles) as a function of weight 
fraction pentane. Temperature is 20°C. 
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Figure 7. The same as figures 5 and 6 but using hexadecane as flocculant. Circles relates to the wnc and squares 
to the conductivity. Temperature is 20°C. 

Figures 6 and 7 show the same as Figure 5 but the curves display precipitation. For 
the conductivity curves the same initial behavior is seen, but at a given point the curves 
changes curvature from convex to concave. The connected circles is the wnc, and now a 
clear maximum is evident. This maximum coincides with the change of curvature in the 
conductivity curve (squares) and marks the precipitation of asphaltenes. 

Apparently the maximum in the wnc does not conform with the theory of ions. The 
reason for this apparent discrepancy, is the fact that when we weight normalize by the 
fraction of oil or equivalently, asphaltenes, we do not account for the precipitated asphal­
tenes. Therefore, the weight fraction of asphaltenes used for normalization is too large and 
the wnc values are too low. 

The dilution has been repeated for a number of different crudes ranging in asphal­
tene content from 0.1 wt% to 20 wt% and the same conductivity profiles are seen for all of 
them. We have also studied the effect of different n-alkanes on the onset (C2-C 16). A sum­
mary of these results is shown in Figure 8. The weight and mole fraction of the solvent at 
onset are displayed as function of the n-alkane density. 

The form of the onset curve of Figure 8 is somewhat surprising. One would expect 
the onset to increase linearly as a function of density or alkane carbon number. However, 
for this crude there seem to be a maximum around decane. In fact nC 15-nC 16 induces as­
phaltene precipitation at lower mole fractions -than n-C2. Measurement of precipitated 
weights shows the regular behavior i.e. the weigths precipitated decrease monotonically 
upon increasing the molecular weight of the flocculant. 

It seems that n-C 16 precipitates a selective portion of the asphaltenes at low mole 
fractions. More studies are needed in order to derive firm conclusions regarding this ef­
fect. The same effect has been observed on other crudes, so the effect is not unique to the 
above mentioned crude. 

;: 
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Figure 8. The onset of asphaltene precipitation as a function of density of the precipitant used. The n-alkane is in­
dicated in the curve. Note that the measurements using ethane, propane and butane were conducted at 150 bar and 
the rest at atmospheric pressure. Temperature is 20·C. 

The previous results indicate that conductivity also may be used for diagnostic pur­
poses on reservoir crudes. In Figure 9 is shown a pressure depletion on a reservoir sample 
which was sampled by a monophasic sampler. These sampling tools allows one to with­
draw a sample of the crude at bottomhole conditions and maintain the bottomhole pres­
sure. The sample is transferred to storage bottle at reservoir pressure and at a temperature 
well above the wax precipitation point. At the lab, the sample is restored to reservoir con­
ditions for approximately one week. A subsample is then transferred at reservoir pressure 
and temperature to the measurement cell. 

Figure 9 should be read from the highest pressure to the lowest. Initially the conduc­
tivity is seen to decrease and reach a minimum at reservoir pressure. It then increases to­
wards a sharp maximum which indicates the precipitation of asphaltenes. As pressure is 
further reduced the conductivity falls in a linear manner. 

The recovery process of the field, which corresponds to the crude in Figure 9, is 
water-alternating-gas injection (WAG). As the crude is undersaturated a large amount of 
the injected gas will dissolve in the reservoir oil and thereby increase its volume and satu­
ration pressure. This process might also lead to an increased asphaltene precipitation pres­
sure. A study of the conductivity using injection gas was therefore conducted. The result 
can be seen in Figure 10. Both the conductivity and wnc is shown. As before, there is an 
initial increase in conductivity but before the dilution effect starts to dominate, the asphal­
tenes precipitate. This is visualized by the maximum in the wnc. So, in conclusion the gas 
injection process will spontaneously induce asphaltene precipitation at reservoir condi­
tions. The composition at which the onset occurs is approximately 25 mole% injection 
gas. For this particular crude, at 25 mole% injection gas, the bubble point is still well be­
low the reservoir pressure. This implies that the asphaltene precipitation pressure in­
creases parallel to or more steeply than the saturation pressure. By the conductivity 
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Figure 9. The conductivity of a reservoir oil sampled by a monophasic sampler. The temperature was 92°C. As­
phaltene onset is seen at 200 bar which is approximately 70 bar above the saturation pressure and 120 bar below 
the reservoir pressure. 

technique the phase diagram in terms of asphaltene precipitation pressure versus composi­
tion can easily be determined. 

4.3. Probing the Reversibility of Asphaltene Precipitation by Conductivity 

As is seen in the previous sections, the conductivity behavior of crude oil and as­
phaltenes has a reasonably good qualitative description. It would therefore be of interest to 
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Figure 10. Dilution of a reservoir oil with injection gas at reservoir conditions of 320 bar and 92°C. The onset is 
seen at approximately 25 mole% injection gas. 
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probe the reversibility of asphaltene precipitation by pressure cycling a crude with known 
precipitation pressure. True reservoir samples are expensive and difficult to obtain, a 
model system has therefore been designed. 

A crude sample from a gas cap reservoir was pressurized with ethane in order to deter­
mine the precipitation pressure at a given amount of ethane. Once this pressure was deter­
mined, a new sample was charged to the cell, the pressure raised well above the known 
precipitation pressure and the given amount of ethane was added. At this composition the 
crude will precipitate asphaltenes by pressure depletion at the previously determined pressure. 

Figure 11 shows the result of the above described procedure. All curves relate to the 
same sample, but as indicated, the pressure was cycled with different equilibrium times at 
the high pressure condition. 

Figure 12 shows the same experiment conducted with propane as gas component. 
Both figures show a decrease in precipitation pressure from the first to the second pressure 
depletion. This indicates either that some irreversible process has taken place or that the 
kinetics for resolubilizing the asphaltenes are slow. It should be noted that both stirring 
and circulation of the fluid was performed throughout the equilibration time. 

In particular the ethane case of Figure 11 shows an effect which might be interpreted 
as two precipitation pressures. The first occurs at approximately 450 bar, where a well de­
fined maximum is seen. The slope of the decrease after the maximum then decreases and 
then at 150 bar a sudden increase in the slope is again observed. This second 'precipitation 
pressure' agrees well with the pressure cycles taken at 72 and 240 hours equilibration 
time. 

The same effect is seen for the propane case, although not equally pronounced as for 
the ethane case. Figure 13 shows the resulting precipitation pressure from Figures 11 and 
12 plotted as a function of equilibrium time in the high pressure state. 
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Figure 11. Measurements of conductivity as a function of pressure. The three curves represents different equili­
bria as shown by the legend. The first pressure depletion (taken at I hour after gas addition at 600 bar) clearly 
shows the highest precipitation pressure. Temperature is 20°C. 
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Figure 12. The same experiments as in figure II, but propane was used as gas component. Temperature is 20De. 

The onset curve for ethane falls rapidly from 450 to 175 bar, while the onset pres­
sures for propane decrease in a more slow fashion. Since reversibility is being probed, the 
two sets of measurements should have been performed at equal equilibrium times. There­
fore, conclusions with regard to comparison is hard to reach. As remarked above it seems 
however certain that the onset pressure is sensitive to the pressure history of the sample. 
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These results imply that downhole sampling should be carried out with monophasic 
samplers. The effect of not controlling the pressure could be to ignore a potential asphaltene 
precipitation. This is shown in the next set of experiments which were performed using 
three different samples from the same region of a North Sea oil field. The reservoir pressure 
is approximately 450 bar and the temperature is 114°C. The reservoir oil is volatile with low 
asphaltene content (0.1 wt%). The first sample was a conventional bottomhole sample which 
during storage was kept in a two phase state, i.e. the pressure is below the bubble point. 

The second and third samples were monophasic samples. However, the pressure was 
not maintained at reservoir pressure for either of the samples. For one sample the pressure 
was lowered to approximately 360 bar and the other to 420 bar. The effect of the pressure 
history on the conductivity profiles is evident as seen in Figure 14. The observed conduc­
tivity of the conventional bottomhole sample is virtually constant. The conductivity in­
crease as pressure decreases can possibly be attributed to a decreasing viscosity. In 
contrast, the conductivity of the 360 bar monophasic sample is decreasing as pressure is 
decreased. At 380 bar there is a slight anomaly in the curve indicating some structural 
changes taking place. The 420 bar sample also shows an initial decrease in conductivity as 
pressure is depleted, but at around 400 bar a shallow minimum appears and a peak is ob­
served at 385 bar. The conductivity below 385 bar falls toward the bubble point at 330 bar. 

The 420 bar sample of Figure 14 bears some resemblance to the curve shown in Fig­
ure 9. Both curves show a decrease towards a minimum and then a maximum indicating 
the dropout of asphaltenes. It is interesting to note that the initial decrease occurs when 
pressure is reduced for the second time. The sample in Figure 9 was sampled at 320 bar 
but prior to measurements the pressure was raised to 380 bar, and then reduced again. The 
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Figure 14. The conductivity ofthree different live crude samples is shown as a function of pressure. The tempera­
tureis 114°C. 
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minimum occurs approximately at the reservoir pressure. If the pressure of the 420 bar 
case of Figure 14 had previously been lowered to approximately 400 bar, then these two 
observations would possibly be in agreement. 

With regard to conductivity and within the time frame of the above experiments, the 
precipitation of asphaltenes seems to be irreversible. In particular the pressure history is 
important. Once the crude has been pressure depleted, the asphaltenes precipitation pres­
sure changes. Trying to establish the original state of the asphaltenes was not possible, i.e. 
the precipitation pressure did not increase as a function of equilibrium time at high pres­
sure conditions. Qualitatively, similar irreversible behavior has been seen for live reservoir 
crudes. The results show that only monophasic samples can give a good determination of 
the asphaltene precipitation pressure. 

From the above experiments it is likely that structural changes takes place as a func­
tion of pressure. The original state of the asphaltenes may be as monomeric units or small 
micelles. As pressure decreases the asphaltenic units starts to flocculate at a given pres­
sure. As the pressure is further reduced more flocs are formed. Upon increasing the pres­
sure again, the asphaltene fraction responsible for the high pressure flocculation point 
does not redissolve to their initial state. However, they might become colloidally sus­
pended, but give no or very small contribution to the conductivity. The second floccula­
tion point repeats itself by pressure cycling and so, this process must be considered 
reversible. We are therefore facing two different types of flocculation, i.e. one reversible 
and one irreversible. The irreversible fraction is responsible for the high pressure floccula­
tion point. To complicate the matter even more, it is likely that different crudes will have 
different behavior with regard to reversibility. 

5. CONCLUSIONS 

By performing measurements of the conductivity ofasphaltenes dissolved in various 
organic solvents the ionic properties ofthe asphaltenes can be deduced. Crude oil contains 
a variety of structures which have the potential of becoming ionized and can be responsi­
ble for the solvatization of ions. 

The presence of aggregates and/or molecules with a net charge in crude oil, have 
been demonstrated in a number of independent experimental works. 

Asphaltenes dissolved in organic solvents show the characteristics of ions in low per­
mittivity media. Indications of ions, ion pairs and higher aggregates have been detected. 

The precipitation ofasphaltenes is reflected in the electrical conductivity of the oil. The 
flocculation onset can be probed both by pressure depletion on monophasic reservoir oil sam­
ples and by changing the composition at constant pressure as in a gas injection process. 

Conductivity measurements indicates the possibility of a reversible and an irreversible 
precipitation pressure. Cycling through the flocculation pressure a number of times shows a 
hysteresis effect. The first pressure depletion seems to give the highest flocculation onset. 

Pressure history of the resevoir oil is important for evaluation of experimental data 
regarding precipitation pressure. 
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1. INTRODUCTION 

Asphalt cement has been used over a century for roadway construction in United 
States. Historically, one of the most extensively studied physical properties has been the 
viscosity of the asphalt binder, in particular, how the viscosity of the asphalt binder 
changes during a pavement's lifetime. Many attempts have been made to relate the viscos­
ity of the binder to its chemical composition and molecular structure. One complicating 
factor to understanding the exact relationship between viscosity and chemical composition 
arises from the extremely complex chemical composition (an asphalt may contain thou­
sands of individual components). Another complicating factor arises from the ever chang­
ing chemical composition of the binder throughout the pavement's lifetime as a result of 
low temperature oxidation. As a result, most attempts to correlate a binder's viscosity to 
the binder's chemical composition have been in terms of only a few pseudo-components. 
The components found to have the greatest influence on the viscosity are referred to col­
lectively as the asphaltenes. 

Many researchers (Sheu et ai., 1991 a, Storm et ai., 1993; Reerink and Lijzenga, 
1973; Rao and Serrano, 1986) have shown that the viscosities of asphalts and heavy petro­
leum residua are greatly influenced by the colloidal structure of asphaltenes present in 
those materials. AsphaJtenes are very complex organic macromolecules which are defined 
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as the insolubles in a selected paraffin solvent such as n-pentane, n-hexane, or n-heptane. 
Dickie and Yen (1967) showed, using X-ray diffraction, that asphaltenes appear as unit 
sheets composed of a highly condensed polynuclear aromatic ring system with extended 
alkyl sidechains attached to the ring structure. They also showed that asphaltenes form 
clusters and micelles through strong aromatic 1t-1t association. The presence and the struc­
ture of clusters of asphaltene molecules has also been studied using various scattering 
techniques such as small-angle X-ray scattering (SAX:S) (Pollack, 1970; Dwiggins, 1965; 
Senglet et al., 1990; Kim and Long, 1979) and small-angle neutron scattering (SANS) 
(Ravey et al., 1988; Overfield et al., 1989; Sheu et al., 1991b). 

There are many conflicting hypotheses on the structure of asphaltene aggregate par­
ticles. Ravey et al. (1988) separated asphaltenes into several fractions with narrower mo­
lecular distributions and showed that asphaltenes appear to be polydispersed disc-like 
particles in several solvents using SANS techniques. They also showed that the extent of 
polydispersity of asphaltenes does not change the conclusion that the shape of asphaltene 
aggregates should be disc-like. On the other hand, Sheu et al. (1991a) concluded that Rat­
awi asphaltene particles are spherical and the distribution of asphaltene particle size fol­
lows the Schultz distribution (Zimm, 1948). However, in general, asphalts are composed 
of two phases, an associated phase which is composed of asphaltene aggregates, and a dis­
persed phase which is composed of maltenes, a mixture of aromatics and saturates. 

The presence of asphaltene association has a very profound influence on the viscos­
ity of asphaltic materials. Lin et al. (1995a) have shown that both the original asphaltenes 
and those asphaltenes produced by oxidation form associating particles and result in an in­
crease in asphalt viscosity in a similar manner. They used a modified two-parameter Pal­
Rhodes (1989) model to describe the relationship between asphalt viscosity and 
asphaltene content for seven asphalts. The Pal-Rhodes model (Pal and Rhodes, 1989) was 
originally used to describe the viscosity/concentration relationship of emulsions and is 
given as: 

(1) 

where" and '10 are the viscosity of the emulsion and the viscosity of the solvent, respec­
tively. '1r represents relative viscosity and <I> is the volume fraction of particles. K is the 
solvation constant which accounts for the effects of association. The exponent -2.5 is the 
result of assuming the association is spherical in shape. Despite the simplicity of the Pal­
Rhodes model, Sheu et al. (1989) have successfully used Equation (1) to describe the vis­
cosity of asphaltene solutions as functions of asphaltene concentration up to 25% in 
several organic solvents. They also used many other viscosity models to describe the as­
phaltene solution viscosity as functions of asphaltene concentration. From all the models 
used, they concluded that asphaltene particles are spherical and solvated by the solvents 
used. Lin et al. (1995a) used a modified two-parameter version of Equation (1) by letting 
the exponent of -2.5 to be a free parameter, Y, to account for non-sphericity of the asphal­
tene particles. They showed that this modified Pal-Rhodes model can successfully de­
scribe the asphalt viscosity as functions of asphaltene content for a very wide range of 
asphaltene contents up to 60% by weight. Many researchers (Eilers, 1948; Reerink and Li­
jzenga, 1973; Heukelom and Wijga, 1971; Sheu et al., 1991a; Storm and Sheu, 1993) have 
attempted to describe the viscosity/asphaltene relationship using existing or newly-devel­
oped models. A realistic viscosity model for relating asphalt viscosity to asphaltene con-
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tent has to account for both the effect of the shape of asphaltene particles and the effect of 
asphaltene molecular association. However, the common difficulties in applying models to 
the asphalt viscosity/asphaltene relationship is that the viscosity/asphaltene relationship of 
asphalts is highly dependent on asphalt composition, especially maltene composition (Lin 
et aI., 1995b) and that the model parameters obtained by regression can not adequately de­
scribe the severity of asphaltene association and the solvation power of maltenes. In the 
present work, a suspension viscosity model is developed to account for the effect of parti­
cle size distribution, the effect of particle shape, and the effect of molecular association. 
This model is applied to describe asphalt viscosity as a function of asphaltene content and 
is capable of extracting several asphaltene aggregate structural parameters from viscosity 
and asphaltene content measurements. 

2. EXISTING VISCOSITY MODELS FOR NON-ASSOCIATING 
SUSPENSIONS 

2.1. Monodispersed, Non-Associating Suspensions 

The first model to describe the increase in viscosity due to the presence of solid par­
ticles was developed by Einstein (1906). In Einstein's treatment, particles were assumed to 
be perfectly spherical, monodispersed, and non-interacting. The model relates the viscos­
ity of the solution to the volume fraction of solid particles. 

11 =110(1 + 2.5q,) (2) 

Again, similar to Equation (1), the coefficient of 2.5 assumes that the shape of suspension 
particles is spherical. Equation (2) is usually only valid for particle concentrations up to 
2-10% by volume, dependent on the system. Equation (2) does not adequately describe 
the viscosity of the suspension at higher particle concentrations because the particles be­
gin to interact hydrodynamically (Frankel and Acrivos, 1967). Models for more concen­
trated suspensions have been developed using the viscosity mean-field theory. The 
Mean-field theory states that the differential increase in suspension viscosity as a result of 
adding a small amount of particles to a concentrated suspension can be described using 
the differentiated form of Equation (2) with 1']0 replaced by 1']. 

or 

d11 = 2.511dq, 

d11 = 2.5dq, 
11 

(3 a) 

(3b) 

where d1'] is the increment of viscosity on the addition of a small amount of particle vol­
ume fraction d<J>. Equations (3a) and (3b) assume that the small amount of particles is 
added into a new solvent environment having a viscosity equal to the suspension viscosity 
1']. The viscosity of the suspension as a function of volume fraction can be obtained by in­
tegrating Equation (3b) to obtain Equations (4a) and (4b). 
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In( ~) = fno ~11 = ro 2.5d$ = 2.5$ 
(4a) 

or 

(4b) 

Equation (4b) has a higher applicable concentration limit than Equation (2) but still only 
describes the suspension viscosity up to moderate particle concentration. Generally, It has 
been observed that the solution viscosity increases more than exponentially at high parti­
cle concentration. The sharp increase in viscosity is caused by the limited free space avail­
able for the solvent to flow at high concentration. In fact, when the particle concentration 
reaches its maximum value, <l>MAX' the suspension viscosity will increase to infinity due to 
the entire loss of free space. Mooney (1951) introduced a crowding factor, (1-<I>/<I>MAXi, to 
account for the loss of free space as concentration increases. Mooney replaced d<l> with 
d<l>/(l-<I>/<I>MAS in Equations (3a) and (3b) and integrated to obtain Equation (5), 

[ 
2.5+ ) 

11 = 11oexp(a) 1- • 

'MAX (5) 

The crowding factor represents the fact that the available free volume fraction for particles 
is (l-<I>/<I>MAX) at particle volume fraction <1>. Kreiger and Dougherty (1959) replaced d<l> 
with d<l>/(l-<I>/<I>MAx) in Equation (3b) to obtain Equation (6), which is known as Kreiger­
Dougherty equation. 

( )

-2.5<1>MAX 

11 =110 l __ IP_ 
$MAX (6) 

Rutgers (1962a, 1 962b ) published two extensive reviews of the viscosity/concentration mod­
els. He identified 96 equations from the literature that described the viscosity/concentration 
relationships of suspensions. Comparing experimental data with those equations, he con­
cluded that those 96 equations can be reduced to five useful ones. Sudduth (1993a) found that 
the derivative forms of those five useful equations can generalized as Equation (7). 

vd$ 

(7) 

where 0 is the "particle interaction coefficient", which is an indicator of the magnitude of the 
particle interaction in the suspension, and v is the particle shape factor and is equal to 2.5 for 
perfectly spherical particles. Equations (4b), (5), (6) can be obtained by integrating Equation 
(7) using 0 equal to 0, 2, and I, respectively. The generalized Equation (7) shows that the 
maximum particle packing volume fraction (<I>MAX) is a very important parameter in describ­
ing the viscosity/concentration function. It is well known that <l>MAX is a function of particle 
size distribution because smaller particles can fit in the empty space entrapped between larger 
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particles. Therefore, it is generally assumed that Equation (7) is applicable to polydispersed 
suspension systems with <l>MAX a function of the particle size distribution. 

2.2. Effect of Particle Size Distribution 

A number of researchers (Furnas, 1931; Farris, 1968; Dabak and Yucel, 1987; 
McGeary, 1961; Ouchiyama, 1984; Lee, 1970; and Sudduth, 1993b; Sudduth, 1993c) stud­
ied the effects of particle size distribution on <l>MAX. McGeary (1961) studied the maximum 
packing fraction as a function of particle size distribution by packing metal spheres in a 
glass container. He found that <l>MAX for monodispersed particles is 0.625 and is inde­
pendent of particle size. For binary mixtures of particles, <l>MAX was found to be a function 
of the ratio of the diameter of larger particle to that of smaller particle, R. Furthermore, 
<l>MAX reaches a maximum value of 0.84 when R approaches infinity. The maximum values 
of <l>MAX for ternary and quaternary particle mixtures were found to be 0.9 and 0.951, re­
spectively, and increases with the width of the particle size distribution. In fact, the maxi­
mum value of <l>MAX for any arbitrary particle size distribution can be calculated using a 
simple packing scheme (Sudduth, 1993b). Sudduth (1993b) defined the <l>MAX for a mixture 
of N different particle sizes having a given particle size distribution as <l>N MAX and the 
maximum value of <l>MAX for mixtures of N different particle sizes as <l>N ULT' respectively. 
Note that there is only one value of <l>NULT for any mixtures of N particle sizes. For mono­
dispersed suspensions, <l>IULT is equal to <l>I MAX or Equation (8), 

(8) 

For mixtures of two different particle sizes, <1>2 ULT occurs when the smaller particles can en­
tirely fit in the empty space between larger particles and would be given as (Sudduth, 1993b) 

<I>~LT =<I>~LT +(l-<I>~LT)<I>~AX 

=<I>~AX +(l-<I>~Ax)<I>~Ax 

Similarly, for mixtures of N different particle sizes, a recursive relation yield 

n. N n. N-1 (I n. N-1 )n.1 'I'ULT ='I'ULT + -'I'ULT 'I'MAX 

<I>~LT =<I>~AX 

(9) 

(10) 

The solution to Equation (10) can be easily obtained and is given by Sudduth (1993b) as 
follows: 

N J N J k-J 

<l>ULT = <l>MAx2.(l-<I>MAx) 
k=J 

=I-(l-<I>~Axt (11) 

With a <l>IMAX of 0.625 (McGeary, 1961), <l>2MAX' <l>3MAX and <l>4MAX can be calculated using 
Equation (II) to be 0.86, 0.95, and 0.98, respectively. However, <l>NULT occurs only for 
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some optimal particle size distribution but provides an upper limit for <l>N MAX' In general, 
<l>N MAX is a "functional", a function of functions, which can be written as follows: 

<I>~AX = <I>~AX (P(D» (12) 

where P(D) is the particle size distribution function and D is the particle diameter. Sud­
duth (l993b) used a semi-empirical equation given in Equation (13), which is an extension 
of the binary system, based on McGeary's data (1961), for polydispersed suspension: 

tf,N _tf,N (tf,N tf,1 ) 0.268[1_(D5)) 
'l'MAX - 'l'ULT - 'l'ULT -'I'MAX e DI (13) 

DI and D5' which represent the average particle diameter with the first and fifth order, are 
given in Equations (14) and (15): 

f DSP(D)dD 
Ds= f D4P(D)dD 

(14) 

(15) 

Although Equation (13) is an empirical best fit of a binary system, it generally gives a 
fairly good prediction of <l>N MAX' Ouchiyama (1984) gave a theoretical derivation of 
<l>N MAxCP(D» using a simplified statistical model. However, the resulting expression of 
<l>N MAX(P(D» is quite complicated and does not generally give a better prediction of <l>N MAX 

than Equation (13). 

3. DEVELOPMENT OF A NEW VISCOSITY MODEL FOR 
ASSOCIATING SUSPENSIONS 

Molecular association, especially for strongly interacting molecules such as aspbal­
tenes, has a profound influence on the rheology of the suspension solution. Formation of 
particle aggregates gives rise to an increase in the "effective volume" of the particles due 
to entrapment of empty space within the aggregates as shown in Figure 1. A simple ap­
proach to account for this increase in effective particle volume is scaling the dry particle 
volume fraction by a solvation constant, K. By substituting K<I> for <I> in Equation (7) and 
integrating, a suspension model that accounts for particle size distribution and molecular 
association can be generalized as given in Equation (16). 

V<l>~AX[l_ ( 1- ~ll-CJ 
1- a A..N 'l'MAX 

if a ... 1 

ifa=l 

(16) 
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Figure I. Representation of space entrapment of particle association. 

For the simplified case with <PMAX and a equal to I and v equal to 2.5, Equation (I), the 
Pal-Rhodes model (1989), is obtained. Despite the simplicity of Equation (I), Sheu et al. 
(1991a) showed that this equation can adequately describe the viscosity/concentration 
function for complex systems such as asphaltene/toluene solutions at asphaltene concen­
trations up to 25% by weight. 

Molecular association is usually induced by two processes, thermodynamic equilib­
rium and shear induced-association. An increase in the collision rate of suspended parti­
cles can be caused by applying a high shear rate which gives rise to the temporary 
formation of aggregates. This process is further complicated by the shear thinning behav­
ior of typicill non-newtonian fluids. Fortunately, at low shear rates, shear induced associa­
tion is negligible. At a low shear rate, the rheological behavior of interacting suspensions 
is greatly influenced by the thermodynamic equilibrium of the association processes. A 
simplified molecular association process can be formulated as follows: 

(17) 

where AN represents the aggregate with N molecules or monomers and KeN represents the 
equilibrium constant for the formation of AN' To simplify Equation (17), all of the equilib­
rium constants can be assumed to be approximately the same. 

Ke2 = Ke3 = ... = KeN = ... = Ke. (18) 

In reality, asphaltenes are not pure compounds but complex mixtures. Each different mole­
cule in asphaltenes may have a different association constant. If one assumes that the KeN 
are all different, a relationship relating KeN to the number of particles in an aggregate has 
to be established. However, this distribution of association constants is very difficult to 
model and, therefore, is neglected. The validation of the assumption that all Ke values are 
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the same can be justified only by the ability of the model to predict data. Based on Equa­
tion (18), the concentration of aggregates of all sizes can be written as: 

[A2]= Ke[AlP 

[A3]= Ke [A 2] [A l]= Ke2 [Al]3 

[A4] = Ke[A3] [A l ]= K/ [Al ]4 

The total concentration of particles, cp in mollL, is defined as: 

= [A I1{t +2K.[Al]+3 (K.[A l ])2+ ... +N(K.[Al])N-l + ... } 

[AI] 
=----

(1-K.[A lW 

(19) 

(20) 

Furthennore, the total concentration of aggregates of all sizes, [A], can be expressed as: 

(21) 

Combining Equations (20) and (21), the distribution function of N-molecule aggregates 
can be obtained. 

(22) 

The average number of molecules per aggregate then becomes 

- -
N= E NP(N)= (1- K.[Al])E N(K.[Al]}"1 

N=l N=l 

(23) 
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To evaluate the size of the N-molecule aggregate, the knowledge of the structure of mo­
lecular association is needed. In nature, compact and spherically symmetric aggregates are 
the most frequently encountered and the most (structurally) stable. Experimental (Oono, 
1978; Mercer et a!., 1979) and theoretical (Mandelbrot, 1982) studies indicate that the ra­
dius of gyration (RG) of spherical aggregates (i.e., the average distance from a particle to 
the center of gravity) increases with the diameter of the single particle and with the square 
root of the number of particles per aggregate, i.e., 

(24) 

As viscosity is a bulk property, it can tell us nothing about the shape of the asphal­
tene molecule, so for simplicity the molecules will be assumed to be spherical. However, 
for the associated particle, studies (Grim son and Barker, 1987) show that, in general, 
Equation (24) should be replaced by Equation (25), 

(25) 

where C is a constant and fD represents the fractal dimension of the aggregation structure 
with f D:s3. When fD is equal to 3, the particle volume fraction of aggregate approaches 
<j>'MAX as N approaches infinity. On the other hand, whenfD is less than 3, the molecular 
volume fraction of aggregate decreases continuously with increasing N, and finally ap­
proaches zero for a very large N. With the aid of Equation (25), the volume of an N-parti­
cle aggregate is given as: 

(26) 

where C is independent of Do but may be a function of/D • The solvation constant KN for N­
particle aggregates is then given in Equation (27), 

(27) 

where Vo is the volume of a single molecule, which is assumed to be a sphere. The total 
solvation constant K in Equation (16) is the sum of all the contributions from every aggre­
gate. 

(28) 



276 M.-S. Lin et aL 

In Equation (28), [All is not an easily measured quantity and is usually unknown. In con­
trast, the total particle concentration, cP' can easily be converted to total particle weight or 
volume fraction. Fortunately, [All can be related to cp by solving Equation (20) to give 

[ ] 1 1-.JI+4KecP 
AI =--+--~~~~ 

Ke 2K/cp (29) 

However, cp is still not a convenient quantity to work with and needs to be converted to a 
quantity that can be measured directly such as volume fraction or weight fraction. cp can 
be converted to total particle volume, <1>, as shown in Equation (30) in which the individ­
ual molecules are assumed to be spherical. 

<11= 6.023 x 1023 Cp(mole)x 41t (Do(m))3 x(lOOOL)x(_I_) 
L 32m3 0.625 

= 5.0458 x 1026 CP IYo (30) 

where 0.625 is the maximum packing volume fraction for solid spheres of uniform size 
(McGeary, 1961). By combining Equations (28), (29), and (30), the solvation constant, K, 
can be expressed as a function of <1>: 

(31) 

<l>N MAX in Equation (16) is also dependent on particle size distribution, P(D) , which is 
given in Equation (22). By substituting Equation (22) into Equations (14) and (15), ex­
pressions for VI and V5 can be obtained 

(32) 

(33) 

By combining Equations (13), (32), and (33), <l>NMAX can be evaluated. 
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4. EXPERIMENTS 

4.1. Methodology 

To study the effects of the maltene phase composition on the viscosity/asphaltene re­
lationship, several experiments were designed to systematically control both asphaltene 
and saturate content in asphaltic materials. Three core asphalts from the Strategic High­
way Research Program (SHRP) (AAA-l, AAF-l, and AAG-l) representing a wide variety 
of crude sources were examined in this study. Each asphalt was fractionated into asphalte­
nes, aromatics, and saturates. Blends of asphaltenes/aromatics/saturates in varied ratios 
were produced using fractions from the same asphalt, and these blends were then aged in a 
pressurized oxygen vessel (POV). The increase in asphalt viscosity and asphaltene content 
due to oxidation was measured using dynamic mechanical analysis (DMA) and solvent 
precipitation using n-hexane, respectively. 

4.2. Separation of Asphalts into Asphaltenes, Aromatics, and Saturates 

The asphalts were separated into asphaltenes, aromatics, and saturates through a 
combination of the "Giant Corbett" procedure described by Peterson et al. (1994) and the 
procedure outlined in ASTM D4124. Following asphaltene precipitation from a 20:1 
(vol/wt) n-hexane solution, the "Giant Corbett" procedure was used to perform an initial 
separation of aromatics and paraffin material. The paraffin fraction from each separation 
still contained residual low molecular weight naphthene aromatics and was therefore fur­
ther fractionated into saturates and light naphthene aromatics using the procedure in 
ASTM D4124 (1994). The purity of the saturate fractions was monitored by measuring the 
UV absorbance at 254 nm at the exit of an NH2-activated High Performance Liquid Chro­
matography (HPLC) column. The light naphthene aromatics were blended with the aro­
matics from the initial "Giant Corbett" separation. This mixture of aromatic materials is 
referred to as the aromatic fraction throughout the rest of this study. The solvent was re­
moved from the aromatic and saturate fractions using a rotary evaporation apparatus and 
the recovered fractions were analyzed by gel permeation chromatography (GPC) to con­
finn that complete solvent removal had been achieved (Burr et aI., 1990). 

4.3. Blend Preparation 

Because of the miscibility of the components, saturate/aromatics blends were pro­
duced by simple mixing. Blends containing asphaltenes were obtained by dissolving and 
mixing the components in toluene and then recovering the resulting asphaltic material. 
This was the best way to maximize homogeneity of the blend. Solvent recovery was per­
formed at relatively low temperatures to eliminate potential solvent aging (Burr et aI., 
1994). Complete solvent removal was confirmed by GPC (Burr et aI., 1990). The approxi­
mate composition in terms of weight percent asphaltene and weight percent saturates for 
all blends produced are tabulated in Table 1. 

4.4. Oxidative Aging 

Several 1.5 g ± 0.05 g samples of each blend were aged in the POV under atmos­
pheric air pressure. The blends which were initially asphaltene free were aged at 87.8, 
93.3, and 98.8°C for up to four weeks and the blends which originally contained asphalte-
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Table 1. Corbett-type composition of blends for three asphalts 
studied 

% Asphaltenes 

% Saturates 0 7 15 

0 SHRPAAA-I SHRPAAA-\ SHRPAAA-\ 
SHRPAAF-I SHRPAAF-\ 
SHRPAAG-I SHRPAAG-\ SHRPAAG-\ 

7 SHRPAAA-\ SHRPAAA-\ SHRPAAA-\ 
SHRPAAF-\ SHRPAAF-\ 
SHRPAAG-\ SHRPAAG-\ SHRPAAG-\ 

\5 SHRPAAA-\ SHRPAAA-\ SHRPAAA-\ 
SHRPAAF-\ SHRPAAF-\ 
SHRPAAG-\ SHRPAAG-\ SHRPAAG-\ 

M.-S. Lin et aL 

nes were aged only at 98.8°C for three weeks. Note that the blends which are initially as­
phaltene free will form asphaltenes upon aging. 

4.5. Viscosity Measurement of Aged and Unaged Materials 

The rheological properties of interest were the zero frequency limiting dynamic 
shear viscosities (1)'0) measured at temperatures of 0, 10, 25, 40, 60, and 90°C with a 
Carri-Med CSL 500 Control Stress Rheometer with a 500 IJ.m gap. At 60 and 90°C, a 2.5 
cm composite parallel plate geometry was used. At the lower temperatures, a 1.5 cm stain­
less steel parallel plate geometry was used. For temperatures at which the viscosity was 
independent of frequency, the viscosity at a frequency of 0.1 rad/sec was used to approxi­
mate 1)'0. At temperatures at which 1)'0 of the material cannot be approximated by the 0.1 
rad/sec viscosity, 1)"0 was determined by constructing a master curve according to the 
time-temperature superposition principle as described by Ferry (1980). 

4.6. Asphaltene Content Determination 

Asphaltene contents in weight percentage (%AS) of the aged blends was measured 
directly by precipitation in n-hexane as described by Pearson et al. (1986). Approximately 
0.2 grams of aged material was weighed into a scintillation vial, 20 mL of n-hexane was 
added, and the solution was sonicated until the asphalt sample was completely dispersed. 
After overnight equilibration, the asphaltenes were separated by filtering the solutions 
through pre-weighed PTFE (polytetrafluoroethylene) membrane 0.45 IJ.m syringe filters. 
Following filtration, the filters were dried in an oven at 140°C for one hour and post­
weighed 2 hours after removal from the oven. 

4.7. Asphaltene Molecular Weight Determination 

The molecular weight distribution of asphalts was determined using a GPe tech­
nique with a WATERS HPLC system consisting ofa WATERS 600E controller/solvent de­
livery system, a WATERS 700 Satellite Autosampler, a WATERS 410 Differential 
Refractometer and a WATERS 486 tunable UV spectrometer. To achieve good separation, 
three columns having pore sizes of 1000, 500, and 50 A were connected in series to ac-
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commodate the wide range of molecular sizes commonly found in asphalts. The columns 
with 500, and 1000 A pore size were 7.8x305 mm containing 7j..Lm particles of 
styrenedivinylbenzene co-polymer packing, obtained from WATERS. The column with a 
pore size 50 A was 7.5x600 mm with 5j..Lm particles and was obtained from Polymer Labo­
ratories LTD. A flow rate of 1.0 mUmin, a column temperature of 40°C, and a 100 j..LL in­
jection volume were used for the samples. 0.2±0.05 gram of asphaltene sample was 
dissolved in 10 mL THF and filtered using a 0.45j..Lm PTFE syringe filter before injection. 
Chromatograms were recorded using a PC through an AID interface. The number average 
molecular weight (Mn) then was calculated from the molecular weight distribution based 
on a calibration using polystyrene standards at a concentration of 0.025 g/mL. 

5. APPLICATION OF THE DEVELOPED MODEL TO 
VISCOSITY / ASPHALTENE RELATIONSHIP 

5.1. Approximation of Solvation Constant, K 

One problem with using Equation (31) to describe the viscosity as a function of par­
ticle concentration is the slow convergence of the infinite series summation when Kl is 
larger than 105• For rapid evaluation, an approximation to the infinite series summation 
needs to be established in order to complete the parameter estimation with a practical 
amount of computation time. The summation in Equation (31) can be generalized as given 
in Equation (34). 

= 

S(a,~) = I.Na ~N-l 
N=l (34) 

This summation is a function of two parameters, a and p. In general, the summation 
S(a,p) cannot be evaluated analytically unless a is an integer. The difficulty is that S(a,p) 
increases rapidly to infinity as p approaches unity, and an accurate numerical evaluation 
of S(a,j3) requires as many as 10,000 terms when j3 is equal to 0.995. Unfortunately, in the 
case of the viscositylasphaltene relationship under investigation, the value of j3 often lies 
between 0.995 and 1.0, so that an accurate evaluation of S(a,j3) is practically impossible 
using term by term summation. 

By taking the partial derivative of Equation (34) with respect to j3, Equation (35) is 
obtained. 

aSCa,p) L N"CN-I)PN-2 

ap N= t 

.!.(tN".tPN-t- tN"PN-t) 
P N= t N=l 

.!.(SCa+ 1, P)- SCa, P») 
P 

Equation (35) can be rewritten as Equation (36) 

(35) 
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(36) 

When a is equal to zero, 

(37) 

Combining Equations (36) and (37), S(a,p) can be evaluated analytically as long as a is 
an integer. S(a,p) for a from I to 4 are given below: 

S(1,P)= (l_lp)2 

S(2 A)_ I+P 
,.., - (1- P)3 

S(3 A)= 1+4p+p2 ,.., (1_/3)4 

Hence, the solution of S(a,p) for an integer a has the general form, 

S(a,A)= P(a,/3) 
.., (l-/3YX+' (38) 

Equation (38) should also be valid for an non-integer a but the exact form of P(a,p) can­
not be solved analytically. Fortunately, in the present study, the physically meaningful val­
ues of a lie between 0 and 2, and P(a,p) can be approximated by Newton forward 
interpolation with three known functions, P(O,P), P(l,P), P(2,P), 

P(a P)= I + a tlP(O, P)+ a(a-I) tl2 P(O, P)+ a(a-I)(a- 2) tlJ P(O, P)+ ...... . 
, 2! 3! 

'" I + a tlP(O, A)+ a(a-I) tl2 P(O, P) 
. .., 2! 

'" l+a(1-I)+ a(a-l){[(l+P)_l]_ (i-I)} 
2! 

'" 1+ a(a-1) P 
2! 
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or 

P(a., ~)= 1+ a.(a. -1) ~,0:S;a.:S; 2 
2 (39) 

Substituting Equation (39) into Equation (38), the approximation for S(a,~) is given 
in Equation (40), 

(40) 

Equation (40) gives errors less than 5% for entire range of~, regardless how close ~ is to 
1.0, for Osas2. With the aid of Equation (40), the required computation time for parame­
ter optimization is reduced significantly. By employing Equation (40), the infinite series 
summation in Equation (31) can be approximated as given in Equation (41): 

3- fo I 3- fo 
,- 1.0 I 1 + 1- JI + 2"14> 

101 fo "14> 1.0+ 
2 

(41) 

5.2. Additional Assumptions for Parameter Reduction 

The suspension model developed in the present work can be applied to describe the 
TJ/o/oAS relationship of asphalt as a function of saturate content and temperature for SHRP 
AAA-l, SHRP AAF-l, and SHRP AAG-l. For a given asphaltene/maltene pair, Equation 
(16) requires 6 parameters, v, <l>IMAX' a, "p C,jo' which is very impractical. Several as­
sumptions that must be made to reduce the number of parameters are listed below: 

1. 11/o/oAS relationships are assumed to be of the "Pal-Rhodes type" so that the par­
ticle interaction coefficient, a, is assumed to be 1. 

2. the particle size distribution is assumed to be very wide, which means <l>N MAX ap­
proaches unity. 

3. the shape factor, v, the packing geometry constant, C, and the fractal dimension 
fo' are assumed to be the same for blends from the same crude source due to the 
similarity among each fraction. 

Assumptions (1) and (2) eliminate two constants from the Sudduth equation, Equation (7), 
leaving only the shape factor to be determined. This effectively eliminates parameter in-
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teractions in this equation. Without the assumptions outlined above, each individual satu­
rates/aromatics blend would require six parameters to fully describe its ll!%AS behavior 
using Equation (16) at each viscosity measurement temperature. With the assumptions 
outlined above, the first saturates/aromatics blend using the fractions from a given asphalt 
requires only four parameters, v, C,jD' and K,. Each additional blend using the fractions 
from the same asphalt requires only one additional parameter, K,. 

For example, three saturates/aromatics blends were produced using SHRP AAA-l 
materials. These three blends were then aged in the POV to give ll/%AS relationships for 
each blend. The viscosities for several of the samples were measured at six different tem­
peratures, resulting in 18 ll!%AS relationships. Without the assumptions above, 108 pa­
rameters would be needed to utilize Equation (16). The two-parameter Pal-Rhodes model 
would require 36 parameters. With the assumptions outlined above, only 21 parameters 
are necessary. Unfortunately, a slight difficulty involved is that all 18 ll!%AS curves must 
be fit simultaneously to determine the optimal values for v, C,fD' and the K,S. 

6. RESULTS AND DISCUSSION 

The optimal model parameters for blends made of the fractions from the same as­
phalt were determined simultaneously by fitting ll/YoAS data using Equation (16), Equa­
tion (31), and Equation (41) with the assumptions described above. The ll!%AS curves 
were assumed to be functions of both temperature and saturate content for blends from a 
given asphalt. For example, for blends from SHRP AAA-l, the blend containing no satu­
rates will have a different TJ!%AS curve from the blend containing 7% saturates and the 
blend containing 15% saturates. This is because the solvent power of the maltene is ex­
pected to be decreased in the presence of saturates. In addition, the ll!o/oAS curve (o/oAS 
usually ranges from 0% to 40%) for a given saturate content was constructed by connect­
ing 3 sections of the TJ!o/oAS curve obtained by oxidatively aging blends containing 0% 
original asphaltenes (which results in %AS from 0% to 15%), 7% original asphaltenes 
(which results in o/oAS from 7% to 25%), and 15% original asphaltenes (which results in 
%AS from 15% to 40%). Therefore, the optimal parameters obtained for TJ!o/oAS for a 
given saturate content is an "average" of the original and aging-produced asphaltenes. 
However, the differences in the TJ!o/oAS relationships for the original and aging-produced 
asphaltenes were not significant for the materials investigated in the present study ( Lin et 
aI.,1995a). 

Figures 2, 3, and 4 show that the model developed in the present study is capable of de­
scribing the ll!o/oAS data quite well for blends from SHRP AAA-l containing 0%, 7%, and 
15% saturate contents, respectively. Good agreements are obtained for SHRP AAG-1 and 
SHRP AAF-1 as shown in Figures 5 through 10. In general, Figures 2,3, and 4 show, as ex­
pected, that the effect of asphaltenes on the increase in viscosity is much more pronounced at 
low temperature than at high temperature. This trend is undoubtedly due to the reduction of 
maltene solvent power as a result of the decrease in temperature (Lin et aI., 1996). 

The equilibrium constant for asphaltene association, Ke , for each curve can be con­
verted directly from the fitting parameter, Kl' according to Equation (31) if the volume of 
a single asphaltene molecule in the dry state is known. With the assumption of sphericity, 
the volume of an asphaltene molecule in the dry state can be estimated from its density, p 
(g/mL) which is usually close to unity, and its molecular weight which can only be ap­
proximated using the number average molecular weight, Mn from GPC. The average dry 
volume of an asphaltene molecule can be estimated using Equation (42). 
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(42) 

The constant 0.625 is the maximum packing volume fraction for solid spheres (McGeary, 
1961). For SHRP AAA-l, the number average molecular weight obtained from GPC is 1338, 
the density is approximated as I (g/mL), and the dry volume of an asphaltene molecule thus is 
estimated to be 1.388x 10-27 (m3). By substituting the optimized value OfKJ and the estimated 
Do3 into Equation (31), the equilibrium constant Ke can be calculated at each temperature. 

With knowledge of the equilibrium constant Ke for asphaltene association, the stand­
ard Gibb's free energy of formation for asphaltene association is given by Equation (43). 

!lao = -RT InK = -RT In(K K) - -RT InK a e 'Y e (43) 

Ka and Ky are the equilibrium constants in terms of activity and the activity coefficient, re­
spectively. Here, Ky is assumed to be approximately unity. From thermodynamic relations, 
the standard heat and entropy of formation can be obtained from Equations (44) and (45), 
respectively. 

a(=¥) 
a(~ ) (44) 
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(45) 

Figure 11 shows that the quantity (-f).(flIT) increases as liT increase for blends from 
SHRP AAA-l. Figure 11 also illustrates that, for a given temperature, (-f).Go/T) increases 
with saturate content. A larger value of (-f).(flIT), or more negative f).(fl, indicates a 
stronger association, or less dispersion, of asphaltenes. The developed suspension model 
correctly describes the observed phenomena that the presence of saturates and the de­
crease in temperature both reduce the solvent power of the maltene and, therefore, aggra­
vate asphaltene association. Figures 12 and l3 show similar behavior for SHRP AAG-l 
and SHRP AAF-l. Figures 11, 12, and 13 also indicate that -f).jf increases as temperature 
increases. 

Table 2 lists the calculated f).(fl, f).jf, v, C, andfD for SHRP AAA-I at the tempera­
tures studied. The data in Table 2 show that f).Go is only slightly dependent on temperature 
and that f).(fl decreases as saturate content increases. This decrease in f).(fl with saturate 
content again shows that the presence of saturates in the maltene favors aggregation. The 
f).Go, f).jf, v, C, and~ for SHRP AAG-l and SHRP AAF-l are listed in Tables 3 and 4, re­
spectively. The f).(fl values obtained for SHRP AAA-I, SHRP AAF-l, and SHRP AAG-l 
range from -22 to -33 kJ/mol and The f).jf values obtained range from -17.0 to -26.2 
kJ/mol at 298.15 K. Petersen (1971) showed that the standard Gibb's free energy offorma­
tion, f).Go, for the self-association of 2-quinolone dimer and mixed dimers of 2-quinolone 
with benzoic, cyclohexanecarboxylic, and 4-cyclohexylbutanoic acids in carbon tetrachlo­
ride (CCI4) at 295.15 K are -25.56, -26.6, -24.8, and -24.18 kJ/mol, respectively, which are 
very close to the values obtained in this study. However, he showed that the hydrogen-
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bonding strength (heat of formation, !J.Jf ) for the same dimer and mixed dimers in CCl4 

at 295.15 K are -36.39, -5l.08, -43.13, and -43.54 kllmol, respectively, which is much 
higher than the estimated values obtained in this study. The higher bonding energy for as­
sociation of model compounds in his study is somewhat expected because 2-quinolone is 
very polar in comparison of typical asphaltene molecules. However, the Gibb's free en­
ergy of formation is related to the difference in the solubility parameters between solute 
and solvent. The solubility parameter of 2-quinolone is over 14.0 Hildebrands which is 
much higher than that of typical asphaltenes. On the other hand, the solubility parameter 
of CCI4, which is 8.6 Hildebrands, is also much higher than that of typical maltenes. Thus, 
the difference in the solubility parameters between 2-quinolone and CCl4 and the differ­
ence in the solubility parameters between asphaltenes and maltenes should be close in 
magnitude. Petersen (1971) also reasoned that the association of those species in his study 
would be expected to be similar to asphalts. 

Critical micellization concentration (CMC) is one of the most important phenomena 
for typical association processes. Many researchers (Sheu et aI., 1991 b; Andersen and 
Birdi, 1991) measured the CMC of asphaltenes in various solvents. Sheu et ai. (l991b) 
measured the CMC of Ratawi asphaltenes in pyridine and nitrobenzene by measuring the 
surface tension of those asphaltene solutions. They found the values ofCMC of Rata wi as­
phaltenes at 25°C to be 0.02 wt% in pyridine and 0.05 wt% in nitrobenzene, respectively. 
Interestingly, despite the high solvent power of pyridine and nitrobenzene as indicated by 
their solubility parameters, the CMC of asphaltenes in these two solvents is quite low. An­
dersen and Birdi (1991) determined the CMC of asphaltenes in several polar solvents and 
the mixtures of solvents using calorimetry. They showed that, generally, the CMC of as­
phaltene solutions is dependent on the solubility parameter of the solvent used and the 
CMC decreases as the solubility parameter of the solvent increases. Therefore, it is rea­
sonable to expect that the CMC for asphaltene/maltene systems should be much lower 
than the CMC of asphaltenes in either pyridine and nitrobenzene in that the solvent power 
of maltenes is obviously much lower than that of pyridine or nitrobenzene (Lian et aI., 
1994). In the present study, the CMC ofasphaltene/maltene systems can be estimated from 
!J.Co. The relation between !J.Co and the CMC is given in Equation (46) (Hunter, 1986). 

f'o.OO = - RTlnKe = RTln(CMC) (46) 

Where CMC is in mollL. Rearranging Equation (46), the CMC is given in terms of Ke as 
follow: 

CMC 
Ke (47) 

The estimated values of CMC for the asphaltenes/maitenes studied at 25°C are tabulated 
in Table 5. As shown in Table 5, the estimated values ofCMC for SHRP AAA-I, AAG-l, 
and AAF-l are much lower than the CMC measured by Sheu et ai. (1991 b) due to the low 
maltene solvent power. Figures 14, 15, and 16 show that the asphaltene monomer concen­
tration for SHRP AAA-I, SHRP AAG-l, and SHRP AAF-l increases rapidly with the ad­
dition of asphaltenes to the maltenes and then quickly reaches a nearly constant 
concentration, which is the CMC. Additionally, as shown in Table 5 and Figures 14, 15, 
and 16, for a given asphaitene/maltene pair, the CMC decreases as the saturate content of 
maltene increases. This is explained by the reduction in the maltene solvent power as a re-
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Table S. Estimated CMC for asphaltene/maltene systems studied 

CMC (gIL) 

Asphaitene/Maltene 0% SAT 7% SAT 15% SAT 

SHRPAAA-I 0.043 0.039 0.030 
SHRPAAG-I 0.113 0.086 0.074 
SHRPAAF-I 0.007 0.005 0.002 

'CMC is estimated using Equation (47). 

sult of the presence of saturates in maltenes. Figure 17 shows the effect of solvents on the 
CMC of asphaltenes. In Figure 17, the data for pure solvents are reported by Andersen and 
Birdi (1991) and the solubility parameters ofmaltenes are estimated from the reported val­
ues in literatures (Lian, 1994; AltgeJt and Harle, 1975). As shown in Figure 17, the solu­
bility parameters of solvents do not solely determine the CMC. However, in general, the 
CMC is low in poor solvents. Figure 17 also shows that the estimated CMC for materials 
studied are in good agreement with the trend shown by Andersen and Birdi (1991). 

The size distribution greatly affects the physical properties of many polydispersed 
materials. In the case of asphaltic materials, the polydispersity of asphaltenes has been 
shown to have significant influence on the rheological properties of asphalts (Reerink and 
Lijzenga, 1973). The polydispersity of asphaltenes has been studied extensively using 
GPC (Reerink and Lijzenga, 1973; Davison et aI., 1995), SANS (Sheu et aI., 199Ib), and 
SAXS (Senglet et a1.,1990) .. However, based on the proposed association model, the 
weight fraction of the aggregate of size N can be calculated using Equation (48) and (49). 
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Figure 18 shows the effect of asphaltene concentration on the size distribution of as­
phaltene aggregates for SHRP AAA-I 0% saturates asphaltene/maltene. At a concentration 
of 0.01 wt%, SHRP AAA-l asphaltenes in maltenes containing no saturates shows a very 
narrow distribution. As asphaltene concentration increases, the width of the distribution 
increases. In reality, the distribution, especially at 10 wt%, may not be so wide as shown 
in Figure 18. This wide distribution may be due to the assumption that all equilibrium con­
stants are equal and independent of the size of asphaltene aggregate (Equation 18). Fig­
ure 19 shows the effect of saturate content on the size distribution of asphaltene 
aggregates for SHRP AAA-l. As shown in Figure 19, at the same concentration, saturates 
move the size distribution to the right hand side of Figure 19 indicating the increase in the 
average size of asphaltene aggregates. The increase in average aggregate size with in­
creasing saturates for SHRP AAA-l is shown in Figure 20. Again, the increase in average 
aggregate size is due to the reduction in the solvent power of maltenes by saturates. 

The geometry information of asphaltene aggregates can be obtained from the opti­
mal model parameters v and f D• Many studies (Hinch and Leal,1972; Kuhn and Kuhn, 
1945; Kuhn et aI., 1951; Brodnyan, 1959) showed that the value ofv is a function of part i­
cle shape and shear rate. Figure 21 shows v as a function of aspect ratio (b/a), where a and 
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b are the short and long axis of an ellipsoid, at low shear rate laminar flow conditions. The 
curve in Figure 21 is generated using equations reported by Brodnyan (1959). The values 
of v obtained from the three asphalts studied ranges from 13.1 to 17.4, and Figure 21 also 
shows that this yields a range of aspect ratio from 17.5 to 23.8 for disc-like particles. 
These values of the aspect ratio for asphaltene particles in maltene media are not unrea­
sonable. Reerink and Lijzenga (1973) reported a range of aspect ratios from 4 to 10 for 
various asphaltenes in toluene using rheological measurement at infinite dilution and an 
ultracentrifugation technique. More interestingly, Ravey et aI. (1988) used SANS to meas­
ure the macrostructure of various asphaltenes in a number of solvents and obtained a 
range of aspect ratios from 10 to 25. That the result of this study and two previous studies 
(Reerink and Lijzenga, 1973; Ravey et aI., 1988) give very similar results using three dif­
ferent techniques suggests that the geometry of asphaltene particles in maltenes or organic 
solvents may be disc-like. 

It may seem unlikely that a disk shaped particle with an aspect ratio greater than 17 
would be formed from spherical molecules. However, this only produces a small error in 
Ke from any error in D~, Equation (31), resulting from the assumed packing factor in 
Equation (42). This is likely a smaller factor than the necessary assumption that Ke is the 
same for all particle sizes. The fractal dimension,/D, of asphaltene aggregates has been 
studied using SANS (Overfield et aI., 1989). Overfield et al. (1989) showed that the ID for 
asphaltene particles in toluene is between 2.0 and 3.0. Ravey et aI. (1988) fractionated n­
heptane asphaltene from Safanya Crude Oil into 4 fractions using GPe. They conducted 
SANS experiments to determine the size and molecular weight of those asphaltene frac­
tions in tetrahydrofuran. The effect of asphaltene concentration on the size and molecular 
weight of asphaltenes was investigated in their study. Although they did not actually re­
port the value of the fractal dimension for their asphaJtene fractions, it can be estimated to 
be from 1.5 to 2.8 from the dependency of the molecular weight on the size. For various 
associating particles, Tsenoglou (1990) reported a range of values of the fractal dimension 
from 1.7 to 2.0. Witten and Sander (1981) reported a fractal dimension of 1.78 for metal­
particle aggregates and a fractal dimension of 2.1 for percolation. Compared to the pre­
viously reported results in the literature, the fractal dimensions obtained in this study, 
which range from 1.5 to 2.3, are quite reasonable. 

Table 6 summarizes the comparison of the results from the present study to the re­
sults from several previous studies. The thermodynamic and structural parameters ob­
tained by regression of the model developed in this study were in good agreement with 
those measured values reported in previous literature studies using independent tech­
niques. The good agreement between the results in the present and previous studies indi­
cates that this new suspension viscosity model adequately relates the microstructure of 
asphaltic materials to their macroscopic properties and provides a better understanding of 
the effect of composition on the physical properties of asphalts. 

7. CONCLUSIONS 

The suspension viscosity model developed in this work is relatively complicated 
compared to other models. However, for complex systems such as asphaltenes/maltenes, 
this model actually is fairly simplified. Despite its approximate nature, this suspension 
viscosity model is capable of describing the viscosity of asphalt as a function of asp hal­
tene content and temperature and of relating the TJ/%AS relationship to the thermody­
namic properties of asphaltene association and the structural information of asphaltene 
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Table 6. Comparison of !J,.cf, Mf,~, v, and b/a obtained from.this work with other works 

-~GO(kJ/mol) -~Ho(kJ/mol, 25°C) tD v b/a 

This work 22.0-33.0 17.0-26.2 1.5-2.3 13.1-17.4 18-24 
Tsenoglou (I 990) 1.7-2.0 
Raveyet. al. (1988)1 1.5-2.8 10-25 

(25-36)1 
Sander et. a1. (1981)2 1.78-2.1 
Overfield et. al. (I 989)l 2.0-2.4 
Reerink and Lijzenga (I 973)' 4-10 
Petersen et. a1. (1971)5 20.3-25.6 36.4-46.55 

Petersen (I 971)6 24.2-26.6 43.1-51.06 

Yo is calculated from size and molecular weight data obtained from using small angle neutron scattering (SANS). values in pa­
renthesis represent bla for disk shape. 

10 is obtained using computer simulation. 
liD is obtained using SANS. 
4 Aspect ratio, bla, is obtained using viscosity measurement. 
5 AHo is measured using infrared spectroscopy technique for 2-quinolones and carboxylic acids in CCI. at 22°C. 
6 AHo is measured using infrared spectroscopy technique for 2-quinolones and carboxylic acids in CCI, at 22°C. 

aggregates. The physical properties obtained from this work are in good agreement with 
several previous studies reported in the literature. In addition, for multiple 1l/%AS curves 
from the same asphalt (crude source) this model can obtain more information with fewer 
fitting parameters compared to a two-parameter version of the Pal-Rhodes model. Several 
conclusions can be drawn from this study: 

1. Association of asphaltene molecules into aggregates is aggravated by the pres­
ence of saturates in the maltene media as indicated by lower AGO. 

2. Association is much stronger at low temperature than at higher temperature in 
that Ke increases exponentially with liT. 

3. The present study indicates that the shape of asphaltene aggregates is disc-like. 
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1. INTRODUCTION 

Heavy oils and residua are characteristically more difficult to process catalytically 
than lighter petroleum fractions because of their large molecular size, polarity and het­
eroatom and metals content. The component of these materials which is generally ac­
cepted to be the most refractory is the asphaitenes, which are defined as a solubility class, 
typically the n-pentane or n-heptane insoluble fraction. There have been extensive efforts 
focused on developing an understanding of the chemical and the physical characteristics 
of entire resids as well as the asphaJtene fraction. 

An understanding of the diffusional resistances influencing catalytic upgrading reac­
tions with heavy feedstocks requires knowledge of the transport and equilibrium proper­
ties of these materials in small pores. These properties are dependent on the size and 
conformation of the constituents of the material. Therefore, a fundamental understanding 
of the macroscopic structure of these materials is essential for the development of effec­
tive catalysts and catalytic processes for treating heavy feedstocks. 

The size and shape (often referred to as the macrostructure) of heavy oils and re­
sidua also influence their elution characteristics in gel permeation chromatography (gpc), 
an analytical technique that is commonly used to determine the molecular weight or the 
molecular weight distribution of petroleum-derived materials. In gpc, the principle of 
separation involves the distribution of molecules between the solution contained within a 
porous packing and in the interstitial area surrounding the packing. The general procedure 
involves the preparation of a calibration plot which relates molecular weight to elution 
volume. This calibration is usually performed using monodisperse standards of known 
molecular weight. However, the partitioning of molecules between pore and bulk phases is 
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dependent upon the shape of the molecules. I•2 Therefore, errors will be introduced if a 
calibration prepared using a flexible macromolecule such as polystyrene is used to deter­
mine the molecular weight of a sample containing more rigid molecules such as those 
comprising many petroleum-derived materials. In order to establish accurate calibration 
procedures for gpc separations of petroleum-derived materials, a fundamental under­
standing of the structure of these materials and their equilibrium and transport properties 
in small pores is necessary. 

Another issue which arises when attempting to understand and quantify the macro­
scopic structure of asphaltenes and heavy oils is the tendency of these materials to associ­
ate in solution. The association of smaller entities into larger structures (considered by 
some to be micellar in nature) has been proposed as the explanation for molecular weight 
values that depend on temperature, solvent and the method of determinationY The ability 
to quantify changes in macroscopic size that result from changes in environmental condi­
tions is an important element in the development of our understanding of the nature, and 
therefore the processability, of these materials. 

Intrinsic viscosity, bulk phase diffusivity and sedimentation velocity measurements 
have been used extensively to characterize the macromolecular structure of well-defined 
macromolecules such as proteins and synthetic polymers. In this chapter, the use of these 
hydrodynamic property measurements to determine the macroscopic characteristics of as­
phaltenes and heavy oils will be discussed. A comparison of observations performed with 
different solvents, at different concentrations and different temperatures and the interpre­
tation of these differences in terms of changes in macromolecular structure will be dis­
cussed. The principles governing these measurements will be presented and results from 
measurements performed in a number of different laboratores will be reviewed. 

2. INTRINSIC VISCOSITY 

2.1. Background and Theory 

2.1.1. Einstein s Equation of Viscosity of Dispersions. When a macromolecular or 
colloidal sized molecule or particle is added to a liquid, the viscosity of the liquid in­
creases. The solution viscosity is dependent on the concentration of added solute and that 
dependence can be described by a power series expansion in solute concentration, c: 

11 = A + Bc + C CZ + ... (1) 

where 11 is the solution viscosity and A, B, C etc. are constants.s As the solute concentra­
tion approaches zero, the solution viscosity approaches the viscosity of pure solvent. 
Therefore, the constant A must equal the solvent viscosity, 110 , The constants B, C etc. are 
expected to depend upon the size and shape of the solutes or particles in the solution. It is 
this dependence of solution viscosity on solute characteristics that is exploited when one 
uses measurements of solution viscosity to determine the macroscopic structure of asphal­
tenes and heavy oils in solution. 

Einstein was the first to theoretically examine the dependence of solution viscosity 
on solute characteristics by considering the laminar flow of a fluid containing rigid, non­
interacting spherical particles with size sufficiently larger than the solvent molecules so 
that the fluid surrounding each sphere can be regarded as a continuum. The analysis 



Characterization of Asphaltenes and Heavy Oils Using Hydrodynamic Property Measurements 305 

yielded an expression, commonly called Einstein's equation of viscosity of dispersions, 
that relates the solution viscosity to the volume fraction of spheres, <1>: 

11 = I + 2.5 <I> 

110 (2) 

In Eq. (2), the expansion in concentration is limited to the 0(<1» term because in Einstein's 
derivation, the spheres are assumed to be independent. When particle-particle interactions 
are considered, an additional term of Orr) is included and the value of the coefficient of 
that term is dependent on the approach one uses to model those interactions. For this dis­
cussion, the value of that coefficient is not important and we will simply use the variable 
kl for it. When this 0(<1>2) term is included, Eq. (2) can be rearranged to: 

.!. ( 2l. - 1 ) = 2.5 + kl<P 
<I> 110 (3) 

The expression in parenthesis on the left hand side is called the specific viscosity, 
T]sp and T]s/<I> (the entire left hand side ofEq. 3) is called the reduced viscosity, T]red' Eq. (3) 
predicts that a plot of T]red versus <I> should yield a straight line with slope = kl and intercept 
= 2.5. At higher solute concentrations, additional terms in the expansion become important 
and a non-linear relationship between T]red and <I> is expected. The limiting value of the re­
duced viscosity as concentration approaches zero is defined as the intrinsic viscosity, [T]], 
and is predicted by Einstein's analysis to have a value of2.5. Eq. (3) can therefore be writ­
ten in more general form as 

(4) 

where the subscript <I> is included with 11 red and [T]] to indicate that volume fraction is the 
concentration unit used to describe the concentration dependence of fl. 

Although volume fraction is the concentration unit that arises naturally in the Ein­
stein derivation, it is not the most convenient concentration unit from a practical stand­
point. If one replaces the volume fraction by a mass/volume concentration, c, Eq. (4) 
becomes 

(5) 

where is t;; is the partial molar volume of the solute and M is the solute molecular weight. 
The t~o viscosities, T]red,~ and T]red,c' as defined in Eqs. (4) and (5), are related by T]red,c = 
T]red,~ Vz 1M and a similar relationship holds between [T]]c and [T]]~. Eq. (5) shows that one 
can determine the intrinsic viscosity of a solute/solvent system by measuring the solution 
viscosity at several solute concentrations, plotting reduced viscosity versus c and deter­
mining the limit as c ~ O. 

An alternative expression for the concentration dependence of solution viscosity can 
be written by using weight fraction as the concentration unit: 



306 R. E. Baltus 

() ( _)2 ( _)3 I 'TI pV2 pV2 
'TIred,w = W 'TIo - I = ['TI)w + kl M W + k2 M w2 + ... 

(6) 

where w is the weight fraction of solute and p is the solution density. The reduced viscos­
ity based on a weight fraction concentration, 'TIred,w' is related to 'TIred,. by 11red,w = 11red,~ P ~ 
/M with a similar relationship between [11]w and [11]~. The intrinsic viscosity based on a 
volume fraction concentration, [11]., and the intrinsic viscosity based on weight fraction 
concentration, [11]w' are both dimensionless; the intrinsic viscosity based on a mass/vol­
ume concentration, [11]c' has dimensions of lIc. 

As noted earlier, the intrinsic viscosity is related to the size and conformation as 
well as other characteristics of the solute in solution. If the solute is spherical with radius 
av'then 

= 2.5 V2 
M (7) 

where NA is Avogadro's number. Eq. (7) shows that, if one wishes to use a measured value 
of [11]c to determine if the solute is spherical, additional measurements are necessary. The 
solute molecular weight must be known as well as solute size from another measurement 
such as sedimentation or diffusion. With this information, one can compare the measured 
intrinsic viscosity to that predicted using Eq. (7). If the values are in agreement, the rigid 
spherical model is appropriate; if the values are not in agreement, it can mean that the sol­
ute is not spherical. However, as discussed below, other phenomena can also lead to devia­
tions from the Einstein prediction and it is often difficult to identify which of these 
phenomena are important for a particular system. 

Several alternative approaches have been used to interpret measured intrinsic viscos­
ity values using Eq. (7) or a similar equation for [11]w (where one must also know the solu­
tion density). If the solute molecular weight is known, one can use a measured intrinsic 
viscosity value to determine an effective solute radius, which is simply the radius of a 
sphere with similar rheological characteristics as the solute. Alternatively, if something is 
known about the solute size, one can determine an effective molecular weight. Neither of 
these approaches, however, provides any information about the macroscopic shape or con­
formation of the solute. 

Eq. (7) is valid for solute systems which are consistent with the assumptions made in 
Einstein's analysis. There are a number of phenomena that can lead to deviations from the 
rigid sphere description which is the basis of the Einstein derivation. These include solva­
tion of the solute particles, non-spherical solute shape, high solute concentrations and 
polydisperse solutions. These corrections have all been considered by investigators using 
intrinsic viscosity to characterize asphaltenes and heavy oils because the rigid sphere 
model is at best a crude approximation for these materials. 

2.1.2. Deviations/rom Einstein's Prediction. When a solute becomes solvated in so­
lution, it's effective size will be larger than predicted from it's dry mass which is presum­
ably used when determining solution concentration. Therefore, the intrinsic viscosity of a 
solvated solute will be greater than predicted from Eq. (7) when c is determined from the 
dry mass of solute. One can define a solvation constant, K, as the ratio of solvated solute 
volume to the unsolvated, 'dry' volume. If cI> is defined as the volume fraction of un-
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solvated solute, then the effective volume fraction with solvation is K<I> and the intrinsic 
viscosity is 2.5K if the solvated particles are spherical in shape. 

Another type of solvation constant has been defined by considering <I> to be the vol­
ume fraction of solvated particles in solution.6 This solvation constant, typically also given 
the symbol K, has been defined as the proportionality constant between this volume frac­
tion and the weight fraction concentration, w, which is based on the relative mass of 'dry' 
solute to solution mass: 

<I>=Kw (8) 

This solvation constant is often also defined as the ratio of solvated to unsolvated 
solute volumes. However, one can show using dimensional arguments that this definition 
is valid only if the dry solute density is equal to the solution density, an assumption whose 
validity with asphaltene solutions depends upon the solvent used. 

A solute particle which is rigid but non-spherical will also appear larger in solution 
than a sphere of equal ma~s because Brownian motion causes the rotating solute particle 
to exclude a sphere of radius greater than the radius of a sphere of equal mass. A reason­
ably simple model for a rigid asymetrical solute is an ellipsoid of revolution. A rod shaped 
solute can be described using a prolate ellipsoid of revolution and this model has been 
used to describe particles such as the tobacco mosaic virus.5 A disc like solute can be de­
scribed using an oblate ellipsoid of revolution and this model has been used by a number 
of workers to describe asphaltenes and heavy OilS.2,7,8 The intrinsic viscosity ofa solution 
containing prolate or oblate ellipsoids was investigated by Scheraga9 who tabulated values 
of the shape factor, D, which is the coefficient of ~ / M2 in the first equality in Eq. (7). 
The shape factor has a value of 2.5 for spherical solutes and is larger than 2.5 and is de­
pendent upon the axial ratio for both prolate and oblate ellipsoids. The relationship be­
tween the shape factor, D (normalized by the shape factor for a sphere, 2.5) and the axial 
ratio, E, of oblate ellipsoids is shown in Figure 1. It should be noted that both particle 
solvation and non-spherical solutes yield intrinsic viscosity values larger than predicted 
from Einstein's analysis (i.e., shape factors larger than 2.5). When using Eq. (7), it is not 
possible to distinguish between these two effects from intrinsic viscosity measurements 
alone and it is likely that both are contributing to deviations from Einstein's prediction for 
many systems. 

Another type of model structure that has been proposed to describe the macroscopic 
characteristics of asphaltenes and heavy oils is a series of multisubunit complexes. IO,1l 

These models are structures assembled from identical spherical subunits. The position of 
each subunit in a particle fixed coordinate system is fixed; i.e., the molecule is rigid and 
the distance between adjoining spheres is twice the sphere radius. Garcia de la Torre and 
Bloomfield lO calculated the intrinsic viscosity of a number of different model structures 
containing 2-8 spheres positioned in either a polygon or polyhedron shape. The intrinsic 
viscosity of multilayer polygon structures containing up to 24 spheres was calculated by 
Nortz et aZ. 1l When the results are put in the form of Eq. (7) with a shape factor replacing 
the coefficient 2.5, one finds a shape factor of 2.18 for a single layer polygon containing 
three spheres, a shape factor of 3.5 for a single layer polygon containing six spheres and a 
shape factor of 4.0 for a three layer structure with each layer containing eight spheres (24 
spheres total). The intrinsic viscosity of these structures deviate less from the Einstein pre­
diction than do ellipsoids of revolution because the multi subunit structures are open and 
therefore less energy is dissipated when they are placed in a shearing flow when compared 
to rigid impermeable solutes of equal volume. 
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Figure 1. Viscosity and friction factor 
functions as a function of the axial ratio of 
an oblate ellipsoidal shaped solute. - In­
trinsic viscosity shape factor for an ellipsoid 
relative to that for a sphere,9 - - - Friction 
factor for an ellipsoid relative to that for a 
sphere with the same volume (Eq. 25), - - - -
Ratio of viscosity determined radius to dif­
fusion or sedimentation determined radius. 
The axial ratio is defined as the ratio of the 
major to minor axis of the ellipsoid. 

Another phenomenon that can yield deviations from Einstein's prediction of intrinsic 
viscosity is solute concentration. As solute concentration increases, it becomes necessary to 
add additional terms to the series expansion of 11/110 versus c, w or q, and one must determine 
theoretically the coefficients of the added terms in order to describe solution viscosity. An 
alternative approach was proposed by Roscoe who considered the incremental increase in 
viscosity that arises when a small amount of additional solute is added to a solution that al­
ready contains solute particles at volume fraction q,.12 The volume available to the added 
solute is (1-q,) of the total volume of the system. The change in volume fraction of the solu­
tion is then d<\>/(l-<\» and the change in viscosity resulting from the added solute d.., is 2.5 .., 
dq,/(l-q,). Integrating from q, = 0 (where 11 = 110) to volume fraction q, yields 

(9) 

which predicts the non-linear dependence of 11 on q, that is observed as concentration in­
creases. Eq. (9) predicts 11/110 ~ 1 + 2.5 q, for small q" which is consistent with Einstein's 
prediction for dilute solutions. 

The exponent of -2.5 in Eq. (9) arises because of the assumption of spherical solutes. 
If the shape is non-spherical, an exponent greater than 2.5 is expected. To illustrate the 
sensitivity of 11/110 to spherical shape, a comparison of Eq. (9) to similar expressions with 
different exponents is shown in Figure 2. Exponents ranging from 2.5 to 8 were chosen 
because these values are expected for oblate ellipsoids with axial ratio up to 10 as shown 
in Figure 1. This comparison shows that deviations from the Roscoe equation that arise 
because of a non-spherical shape do not significantly affect measured viscosity values for 
solutions with volume fraction less than 0.3 when the exponent (i.e., the shape factor) is 4 
or less. Increasing deviations are seen for more asymmetric particles but again these de­
viations are not distinguishable for solutions with concentration less than 10% by volume. 
This figure illustrates that one must be careful when interpreting agreement with Eq. (9) as 
an indication that the solute particles are spherical in shape. 
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Figure 2. Solution viscosity relative to 
pure solvent viscosity as a function of 
volume fraction of solute for different 
viscosity shape factors (i.e.. the expo­
nent in the Roscoe equation (Eq. 9». 
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The analysis leading to Eq. (9) was derived by assuming that the upper limit on <I> is 
unity, and predicts.., -4 00 as <I> -4 1. For a system containing spherical solutes of finite 
size, it is expected that the particles will lock into a rigid structure (where the solution will 
have infinite viscosity) at some volume fraction less than 1. 

Krieger derived an alternative expression which accounts for the fact that the upper 
limit on the volume fraction of spherical solutes in a solution is less than 1.13 Following an 
exercise similar to that used by Roscoe of adding a small amount of solute to a system 
with volume fraction of spheres <1>, Krieger derived the following expression: 

2L = (1- ~)-lll1"'~m'x 
110 <I> max (10) 

where <l>max is the maximum volume fraction (where.., -4 00 ) whose value might range 
from 0.52 for a simple cubic packing to 0.74 for face-centered cubic packing. 

Following mathematical arguments, Mooney derived an alternative expression for the 
concentration dependence of ..,/"'0 that involves an exponential fimction. 14 Solution polydis­
persity was also explicitly included in his analysis which yielded the following equation: 

11 [[114 <I> 1 - = exp <I> 

"'0 1 - k--
CPmax (11) 

where <l>max is defined again as the maximum volume fraction and k is a factor which ac­
counts for polydispersity and has a value of 1 for a mono disperse solution. The functional 
form of Eq. (II) is consistent with the Einstein prediction for small <I> and predicts.., -4 00 

as <I> -4 <l>max when k = 1. 
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The exercise considered by Roscoel2 that led to the development ofEq. (9) also con­
siders the effect of solution polydispersity although there is no parameter in the expression 
which quantitatively characterizes polydispersity. Eq. (9) is therefore valid for both mono­
disperse as well as polydisperse systems. To understand that this is the case, one must first 
recognize that Einstein's result for dilute solutions (Eq. (2» is valid for monodisperse as 
well as polydisperse systems because each sphere is assumed to independently influence 
the flow of solvent. The interpretation of a measured intrinsic viscosity in terms of effec­
tive solute size will therefore yield an average size or average molecular weight when the 
system is polydisperse. 

We now consider a polydisperse mixture containing particles of different sizes, each 
with volume fraction ell;. The solution is assumed to be sufficiently dilute in each compo­
nent so that the Einstein equation holds for each solute size. Additional solute with volume 
fraction dell; is now added to the solution, yielding an increase in viscosity dT\. We can 
again note that dell; = dell/(J - ell) where ell is the total volume fraction of spheres in the sys­
tem. Integration again yields Eq. (9). This analysis shows that positive deviations from 
Einstein's prediction can also result from solution polydispersity as well as solute concen­
tration effects. The simplicity of Eq. (9) can be considered fortunate or unfortunate de­
pending upon one's objective when interpreting an intrinsic viscosity measurement. The 
fact that Eq. (9) holds for both monodisperse as well as polydisperse systems means that 
one does not need to know anything about the distribution of particle sizes when using Eq. 
(9). The unfortunate side of the picture is that interpretation of a measured intrinsic viscos­
ity using Eq. (9) will also not yield any explicit information about the extent of polydis­
persity in the mixture of interest. 

Pal and Rhodes developed an empirical expression to relate solution viscosity to 
concentration by fitting a large body of data for oil in water and water in oil emulsions. 15 

Using theoretical arguments along the lines used by Roscoel 2 in developing Eq. (9), an al­
ternative expression which is consistent with their empirical relationship was developed. 
This expression simultaneously accounts for solvation, polydispersity and concentration 
effects: 

(12) 

where ell is the volume fraction of unsolvated particles, K is the solvation constant and Kell 
is the volume fraction of solvated particles. Eq. (12) reduces to the Roscoe equation (Eq. 
9) when K = 1. In developing Eq. (12), it is assumed that K is a constant for all solutes (in­
dependent of size) and that all solutes are spherical in shape, providing the exponent of 
2.5. If there is a deviation from spherical shape, one expects the exponent to deviate from 
2.5. Eq. (12) can be rearranged to provide an expression that allows one to determine 
whether viscosity data collected for a particular system are consistent with the assump­
tions made in the derivation: 

( )

-0.4 

2L = 1 - K<I> 
110 (13) 

A plot of (T\/T\or 0.4 versus ell is predicted to yield a straight line with intercept = 1. The 
slope of the line is negative, with value equal to the solvation constant, K. One can assess 
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the shape of the solute particles by determining the exponent value that provides the best 
fit of the data. However, as noted with the discussion of the Roscoe equation and as illus­
trated in Figure 2, 11/110 is not particularly sensitive to the exponent unless solution con­
centrations are large. Therefore, one must also be careful when interpreting agreement 
with Eq. (13) as an indication that the solutes can be modeled as spheres. 

Eq. (13) predicts 11 ~ 00 as <P ~ 1; therefore, deviations between observations and 
predictions based on Eq. (13) are expected because one expects viscosity to approach in­
finity at volume fractions less than unity. One can correct the Pal and Rhodes expression 
for order at some volume fraction <Pm,x < 1 by introducing corrections similar to the Kri­
eger)3 expression (Eq. (10)) where now K will account for both solvation as well as the 
maximum packing factor. 

Another empirical expression was developed by Eiler)6 who proposed the following: 

(14) 

which can be rearranged to 

JTliTC - 1 = [11 ~ JTliTC - 1 

«P 2 «Pm .. (15) 

Eq. (15) predicts that a plot of «11/110 ) 112 - 1)/<p versus «11/110 ) 112 - 1) should yield a 
straight line with slope = - 11 <Pmax and intercept = [11] 12. Plotting the data in this manner 
allows one to determine the intrinsic viscosity without any a priori knowledge of <Pmax. 

The final theory that will be presented has been proposed for concentrated suspen­
sions and is not valid for dilute suspensions. Campbell and Forgacs) 7 developed an expres­
sion that was based on percolation theory and is appropriate for suspensions of hard 
spheres whose concentration is above the percolation threshold yet below the maximum 
packing fraction. Below the percolation threshold, the suspension is assumed to contain 
free particles and freely moving clusters. At the percolation threshold, the suspended parti­
cles form infinite clusters and the viscosity is now dependent upon the number of holes in 
the infinite cluster. The following equation was derived for the viscosity of the suspension 
above the percolation threshold: 

(16) 

where <Pc. is the volume fraction at the percolation threshold, which is equal to 0.16 for 
many colloidal systems. Because Eq. (16) is valid only for concentrated suspensions 
where <P > <Pc' it cannot be used to predict the intrinsic viscosity. 

2.1.3. Staudinger-HouwinkEquation. As a final note in this background discussion, 
the Staudinger-Houwink equation will be introduced: 

11 = k M a (17) 
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which is commonly used with synthetic polymers.5 The exponent a provides an indication 
of the conformation of the polymer or solute in solution, i.e., how the solution viscosity 
responds to changes in molecular size. For a free draining polymer chain where each 
monomer or bead along the chain experiences the same flow field, a = I. For a random 
coil polymer, which is a tightly coiled chain approximately spherical in shape, a = 112. 
These two models bracket the observed behavior of most synthetic polymers and Eq. (17) 
enables one to determine polymer molecular weight from a measurement of intrinsic vis­
cosity once k and a are known for the particular polymer. For rigid solutes, a = 0, 0.5, and 
2 for spherical, disc-like and rod-like molecules, respectively.18 These exponent values 
were determined for a series of macromolecules whose configuration does not change as 
molecular size increases. If the system of interest follows this assumption and one can 
measure intrinsic viscosity and molecular weight, one can qualitatively characterize the 
comformation of the solutes in solution by determining the value of the exponent a that 
provides the best fit to the data. 

2.2. Experimental Measurement of Solution Viscosity 

The two most commonly used viscometers for measuring the viscosity of solutions 
containing asphaltenes or heavy oils are the capillary viscometer (of which the Canon­
Fenske and Ubbelohde are two types) and the concentric cylinder viscometer (also called 
a Couette viscometer). Because viscosity is strongly dependent on temperature, regulation 
of solution temperature is critical for the accurate determination of viscosity. 

As it's name implies, a capillary viscometer contains a precision bore capillary with 
large bulbs at both ends. The volume of the upper bulb is indicated by two etched lines at 
the top and bottom of the bulb. The velocity of fluid through the capillary (which is pro­
portional to the fluid viscosity) is determined by measuring the time required for the liquid 
level in the upper bulb to pass from one etched line to the other. The only driving force for 
flow is gravity. The solution viscosity is then related to flow times by the following ex­
pression: 

11 = constant x time x p (18) 

which was derived by considering laminar flow through a capillary.5 The constant in Eq. 
(18) incorporates the characteristics of the viscometer as well as kinetic energy corrections 
for end effects in the capillary. When the objective is to determine intrinsic viscosity, ab­
solute viscosity values are not needed, just the ratio of solution to pure solvent viscosity. If 
solution concentration is low, one can typically assume that solution and solvent densities 
are equal. Therefore, the ratio of viscosities is simply the ratio of flow times, corrected for 
end effects. Values for the end effect corrections are provided by the viscometer manufac­
turer. Capillary viscometers are relatively inexpensive and easy to use. The disadvantage 
of capillary viscometers is that they do not allow one to vary shear rates except by com­
paring results obtained using viscometers with different sized capillaries. 

In a concentric cylinder viscometer, the solution is placed between two concentric 
cylinders and one cylinder is rotated (usually the inner cylinder). The torque on the other 
cylinder is measured and can be related to the viscosity of the solution through suitable 
calibration of the instrument. The advantage of a concentric cylinder device over a capil­
lary viscometer is that one can easily vary shear rates by changing the rate of rotation. 
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2.3. Intrinsic Viscosity of Asphaltenes and Heavy Oils 

The rheological properties of petroleum-derived materials have been of interest for 
many years. However, the number of reports in which the measured solution viscosity was 
interpreted in terms of the macroscopic structure of the constituents of these materials has 
been rather limited. A comparison of results obtained from different studies is often diffi­
cult because samples from a variety of different sources have been investigated and differ­
ent sample preparation procedures are often utilized. Also, some studies focused solely on 
asphaltenes whereas others included the soluble resins (sometimes called maltenes) as 
well. In addition, the objectives of these studies, and therefore the approaches used to in­
terpret results, were often quite different. In this section, results from a number of differ­
ent studies will be reviewed and compared. 

One of the first investigations of solution viscosity measurements with asphaltenes 
was reported in 1932 by Mack. 19 In this work, viscosities of solutions containing asphal­
tenes as solute with the parent oil as solvent were measured. Solution viscosities were 
found to be up to several hundred times larger than the viscosity of the deasphalted par­
ent oil for solutions containing up to 20 volume % asphaltenes. The results were not in­
terpreted in terms of the macromolecular structure of the asphaltenes although it was 
noted in a later publication by Reerink7 that the Einstein equation of viscosity (Eq. (2» 
only predicts a 50% increase in viscosity for a solution containing spheres with a volume 
fraction of 20%. The Roscoe equation (Eq. (9» predicts a 75% increase in viscosity for a 
suspension with this concentration, a value which is still considerably smaller than the 
reported observations. 

Lorenz et al. 20 reported results from viscosity measurements with asphaltene solu­
tions in several different solvents (kerosene, gas oil, benzene and decalin) as well as with 
different fractions collected following ultracentrifugation of four different crude oils. As­
phaltene concentrations ranged from I to 2 wt%, considerably more dilute than the solu­
tions investigated by Mack. The shape factors determined by measuring the viscosity of 
asphaltene solutions in various organic solvents yielded shape factors reasonably close to 
2.5, indicating that the asphaJtenes appear to be nearly spherical and nonsolvated under 
these conditions. For the asphaJtene solutions in the ultracentrifuged samples, shape fac­
tors ranging from 8-40 were observed. These solutions were prepared by collecting vari­
ous fractions following ultracentrifugation. The 'solvent' viscosity, needed when 
determining the reduced viscosity, was the viscosity of the lighter fractions that contained 
no asphaltenes. But the 'solvent' for each of the fractions was not the same and the viscos­
ity of each was undoubtedly larger than the viscosity of the lighter fractions. This can lead 
to erroneous results when interpreting measured viscosities using Einstein's equation of 
viscosity. 

In a more recent study, Reerink measured the intrinsic viscosity and sedimentation 
coefficients of asphaltene fractions obtained by dialysis and fractional precipitation.7 Sev­
eral different organic solvents-toluene, cyclohexane, benzene and tetrahydrofuran--were 
used. Asphaltene molecular weight values were also measured using vapor pressure os­
mometry. The measured intrinsic viscosities (based on'a volume fraction concentration) 
were in the range 5-8 indicating deviation from Einstein's prediction for rigid nonsolvated 
spheres. A Staudinger-Houwink plot of [ll]$ versus M yielded good agreement with the 
power law relationship (Eq. (17» with an exponent a = 0.16 which lies between the values 
of 0 predicted for a spherical solute and 0.5 predicted for a disk-like planar solute. By 
combining the viscosity results with information obtained from the sedimentation meas­
urements, Reerink argued that these asphaltenes could be modeled as oblate ellipsoids 
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with minor axis about lOA and major axis 50-90A. These results and the interpretation of 
them will be discussed in more detail later in this chapter. 

In a similar study with petroleum pitch fractions, Sakai et al. 8 reported intrinsic 
viscosity of pitch fractions with molecular weight (as determined by vapor pressure os­
mometry) ranging from 400-900, values which are considerably smaller than typically 
observed for petroleum-derived asphaltenes. When the intrinsic viscosity was plotted as 
a function of molecular weight, values were in general agreement with the Staudinger­
Houwink equation (Eq. (17)) with the exponent a = 0.12 for the smaller molecular sized 
fractions and a = 0.21 for the higher molecular weight fractions, values that are in good 
agreement with the exponent of 0.16 found for the data of Reerink 7 and that again lie be­
tween the prediction for a rigid spherical solute and a rigid planar or disc-like solute. The 
increase in a that is observed as molecular size increases indicates that the shape of the 
pitch fractions becomes less spherical and more disc-like as molecular size increases. It 
was also observed that the value of a did not change as temperature was increased from 
15°C to 40°C. These observations indicate that the configuration of the components of 
these pitch fractions does not appear to be influenced by temperature. Measurements 
were performed in benzene and chloroform as solvent and little difference in the value of 
a was observed although the polarity of these solvents is similar. The diffusion coeffi­
cients of these fractions were also measured. 21 The information gleaned by combining 
diffusion results with these viscosity results will be presented later in this chapter. 

Similar measurements have been performed in the author's laboratory with a number 
of vacuum bottoms in several different organic solvents. In the first study, the intrinsic vis­
cosity of bitumen fractions (obtained using preparative gel permeation chromatography) 
from Cold Lake vacuum bottoms was measured at 10°C and 20°C in tetrahydrofuran sol­
vent (THF) and at 50°C in I-methylnaphthalene solvent.22 The molecular weight of each 
fraction was determined using both vapor pressure osmometry (V PO) and field ionization 
mass spectrometry (f.i.m.s.), which yields both a number average as well as a weight aver­
age molecular weight. There was a reasonable difference in the molecular weight values 
determined by the two methods and there are several plausible explanations for these dif­
ferences. The samples were contaminated with a stabilizer, BHT, which was present in the 
tetrahydrofuran used as the solvent for the chromatographic separation. The f.i.ms. mo­
lecular weight values were corrected for the BHT but it was not possible to correct the 
VPO molecular weight values for the presence of BHT. Determination of molecular 
weight by f.i.m.s. requires volatilization of the samples and there was inevitably incom­
plete volatilization, particularly with the heavier fractions. The molecular weight meas­
ured by' VPO should provide an indication of the molecular size of constituents in 
solution, which for these measurements were performed in benzene at 40°C. It would not 
be surprising that the molecular size indicated by f.i.m.s. would be different than that indi­
cated by VPO because of the different environmental conditions used for each measure­
ment. 

There was little difference between the intrinsic viscosity values for each fraction in 
THF at the two temperatures and the difference between the intrinsic viscosity measured 
in I-methylnaphthalene was slightly, but not significantly, larger than in THE This is an 
indication that the configuration or conformation of these materials at the three experi­
mental conditions is quite similar. A fit of the data to the Staudinger-Houwink equation 
(Eq. 17) using the VPO molecular weight shows reasonable agreement when a = 1.1-1.2. 
Recall that an exponent of 1 is predicted for a free draining linear polymer and an expo­
nent of 2 is predicted for a rod-like solute. Neither of these models is intuitively consistent 
with the rigid, spherical or planar structure that is expected for resid materials. However, 
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four of the nine fractions examined covered a narrow range ofVPO molecular weight val­
ues (1000-1500), indicating that there was perhaps some error in the determination of 
these values which may be due to the presence of BHT. It should also be noted that Thiya­
garajan et al. 23 found that the small angle neutron scattering of asphaltenes in I-methyl­
naphthalene at 20° C suggested a rodlike morphology for the asphaltenes. These results 
illustrate the challenge, and the importance, of obtaining accurate molecular weight values 
when interpreting intrinsic viscosity results. The diffusion coefficients of these materials 
were also measured and these results will be discussed later in this chapter. 

A subsequent study involved fractions from Athabasca tar sand bitumen vacuum bot­
toms as well as from a vacuum resid blend from Western Canadian crudes. II In this study, 
the molecular weight of each fraction was determined using VPO only but there was no sta­
bilizer contaminating the samples. The VPO measurements were performed in toluene at 
40° C. The intrinsic viscosity of each fraction was measured with I-methylnaphthalene as 
solvent at 50°C and 70°C. It was observed that temperature did not have a strong influence 
on the intrinsic viscosity of these materials indicating that the materials did not appear to 
undergo any structural changes over the limited temperature range that was investigated. 
The intrinsic viscosity of fractions from both materials of similar molecular weight were ap­
proximately the same indicating that the structural characteristics of these materials are 
similar. When fractions from this study are compared to fractions from the earlier study with 
similar VPO molecular weight, similar intrinsic viscosity values were observed for the 
smaller fractions (M < 900). However, for the fractions with larger molecular sized entities, 
there was an increasing discrepancy between the two studies with the Cold Lake material 
showing larger intrinsic viscosity values when compared to the Athabasca and Western 
crudes fractions. This difference is illustrated by comparing the exponent a in a Staudinger­
Houwink plot from the two studies. For the Athabasca and Western crudes fractions, a = 
0.44, a value less than half of that observed with the Cold Lake material. The exponent of 
0.44 is close to the prediction of a = 0.5 for a disc-like, planar solute, a model which is con­
sistent with the flat, layered structure that was proposed by Dickie and Yen in 1967.24 The 
results from these measurements were interpreted with results from diffusion measurements 
and these results will be discussed later in this chapter. 

In a slightly different approach to examining the molecular size dependence of the 
intrinsic viscosity, AI-Jarrah and AI-Dujaili measured the intrinsic viscosity and VPO mo­
lecular weight of asphaltenes that were isolated from asphalt samples of a Northern Iraq 
crude oi1.25 These measurements were made at different temperatures using a number of 
different solvents with different polarity. The smallest entities, as indicated by VPO mo­
lecular weight as well as intrinsic viscosity, were found in nitrobenzene (the most polar 
solvent used) at 120°C, which was the highest temperature examined. The authors consid­
ered the asphaltenes at this set of conditions to represent a 'base' unit and the larger enti­
ties observed at other solvent or temperature conditions were assumed to be formed by 
association of these base units into larger structures. The degree of association was intro­
duced to quantitatively describe the differences between results obtained at different envi­
ronmental conditions and was defined as the ratio of molecular weight at the conditions of 
interest relative to the molecular weight determined in nitrobenzene at 120°C. An analo­
gous definition utilized the ratio of intrinsic viscosities. At each set of conditions, there 
was reasonable agreement between the degree of association determined using the two 
definitions, indicating that VPO molecular weight and intrinsic viscosity are capturing 
similar changes in molecular structure that occur as environmental conditions are 
changed. A strong correlation between the degree of association and the dielectric constant 
of the solvent was also observed. 
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A replot of the results reported from this study in the form of a Staudinger-Houwink 
plot (Eq. 17) shows excellent agreement between experiment and Eq. (17) when a = 0.B2. 
This value lies between the two extremes of a = 0.44 and a = 1.2 reported by Kyriacou et 
al. 1I •22 and is considerably larger than the exponent of 0.1-fJ.2 reported by Reerink7 and 
Sakai et al.8 An attempt to explain these differences in results provides a good illustration 
of the difficulty that arises when comparing results from different laboratories. There were 
many differences in the samples themselves (sources as well as asphaltenes versus vac­
uum bottoms that contain resins in addition to asphaltenes). The work of AI-Jarrah and AI­
Dujaili25 involved a polydisperse mixture and molecular size was 'changed' by changing 
environmental conditions whereas the work reported by the author 1 1.22 as well as the study 
by Sakai et al. 8 involved reasonably monodisperse fractions. Given these differences in 
experimental conditions, it is difficult to determine if the observed differences arise from 
true differences in the structure of the different materials or simply due to differences in 
sample preparation and conditions of the measurements. 

The results from all of these studies have been compiled and are plotted on log-log 
coordinates in Figure 3 as ['Il]c versus VPO molecular weight. In preparing this plot, the 
d~a of Reerink/ that was reported as ['Il]~ was converted to ['Ill using asphaltene density 
( ~ 1M) that was determined in this same study by measuring solution densities. Included 
in this plot is a line with ['Ill ex: Af!.5, the relationship predicted for planar, disk-like sol­
utes. This comparison shows that, with a few exceptions, the data are reasonably consis­
tent and follows the general trend indicated by the 0.5 exponent. Given the fact that this 
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Figure 3. Experimental values of intrinsic viscosity as a function of VPO molecular weight. /). Cold Lake bitu­
men fractions in THF at 20·C 22,0 Cold Lake bitumen fractions in I-methylnaphthalene at 50·C,22 A Kuwait as­
phaltene fractions in toluene at 25·C/ • Northern Iraq asphaltenes in benzene, chlorobenzene and THF at 37·C, 
45·C, 60·C and 90·C,2S 0 Western Canada crude vacuum resid blend fractions in I-methylnaphthalene at 50·C, II 
+ Western Canada crude vacuum resid blend fractions in l-methylnaphthalene at 70·C," 0 Athabasca tar sand bitu­
men vacuum bottom fraction in l-methylnaphthalene at 50·C," x Athabasca tar sand bitumen vacuum bottom 
fraction in l-methylnaphthalene at 70·C," • Petroleum pitch fractions in chloroform at 25·C,81ine showing [TJ]c oc 
fl,f.5. 
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data was collected in four different laboratories, using different solvent and temperature 
conditions for both the viscosity as well as the VPO measurements, the agreement is en­
couraging and seems to indicate that the structure of these different materials is approxi­
mately the same under a wide variety of conditions. 

The studies discussed above were all performed with relatively dilute solutions. The 
concentration of solutions used by Reerink/ Nortz et al. II and Kyriacou et ae2 were less 
than 0.02 glml and those used by Sakai et al. 8 had concentration less than 0.07 glml. The 
concentrations used by AI-Jarrah and AI-Dujaili25 were not explicitly stated although it 
was noted that low concentrations were used for both VPO and viscosity measurements in 
order to minimize the possibility of concentration induced association or aggregation. 
However, the reported concentrations are larger than the values of .001 to 0.01 glml that 
have been reported for the critical micelle concentration of asphaltenes.26 In a series of 
studies carried out at the Texaco Research Center,6,27,29,30,32,33 the viscosity of asphaltene 
solutions in organic solvents as well as in deasphalted oil with concentrations up to vol­
ume fractions of 50% were measured. Because of the high concentrations used and be­
cause molecular weights were not measured, these viscosity measurements were 
interpreted using a different approach than has been discussed with the other studies. 

In the first report from Texaco, asphaltenes from five different vacuum residues 
were investigated.27 The residues varied considerably in their asphaltene content (3.5-23.9 
wt%) and the asphaltenes varied considerably in their heteroatom and metals content. The 
asphaltene solutions were prepared by redissolving asphaltenes in deasphalted oil. No size 
fractionation was performed. Solution viscosities were measured at 93°C using a Couette 
viscometer for solutions with concentration up to 16 wt% asphaltenes. A plot of specific 
viscosity (11/11 0 - 1 ) versus concentration yielded a straight line for solutions with concen­
tration less than 8 wt% with slope essentially the same for all asphaltenes investigated. 
Within experimental uncertainty, the line intercepted the origin, as predicted from Ein­
stein's equation (Eq. (2». With the data plotted in this manner, the intrinsic viscosity is 
equal to the slope of the line and with concentration expressed as wt%, the intrinsic vis­
cosity is [l1]w (Eq. (6». Experimental data deviated from the linear Einstein prediction for 
solutions with concentration greater than 8 wt%. 

For one of the materials, the viscosity of the native residue was also measured and 
when the viscosity of this solution was compared to the viscosities of 'synthetic' residues, 
the viscosity of the native residue fell along the line which describes the l1sp vs w data 
from the synthetic residues. This shows that the asphaltenes in the native and synthetic 
mixtures are essentially the same. The fact that the asphaltenes from all five sources 
yielded very similar rheological behavior ([ llL = 7-9) shows that the effect of shape and 
extent of solvation for these materials are quite similar, despite the fact that their heteroa­
tom and metals contents vary considerably. This indicates that the components of the as­
phaltenes do not appear to influence their configuration nor their interactions with solvent 
or deasphalted oil. 

In this study, no attempt was made to determine [11]", nor to relate the measured [l1L 
values to the effective size or configuration of the dissolved asphaltenes. In the work re­
ported by Kyriacou et al.,22 values of [l1L ranged from 1.2-9 cm3/g for asphaltenes in 
tetrahydrofuran at 20°C and in I-methylnaphthalene at 50°C. If we consider the density of 
the asphaltene solutions to be of order 1 g/cm3, we can convert [l1L to [l1L and see that re­
sults from the two studies are reasonably consistent. 

Subsequent studies from this group focused on a single source material-Ratawi 
vacuum resid. In these studies, attempts were made to interpret measured viscosities using 
a number of different theories that have been presented in this chapter. In order to use 
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these theories, it is necessary to establish a relationship between a volume fraction con­
centration (used in the theories) and a weight fraction concentration which was used ex­
perimentally. In doing this, it was recognized that the factor M/~ needed in Eq. (6) to 
relate [llL to [ll]. can be expressed as Pp' the density of the solute in solution. Knowing 
the density of the Ratawi asphaltenes (1.13 g/cm\ it was possible to relate w to <I> without 
determining the molecular weight of the solute.28 

In one report, the rheological properties of two different solubility fractions (pentane 
soluble and heptane insoluble) from Ratawi vacuum residue were reported.29 Solutions of 
the lighter fraction were prepared in four different n-alkane solvents ranging from C7 to 
C16; solutions of the heavier fraction were prepared in toluene. Concentrations up to 45 
wt% were investigated. The temperature dependence of the viscosity of solutions of the 
heavier fraction was also investigated. 

At room temperature, the results for both fractions followed Einstein's prediction for 
spherical solutes for solutions with concentration <I> < 0.1 with increasing deviation as con­
centration was increased. A plot of the data following the Pal and Rhodes analysis (Eq. 
(13» showed good linearity with an intercept through 1 when an exponent of 0.4 was 
used. The exponent of 0.4 indicates that the solutes are approximately spherical over the 
entire range of concentration investigated, not just in the dilute solution regime. The data 
for the pentane soluble material yielded lines with different slope in each solvent, with 
slope increasing as the length of the carbon chain of the solvent increased. The slope for 
the heptane insoluble material in toluene was over four times larger than for the pentane 
solubles in heptane. Recall that with Eq. (13), <I> is defined as the volume fraction of un­
solvated solute so that K<I> is the volume fraction of solvated solute and the slope of the 
line resulting from the Pal and Rhodes analysis is equal to K. The observations indicate an 
increasing solvation effect as the length of the carbon chain of the solvent increases. How­
ever, difficulties arose when attempts were made to directly relate the K values derived 
from the slope to the ratio of solvated to unsolvated solute volume because K < 1 was 
found for the pentane soluble material in n-heptane solvent. The authors attributed this 
anomalous behavior to a lubrication effect or to some other colloidal effect that is not ac­
counted for in the analysis of Pal and Rhodes. 

A plot of the viscosity data following Eiler's equation (Eq. (15» showed good agree­
ment with different slopes (Le., different <l>maX> in each solvent. For the pentane soluble ma­
terial, <l>max o:! 0.64, independent of solvent; for the heptane insoluble material in toluene, 
<l>max = 0.43. The authors attributed the differences between these values and the volume 
fraction at maximum packing for a face centered cubic arrangement (<I>max = 0.74) to be due 
solvation of the material. The degree of solvation was defined as the ratio of 0.74 to <l>max 
determined from the viscosity measurements. 

A comparison of the degree of solvation information collected by analyzing the 
data using the Pal and Rhodes equation to the analysis provided from Eiler's equation 
shows some qualitative differences and as well as some similarities between the conclu­
sions drawn from each analysis. Both analyses indicate that the degree of solvation is 
greater for the heptane insoluble fraction in toluene than for the pentane soluble material 
in n-alkane solvents. It might have been interesting to have collected data for both mate­
rials in one solvent in order to determine how much of the observed differences can be 
attributed to the nature of the solute and how much to the solvent. The Pal and Rhodes 
analysis indicates that there is a solvent effect with the n-pentane soluble material but no 
such effect was observed from the Eiler analysis. The authors postulate that this differ­
ence may simply be due to the low sensitivity of Eiler's equation to the degree of solva­
tion. 
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Finally, the measured solution viscosities were compared to those predicted from the 
CampbeU-Forgacs equation (Eq. (16)) where the volume fraction at maximum packing de­
rived from the Eiler analysis was used in making the Campbell-Forgacs prediction. Good 
agreement was observed for both materials for concentrations between the percolation 
threshold «Pc = 0.16, and «P = 0.5 for the pentane soluble material and «P = 0.35 for the hep­
tane insoluble material. In this range of concentration, these materials can apparently be 
modeled as hard spheres. 

In another publication from this group, viscosity results from synthetic and natural 
Ratawi vacuum residue were analyzed using a number of different theories.3o The 'syn­
thetic' solutions were again prepared by redissolving asphaltenes in deasphalted oil. The 
intrinsic viscosity based on a weight fraction concentration was the same as previously re­
ported with this material, 7.3.27 

Using Eq. (8) to relate volume fraction and weight fraction concentrations, the Ro­
scoe equation (Eq. (9)) was rearranged to show that a straight line is predicted from a plot 
of (TJ/TJ)-O.4 versus w if the asphaltenes are spherical. Good linearity was observed, indicat­
ing that the asphaltenes are reasonably spherical under these conditions. With that assump­
tion verified, the authors then went back to the observed intrinsic viscosity value to 
determine one value for the solvation constant, K. Now, K is simply the ratio of [TJL to 
[TJ]. where [TJ]. = 2.5 for a sphere and K was determined to be 7.3/2.5 = 2.9. As noted by 
the authors, however, the agreement with the Roscoe equation does not unequivocally rule 
out other solute shapes because similar agreement between theory and experiment was ob­
served when the exponent was 3.0 rather than 2.5. This insensitivity to the exponent (i.e., 
solute shape) is illustrated in Figure 2. Using a value of 3 for the exponent, the solvation 
constant then reduces to 2.4. 

A comparison of the data to the Eiler equation (Eq. (14» also showed good agree­
ment. When «P and «Pmax are replaced by wand wmax' the intrinsic viscosity determined from 
the intercept is now [TJ]w and the value was found to be 6.9, which is consistent with the 
value of 7.3 which was determined from the Einstein plot. The solvation constant deter­
mined using [TJL = 6.9 was found to be 2.8. Determination of wmax from the slope pro­
vided another value for K if one assumes that «Pmax = 0.74, the prediction for a face 
centered cubic system. The solvation constant determined in this manner was 2.5, which is 
again consistent with the values determined from the Roscoe and Einstein equations. 

The data were compared to the prediction of Campbell and Forgacs and another 
solvation constant was determined by evaluating the weight fraction concentration below 
which the data deviate from their model. The Campbell and Forgacs model is only valid 
for concentrations above the percolation threshold which was assumed to occur at volume 
fractions of 0.16. A comparison of this volume fraction concentration to the weight frac­
tion concentration where deviations occur (w = 0.06) provided another value for the solva­
tion constant K = 0.16/0.06 = 2.7 again consistent with the other theories. 

Finally, the viscosity results were also analyzed using a theory proposed by Grimson 
and Barker3' who included an interparticle potential in addition to the hydrodynamic ef­
fects considered by all the other theories that have been discussed. The effect of solvation 
is included by two parameters that arise in the term accounting for interparticle interac­
tions. These two parameters were determined by fitting the data to the Grimson-Barker 
equation. An examination of the potential function using these fitted parameters shows a 
solvation shell which extends 1.3-1.4 times the radius of the unsolvated sphere. By treat­
ing the solvation constant K as the ratio of solvated to unsolvated volumes, an estimate of 
K in the range (1.3i - (1.4)3 = 2.4-2.7 is obtained. These values are consistent with values 
determined from the other models. But it should again be noted that describing K, as de-
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fined in Eq. (8), as a ratio of volumes is based on the assumption that solute and solution 
densities are the same. The agreement between these various descriptions of the rheology 
of this mixture indicates that the repulsive interparticle interactions which are accounted 
for in the Grimson-Barker analysis cover essentially the same range as the solvation shell 
which is accounted for in the other analyses. 

The extent of interparticle interactions was further examined by measuring solution 
viscosity for Ratawi asphaltenes dissolved in toluene and mixed with various solutions 
containing different NaOH concentrations (0 N, IN, 3N and 6N).32 The results showed the 
expected increase in viscosity as asphaltene concentration increased and that for <p > 0.13, 
the viscosity at a given asphaltene concentration increased as NaOH concentration in­
creased. A plot of the data using the Pal-Rhodes equation (Eq. (13» showed the expected 
linearity only for the asphaltene solution that had not been exposed to base solution but 
non-linearity for solutions exposed to NaOH. 

The results were also fit to the Krieger equation (Eq. (10» and the Mooney equation 
(Eq. (II» where random packing was assumed (Le., <Pmax = 0.68). For comparison with the 
Kreiger equation, [TIl. was treated as an adjustable parameter for each set of data (i.e., 
each NaOH concentration). Good agreement was observed for the asphaltene solutions 
that were not exposed to base solution but increasing deviation between experiment and 
theory was observed as NaOH concentration increased. For comparison with the Mooney 
equation, both [TIl. and the polydispersity factor k were used as fitted parameters. The fit 
to this equation was much improved relative to the Krieger equation, which the authors at­
tribute to the fact that polydispersity is explicitly accounted for in the Mooney equation. 
Good agreement was also observed when the data were compared to the Grimson-Barker 
equation where <Pmax as well as the two parameters that characterize the interparticle poten­
tial were used as fitting parameters. The volume fraction at maximum packing, <Pm,x' was 
found to be 0.61 for the untreated asphaltene solutions, which is reasonably close to the 
value of 0.68 predicted for a random packing. However, <Pmax was found to decrease sub­
stantially as NaOH concentration increased, indicating interparticle interactions become 
longer range as NaOH concentration is increased. 

A comparison of viscosity results to information obtained from small-angle X-ray 
scattering (SAXS) and small-angle neutron scattering (SANS) was used in another publica­
tion to derive information about the micellar nature of asphaltenes in solution.6 Measure­
ments were again performed with Ratawi asphaltenes in both native and synthetic residue 
mixtures with asphaltene concentrations up to 21 wt% which is the asphaltene concentration 
in the native residue. The small-angle X-ray results indicated that the asphaltenes appeared 
to be present in solution with effective radii ranging from 20-50 A distributed according to 
the Schultz distribution. The viscosity data showed good agreement with the Roscoe equa­
tion, results that are consistent with earlier measurements with this same material. 

Small-angle neutron scattering of asphaltene solutions were measured in deuterated 
toluene and solvent mixtures of toluene and pyridine. These measurements indicate that 
the average radii were 31.2 A, independent of solvent mixture and the polydispersity was 
consistent with the Schultz distribution that provided good agreement with the SAXS re­
sults. Finally, surface tension of asphaltenes in pyridine was also measured and results in­
dicated a sharp change in behavior at w = 0.025 wt % which the authors attributed to the 
critical micelle concentration. This value for the CMC is two orders of magnitude smaller 
than has been reported by others.26 

The consistency of the SANS and SAXS results which were performed in different 
solvents indicates that the effective size of the asphaltenes are not apparently influenced 
by the nature of the surrounding solvent, an observation which is consistent with results 
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from other studies that have already been discussed here.22 An estimate of the average mo­
lecular weight of an asphaltene particle was made by determining the average effective 
volume from the average particle radius (determined from SANS and SAXS) and assum­
ing a density of 1.1 g/cm3 for the asphaltenes. The average molecular weight was found to 
be around 100,000, a value which is generally higher than has been reported in most stud­
ies of asphaltene molecular weight,4 particularly when one recognizes that this molecular 
weight value of 100,000 represents an estimate of the molecular weight of an unsolvated 
asphaltene. Using the results from the surface tension measurements, the authors also esti­
mated a molecule weight value for an asphaltene molecule at an interface and found a 
value of around 1000. A comparison of these two values indicates that there appears to be 
an average of 100 asphaltene molecules in each 'particle' or micelle seen by SANS and 
SAXS. This value is considerably larger than the picture of 5-10 asphaltene molecules as­
sociated together in an asphaltene micelle that was proposed by Dickie and Yen.24 

The temperature dependence of the viscosity of synthetic residue mixtures of Ratawi 
asphaltenes were measured and interpreted in terms of phase transitions that occur with 
these mixtures.33 Viscosities were measured at temperatures ranging from 25°C to 300°C. 
The results were plotted following the Roscoe equation (Eq. (9» where again the volume 
fraction concentration was replaced by the weight fraction concentration using Eq. (8). 
Good linearity was observed at each temperature. The proportionality constant or solva­
tion constant, K, was determined from the slope of each line and K was found to decrease 
as temperature increased. An Arrhenius plot of K versus liT showed good linearity for the 
data collected between 65°C and 300°C. Assuming K to represent the ratio of solvated to 
unsolvated volume, the authors also determined the ratio of the solvent layer to the un­
solvated particle radius and found that, even at 300°C, there is still a thin layer of solvent 
(2-4 A thick) surrounding the asphaltenes. At temperatures below 65°C, it was found that 
the average interparticle spacing was less than twice the thickness of the solvation layer, 
providing an explanation for why the Arrhenius plot describing activation energies for re­
moval of the solvation layer does not adequately describe behavior below this tempera­
ture. The authors attributed this to a liquid to solid like transition that occurs below 65°C. 
An examination of the effect of shear rate on measured viscosity showed shear thickening 
behavior above 150°C, an indication that there is different change in structure that sets in 
at this temperature. At these temperatures, the thickness of the solvation layer is only sev­
eral A thick, a thickness that may be too thin to inhibit flocculation due to van der Waals 
forces. This flocculation was found to be reversible by measuring behavior of a system be­
low 150°C then above 150°C and then again at the cooler temperature where it was found 
that the system returned to its earlier structure. 

One can categorize the viscosity results discussed here into two groups. In the first 
group, the asphaltene or heavy oil samples were fractionated, either by solvent fractiona­
tion, dialysis or by gel permeation chromatography and the characteristics of individual 
fractions were examined.7•8,11,22 For these studies, solute molecular weight was measured, 
providing a reasonably straightforward means to relate volume fraction concentrations to 
either weight fraction or mass/volume concentrations. For all systems examined, the mate­
rial was dissolved in organic solvent and measurements were made at conditions at or near 
ambient. In general, results from these studies indicated that the constituents of the solu­
tions investigated were non-spherical in shape and a planar or disc like shape provided a 
reasonable picture of the solutes. Solution concentrations in these studies were quite low. 
The work by AI-Jarrah and Al-Dujaili 25 was performed with low concentration polydis­
perse solutions and therefore is slightly different than the others. However, the results 
were reasonably consistent with those from other studies in this group. 
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In the second group, the asphaltenes were not fractionated.6,27,29,30,32,33 Therefore, a poly­
disperse mixture was examined. Solution concentrations were high relative to those used in 
the first group of studies. Asphaltene molecular weight values were not measured. Therefore, 
weight fraction concentrations were related to volume fractions by defining a factor K which 
characterizes solvation of the asphaltenes. In most of the experiments, the solvent used was a 
deasphalted oil. Results from these studies indicated that the aphaltenes could be reasonably 
modeled as spheres and results were found to be in general agreement with various theories 
that account for the effect of solute concentration and solvation on solution viscosity. 

It is difficult to identify why the two groups of studies seem to arrive at considerably 
different results regarding solute shape. The difference may be due to the different sol­
vents used although this explanation seems unlikely because, with the exception of AI-Jar­
rah and AI-Dujaili's work,25 little effect of solvent on solute characteristics was observed. 
It may be possible that it is more difficult to derive solute shape characteristics from a 
polydisperse mixture that may contain a range of solute shapes in addition to a range of 
solute sizes. The results reported in the first group of studies were interpreted using an ap­
proach that requires a molecular weight value of the solute. As already noted, there are 
two problems with this. One is simply the experimental uncertainty that arises with this 
measurement. The other arises because the conditions under which the molecular weight is 
determined can be quite different than the conditions of the viscosity measurements and 
therefore the measured molecular weight may not be representative of the molecular size 
of the solute that is affecting the solution viscosity. One might also argue that the studies 
performed with dilute solutions were examining individual 'molecules' whereas the latter 
studies performed with solutions of larger concentration were examining aggregates or 
micellar structures. It is certainly plausible that non-spherical molecules could aggregate 
into structures that resembled spheres. However, as already noted, all the studies discussed 
here, with both dilute and concentrated solutions, were performed at solution concentra­
tions above previously reported values for the CMC. Without further experiments in 
which the same results are interpreted using both approaches, it is difficult to identify the 
differences between these two groups of studies. 

3. SEDIMENTATION AND DIFFUSION 

3.1. Background and Theory 

The principles that govern sedimentation and diffusion measurements with macro­
molecular or colloidal sized solutes are similar and therefore the background discussion 
for both can be combined. The interpretation of both measurements in terms of solute 
characteristics involves an examination of the velocity of a particle moving through a 
fluid because of external forces acting on the sphere which are balanced by viscous forces 
between the particle and the surrounding fluid. For sedimentation, the external forces arise 
from the net gravitational or centrifugal forces. For diffusion, the forces arise from a con­
centration or chemical potential gradient in solution. 

Sedimentation measurements are typically made under steady state conditions where 
the net gravitational or centrifugal forces are equal to the viscous forces. For a solute of 
volume, V, the following expression relates this balance of forces:5 

V(p p - poJa = Iv (19) 
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where Pp is the density of the particle, Po is the density of the solvent, a is the acceleration, 
f is the friction factor and v is the velocity of the particle. When sedimentation is due to 
gravity, a = g. When sedimentation is enhanced by using a centrifuge, a = 0/ r where 0) is 
the angular velocity and r is the radius of the circular path. For reasonably small solutes in 
heavy oil mixtures, sedimentation velocities are typically measured using an ultracentri­
fuge and results are reported in terms of a sedimentation coefficient, s which is defined as 
the ratio of the sedimentation velocity to the centrifugal acceleration. Rearranging Eq. 
(19) using this definition of s yields 

s = 
(20) 

If one uses the same arguments as were used in developing Eq. (5) from Eq. (4), the parti­
cle density, Pp ' can be replaced by M IYz . 

The complementarity between sedimentation and diffusion can be seen by examin­
ing the diffusion velocity that results when the force for diffusion is expressed as a gradi­
ent of concentration or chemical potential.s Relating the diffusion velocity, or flux, to the 
flux given by Fick's Law of Diffusion yields 

(21 ) 

where D is the solute diffusion coefficient and kB is Boltzmann's constant. Eqs. (20) and 
(21) show that the measurement of either a sedimentation coefficient or a diffusion coeffi­
cient can yield a value for the friction factor which is related to the effective size and 
shape of the solute. 

For a spherical, unsolvated solute with radius ad: 

(22) 

For a solvated or asymmetrical particle with friction factorf, ad can be considered to be an ef­
fective radius, i.e., the radius of an unsolvated sphere that has the same frictional charac­
teristics (the same s or D) as the solvated particle. For a solvated sphere, ad is larger than the 
radius of the unsolvated sphere. The volume of a sphere with radius ad will be larger than the 
volume of an asymmetrical particle with the same frictional characteristics. In order to quanti­
tatively predict the effect of solvation and particle asymmetry onf, we define two other fric­
tion factors,!" andj* which enable us to independently account for solvation and asymmetry. 
The factor!" is the friction factor for an unsolvated sphere with the same mass as the solvated 
particle. The factorj* is the friction factor for a spherical particle with the same volume and 
mass as the solvated particle. Therefore, the ratio fifo describes the effect of either solvation, 
asymmetry or both and can be separated into two contributions: 

= 
f f* 

f* fa (23) 

The ratio flj* accounts for particle asymmetry and the ratio j*1!" accounts for solvation. If 
the solvation constant K is defined to be the ratio of the volume of the solvated particle to 
the volume of the unsolvated particle, 
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(24) 

Eq. (24) shows thatj*1;, ;::>: 1. 
One must have a model for the asymmetric particle in order to predictflj*. As noted 

with the earlier discussion of viscosity, oblate ellipsoids of revolution are one model struc­
ture that have been proposed to describe the characteristics of asphaltenes and heavy oils. 
Perrin34 developed the relationship betweenflj* and the axial ratio of an oblate ellipsoid, 8: 

f = 
f* (25) 

Eq. (25) is plotted in Figure 1 where the sensitivity of/If" to 8 can be compared to the sen­
sitivity of the viscosity shape factor to 8. This comparison shows that viscosity is more 
sensitive to solute asymmetry than is sedimentation or diffusion. 

Another model that has been proposed for asphaltenes and heavy oils is a series of 
multi subunit complexes which are complexes comprised of identical spheres connected in 
various rigid structures. The theoretical predictions of Garcia de la Torre and Bloomfield II 
and Nortz et al. lo can be put into the form of flj* in order to compare predictions for the 
oblate ellipsoids to some multisubunit complexes. For a solute with 6 spheres arranged as 
a hexagon,flj* = 1.172. This is slightly larger than the value of 1.105 predicted for an ob­
late ellipsoid with 8 = 3 which is the ratio of longest to shortest dimension of the hexagon. 
The multi subunit hexagon is expected to have a larger friction factor than the ellipsoid 
with the same volume because it has more surface area exposed to solvent. The ratio flj* 
for a 6 unit structure formed from two layers with 3 spheres in each layer is predicted to 
be 1.048. The smaller value for this structure when compared to the hexagon is expected 
because this two layer structure is more symmetric than the hexagon. 

3.2. Combination of Viscosity and Sedimentation-Diffusion Data 

As noted in the discussion following Eq. (7), one cannot determine both an effective 
solute size as well as the shape or configuration of the solute by measuring only intrinsic 
viscosity. Similarly, one cannot determine size and shape by measuring only sedimentation 
or diffusion coefficients. But if one assumes that the characteristics of the solute are the 
same under both types of measurements, one can determine both size and shape by com­
bining results from viscosity and sedimentation or diffusion measurements. This approach 
still requires one to make some assumptions about an appropriate model structure. There 
are several approaches that have been used to do this if one assumes the solutes are un­
solvated. This discussion will first focus on oblate ellipsoids of revolution because these 
model structures have been proposed by a number of researchers investigating the charac­
teristics of heavy oils and asphaltenes. The combination of viscosity and sedimentation­
diffusion results as applied to multi subunit model structures will then be discussed. 

If the solute under consideration is spherical and un solvated, one expects the shape 
factor in Eq. (7) to be 2.5 and the effective radius from viscosity, av to be the same as the 
effective radius from sedimentation or diffusion, ad' For ellipsoidal shaped solutes, aI' is 
the radius of a sphere with the same volume as the ellipsoid which, in terms of friction 
factors is//6 1t 11 0 , One can express the measured friction factor,/, as the product of!;, and 
the ratio /1;,. Expressing av in terms of these friction factors gives 
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f av = 
fifo 61tllo (26) 

Replacing av in Eq. (7) with the expression in Eq. (26) and rearranging yields the follow­
ing expression for the shape factor, u: 

v=[] M ~(flfo61tllo)3 
11 ( NA 41t f (27) 

If one measures [111, from viscosity measurements,jfrom either sedimentation or diffu­
sion measurements and the solute molecular weight, Eq.(27) is, in essence an equation 
with only one unknown, the axial ratio of the ellipsoid. One can use the tabulated values 
presented by Scheraga9 (shown in Figure I) to relate U to f:. It is assumed in this analysis 
that the particles are unsolvated so thatflJ;, = flf*. Therefore, Eq. (25) can be used to relate 
fit;, to f:. This approach was used by Reerink7 to relate information from viscosity and sedi­
mentation measurements with asphaltenes. 

An alternative approach was used by Sakai et al. 21 in their investigations of petro­
leum pitch fractions. In this approach, the two radii, av and ad are defined using Eqs (7) 
and Eq. (22) and one can determine values for each by measuring the intrinsic viscosity, 
the solute molecular weight and the friction factor from either a sedimentation or a diffu­
sion measurement. Note that av is defined by using 2.5 for the shape factor in Eq. (7). If 
the solute is spherical, these two radii will be equal. However, when the solute is asym­
metrical, av oft ad and their ratio can be expressed as 

av (V )1/3 f * 
ad = 2.5 f (28) 

For an oblate ellipsoid, one can predict the right hand side of Eq. (28) for a given value of 
the axial ratio by using the tabulated values of u9 and Eq. (25) for flf*. One can then deter­
mine the axial ratio that best represents the solute of interest by comparing the measured 
value of a/ad to that predicted using Eq. (28). Unfortunately, calculations show that this 
ratio is not particularly sensitive to f: because the dependence of (uI2.5)//3 on e is very 
similar to the dependence of flf* on e. This insensitivity of a/ad to e is illustrated in Fig­
ure 1. It should be noted that the results in Figure I show that the ratio a/ad is predicted to 
be close to, but always greater than unity for oblate ellipsoids. 

The predictions of Garcia de la Torre and B1oomfieldlO and Nortz et al. 11 for mul­
tisubunit model structures can also be cast in the form of a/ad. For multisubunit com­
plexes assembled from identical spheres, the ratio a/ad is predicted to be less than unity 
although again the variation of a/ad with the arrangement of the spheres was not signifi­
cant. For the structures examined, which contained from 2 to 24 spheres, the ratio a/ad 
ranged from 0.974 to 0.99. 

3.3. Experimental Measurement of Sedimentation Coefficients 

Because of the relatively small solute sizes of asphaltenes and heavy oils, sedimenta­
tion rates are typically measured in an ultracentrifuge where accelerations of 104_105 times 
the gravitational acceleration are possible. 5 Sedimentation velocities are measured using an 
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optical system that enables one to use methods such as schlieren refractometry, inter­
ferometry or spectrophotometry to track the distribution of material along the sedimentation 
path. The number of reports where ultracentrifugation has been used to measure friction fac­
tors of asphaltenes has been very limited and these studies were performed at least 20 years 
ago. Therefore, further details of these experimental measurements will not be discussed. 

3.4. Experimental Measurement of Diffusion Coefficients 

A more common method of determining friction factors of asphaltenes and heavy 
oils involves the measurement of rates of diffusion. There are two different experimental 
approaches that have been reported and both will be discussed here. 

The first method involves the use of a porous film that provides a well-defined ge­
ometry for establishment of a concentration gradient. In the study by Sakai et al./ ' a po­
rous glass diaphragm with average pore size of 5 J.1m was used. In the study by Kyriacou 
et al.,35 porous polyester membranes with pore sizes of 0.07-0.08 J.1m were used. Diffu­
sion of asphaltenes through porous membranes have also been investigated by others;36--40 
however, the objective of these studies was not to relate the measured diffusivities to mac­
roscopic characteristics of the asphaltenes. 

In this method, a porous film is placed in a cell and separates two chambers. Typi­
cally, one chamber initially contains solvent while the opposite chamber contains asphal­
tene or heavy oil solution of known concentration. The concentration of solute in the 
downstream (low concentration) chamber is monitored as a function of time, usually by 
measuring ultraviolet absorbance. The change in concentration with time is then related to 
the rate of diffusion by writing an appropriate mass balance for the diffusion/sampling 
process on the chamber. In order to relate the measured diffusion rate to the solute dif­
fusivity, it is necessary to know the total area for diffusion as well as the effective path 
length (thickness) of the film. These can be determined by measuring the rate of diffusion 
ofa solute of known diffusivity21 or by measuring the hydraulic permeability of the film.35 

In the experiments performed by Kyriacou et al.,35 the measured diffusion coeffi­
cients were corrected for hindrance because the size of the pores in the polyester mem­
branes were not significantly larger than the size of the diffusing solutes. The Renkin 
equation was used to determine the bulk phase diffusivity (which is related to the friction 
factor by Eq. (21» from the measured diffusion coefficients.41 This correction is not nec­
essary when the porous film has pores - 20 times larger than the solute. 

The second method used to determine asphaltene diffusion coefficients takes advan­
tage of the band broadening that occurs as a solute peak flows through a capillary under 
laminar flow conditions. " ·42 In this experiment, solvent flow is established in a long, thin 
capillary tube and a solute slug is introduced. As the slug flows with the liquid, it dis­
perses because of convective effects caused by the flow and by diffusion brought about by 
the concentration gradient between the sample slug and the surrounding solvent. Using the 
analysis originally presented by Taylor,43 one can show that, with appropriate assumptions, 
the concentration profile downstream is predicted to be a normal distribution with vari­
ance related to the solute diffusivity: 

R2L 
variance = --

24Du (29) 
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where R is the radius of the capillary, L is its length and u is the average linear velocity of 
fluid through the capillary. Eq. (29) shows that one can easily determine the solute dif­
fusivity by monitoring the concentration profile at position L downstream from the injec­
tion point. The experimental apparatus needed for these measurements can be assembled 
from HPLC equipment with a long empty capillary replacing the column. 

It is important to note that, unless one knows something about the nature of the size 
distribution for a polydisperse mixture, it is essentially impossible to 'correct' measured 
diffusivities for sample polydispersity. If one measures a diffusion coefficient for a poly­
disperse sample using one of the above techniques, the value that is obtained will be bi­
ased towards the smaller molecular weight species in the solution, i.e., the measured 
diffusivity will be larger than is representative of the average sized species in the sample. 
Therefore, in order to collect diffusion data which is representative of the range of mo­
lecular sizes in a particular crude or resid sample, it is important to carry out some sort of 
size fractionation prior to the diffusion measurement. 

3.5. Experimental Results 

3.5.1. Sedimentation. Studies that have used ultracentrifugation as a tool to study 
characteristics of asphaltenes and heavy oils were generally conducted several decades 
ago and can be categorized into two groups. In one group, ultracentrifugation was used as 
a separation tool to fractionate an oil or aphaltene sample into fractions with varying den­
sity. The characteristics of each fraction were then examined using a variety of analytical 
tools. In the second group, sedimentation rates were measured and interpreted in terms of 
molecular size or configuration using the principles presented in this chapter and these 
studies fit more closely with the objectives of this chapter. 

In an early study by Ray et al.,44 samples from three different crude oils were sepa­
rated into four different fractions, the most dense having asphaltene character. Sedimenta­
tion rates of the heaviest fraction dispersed in heptane or petroleum ether were measured. 
Analysis of these rates indicated that the size of the constituents of this fraction were ap­
proximately the same for material collected from each crude oil with size in the range 
30-40 A. The authors proposed that the asphaltenes are micellar in nature when dispersed 
in the lighter maltene fractions. 

In a later study by Weeks and McBride45 ten different crude oils were separated us­
ing ultracentrifugation and three different fractions were collected from each crude--a 
top, lightly colored material, a bottom, dark precipitate fraction and a middle fraction be­
tween these two. The precipitate fraction was then examined for heteroatom and metals 
content as well as asphaltene content and paraffin content. The ease of processability of 
each crude was then compared to the chemical nature of the precipitate formed upon ul­
tracentrifugation. It was observed that the most refractory crudes yielded the largest frac­
tion of precipitate and that the precipitates from these materials contained the highest 
levels of heteroatoms and metals, factors that are generally recognized today as being ma­
jor players in the processability of a particular crude. 

The final study that can be classified within this first group was performed by Lo­
renz et a/?o In this study, ultracentrifugation was used to collect several fractions that were 
then examined by measuring solution viscosity. The results from this study were discussed 
earlier in this chapter in the discussion of viscosity results. 

In another early study, sedimentation rates of three different solubility fractions from 
an asphaltene sample were measured and interpreted in terms of the molecular weight of 
each fraction using a rigid ellipsoid model for the asphaltenes.46 The intrinsic viscosity of 
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each fraction was also measured. In addition, diffusion coefficients were measured using 
an electrophoresis-diffusion apparatus, a system which yields fairly uncertain diffusivities 
even if the solute samples are monodisperse, which they were not. 

Examination of Eq. (27) as applied to oblate ellipsoidal particles reveals four un­
knowns-the axial ratio of the ellipsoid, which is embedded in the shape factor u and the 
ratio fifo, the intrinsic viscosity, the solute molecular weight and the friction factor, f In 
this study, three of these unknowns were eliminated because three measurements were 
made, leaving one unknown, the axial ratio of the ellipsoid. This was done by combining 
Eq. (20) and (21) to eliminate/, recognizing that M = NA V Pp ' which enables one to solve 
the resulting equation for M, knowing sand D. By combining these results with those 
from the intrinsic viscosity measurements, it was determined that the asphaltenes could be 
represented by spheres with a radius of 34 A. However, there is considerable uncertainty 
in these results because of the uncertainty in the diffusivity values used. Results did not 
change,when solvent was changed from benzene to carbon tetrachloride, which is not un­
expected because both solvents are non-polar. 

Another study that involved the combination of information from viscosity and sedi­
mentation has already been discussed with the viscosity results. Reerink7 measured sedi­
mentation and intrinsic viscosity of asphaltene fractions in a number of different organic 
solvents. The results were interpreted by considering the asphl~1tenes to be modeled as ob­
late ellipsoids using an equation analogous to Eq. (27). By assuming the asphaltenes are 
unsolvated, the axial ratio of the ellipsoid that best represented each fraction was deter­
mined and was found to range from 5-9. These values were in reasonable agreement with 
dimensions obtained from electron micrographs. Such agreement is not necessarily ex­
pected because the sedimentation and viscosity measurements are made in solution but the 
electron micrographs provide a picture ofthe material deposited on a surface. 

3.5.2. DiffuSion. There have been a large number of experimental investigations that 
have involved the measurement of diffusion of asphaltenes or heavy oils in porous media, 
either porous membranes or porous catalysts.36--40 The objective of these studies was gen­
erally to examine the effect of solute and pore size on effective diffusivities and results 
were typically not examined in terms of the macroscopic structure of the diffusing solute. 
Because the discussion in this chapter is focused on the interpretation of experimental 
measurements such as diffusion in terms of the effective size and shape of asphaltenes, re­
sults from these studies, while providing worthwhile information, will not be discussed 
here. 

Most of the studies involving the interpretation of measured diffusion rates in terms 
of size and configuration of the diffusing solutes have already been mentioned in this 
chapter in the discussion of viscosity results. The one exception to this is a study by lost et 
al. 42 who measured the diffusivity of crude oil fractions (obtained using preparative gpc) 
using the Taylor dispersion technique. These measurements were performed in a 9: 1 
(vol/vol) THF/methanol mixture at room temperature. The molecular weight of each frac­
tion was also measured using vapor pressure osmometry with methylene chloride solvent. 
A log-log plot of D versus M yielded a good correlation given by the following expres­
sion: 

D = 2.67 X 10-4 MO.54 cm2 I sec (30) 

The authors argued that Eq. (30) could be used to determine a "diffusion-averaged" mo­
lecular weight from a diffusion measurement. In an earlier publication, the authors showed 
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that this "diffusion-averaged" molecular weight lies between the number and weight aver­
aged molecular weight for a polydisperse sample and that the determination of two differ­
ent molecular weight values should enable one to determine the polydispersity (MjM.) of 
a particular sample. The validity of this approach was determined by predicting the diffu­
sion averaged molecular weight by measuring M. with VPO and the polydispersity using 
gpc and comparing the predicted value to that measured with a polydisperse resid sample. 
The two values agreed to within 10%. 

An issue that the authors did not address was the recognition that the exponent in re­
lationships like Eq. (30) provide an indication of the configuration of the diffusing solutes 
just as the exponent in the Staudinger-Houwink equation (Eq. (l7» involving intrinsic vis­
cosity provides some information about solute structure. For a rigid, impermeable sphere, 
one expects D oc M1I3. For a random coil polymer, one expects an exponent of -0.5 be­
tween D and M. For an oblate ellipsoid with a large axial ratio, the Stokes radius, ad is pro­
portional to the length of the major axis.2 If larger ellipsoids are formed by extending the 
major axis while keeping the minor axis constant (Le., keeping the thickness of the disc 
constant), one also expects D oc MO. 5• However, if the major axis remains constant while 
the thickness of the disc increases with increasing M, one expects D to be independent of 
molecular weight. The -0.5 power dependence observed in this study is probably an indi­
cation that these crudes are consistent with the disc like structure that has been postulated 
from other types of observations and not due to a random coil structure which is not intui­
tively consistent with previously accepted pictures of these materials. 

In a study undertaken by Sakai et aZ./ 1 the diffusion coefficients of petroleum pitch 
fractions were measured using a porous glass diaphragm. The measurements were per­
formed at 25° C using chloroform as solvent. An examination of the power law depend­
ence of D on M shows that an exponent of -0.62 provides a good fit to the data. This is in 
reasonable agreement with the -0.5 dependence that is predicted for disk-like solutes. 

As noted earlier, the intrinsic viscosity of these materials was also measured8 and re­
sults from both measurements were combined to determine the axial ratio of oblate ellip­
soids that fit the data. This was done by determining av from the viscosity results and ad 
from the diffusion results. The ratio av lad ranged from 0.88-1.02 and the authors at­
tempted to use Eq. (28) to relate this ratio to the axial ratio of the ellipsoids. However, in 
their analysis, it was assumed that the shape factor u = 2.5, arguing that this does not in­
troduce significant error when E ~ 3. This assumption can introduce an 11% error in the 
predicted value of av lad because (ul.2.5)1/3 = 1.11 when E = 3. With the given assumption, 
the axial ratio of ellipsoids that represent the data was found to range from 1-3. However, 
if one uses Eq. (28) as given here, without making any assumptions about u, essentially 
any axial ratio can explain the data for av lad> 1 whereas the results with av lad < 1 cannot 
be explained with any oblate ellipsoid model. 

The final studies to be presented were performed in the author's laboratory and have 
also already been discussed along with the intrinsic viscosity results. In the first study, the 
diffusion coefficients from fractions from Cold Lake vacuum bottoms were measured us­
ing porous polyester membranes.35 When the ratio av lad was calculated by combining the 
intrinsic viscosity results (using the VPO molecular weight) with the diffusion results, the 
ratio was found to range from 0.2-0.4 in THF at 20°C while the range in I-methylnaph­
thalene at 50°C was found to be 0.4-0.77. These differences could be due to a different 
macrostructure for this material at the two conditions. Because the determination of av re­
quires a molecular weight value, it is also possible that the VPO molecular weight better 
represents the material under one set of experimental conditions when compared to the 
other. But, if this is the case, it is impossible to identify which condition is better repre-
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sented by the VPO molecular weight value. A comparison of these values of av lad to those 
predicted for oblate ellipsoidal solutes (Figure I) shows that these results cannot be ex­
plained using an oblate ellipsoid model. 

A log-log plot of D versus M shows an exponent of -0.74 for the data in THF and an 
exponent of -1.0 for the data in I-methylnaphthalene. These exponents are not in agree­
ment with the exponent of -0.5 that is predicted for a disk shaped solute. For a rod-shaped 
solute which increases in length at constant cross sectional area as molecular weight in­
creases, one predicts an exponent of -1. This model is not consistent with the generally ac­
cepted models of these materials but it is consistent with the model found to provide 
reasonable agreement with the viscosity results with this material. As noted earlier, there 
was believed to be considerable uncertainty in the VPO molecular weight values deter­
mined in this study because of the presence of a low molecular stabilizer that was used 
with the solvent during gpc fractionation and this may be responsible for the anomalous 
results obtained when the intrinsic viscosity and diffusion values were interpreted using 
the VPO molecular weight values. 

In a later study, the diffusion coefficients of fractions from Athabasa tar sand bitu­
men vacuum bottoms as well as fractions from a blend of vacuum resids from Western Ca­
nadian crudes were measured using the Taylor dispersion technique. I I These 
measurements were performed in I-methylnaphthalene solvent at SO° C and 70° C. The 
small differences in diffusivity at each temperature can be attributed solely to the differ­
ence in solvent viscosity at each temperature, because the effective size, ad' was found to 
be independent of temperature. Combining these results with the intrinsic viscosity results 
with these same fractions yielded a/ad ratios that ranged from 0.S5-0.81, values that again 
cannot be explained using an oblate ellipsoid solute model. 

A log-log plot of D versus M yielded agreement with a power law relationship with 
an exponent of -O.S, a value that is consistent with a disk-like shape for these materials. 
Recall that the dependence of [T1]c on M was also consistent with this structure. It is puz­
zling that intrinsic viscosity and diffusivity measurements are independently in agreement 
with a planar conformation for these materials but the same conclusion does not arise 
when the measurements are combined and the ratio a/ad is examined. 

The intrinsic viscosity and diffusion results collected from both of these studies 
were also interpreted in terms of the multi subunit models that have been previously pre­
sented. These were chosen because the idea that larger asphaltene or resid entities can be 
represented by collections of attached smaller entities appeared to be consistent with the 
micellar character that has been proposed for these materials. In addition, the ratio a/ad 
for these model structures is predicted to be less than unity, which is consistent with ex­
perimental observations. In determining the structures that best describe the experimental 
observations, it was assumed that the spherical units comprising each structure were the 
same, i.e., the larger entities were formed by adding additional spheres rather than increas­
ing the size of the spherical subunits. 

In the first study/5 the size of the smallest 'base' unit was assumed to be equal to the 
size of the smallest fraction examined. Therefore, the size of the spherical subunits mak­
ing up the larger fractions was assumed to be ad ( = av ) from the smallest fraction. This 
value was 4.S A for the data in THF and 4.7 A for the data in I-methylnaphthalene. Using 
these values with the experimental molecular weight values determined for the larger frac­
tions, the arrangement that provided the best fit between predicted and observed intrinsic 
viscosity values was then determined. The structures that were found to be in good agree­
ment with the viscosity results were generally planar in nature, containing 2-8 spherical 
units. The diffusion coefficients predicted for these model structures were then compared 
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to the measured diffusivity values and it was found that the measured diffusivity values 
were 2-5 times smaller than those predicted for the model structures that provided good 
agreement with the viscosity values. This discrepancy may be due to experimental uncer­
tainty with the molecular weight values or to the fact that the structure of the material 
changes with the experimental conditions of each measurement. This may be due to the 
fact that the shear experienced during the viscosity measurements is sufficient to disasso­
ciate some of the larger entities that are present during the diffusion measurements. 

In the second study,lI results were also interpreted using multisubunit structures but 
the approach was somewhat different than that used in the first study. Here, it was as­
sumed that the molecular weight of the spherical base unit was 100. Therefore, structures 
comprised of 6-24 subunits were needed to obtain models with molecular weights span­
ning the measured molecular weights of the investigated fractions. In order to determine 
the radius of the spherical base unit, a series of 4-7 structures covering a range of arrange­
ments was considered. The radius of the base unit that provided the best agreement with 
the predicted diffusivity values and the power law correlation that provided a good fit to 
the experimental results was determined (i.e., the -0.5 power dependence of D on M). A 
number of different series were examined and the series that provided the best agreement 
between prediction and observation was found to be a series of multilayer structures con­
taining two or three layers with 3-8 spheres of radius 5.1 A. However, a comparison of the 
predictions for [TJL to the experimental results for intrinsic viscosity again showed some 
discrepancy, with the discrepancy again indicating that the size determined by diffusion 
was smaller than the size determined by viscosity. This discrepancy was also illustrated by 
determining the size of the base unit needed to describe the intrinsic viscosity results, us­
ing the same series of structures that was found to represent the diffusion results. A base 
unit with radius of3.5 A was needed to provide a good fit to the viscosity results. This dis­
crepancy again indicates that the effective size appears to be larger during a diffusion 
measurement than during a viscosity measurement. If one attributes this difference in the 
base unit size to a solvent layer on each spherical unit, a layer of thickness 1.6 A is needed 
to explain the observations. This value is reasonably consistent with the solvation layer of 
2-4 A that was found to explain the viscosity results of Storm et al. 6 with Ratawi asphalte­
nes. It should be noted, however, when making this comparison, that the value of 2-4 A 
was reported by Stonn et al. for data at 3000 C and was reflective of a layer of solvent on 
a spherical solute, not a collection of spheres as was considered in this study. 

The diffusivity versus molecular weight values reported from each of these cited 
studies were compiled and a log-log plot of the results are shown in Figure 4. A line with 
D ex: MO. 5 is also shown which is the relationship predicted for a disk-like solute. A com­
parison of the results shows that, in general, the results are in reasonable agreement with 
the prediction for a disk-like solute. The diffusivity values span over an order of magni­
tude but it should be noted that solute diffusivity is dependent on solute size as well as 
temperature and solvent viscosity. To separate temperature and viscosity effects from sol­
ute size, the effective solute radius, ad , was determined by combining Eqs. (21) and (22) 
and solving for ad using the measured diffusivity values. 

A log-log plot of ad versus M is shown in Figure 5. A comparison of the results plot­
ted in this manner shows that much of the differences in diffusivity seen in Figure 4 can 
be attributed to different temperature and solvent conditions used for the measurements. 
The exception to this is the data reported by Kyriacou et al. 22 for the Cold Lake bitumen 
fractions in THF at 20°C as well as the higher molecular weight fractions for this same 
material in l-methylnaphthalene at 50°C. The molecular weight values reported for these 
materials are likely to be anomalously low due to the presence ofBHT in the samples and 
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Figure 4. Experimental values of diifusivity as a function of VPO molecular weight. t:. Cold Lake bitumen frac­
tions in THF at 20·C,22 0 Cold Lake bitumen fractions in I-methylnaphthalene at 50·C," & Vacuum oil residue 
fractions in 9: I (vol/vol) THF/methanol,42 0 Western Canada crude vacuum resid blend fractions in l-methyl­
naphthalene at 50oC, II + Western Canada crude vacuum resid blend fractions in I-methylnaphthalene at 70·C, II 0 
Athabasca tar sand bitumen vacuum bottom fraction in l-methylnaphthalene at 50·C," x Athabasca tar sand bitu­
men vacuum bottom fraction in I-methylnaphthalene at 70·C," • Petroleum pitch fractions in chloroform at 
25·C,8 line showing D oc MoO, s. 

this could provide a partial explanation for the discrepancy between these results and the 
others. However, the reported molecular weight values would need to be 50-100% larger 
in order to explain the observed differences in ad values. It is unlikely that the molecular 
weight values were in err by this much. The largest discrepancy between results and the 
general trend shown by the rest of the data is seen for the data collected in THF at 20° C. 
One might postulate that these environmental conditions lead to association or aggregation 
yielding larger solutes. However, these conditions are very similar to those used by Jost et 
al. 42 whose results seem to provide a lower bound on the compiled results. In addition, the 
intrinsic viscosity results with these same materials in THF were in general agreement 
with results collected in other studies, as shown in Figure 3. Another possible explanation 
is that the determination of diffusivity values by measuring solute flux through polyester 
membranes yields anomalously low diffusivities, possibly due to solute adsorption onto 
the membrane surface. Although effective pore sizes did not appear to change appreciably 
upon contact with the bitumen material, it is possible that adsorption could be sufficient to 
affect the observed diffusivities but still not cause a detectable change in pore size. 

4. SUMMARY 

In this chapter, the utility of using intrinsic viscosity, diffusion and sedimentation 
velocity measurements to determine macroscopic characteristics of heavy oils and asphal-
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Figure S. Effective radius, ad' detennined from diffusion as a function ofVPO molecular weight. t::. Cold Lake bi­
tumen fractions in THF at 20·C," 0 Cold Lake bitumen fractions in I-methylnaphthalene at 50·C," .& Vacuum 
oil residue fractions in 9:1 (vol/vol) THF/methanol:l 0 Western Canada crude vacuum resid blend fractions in 1-
methylnaphthalene at 50·C,11 + Western Canada crude vacuum resid blend fractions in I-methylnaphthalene at 
70·C," 0 Athabasca tar sand bitumen vacuum bottom fraction in I-methylnaphthalene at 50·C," x Athabasca tar 
sand bitumen vacuum bottom fraction in I-methylnaphthalene at 70·C," • Petroleum pitch fractions in chloro­
fonn at 25·C,8Iine showing ad oc MO.5• 

tenes has been demonstrated. Results from measurements with a variety of source materi­
als from a number of different labs has yielded some consistent as well as some inconsis­
tent results. Solution viscosity measurements collected from solutions with a relatively 
large asphaltene concentration indicate that the asphaltenes are generally spherical in 
shape and followed behavior predicted from a number of theories for concentrated solu­
tions.6.27.29.30.32.33 In contrast, results from intrinsic viscosity measurements with quite dilute 
solutions indicate that asphaltenes and heavy oils can be modeled as planar, disk-like 
structures, as shown by the 0.5 power dependence between [1110 and M shown in Fig­
ure 3.7.8.11.22.25 This inconsistency between the low concentration and high concentration re­
sults may be due to different extents of association or aggregation, although both sets of 
data were presumably collected at concentrations above those reported for the CMC of as­
phaltenes.26 With one exception/5 the low concentration viscosity measurements were per­
formed using fractionated materials that are reasonably monodisperse whereas the high 
concentration measurements were performed with a polydisperse mixture. If the high con­
centration solutions were polydisperse both with respect to size as well as shape, it is pos­
sible that the shape effects might be clouded by the range of solute sizes present in the 
mixtures. 

Diffusion measurements with some of the same material used for the low concentra­
tion viscosity measurements, again collected at low concentrations yielded results that are 
also consistent with results expected for planar solutes, as shown by the -0.5 power de­
pendence between D and M shown in Figure 4 and by the 0.5 power dependence between 
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ad and M shown in Figure 5.11.21.35.42 However, several attempts to model these materials as 
oblate ellipsoids by combining information from viscosity and diffusion measurements to 
determine the ratio a/ad yielded results which could not be explained by an oblate ellip­
soidal model.lI.21.35 One possible explanation for this inconsistency is that the materials 
have different characteristics (perhaps different levels of solvation or different extents of 
aggregation) during each type of measurement. 

There have been no reported studies in which the same material has been investi­
gated under a wide range of conditions--fractionated as well as unfractionated samples, 
low concentration as well as high concentration, in organic solvents as well as in 
deasphalted oil and where diffusion, viscosity and molecular weight have been measured 
under all of these conditions. A systematic, comprehensive study such as this might aid in 
understanding the source of the inconsistencies in the results reported here. Finally, if one 
wishes to use hydrodynamic property measurements to ascertain the physical charac­
teristics of these materials under reactive conditions, it is important that these measure­
ments be performed under higher temperatures and pressures than have generally been 
used for the studies reported here. 
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1. INTRODUCTION 

Asphaltenes can have crucial impact on several stages of production of crude oils. 
First of all, aspha/tenes can precipitate in the well or in the formation and cause severe 
formation damage, and in the worst case the well might be shut down. Second, asphalte­
nes cause problems if they deposit on the steel walls in the production line. They can also 
be transported along the production line and accumulate in separators or in other fluid 
processing units. 

In this chapter we will focus on the role of the asphaltenes in stabilizing formation 
water in crude oils, and thus preventing coalescence of the water droplets from taking 
place. In the offshore production of crude oil the problem of crude oil emulsions is en­
countered at an early stage. In the planning and construction of the production unit, plat­
form or production ship, enough space must be reserved for emulsion destabilization 
equipment, such as separators, water treaters and coalescers. With reliable information 
about the crude oil and its tendency to form emulsions, this space could be reserved for 
other equipment with other purposes, or the production unit could be made smaller. 

The hydrocarbon reserves in the North Sea include several marginal fields, which 
are either small or deep water fields. Feasible economic exploitation of these reserves will 
require a shift towards lower cost options in subsea production, or the use of minimum-
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processing platforms tied to centralized or land-based processing facilities. This will re­
quire the transportation of unprocessed or minimum processed fluids over long distances. 
Multiphase flow in pipelines has taken place on the Norwegian Continental Shelf for sev­
eral years. Connection of wellhead platforms and subsea production plants to processing 
platforms by means of multiphase transportation is also available technology. However, 
these solutions have hitherto been restricted to transportation of unprocessed well stream 
over short distances. In the case of a multiphase transport from platforms offshore to land­
based process plants there will be possibilities for formation of water-in-crude oil emul­
sions due to turbulence in the flow, joints and valves in the pipeline, etc. 

These emulsions are of interest in the offshore production of crude oils from two dif­
ferent points of view. As the production time of the oil wells increases, there will be an in­
creased coproduction of oil and water in the form of an emulsion. Secondly, as mentioned 
above, in establishing multiphase transport systems, large quantities of the water will be in 
an emulsified form during transportation. This colloidal state can, due to extreme stability 
and high viscosity, create substantial transport problems. There are obvious needs for an 
increased understanding of the mechanisms underlying the formation of stable emulsions 
and for predictions of the problems created by these. 

At an ongoing Statoil field development in the North Sea it is recommended that an 
electrical coalescer unit is not installed. Based on laboratory experiments of the emulsion 
stability of water and oil from the fields, the quality of the oil was satisfactory and no 
electrical coalescer was necessary to improve the quality of the oil. This is a direct saving 
of $2.5 million in direct coalescer investments, and a total saving in the order of $7 mil­
lion due to savings in space and weight. If a "correct" fluid/emulsion characterization is 
possible, there are better possibilities of designing more compact coalescers and compact 
separation processes and separators. At another Statoil field development in the North Sea 
it was estimated that a weight reduction of 20-40% of the separation equipment gave a 
saving in the weight of the order of 600 ton and in the order order of $20-30 million in 
equipment investments. The crucial step in field development evaluations will be to pre­
dict emulsion stability from measured analytical and physico-chemical properties of crude 
oil samples and/or prepared synthetic crude oil emulsions. 

Crude oil emulsions have been the subject of intense debate and research during the 
last eighty yearso lolO There has been a lack of fundamental understanding of the mecha­
nisms governing the stability of oil-continuous emulsions. The reason for this is that the 
most important stabilizing mechanisms are different from those of water-continuous emul­
sions. For crude oil emulsions the importance of a rigid and protective film surrounding 
the water droplets is usually pointed OUt. llo14 The detailed properties of this film together 
with a fundamental knowledge about the chemistry of the interfacially active components 
in the crude oil are far from completely understoodo However, empirical studies have 
shown the importance of components like asphaltenes and resins for the stabilization.1502o 
They are believed to have surface active properties and hence to accumulate at the inter­
face of water and oil. Formation of an interfacial film possessing certain surface-rheologi­
cal properties, in combination with a particle and/or steric stabilization, is obviously of 
fundamental importance for the stability of crude oil emulsions. 

In order to understand the properties of the interfacially active components in true 
crude oil systems it is of great chemical interest to build up model systems with chemical 
properties equal or similar to that of the original crude oil. 

Crude oils are mixtures of numerous aliphatic and aromatic hydrocarbons, and oxy­
gen, nitrogen and sulphur compounds. Some of these compounds are surface-active in na­
ture, and can adsorb to water-crude oil interfaces 0 Two such classes of compounds are 
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asphaltenes and resins. They are both polymeric in nature and have structural similarities, 
as observed from infrared spectroscopy. There are different definitions of asphaltenes as 
they are not one compound, but a solubility-class of compounds. Part of the heterocyclic 
molecules in a crude oil is dissolved in a molecular state and the rest is in an undissolved 
colloidal state. The asphaltenes are stabilized in the crude oil by the lighter resins. It is 
commonly known that the asphaltenes precipitate when the crude oil is treated with a light 
aliphatic hydrocarbon. For practical approaches in the laboratory a commonly used floccu­
lant is n-pentane. Since the resins are soluble in n-pentane they will be removed from the 
asphaltene aggregate to the bulk of the crude, and hence the heavy asphaltene aggregates 
can flocculate and precipitate. 

To stabilize an emulsified system is to control four fundamental processes, i.e. sedi­
mentation (creaming), flocculation, coalescence and Ostwald ripening. The first process is 
the formation of a droplet concentration gradient within the emulsion. Flocculation is the 
process where interparticular distances between the droplets are strongly diminished due 
to a net attraction between the droplets. In this process the individual droplets maintain 
their identity. Coalescence means the formation of large droplets with a concomitant phase 
separation. Coalescence as a process involves the elimination of the thin liquid films sepa­
rating the dispersed droplets in a close-packed array. Ostwald ripening is a phenomenon in 
polydisperse emulsions where large droplets will form at the expense of small ones.21 .23 

In order to counteract the destabilization processes above, some common stability 
mechanisms have been developed. Electrostatic stabilization is based on a double-layer re­
pulsion between two adjacent droplets with equal charges. Steric stabilization is due to the 
overlap of polymeric interfaces on the emulsion droplets. Particle stabilization is due to 
the incorporation of solid particles in the interfacial zone of the emulsion droplets, and a 
distinct change in the mechanical properties of the interfacial film.24•32 The formation of 
multilayer surfactant structures (lamellar lyotropic liquid crystalline phases) at the 
water/oil interface will also drastically increase the stability against coalescence.33•36 

When the stability of an emulsified system is discussed there are two different ap­
proaches to be considered. The first approach deals with the overall behaviour of the sys­
tem. This may include bulk viscosity, droplet size and the total composition of the 
system.37•39 The second approach deals with the interfacial properties of the system.40 The 
combined information from these two approaches will therefore give a total description of 
the emulsified system. 

The properties of different crude oils from the Norwegian Continental Shelf and 
their ability to create stable water-in-crude oil emulsions have recently been focused on in 
a series ofpublications.39,41.48 This paper tries to update recent findings in the field. 

2. EXPERIMENTAL TECHNIQUES FOR DETERMINATION OF 
DROPLET SIZES AND SIZE DISTRIBUTIONS 

This chapter summarizes some of the most important and frequently used methods 
for characterization of water-in-crude oil emulsions. 

The most common way to determine the emulsion stability is to record the separated 
volume of water from a crude oil and water mixture. This technique gives a good measure 
of the separability of crude oil and water. However, often a few percent of water remains 
dispersed in the crude oil, and these last amounts of water can be stable in the crude oil for 
a very long period of time. In the oil industry, electrical coalescers are widely used to re­
move the last remaining dispersed water droplets. 
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In order to understand the emulsified state and to predict the stability of the emul­
sions at different stages in the processing of the crude oil, the determination of the droplet 
size and their distribution is crucial. In the following we view some useful techniques to 
do this. 

2.1. Video Enhanced Microscopy 

The microscope is traditionally used in the measurement of particle size and has 
been so for many years. It is relatively inexpensive and simple to operate, but the method 
is less attractive when used in the determination of size for a large number of objects, as 
manual measurement techniques49 are both laborious and time consuming. Video micros­
copy, or video enhanced microscopy, markedly represents an improvement as computer 
assisted analysis offers substantially improved efficiency of measurement. 

The basic apparatus of the video microscopic technique (Figure I gives a schematic 
view) is a videocamera connected to an ordinary compound microscope. The camera 
transfers the image to a computer which in tum can be used for image treatment and 
analysis. As an obvious consequence, the data which can be produced from VM emulsion 
study is based on information contained within the images. Therefore, the images must 
truly represent the actual sample, which in turn puts great demand on sample preparation. 
A useful preparative technique in this respect is the utilization of flat, rectangular micro­
capillaries of glass. These allow the seclusion of a pseudo bulk sample volume (governed 
by the inner diameter or height of the capillary), limiting contamination and sample distor­
tion by evaporation. In such fashion an emulsion sample can remain intact for observation 
over a period of time. Obviously, sedimentation of droplets and the possibility for drop­
let/glass wall interaction must be taken into account when considering this method of sam­
ple preparation. Figure 2 shows two image segments (1/6 of the complete images) of 
emulsions in microslides. On the left is a freshly prepared w/crude oil emulsion wherein 
the droplets are still in the process of sedimenting to the lower glass wall. On the right is 
an example of a most readily analysable image, where the droplets can be measured auto­
matically through application of functions built into current image analysis software (see 
below). The system depicted is w/model oil containing asphaltenes precipitated from a 
crude oil. 
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Figure 1. Schematic of typical VM setup. 
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Figure 2. Image segments from two different emulsions; on the left a freshly prepared w/crude oil emulsion with 
a large part of the population not yet sedimented to the lower glass wall (the focal plane); on the right readily 
measureable water droplets in a model oil containing asphaltenes. Microslide inner diameter 100 11m. The scale on 
the lower right marks 10 11m. 

The foremost advantage of videomicroscopy lies in the directness of the sample ob­
servation. The operator may see if droplets interact to produce flocs or if they remain as 
single droplets, if there are other particles present, and so on. Also, depending on the 
preparative method chosen, even quite opaque samples can be studied, as the sample 
thickness is not very high. This includes the study of crude oil emulsions. Important objec­
tions towards the technique may be a quite high time consumption, as automation of data 
analysis cannot be easily achieved on complex systems, leaving much of the work to the 
operator. Further, it is vulnerable to error in sample preparation and data acquisition as, in 
a statistical sense, only a rather small number of objects (droplets) is observed and meas­
ured. The role of the operator is then obvious, as the operators skill and decisions can 
greatly influence the data. 

In the determination of droplet size, the technique can be used effectively on droplet 
sizes down to the I micron region. The optical resolution limit is, according to Miller et 
al.,s° about 0.25 microns for typical microscope optics, while Shawsl states that oil immer­
sion objectives may set the limit down at about 200 nm due to high numerical apertures. 
On the question of measurement error, Allen52 warns that even though the optical resolu­
tion limit may be as low as 0.2 microns, the error in the visual estimate may be much 
higher, e.g. +13% for I micron droplets and +36% for 0.5 micron droplets. 

The width of the drop size distribution (d.s.d.) also influences the correctness of the 
data. If a distribution has a long tail towards higher diameters and a moderate number of 
droplets are counted, the importance of each larger droplet on the cumulative volume will 
be significant. A miscalculation of only a few or even one droplet may result in serious 
misplacement of the volume/size distribution; e.g. as the radius increases by a factor of 10 
the volume increases by a factor of 1000: one 20 micron diameter droplet contains the vol­
ume of a thousand 2 micron droplets. 

To some extent, image analysis programs can assist the measurement and sometimes 
provide some degree of automation. Basically, image enhancement comprises a wide 
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range of image operations designed to prepare the image for analysis and measurement, 
e.g. noise reduction, contrast enhancement, etc. For the program to automatically measure 
the droplets, it must be able to distinguish the droplets from the background and from one 
another. Droplets are defined by a range of grey levels characteristic to them. The degree 
of automation is a function of image complexity, e.g. droplet flocculation. Droplet sizes in 
heavily flocculated systems, a situation not uncommon in the study of crude oil emulsions 
or asphaltene stabilized model emulsions, are by nature not easily quantified as droplets 
tend to hide other droplets in the vertical direction (viewing path). 

To obtain a statistically reliable size distribution a rather large number of droplets 
must be measured.53 A large number of droplets per image means that a moderate number 
of images are needed. However, if the droplet concentration is high, the analysis may be 
complicated by droplets overlapping, typically resulting in an underestimation of smaller 
droplets. For the microcapillary technique, problems resulting from high droplet concen­
tration manifest themselves at even rather low disperse fractions, as droplets usually sedi­
ment to and accumulate along the capillary wall. The effect increases with the thickness of 
the viewing path (which corresponds to the inner diameter, i.d., of the capillary), as the 
bulk volume providing the droplets increases. For Ld.s of about 50 microns and a size dis­
tribution in the range of 1-10 microns, sample concentrations of more than 1 % disperse 
phase may prove difficult to analyze. This can however be countered. For example, by us­
ing a non-destructive form of dilution of the original concentrated emulsion, taking into 
account the risk of changing the d.s.d. by changing the system chemically. Also, the use of 
a flow cell may be useful as the droplets distribute themselves through the entire volume 
of the ce1l54• The use of video enhanced microscopy in determination of polystyrene parti­
cle size has been examined. Also the water droplet size in crude oil emulsions has been 
tested and it was found that the technique performed well compared to laser diffraction 
and Coulter counting. Mason et a1.55 found the d.s.d. photomicroscopically in emulsions 
destabilized by addition of a demulsifier. The d.s.d. was studied as a function of several 
parameters, e.g. emulsion age, demulsifier concentration and mixing after addition of de­
mulsifiers. VM has also proven valuable in the study of kinetic properties of emulsions. 
The flocculation and coalescence processes in dilute o/w emulsions were investigated 
through determination of the d.s.d. as a function of time and by direct study of droplet­
droplet interaction.56,57 The methods described may provide a tool for improving the un­
derstanding of these fundamental processes of destabilization. 

Two examples show the d.s.d. as function of the oil phase for w/o emulsions. The 
microscope used is a Nikon Optiphot 2 with 20X and 40X DIC optics connected to a Hita­
chi KP-160 CCD camera. The images are grabbed by an Integral Technologies Flashpoint 
PCI card in a Pentium 166 MHz Pc. Media Cybernetics Image-Pro Plus for Windows 95 
is used for image enhancement and measurement. Figure 3 shows the normalized d.s.d. of 
a water-in-crude oil emulsion and of a model emulsion with 10% of the asphaltene content 
of the crude (about 0.07 g/ml). The model oil is 30/70 v/v toluene/decane. Both emulsions 
40% v/v 3.5% NaCI solution in oil were mixed at 50°C, since the importance of wax parti­
cles increases at lower temperatures. The number of droplets decreases from the crude oil 
emulsion to the model emulsion by a factor of 18, while the dispersed area is about 6.5 
times lower. The effect of combining a hydrophilic resin fraction and asphaltenes in the oil 
phase is shown in Figure 4. Both emulsions are 40% v/v 3.5% NaCI solution in oil and 
both emulsions have 1.53 w% asphaltene relative to the disperse phase. The asphal­
tene/resin emulsion has a hydrophilic resin fraction (adsorbed on silica from the de-as­
phalted oil/pentane eluate and desorbed with a 7% methanol in dichloromethane solvent 
after washing with benzene) at 114 the mass of the asphaltene. The oil phase is a 30/70 v/v 
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Figure 3. Normalized droplet size distributions ofw/crude oil vs. w/model oil with 1110 of the asphaltene content 
of the crude. 

toluene/decane mixture. Aromatic toluene is an effective asphaitene solvent, contrary to 
decane. The oil phase is thus expected to contain both monomeric and aggregated asphal­
tenes as well as particles. Resins are expected to disperse the asphaltenes in the oil, which, 
up to a certain resin/asphaitene ratio, will increase the ability of the oil phase to stabilize 
water droplets. Indeed, Figure 4 shows a 30% increase in the number of droplets as well as 
a shift in the d.s.d. towards smaller droplets. 

C 
:I o o 

2~~----------------------------------------~ 

200 

100 

50 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 192021 22 

Diameter, microns 

.Asphaltene + resins 

O Asphaltene 

Figure 4. Droplet size distributions of crude oil based model emulsions stabilized by asphaltenes and asphalte­
nes/resins extracted from an asphaltene rich crude. 
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2.2. NMR Self Diffusion 

The pulsed field gradient NMR-method has been used to determine the droplet size 
in different emulsified systems.58-61 This technique is based on measuring the restricted 
self-diffusion of molecules within the droplets where the NMR spin echo signal is highly 
sensitive to droplet size. The method is rapid, nonperturbing and independent of the physi­
cal state of the sample and may be used without additional processing of the emulsion. 
The method should be very applicable for characterization of water-in-crude oil emul­
sions. 

The measurement of size-distribution functions by means of NMR has been applied 
for a number of years to systems where the diffusion of the molecules is free, i.e. with no 
diffusion barriers on the length scale of the experiments. The simplest version of the NMR 
self-diffusion experiment is based on a spin-echo experiment, where in addition to the radio 
frequency pulses generating the spin echo there is also included two pulsed-field gradients. 
The first gradient pulse tags the spin by inducing a spatially dependent phase angle to them, 
while the second pulse determines their relative position at time D later. The result of the 
experiment is therefore the translational displacement of the molecules during the time-in­
terval D. The echo attenuation for free diffusion measured by the experiment described 
above is exponential and defines the diffusion coefficient D. When the molecules experi­
ence barriers to their diffusion and the distance between the barriers is of the same order of 
magnitude as the distance travelled during D, the outcome of the experiment will be af­
fected. For such a situation the echo attenuation will depend on the geometry ofthe barriers. 
It has to be stressed that the exact relation for the echo attenuation for an arbitrary geometry 
has not yet been derived, so one has to resort to different levels of approximation. In the 
case of molecules confined to a spherical cavity, emulsions, the droplet size is found using a 
Gaussian Phase Distribution (GPD) approximation62 containing the radius of the spherical 
cavity (droplet). The assumption underlying the approximation has recently been tested by 
computer simulations, and it was found that the deviation in describing the diffusion within 
the spheres was below 5%.63 In the case of emulsions where the droplets are polydisperse 
with respect to their sizes the situation will be more complicated. If the exchange of mole­
cules between droplets is slow on the NMR time-scale (D) then droplets of each size will 
follow the echo attenuation and the measured NMR echo intensity will be a sum of the con­
tributions from the different droplets weighed by the volume fraction of each droplet size. 
According to this the echo intensity can be rewritten to contain a size distribution function 
P(r).S9 It is not possible to determine the functional form of P(R) from the NMR experi­
ments, but given a functional form of the distribution function the different parameters of 
that particular function can be calculated. Generally the results obtained from NMR studies 
have been verified by the use of optical microscopy. 

In Figure 5 the droplet size and size distribution of a crude oil emulsion obtained by 
optical microscopy and NMR measurements are given. It is interesting to note that both 
methods indicate that the size distribution of water droplets in crude oil can be described 
by a log-normal size distribution. 

2.3. Ultrasound Measurements 

Acoustic methods have some advantages when analyzing emulsified systems. By 
means of accurate acoustic methods both particle size and concentration of the dispersed 
phase can be determined. These methods can be applied for optically opaque systems. The 
methods are non-intrusive, and low intensity acoustic waves will not affect the systems.64 
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Figure 5. Size distribution curves obtained by microscope for an emulsion containing \0% water after measuring 
2250 droplets (12 images covering different sizes). The broken line is the best fit of the microscope data with a 
log-normal size distribution of do=3.9 !-1m and 0=0.42. The solid line represents the size distribution obtained by 
NMR which gave do=4.5 !-1m and 0=0.32. 

For a detailed evaluation of acoustic methods in emulsion research we refer the re­
views by Pal/5 McClements/6 Fmysa and Nesse,64 and Dukhin et a1.67-69 In the following 
we shall restrict ourselves !o the ultrasonic aspects, i.e., the sonic wave frequencies in the 
range from 20 kHz to approximately 100 MHz. 

Pal described the sound-scattering technique based on the sound scattering proper­
ties of the emulsion droplets. The intensity of the scattering depends on the amount and 
sizes of the dispersed droplets. By measuring the intensity of the scattered field in several 
directions, an average radius and the concentration of the droplets may be extracted. This 
method, however, will probably require very high frequencies in the range from 100 MHz 
up to as high as 1 GHz. 

Pal also mentioned the ultrasound vibration potential (UVP). In this technique the 
incident ultrasound wave will cause the droplet to oscillate. If the droplets are charged this 
oscillation will produce an electric field generating a UVP-signal. The signal depends on 
the number of droplets in the emulsion. However, other parameters may also influence the 
UVP-signal, thus raising the uncertainty when applied to disperse systems. 

Pal and McClements described the measurement of the speed of sound. Fmysa and 
Nesse also described this method in detail, since they regard the method as the best applicable 
to emulsified systems. This assessment is due to its simplicity in use, and the great number of 
studies on the method. The measurement of speed of sound is considered to be well suited for 
the determination of concentrations and droplet size distributions in emulsions.64 

A mixture of oil and water will have a speed of sound which is somewhere between 
those of the pure components. Hence from these measurements at a well-defined tempera­
ture it should be possible to calculate the volume fraction of water and oil. For a disperse 
system such as an emulsion one has both a group velocity and a phase velocity at a fixed 
frequency. The frequency dependence of the phase velocity together with its absolute level 
will provide useful information about the droplet sizes and the amount of the phases present. 
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Models predicting the concentration from measured speeds of sound are obviously 
needed. To start with, simple models giving the concentration (without any droplet size 
dependence) from a frequency-independent phase velocity can be applied, using Wood's70 
equation (also denoted Ulrich's71 equation). This equation is based on the expression of 
the speed of sound (C) in a fluid characterized by a density p: 

C=~K:P (2.3-1 ) 

where Kc is the adiabatic compressibility of the liquid. For a two-phase system with the 
volume fractions 4>1 and 4>2' P. = 4>IPI + 4>2P2 holds for the average density. A similar ex­
pression is also valid for the average compressibility. 

For a mixture we have 

(2.3-2) 

which is the Wood's equation. 
An alternative model, Wyllie and Gregory's equation,n is a two-layer approach 

(similar to a series coupling of capacitances) where 

(2.3-3) 

In this equation the density has disappeared, which of course sets some limitations on the 
use of the equation, especially with regard to frequencies. 

A third model, which in a simple way just averages the effect of the two media, is 

(2.3-4) 

for the speed of sound. 
When applying Eqs. (2.3-2}-{2.3-4) any information about the frequency depend­

ence together with the alternation in the emulsion will be lacking. Freysa and Nesse64 gave 
a complete treatment of these phenomena in their review based on the Waterman-Truell 
multiple scattering theories.73•74 Those interested in details should consult Ref. (64). In or­
der to carry out precise computations, detailed knowledge on the physical properties of the 
liquids (oil/water) is needed. The drawback of using multiple scattering theories is the 
limitation in validity to higher concentrations of the dispersed phase. For example, for 
4>2 > 50% the adopted Waterman-Truell theory will no longer be valid. 

3. CHARACTERIZATION OF INTERFACIALLY ACTIVE CRUDE 
OIL COMPONENTS 

With the intention of creating a fundamental understanding of the mechanisms re­
sponsible for stable water-in-crude oil emulsions, much effort has been directed towards 
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the chemistry of the chemical constituents in the crude oils. When analyzing the influence 
of asphaltenes, waxes, porphyrins and nonspecified polar compounds it is very striking 
how rough the separation techniques are. Asphaltenes are precipitated in hexane or pen­
tane, waxes in acetone or at low temperatures, for instance. As a result of this it is rather 
difficult to obtain unambiguous experimental results from stabilization/destabilization 
tests with these operationally defined fractions. This is the background for the improved 
separation procedure described below for the resin fraction. 

3.1. Chromatographic Separation of Resins from Crude Oils 

Resins can be separated from deasphaltened crude oil by chromatographic methods, 
and the particle type most commonly used is silica.75.77 By using different combinations of 
surfaces and solvents one can obtain resins that have different interfacial properties.78 In 
Ref. (78) the resins were separated by adsorbing molecules from deasphaltened crude onto 
silanol, siloxane, CaO and talc particles, washing these with a solvent (solvent 1) and then 
desorbing the resins using a second solvent (solvent 2). All possible two-step permutations 
of two of the three solvents benzene, dichloromethane (DCM) and a mixture consisting of 
7% methanol in DCM were used in combination with each of the three particle types. The 
procedure was used to extract resins from three different crudes. The resins are named using 
four letters: the first indicates the crude, the second the particle type, the third solvent 1 and 
the last gives solvent 2. A complete description of the extraction procedure can be found in 
Ref. (78), and the letters used to designate the resins are given in Table I. The crude, asphal­
tene and the resin fractions were analyzed using diffuse reflectance infrared spectroscopy to 
study the relative concentrations of IR-active functional groupS/9,83,95 and the Kubelka­
Munk transformed IR-spectra of the region 1800 - 600 cm,l of these fractions from three 
different crudes are shown in Figure 6. It is seen that significant differences are present, 
both between the crudes and internally in the crudes. Peak assignments are given in Table 2, 
and show that in addition to the aliphatic and aromatic absorption bands ketone, aldehyde, 
amide, nitro, ester and ether and/or sulfoxide bands are present in one or more spectra. The 
crude and asphaltene spectra show only minor peaks in other bands than the aliphatic and 
aromatic. The only resin separation procedure which gave relatively similar spectra of the 
obtained resins from all three crudes are the Talc-MeOHIDCM-DCM sequence. 

The analysis of the three groups of spectra is facilitated by the use of principal com­
ponent analysis (PCA),84 the resulting scores of which are seen in Figure 7 and loadings in 
Figure 8. Principal component analysis (PCA) explains most of the original variation in a 
dataset through a few linear combinations of the original variables called principal compo­
nents (PC). In the present dataset, the principal component analysis extracts the directions 

Table 1. Abbreviations used in coding the resin fractions ABeD. 
For example, the FSBD fraction were obtained from deasphaltened 

crude F fractions which were adsorbed on Silanol particles that were 
not desorbed by Benzene but by Dichloromethane to obtain the resin 

Crude (A) Particle (B) Solvent (C and 0) 

F = France C=CaO B= Benzene 
N=North Sea S = SiJanol O=OCM 
V = Venezuela T=Talc M = 7%MeOH in OCM 

X= Siloxane 
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Figure 6. (Above and facing page) DRIFT spectra (in Kubelka-Munk units) for the studied region (1800--600 cm- ') 
for all the studied fractions from crudes F, Nand V. F _CR is the spectrum of crude F, F _AS the spectrum from the as­
phaltene fraction of crude F. Prefix N and V signifies the other crudes. 

in the multidimensional space represented by the ir-spectra which, under the constraint of 
orthogonality between the extracted components, displays the largest variation in the 
dataset analysed. This is illustrated for two-dimensional data in Figure 9, and can easily be 
extended to any number of dimensions. This makes it possible to reduce the number of 
variables, often facilitating the interpretation of large datasets. The value of a sample on a 
principal component is called the score of that sample on that particular PC, and the con-
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tribution of a variable to a PC is called the loading of that variable on that Pc. The vari­
ance explained by the four first principal components is given in Table 3. It is seen from the loadings on PC 1 that these are dominated by the aliphatic bands for all three crudes showing that most of the variation in the datasets are in these bands, and that the fraction 
of variation in these bands are lower in the Venezuelan crude V than in the other two crudes. From the scores and loadings on PC 1 it is seen that from crude F the FCMB resin is the most aliphatic fraction. PCA of the spectra from crude N fractions reveals that the crude itself has the most aliphatic spectrum, while for crude V the resin fractions VTMB and VXBD have the highest aliphatic IR-spectra. For all three crudes the combinations of 
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Figure 7. (Above and facing page) Scores on the first four principal components from PCA of the matrix of spec­
tra of fractions from crudes F, N and V. F _CR is the spectrum of crude F, F _AS the spectrum from the asphaltene 
fraction of crude F. Prefix N and V signifies the other crudes. 

silanol, siloxane or talc particles and MeOH/DCM as solvent 2 gave resins with relatively 
low intensity in the aliphatic bands (low score on PCI). When adsorbing onto CaO parti­
cles and using MeOH/DCM as solvent 2 a similar trend is the case only for resins from 
crude V. The structure of the scores and loadings on PC2 - PC4 is unique to each crude, re­
flecting the different distribution of functional groups in the resin fractions separated from 
them. Because of this the scores and loadings for each crude on these PC's are treated 
separately. 
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Crude V 

For crude F the fraction with the largest score on PC2 is FCDM, seen from the load­
ings to be caused by its high intensity in the amide peak at 1650 cm- I . The FCBM fraction 
also has a large score on this PC, and is similar with respect to both experimental proce­
dure and spectrum. On PC3 it is seen that all the siloxane resins have low scores. They all 
have high intensity in the band at 1030 cm- I . Both ether and the sulfoxide groups absorb in 
this region. The 1030 cm- I band dominates the loadings on PC3. On PC4 all the talc resins 
have a high score and several resins desorbed from all the other particle surfaces plus the 
crude and asphaltenes score low. The loading pattern on this PC is complex: the ester and 
amide bands have positive loadings, the ether/sulfoxide and aromatic C=C stretching 
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Table 2. Band assignments for DRIFT spectra. The assignments are 
taken from Ref. (78) 

Functional groups 

OH (stretch, free) 
O-H, N-H (stretch, H-bonded) 
C-H (stretch, C=C and aromatics) 
CH3, CH2 (stretch in aliphatics) 
Ester (C=O stretch) 
Ketones (C=O stretch) 
Aldehydes (C=O stretch) 
Amide (C=O stretch) 
C=C (conjugated and aromatic) 
Nitro (N=O symmetric stretch) 
C-CH3, C-CH2 (asymmetric bending) 
Nitro (N=O antisymmetric stretch) 
C-CH3 (symmetric bending) 
Ester (C - 0 stretch) 
Aromatic ether (C - 0 stretch) 
ROH (C - 0 stretch or 0 - H def. (coupled» 
Aliphatic ether ( C - 0 stretch) 
Sulfoxide (C2S=0) 
Aromatic C - H def. 

Absorption bands (cm· l ) 

3650-3600 
3500-3200 
3050-3000 
2950-2850 
1750-1710 
1730-1700 
1730-1690 
1670-1620 
1600 
1600-1480 
1465 
1400-1300 
1377 
1320-1100 
1300-1200 
1210-1000 
1150-1050 
1060-1020 
900-700 

J. Sjiiblom et al. 

bands low loadings. Several other regions not containing prominent bands also contribute 
to this PC. 

No single bands dominate the loadings on PC's 2-4 from PCA of crude N spectra. 
The NCBM has the highest loading on PC2 and NTMD the lowest. The high score of 
NCBM can be explained by the loading of the amide and the aromatic bands, while the 
low score of NTMD is a result of the low intensity in the amide and aromatic bands to­
gether with the contributions from the ester bands and the bands around 720 cm·!. All the 
siloxane spectra have low scores on PC3. This is explained by the loadings of the bands 
from 1200 - 1000 cm'I, which are assigned to ether and/or sulfoxide functionalities. The 
NTMD resin dominates the scores on PC4 because of its high intensity in the ester 
bands. 

The resin fraction VXBD has the highest scores on PC2 from PCA of crude V. The 
reason for this is seen from the high intensity in the bands at 1700 and 1650 cm'! attrib­
uted to carbonyl and amide functionalities, respectively. These bands also cause VSBD to 
score high on this PC. No single spectrum dominates the scores on PC3. The VCBD and 
VTMD resins score low because of their high intensity in the ester bands at 1730 and 1280 
cm·!. The positive scores of the VCBM and VCDM resins are caused by their high inten­
sity in the nitro bands located around 1580 and 1400 cm· t , the VCBM fraction having the 
highest intensity in these bands. The resins desorbed from CaD particles dominate the 
scores on PC4 because of their high intensity in the ester and nitro bands. 

From the IR-spectra it is seen that the functionalities present in the resins separated 
using this procedure depend on the crude oil, particle surface and solvent used. It is also 
seen that that the distribution of the functional groups is different for each of the three 
crudes, and the PCA quantifies and describes the spectral similarities and differences. 
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Figure 8. Loadings for the first four principal components from PCA of the matrix of spectra of fractions from 
crudes F, Nand V. F _CR is the spectrum of crude F, F _AS the spectrum from the asphaltene fraction of crude F. 

Prefix N and V signifies the other crudes. 

3.2. Experimental Techniques for Characterization of the Interfacially 
Active Components 

In order to understand the stabilizing mechanisms in water-in-crude oil emulsions and 
to follow the destabilization by means of chemical inhibitors, it is essential to characterize 
the interfacial film between the water droplet and the crude oil bulk phase. The most trivial 
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way of doing so is to measure the interfacial tension for extracted asphaltene and resin addi­
tives between a synthetic oil phase and an aqueous phase. Recent results are reported in 
3.2.1. Essential for the emulsion stability are the rheological properties of the stabilizing 
film. These are determined by means of interfacial rheology which is a sophisticated way to 
analyze emulsion stability. Since this technique is covered in another chapter in this book 
we leave it out here. Finally, a very direct way to monitor fundamental properties of asphal­
tene/resin films is the Langmuir-Blodgett technique (Section 3.2.2). Fundamental proper­
ties, like compressibility and packing, can be determined by means of this technique. 
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Figure 9. Illustration of principal component analysis. The variation in the dataset described by the measured 
variables Xl and X2 can be explained totally by the two new variables PCl and PC2. It is seen that most of the 
variation in this dataset can be explained by one variable only (PCI) that is a linear combination of the two origi­
nal variables. This makes a data reduction possible. 

3.2.1. Interfacial Tension and Pressure. The interfacially active fractions are less 
well-defined mixtures of chemical compounds. However, from the characterization one 
can conclude that they consist of relatively low molecular weight, highly polydisperse hy­
drocarbon polymers. These contain small amounts of polar groups, and are swollen with 
10--15% aliphatic hydrocarbons. The carbon/hydrogen ratio and IR data indicate that the 
polymers contain considerable amounts of aromatic groups. They are soluble in non-polar 
solvents but completely insoluble in water. 

Interfacial tension85 and monolayer studies42 from North Sea crudes have shown that 
the fractions are not strongly surface active. Their surface pressures do not exceed 15 
mN/m before film fracture and the minimum oil/water tension observed is 25-30 mN/m. 
In a previous study when only asphaJtenes were analyzed, we concluded that high inter-

Table 3. Variation of data sets described by each of the first 4 principal components for 
the three crudes 

Crude F CrudeN Crude V 

PC % variation Cum. variation % variation Cum. variation % variation Cum. variation 

78.7 78.7 79.3 79.3 57.1 57.1 
2 12.1 90.8 7.9 87.2 18.2 75.2 
3 4.9 95.7 4.9 92.2 13.2 88.4 
4 1.9 97.6 2.8 95.0 5.5 93.9 
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facial pressure was a necessity for stabilizing model water-in-oil emulsions by means of 
an asphaltenic fraction. The interfacial pressure, n, is defined as: 

n = 'Yo - 'Y (3.2.1-1) 

where 'Yo is the interfacial tension of the pure components and'Y is the interfacial tension 
after addition of chemicals. A value ofn of the order of 10 mN m'l or less is insufficient in 
order to achieve stable emulsions. However, our previous studies also reveal that the na­
ture of the organic phase is very decisive for the solution chemistry of these fractions. 
When benzene is added in sufficient quantities, the interfacial tension between the oil and 
the water phase is depressed and hence the originally interfacially active fractions will no 
longer accumulate at the w/o interface. Hence, the whole emulsified system loses its sta­
bility. 

Interfacial tensions of aqueous/organic phases where the latter contains the asphal­
tenes has been investigated by several groups. Sheu et a1.86 measured the dynamic inter­
facial tensions between alkaline aqueous phases and asphaltene/toluene organic phases. 
The asphaltene fraction was precipitated from a heptane solution. The interfacial tension 
was found to follow an exponential law where the level of the equilibrium data depended 
on the alkalinity. For 2 M NaOH, 'Yeq was close to 10 mN m'l for 0.01 % of asphaltene. 
When the amount of asphaltene was raised to 0.1 % in I M NaOH, similar 'Yeq values were 
obtained. The authors found that the dynamic interfacial tensions reflected the diffusion­
controlled adsorption/desorption of asphaltene molecules. Equilibrium values reflect 
more a reaction-controlled situation with rearrangements of the asphaltene molecules, 

Singh and Pandey87 characterized the interfacially active fractions in Indian crudes. 
They also concluded that a high interfacial pressure correlated very well with a high w/o 
emulsion stability. 

A well known phenomenon is that ageing is substantially changing the emulsion sta­
bility and also the interfacial properties of the stabilizing components. In the following we 
show an example on changes in interfacial activity upon ageing. For three North Sea 
crudes the surface tension was determined to 23.1-23.3 mN m'l at 50°C. The ageing had 
no influence on the surface tension of model systems based on decane:toluene (90: 10) 
mixtures containing indiginous surfactants. For the interfacial tension towards brine the 
situation is completely different. The value of Yo/w is depressed from an initial value of 
25-30 mN m'l down to values around 10 mN m'l within 1 week of oxidation in atmos­
pheric conditions. It should be mentioned that an additional UV treatment did not acceler­
ate the trend in 'Yolw' Table 4 summarizes the effect of ageing on Yo/w and the influence on 
the corresponding emulsion stability. 

The ageing process is associated with chain-breaking mechanisms due to autoxida­
tion. In this reaction scheme initiation, propagation and termination processes are in­
volved. IR-spectra show that due to oxidation both the intensity of the carbonyl group at 
1704 cm,l and the c-o bond at 1060 cm,l will increase considerably for most samples. As 
a consequence the polar molecules will undergo different condensation reactions. Obvi­
ously, this process is combined with a substantial increase in the interfacial activity for the 
oxidized species. Similar results are found in Refs. (88-91), 

3.2,2. Langmuir-Blodgett Films. On the surface between air and water amphiphilic 
molecules will orient with the polar part in the water phase, while the unpolar chains reach 
out from the water surface. The structure in a monolayer of such components stabilizes 
through; alkylgroup-alkylgroup, polargroup-subphase and polargroup-polargroup interac-
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Table 4. Separation of the aqueous phase (synthetic fonnation water) from 
model emulsions consisting of decane/toluene (90: 10 by volume) 
stabilized" by the interfacially active components from a crude oil 

Separation time (h) 

yb It 
2 3 4 8 24 48 

Time (mNm·l) (mNm·l) Separation water (%) 

Without UV light 
Oh 30.9 53 No stable emulsions 
24 h 11.5 24.7 No stable emulsions 
48h 11.0 25.2 No stable emulsions 
72h 9.6 26.6 No stable emulsions 
I week 9.6 26.6 20 40 50 80 80 80 
2 weeks 9.7 26.5 10 30 60 70 80 
3 weeks 10.0 26.2 10 40 70 80 
4 weeks 10.4 25.8 20 60 80 90 
2 months 9.5 26.7 10 50 80 80 

With UV light 
Oh 30.9 53 No stable emulsions 
24 h 16.1 20.1 No stable emulsions 
48 h 14.8 21.4 No stable emulsions 
72h 14.5 21.7 No stable emulsions 
I week 11.7 24.5 0 60 60 
2 weeks 11.4 24.8 10 60 70 
3 weeks 11.8 243 10 60 70 
4 weeks 11.5 24.7 10 30 50 
2 months lOA 25.8 0 

The stabilizing fraction was oxidized under atmospheric conditions with and without UV light The 
separation was undertaken at SO°C-
'The amount of stabilizer was I % before 72 h and 2% after 72 h. 
bReferred to the system decane/toluene and synthetic formation water with the oxidized crude oil 
fraction present. 
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tions. Using the Langmuir technique, the surface pressure against reduced surface area is 
measured, giving surface pressure-area (II-A) isotherms. The interaction forces will 
change related to the packing of the molecules. As in three dimensions, the state of the 
film is related to the free space between the molecules on the surface. If the surface area is 
so large that there are no interactions between the molecules the phase is called a two-di­
mensional gas. Some interaction gives a two-dimensional liquid, while a monolayer of 
close packed molecules is called a solid phase.92 

The Langmuir-Blodgett technique makes it possible to monitor the monolayer stabil­
ity. This is done by compressing the film to a certain pressure, which is held constant. The 
film area-loss is then measured as a function of time. An observed loss of film material may 
be a result of rearrangements of the film molecules, dissolution of film molecules into the 
subphase and/or collapse by nucleation93 and a subsequent growth of solid bulk fragments. 

3.2.2.1. Langmuir-Films of Asphaltenes and Resins. Figure 10 shows Langmuir-iso­
therms of asphaltenes and resins. The graph provides information about the ability of the 
fractions to pack into a two dimensional film on a water surface. The asphaltene isotherm 
shows no variation in surface pressure at high surface areas, until a sharp increase is ob­
served. Here the asphaltene molecules/aggregates start to interact, and after this the film 
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has a low compressibility. The rise in surface pressure is likely due to interactions between 
the rigid aromatic hydrocarbon parts of the asphaltenes. The relatively few polar groups 
are probably still so far apart that an interaction between these does not play any signifi­
cant role. In contrast to this the film of resins shows a high degree of compressibility at 
high surface pressures. This phenomenon indicates that other processes than a straight for­
ward compression of the hydrocarbon chains is taking place. This process, involving 
higher compressibility and enabling the units to pack into very small areas, is probably a 
reversible collapse of the segments, which pass out of the surface plane gradually building 
up an overfilm. So the increase in surface pressure, which describes the energy needed to 
compress the film is partly used to overcome repulsions between the molecules, and partly 
to force some of the residues away from the surface. As the pressure rises, more and more 
energy is dissipated in forcing groups into the overfilm. These properties resembles those 
for films of polymers as reported in Group 194, which consists of amorphous, usually soft 
polymers giving stable fluid films gelating at high surface pressures (20--30 dynes/cm.). 
Compared with asphaltenes, smaller amounts of resins are needed on the surface to 
achieve increased surface pressure. This is probably a consequence of higher polarity of 
the resin fraction than of the asphaltene fraction. 

Figure II shows a monolayer stability isotherm (loss of monolayer area) at constant 
surface pressure (10 mN/m) for an asphaltene-film. This figure indicates a small area loss 
in the beginning of the measurement before it stabilizes at constant pressure, which veri­
fies the stability of the investigated monolayer. The small area loss is due to rearrange­
ments of the film molecules, observed because of turbulence in the film immediately after 
the compression. 

A constant surface pressure investigation of the resin-film shows that the pressure 
will continue to increase above 10 mN/m even when the position of the barriers is fixed. 
This is in accordance with a multilayer formation at the surface. In addition the effect may 
be due to oxidation of the surface layer, which would result in higher polarity of the film. 
This process entails increased affinity of the film material towards the surface, giving in­
creased pressure. 

Mixtures of asphaltenes and resins give the isotherms in Figure 12, where a gradual 
increase in repulsion for an increased amount of resin in the film is observed. This is a 
consequence of increased polarity in the film. When the resin content exceeds 40% a dis­
tinct increase in compressibility at high surface pressures is observed. So for these 
amounts, the more polar fraction starts to predominate the film properties due to the 
higher affinity of the resins towards the surface (water/air).95 Stability isotherms for the 
combinations of asphaltenes/resins gave the same result as for the pure resin fractions. The 
increase in surface pressure with fixed barrier positions became more prominent as the 
resin content increased. 

4. STABILIZATION AND DESTABILIZATION OF MODEL AND 
CRUDE OIL BASED EMULSIONS 

Stability mechanisms for water-continuous emulsions have been mapped and classi­
fied long ago. A central mechanism in this respect is the electrostatic stabilization which 
has an origin in adsorption of charged surfactants onto the surface of the oil droplets. Sta­
bilization by means of polymers and nonionic surfactants is usually classified as steric sta­
bilization. In addition to these mechanisms particle stabilization is also frequently 
encountered. Special features of surfatcant association into lamellar lyotropic liquid crys-
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talline phases is important for the formation of multilayer structures at the surfaces. For 
wlo emulsions the electrostatic stabilization seems to be of less importance leaving the 
other three as predominating. 

4.1. Stabilization of Water-in-Crude Oil Emulsions 

It is by now rather well recognized that the stability of these emulsions is an interplay 
between the heavy components and waxes. By heavy components we mean asphaltenes, 
resins, porphyrins, etc. Normally, in a crude oil without water the asphaltenes are dispersed 
by the lighter components and are hence prevented from precipitation. When water is mixed 
into the crude oil a new interface is created and there will occur a new distribution of the 
heavy components. It has been shown that resins are more interfacially active than the as­
phaltenes, which means that these molecules will initially cover the fresh wlo ,interface. As a 
consequence of this the solubility conditions ofthe asphaltenes will drastically change and a 
precipitation will take place. With a lot of aqueous droplets present the asphaltene particles 
will accumulate at the surface of these droplets with a very high total surface area. In this 
way there are possibilities to rigidify the "monolayer" of resins initially adsorbed at the in­
terface. Central mechanisms will hence be both steric and particle stabilization. 

The mechanical properties of the interfacial film are essential for the stabilization of 
the wlo emulsions. Concentrated polymer films at interfaces may show elastic or viscous 
properties that make it difficult to break the corresponding emulsions, either because in­
sufficient energies are involved in collisions between droplets, or because the kinetics of 
breaking is slow compared to the times involved in the collisions. Aromatic molecules like 
asphaltenes will stack into a sandwich-like structure when they associate.96 The presence 
of solid particles (waxes or inorganic clays) at the interface will further increase the rigid­
ity of the film and hence make it even more difficult to break the emulsions. 

Results of Sjoblom et a1.48 have shown the existence of a direct correlation between 
interfacial pressure (see Eq. 3.2.1-1) and emulsion stability when well-defined asphaltene 
components are used as stabilizers. Values ofn in the range 10--14 mN/m showed the first 
signs of instability, while for n < 10 mN/m the emulsions were completely unstable. Addi­
tion of benzene to the oil phase (n-decane) reduced the interfacial tension and therefore 
also the interfacial pressure. As a consequence the above mentioned fractions could no 
longer reduce the interfacial tension. Hence, they were only dissolved into the oil continu­
ous phase and gave no stability of the emulsions. 

Christenson et al.97,98 investigated the interaction forces between mica sheets im­
mersed in crude oils. They found that a surface active fraction from the crude oil was ad­
sorbed on the mica, and that the force/distance dependence of the interactions between these 
mica sheets did not indicate a typical steric stabilization. The results indicated a "hard wall" 
repulsion occurring at short distances. However, one should be careful when comparing 
crude oils of different origins due to the large differences in properties that can be present. 
The crude oils used by Christenson et al. were from Australian reservoirs, while ours are 
from the North Sea. This study confirms our results with regard to the mechanical properties 
of the interfacial film, probably combined with some steric contribution, as the main mecha­
nism responsible for the stabilization of water-in-crude oil emulsions. 

4.2. Destabilization of Water-in-Oil Emulsions 

The breaking of an emulsion can broadly be divided into three different processes; 
creaming/sedimentation, inversion and coalescence. 
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4.2.1. Coalescence. Coalescence is defined as the combination of two or more drop­
lets to form a larger drop. When these droplets approach each other a thin film of the con­
tinuous phase will therefore be trapped between the droplets, and it is obvious that the 
properties of this film will determine the stability of the emulsion.99 Based on this it is 
clear that the mechanism of coalescence occurs in two stages; film thinning and film rup­
ture. In order to have film thinning there must be a flow of fluid in the film, and a pressure 
gradient present. The rate of film thinning is dependent on the rate at which the interface 
moves the film. It is obvious that this process is affected by the properties of the colloidal 
system present, and some of the most important parameters are defined as 100 viscosity and 
density of the two phases present, interfacial tension and its gradient, interfacial shear and 
dilational viscosities and elasticities, drop size, concentration and type of surfactant pre­
sent at the interface and forces acting between the interfaces. Considerable effort has been 
made to develop models for prediction of the rate of film thinning and critical film thick­
ness. In most of these models it is assumed that the film thickness is large enough for the 
van der Waals-London forces and electrostatic forces to be ignored. Reynolds lOI made the 
first mathematical analysis of parallel disks. He assumed the bounding interfaces to be 
solid and the film to be of uniform thickness. Frank and MyselslO2 investigated dimple for­
mation and drainage through the dimple. Later models of film thinning are those of Zapry­
anovl03 and Lin and Slattery.I04,lOs Zapryanov investigated surfactant partitioning at the 
interface using the parallel disk model. This model has later been extended to account for 
the adsorption/desorption kinetics of surfactants. I06 Film rupture is a non-equilibrium 
process that may occur due to flow instabilities, temperature fluctuations, electric fields or 
Marangoni effects. 107 Investigations by De Vries lO8 and Lang l09 showed that there exists a 
critical film thickness. Above this thickness the probability of rupture is zero, and below it 
the probability of rupture increases with decreasing film thickness. Scheludkollo investi­
gated the rupture of thin liquid films between two droplets in relation to fluctuations at the 
interface. He also developed an expression for the critical film thickness which is valid for 
films where only the van der Waals forces are acting: de = [A TC/32 K2 Yot 2s, where A is the 
Hamaker, Yo is the interfacial tension between the continuous and dispersed phase when 
they create an interface and not a film and K is the wave number of the surface fluctua­
tions. Vrijlll has derived an alternative expression for de; for large thicknesses: de = 
O.268[A2R 2Iyo 7t £]0.14, where R is the droplet radius and f is dependent on d. For small 
thicknesses: de = O.22[A R2jyo f)]0.2S. According to the first equation de ~ 00 when y ~ 0, 
i.e. the film should spontaneously rupture at large d values. However, this is not the fact 
since emulsion droplets become highly stable when y ~ ° (as in microemulsions). Also, 
the first equation predicts that as R ~ 0, de ~ 0, i.e. small emulsion droplets would never 
rupture. Sonntag and Strenge ll2 showed that de will not change when the contact area is 
varied. This is due to the fact that the lamella formed between two droplets, at non-equi­
librium separations, does not have an idealized planar interface between them. Sonntag 
and Strengell2 also showed that emulsion films of octane/water droplets stabilized by a 
nonylphenol ethoxylated surfactant plus an oil soluble surfactant, had a de independent of 

Yo' 

4.3. Demulsification of Water-in-Crude Oil Emulsion 

The most common methods for demulsification of water-in-crude oil emulsions can 
be divided into three different categories; electrical, mechanical and chemical. Chemical 
demulsification is today the most common method for treating crude oil emulsions. The 
resolution of crude oil emulsions by electrical methods is possible because most oil field 
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emulsions are oil-continuous and, in consequence, the systems are relatively non-conduct­
ing. Electrical dehydrating techniques are based on the principle that external electric 
fields will induce a charge on the surface of the water droplets. One must distinguish be­
tween the mechanism of electrically induced coalescence in a low-conductivity and a 
high-conductivity continuous phase, respectively. Media with a low conductivity, such as 
distillate fuel, have low relaxation times and, hence, the suspended droplets can keep their 
charge for quite some time. In this case the droplets have time to travel from one electrode 
to the other under the influence of the applied field and, as they move, collide with each 
other and coalesce. On the other hand, in a medium with higher electrical conductivity, 
such as crude oils, charges acquired by the droplets are dissipated before the droplets can 
move any appreciable distance. The coalescence in such a medium is caused by inducing 
polarization charges on the droplets, thus creating weak interdroplet forces which attract 
neighboring droplets. l13 The electrical coalescence in high conductivity media is generally 
slower than in low-conductivity media. 

Walton 114 has found that coalescence of droplets is difficult if their size distribution 
is very narrow and the amount of dispersed phase is low. This is due to the large distance 
between the droplets. If the amount of dispersed phase exceeds 3 vol% the results are gen­
erally satisfactory. A variety of mechanical methods to resolve crude oil emulsions are 
available. Examples of these techniques include ultrafiltration, reverse osmosis, centrifu­
gal coalescence, filtration coalescence, etc. For further details Menon and Wasan l15 is rec­
ommended. It is very important to clarify the different parameters of importance when 
chemical demulsification is considered. How will compounds of specific chemical func­
tionality destabilize these emulsions? What are the mechanisms responsible for the emul­
sion stability, and what are the mechanisms behind the destabilization? Most chemical 
agents used for demulsification are preferentially oil soluble blends consisting of high mo­
lecular weight polymers. These blends commonly consist of: I) flocculants (large, slow 
acting polymers). 2) coalescers (low molecular weight polyethers). 3) wetting agents. 4) 
solvents/cosolvents. Some chemical structures of demulsifiers used for breaking crude oil 
emulsions have been listed by Jones et al. I4 Much work has been carried out in order to 
identify and understand the mechanisms behind chemical demulsification. Fiocco ll6 con­
cluded that the interfacial viscosity was kept at a low level when demulsifiers were pre­
sent. Later on it has been realized that the interfacial shear viscosity of crude oil emulsions 
does not have to be very low in order to ensure accelerated water separation. 117 

Wasan et al. 1I8,1I9 investigated the coalescence of systems containing petroleum sul­
fonates. They concluded that the coalescence rates correlated well with the interfacial 
shear viscosity, while no correlation was observed with the interfacial tension. Sjoblom et 
a1.48 investigated the influence of simple, well defined solvent molecules on the stability 
of water-in-crude oil emulsions from the Norwegian Continental Shelf. Based on the dif­
ferent effectiveness of the chemical additives, medium chain alcohols and fatty amines, 
two different destabilization mechanisms were proposed. The alcohols seemed to modify 
the rigidity of the interfacial film by a diffusion/partitioning process, while the amines 
showed a strong and specific interaction with the interfacial groups, hence hydrophilizing 
the whole film. Aveyard et al. 120,121 investigated the correlation between surfactant inter­
facial behaviour, surfactant association and the destabilization efficiency. They observed a 
clear correlation between the demulsifier concentration at optimal demulsification effi­
ciency and the critical micellization concentration (CMC) of the demulsifier in the crude 
oil system as long as simple surfactants were used. This means that the monomer activity 
of the surfactants is crucial for the destabilization of the emulsion system. They also 
showed that for crude oil systems with a demulsifier present the o/w interfacial tension 
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passed through a minimum when the NaCI concentration varied between zero and I M. 
They further showed that the emulsion type could invert from o/w to w/o for salt concen­
trations in the same range. Obviously the hydrophilic-lipophilic balance (HLB) of the de­
mulsifier could be balanced by these other conditions. Wasan et al. 122,123 investigated in 
detail the processes taking place at the o/w interface during a destabilization process with 
a low molecular weight amphiphilic compound. From studies of different additives they 
concluded that oil-soluble destabilizers should be able to partition into the aqueous drop­
lets in order to act as destabilizers. The concentration of the demulsifier inside the droplets 
should be high enough to ensure a diffusion flux to the o/w interface. In order to be effi­
cient as destabilizers the additives must show a high rate of adsorption to the interface. 
Wasan also emphasized the importance of sufficiently high interfacial activity of the de­
mulsifier to suppress the interfacial tension gradient. In this way the film drainage will be 
accelerated and droplet coalescence will be promoted. Little l24 suggested that the se­
quence of steps leading to demulsification of petroleum emulsions involves the displace­
ment of asphaltic material from the interface by the demulsifier followed by the formation 
of demulsifier micelles which solubilize and/or stabilize the asphaltic compounds in the 
oil. Studies by Berger et al. l25 suggested a method for prediction and characterization of 
different demulsifiers. This method is based on the relationship between the equivalent al­
kane number (EACN) of the crude oil and the preferred alkane number (PACN) of the de­
mulsifier, They concluded that the lowering of the interfacial tension itself is not 
indicative of demulsifier performance, and that lowering of the interfacial viscosity may 
be a possible mechanism for demulsification. Furthermore, they concluded that no correla­
tion between HLB and demulsifier effectiveness could be expected when the demulsifier 
was equally soluble in both the aqueous and the oil phase. 

The destabilization of emulsions is dependent on the coalescence rate of the dis­
persed droplets. This rate can be greatly enhanced by the addition of chemicals. Among 
the single solvents two different categories were shown to be most efficient as destabiliz­
ers. These were medium-chain alcohols and fatty amines, and for these two types a quali­
tative destabilization mechanism has been proposed, An important parameter for alcohols 
when acting as destabilizers seems to be their ability to dissolve into the different regions 
in the emulsified system. Hence, medium chain alcohols (n-butanol, n-pentanol and ben­
zyl alcohol) readily dissolve in the aqueous, the interface and the bulk (oil) phase. This 
partitioning of the molecules between the phases will create disadvantageous conditions 
for the stability of the water-in-crude oil emulsions. Krawczyk l17 investigated the influ­
ence of different demulsifiers on the stability of water-in-crude oil emulsions. He defined 
a partitioning coefficient, KP= cico' where ca refers to the demulsifier concentration in the 
aqueous phase and Co to the concentration in the oil phase. He concluded that demulsifiers 
with K=l gives the best results. This implies that the demulsifier should be equally soluble 
in both the aqueous and the oil phase. He also concluded that the interfacial activity and 
adsorption kinetics of the demulsifier are important parameters. Based on these observa­
tions and the fact that medium chain alcohols are soluble both in water and oil, it is clear 
that the interfacial region will become less rigid and structured as a result of the extensive 
partitioning. The interfacial region can be expected to be more dynamic, and considerable 
interfacial fluctuations may occur in the presence of medium-chain alcohols. Furthermore, 
if multilayers are present at the interface it is interesting to know that medium chain alco­
hols like n-butanol have a characteristic tendency to reduce the existing regimes of the la­
mellar liquid crystalline D phase as viewed by means of phase diagrams. 126• 128 It seems 
likely that a similar mechanism can influence the stability of water-in-crude oil emulsions. 
Since the adsorbed and stabilizing film has been shown to contain some fatty acids (palmi-
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tic acid) an interaction with added amines will result in polar (charged) complexes. 129 

These charged sites will create a lateral electrostatic repulsion and, hence, alter the mo­
lecular packing in the interfacial film. With these hydrophilic groups present, the film can 
no longer stabilize the water-in-crude oil emulsion against coalescence. With no fattyac­
ids present in the interfacial film, the amines can just replace the interfacial film due to a 
higher interfacial activity. Sjoblom et a1.48 have shown that hexylamine is capable of low­
ering the interfacial tension between crude oil and water from 30 mN/m to 10 mN/m with 
the concentrations used in the destabilization tests, while Nordli et a1.42 have shown that 
hexylamine is capable of replacing a film consisting of the interfacially active crude oil 
fraction in Langmuir-Blodgett experiments. 

The mechanism behind a destabilization with surfactants is probably an interfacial 
competition. In this situation the indigenous crude oil film will be replaced by a surfactant 
layer which cannot stabilize the crude oil emulsion. Two main categories of surfactants are 
hydrophobic and hydrophilic ones. When comparing two different hydrophobic surfac­
tants, tetraoxyethylene-nonylphenol ether (Triton N-42) and sodium(bis-2-ethylhexyl)-sul­
fosuccinate (AOT), it was found that the hydrophobic ionic surfactant, AOT, was more 
efficient than the nonionic analogue. Three different hydrophilic, fluorinated surfactants 
were also investigated in Ref. (130). They were all very efficient as destabilizers, probably 
due to their high interfacial activity. In the destabilization process the nature of the crude 
oil film and the added surfactant will be very important for their internal interactions. If an 
interfacial complexation between these two species occurs, the efficiency of the surfactant 
may be changed. Complexation between the anionic AOT and the species present in the 
interfacial film may create charged complexes that will further disfavour a close packing 
of stabilizing molecules at the interface. This might be the explanation behind the differ­
ences between the two hydrophobic surfactants. The fluorinated surfactants are very effi­
cient in lowering the interfacial tensionl31 ,132 and, hence, their destabilization mechanism 
can be easily comprehended. As mentioned earlier Wasan et al. 122,123 have analyzed in de­
tail the processes taking place at the o/w interface during destabilization. The results for 
the hydrophobic surfactants are in direct agreement with their conclusions. Also, in the 
case of common solvents where we found medium chain alcohols to be efficient as desta­
bilizers, the results also correspond with their conclusions. The medium chain alcohols are 
soluble in all three pseudophases and will therefore partition between these. The hydro­
phobic surfactant AOT is soluble in water up to a few percent, and will therefore also be 
present in the aqueous phase, whereas Triton N-42 is completely water insoluble. This will 
most likely contribute to the differences between the surfactants. 

Aveyard et al.120.121 have stressed the importance of monomer activity when simple 
surfactants are used as demulsifiers. For a commercial demulsifier the interfacial tension 
between oil/water seems to pass through a minimum for NaCI concentrations between 
zero and I M. According to Menon and Wasan,24 AOT has been found to have a CMC at 
approximately 300 ppm in a water/oil system with asphaltenes present. This means that in 
our destabilization tests, where the concentration of AOT is up to 100 ppm, the results cor­
respond with the conclusions from Aveyard.120.121 Fluorinated surfactants have been inves­
tigated for systems containing both distilled water and synthetic formation water. l3O The 
results showed that the resolution of water was faster when synthetic formation water was 
used as the dispersed phase. The explanation for this might be in accordance with 
Aveyards conclusions. 120.121 In the case of Triton N-42 the influence of salt is not believed 
to be significant since this is a nonionic surfactant, and its phase behaviour is not so sensi­
tive to the addition of salt. 
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The mechanism behind destabilization with macromolecules is very dependent on 
the size of the molecule. Polymers of lower molecular mass can show a strong affinity to 
the oil/water interface, adsorb irreversibly and destabilize in this way. Another route of 
destabilization is flocculation. Flocculation is an aggregation process in which droplets 
form three-dimensional clusters, each droplet retaining its individual identity. In order to 
model the importance of the flocculation in destabilization of our model systems, we 
have chosen to investigate a-alumina dispersions. In this case we have dispersed 0.2 
wt% hydrophilic AlP3 in decane and tested the influence of the polymeric additives on 
the stability of these dispersions. The particle size of the AIP3 was 40 J.lm. This solid 
particle is representative of the water droplets in the water-in-crude oil emulsions with 
respect to size and hydrophilicity. Hence, the adsorption onto these particles will be gov­
erned by similar mechanisms as the adsorption onto the water droplets in the true crude 
oil systems. However, in addition there might be contributions caused by specific inter­
actions between the polar part of the polymers and the alumina particles. The highest 
flocculation efficiency at these concentrations is shown by the Agefloc polymers. It 
should be mentioned that the flocculation tendency at 30 seconds is reproduced after 60 
and 90 seconds. Hence, there is no observed time dependence after 30 seconds. The ob­
served flocculation is rapid and followed by sedimentation. The recorded adsorbance 
will consequently decrease upon this process. These findings correspond with the desta­
bilization tests within reasonable limits. The Agefloc polymers were shown to be very ef­
ficient both as flocculants and destabilizers. They reduced the interfacial tension to some 
degree from the level of the indigenous crude oil system. Obviously they can adsorb at 
the oil/water interface and in this way reduce the stability by complete or partial replace­
ment of the film. It is of course difficult to verify that the same kind of driving forces re­
sponsible for the adsorption of the Agefloc polymers in the system containing alumina 
particles (in decane) also apply to the system of water droplets (in crude oil). With inter­
facial tensions available for the solid/liquid interface in the case of the particles, a quali­
tative comparison with the emulsified system would hence be possible. Most likely it is 
not a direct affinity to the interface that is the driving force, but an entropy effect origi­
nating from polymer/solvent interactions that will account for the adsorption in both sys­
tems. 

4.4. Electrocoalescence by Means of Dielectric Spectroscopy 

The group in Bergen has during the last years developed a technique for determina­
tion of stability of emulsions. The method is based on dielectric spectroscopy, which is a 
very fast measuring technique, and which is sensitive to the amount of water in the system 
as well as the interaction between/among droplets. This makes it suitable tool for investi­
gation of time dependent processes, like destabilization processes in emulsions. 146.154·156 

4.4.1. Dielectric Spectroscopy. The permittivity of a substance is defined as E* = I + 
P/EoE, where P is the polarization due to the applied electric field E and Eo is the permittiv­
ity of free space. Depending on the origin the polarization, at higher frequencies, may not 
be able to follow the applied ac field E = E~rot and a phase lag will appear between the 
polarization and the field E. This can be expressed by means of complex permittivities as 

£*(00) = £'(00) - i£"(oo) (4.4-1) 
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where the imaginary part En is also called the loss factor. 
Normally the decay in polarization due to relaxation of the system is following an 

exponential law pet) = Po (1 - e-ll'). Inserting this into Eq. (4.4-1) one obtains the Debye 
equations 

(4.4-2) 

or 

(4.4-3) 

where Es is the static permittivity, Eoo the limiting permittivity at high frequencies and 't the 
dielectric relaxation time. The maximum in the dielectric dispersion occurs at 0) = Ih. 

In order to fit the dielectric spectrum different kinds of model functions can be used. 
Normally a simple Debye function or a sum of several Debye functions, or a Cole-Cole 
function can be used. 1 33·!37 

Contrary to traditional spot frequency measurements the time domain technique 
makes it possible to cover a large frequency range in one single measurement. The Dielec­
tric Time Domain Spectroscopy (TDS) is based on the study of the change in the shape of 
a fast-rising pulse propagating in a coaxial line when the sample is inserted into the line. 
From Fourier analysis it is known that the response pulse will contain information on the 
influence of the dielectric (i.e., its permittivity) over the entire frequency range up to some 
limiting frequency determined by the rise time of the step pulse. A necessary criterion for 
the characterization of a dielectric dispersion by means of this technique is that the pulse 
shapes are monitored in a time window longer than the relaxation time of the system un­
der study. 

Figure 13 shows the principle of a TDS spectrometer based on the total reflection 
method. 138 The pulse generator generates step pulses with a short rise time, <25 ps, which 
propagates in a coaxial line. The pulse is reflected from a sample placed at the end of an 
ope~nded coaxial line. The sampling oscilloscope registers the influence of a dielectric 
sample on the shape of the reflected pulse. Finally a computer calculates the Fourier trans­
forms and solves the reflection coefficient equations. From the reflection coefficient the 
permittivity as a function of frequency can be calculated and the whole spectrum pre­
sented. Figure 14 shows the permittivity spectrum of a wlo emulsion. 

Instead of utilizing the reflection method also transmission methods can be used. 
Corresponding equations must be solved also in this case. 

We have recently extended the dielectric set-up to include measurements of systems 
that are exposed to high external electric fields, in order to monitor the electrocoalescence 
mechanism of wlo emulsions. In addition to the fast-rising ac step pulse, an external elec­
tric dc field is applied through a bias tee (Picoseconds Pulse Labs, 5530A), as shown in 
Figure 13. The bias tee includes a dc block which allows the application of a voltage over 
the sample cell while it passes the fast-rising step pulse used to measure the permittivity 
without appreciably degrading the pulse. 

The pioneering impact in the field of high electric fields and emulsified systems was 
done by Cottrell, who also had the first patents as well as the first electrical coalescers in 
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Figure 13. Experimental setup for di­
electric measurements according to the 
time-domain principle. For emulsion 
stability measurements (electrocoales­
cence) the external DC power supply is 
used. 
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an oil field.1.3 In recent years electrocoalescence has been combined with a lot of experi­
mental techniques. 139·145 

Dielectric spectroscopy has proven to be an appropriate experimental technique for 
investigating wlo emulsions. The conducting water droplets dispersed in an oil resemble 
dipoles. The time domain dielectric spectroscopy technique is fast, and hence suitable for 
investigations of systems that change with time, such as wlo emulsions. In order to study 
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Figure 14. Permittivity spectrum of a water-in-oil emulsion (water content, 40 vol%; salt concentration 5 w% 
NaC\). The squares are experimental points and the solid line represents a fit to Eq. 4.4-2. 
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such effects we have equipped our spectrometer with an external power supply (Figure 
l3). This instrumentation enables us to study electrocoalescence in wlo emulsions. 

When a high electric field is applied to a wlo emulsion the ions inside the emulsion 
droplets tend to orient themselves in the direction of the electric field. The maximum 
value of the potential decrease over the separating films will be found if the droplets ori­
ent themselves parallel to the electric field. At low field strengths, the applied field is not 
high enough to induce coalescence. Hence, when the electric field is switched off the sys­
tem returns to a random distribution of the aqueous droplets, and the system shows a re­
versibility of the dielectric parameters. However, when the external electric field exceeds 
a critical value, Ecr' the membrane protecting the aqueous droplets ruptures and a coales­
cence of droplets takes place. 146 

The emulsions studied include wlo model emulsions stabilized by nonionic surfac­
tants as well as interfacially active crude oil compounds and true water-in-crude oil sys­
tems. 

In Bergen we have during the past years developed procedures to separate and iso­
late interfacially active components from crude oils. The basic idea behind the separation 
of the interfacially active fractions is to simulate interfacial conditions of relevance for 
true crude oil systems. In order to undertake more detailed studies of the stabilizing film, 
we have separated the components responsible for the emulsion stability into asphaltenes 
and resins 147 and undertaken chemical characterizations of these fractions. 148-153 

In order to visualize the importance of different parameters on the stability of model 
emulsions and crude oil emulsions, we undertook reduced factorial designs on these sys­
tems.154-156 A reduced factorial design is an experimental design used to get a maximum of 
information about a system with as few experiments as possible. The two studies show 
that for a typical model system with parameters given in Figure 15 the volume fraction, 
conductivity and surfactant concentration are crucial parameters. Also cross terms includ­
ing these variables are essential. For model crude oil systems (Figure 16) essentially two 
parameters are of importance, i.e., the level of asphaltenes and the nature of the continu­
ous phase. This is further explored in the next figure where the stability is plotted vs. con­
centration of toluene in the oil phase. The reason for this behaviour is that the asphaltenes 
exist as small stabilizing particles in paraffinic hydrocarbons while they disaggregate in 
toluene. Hence they loose their stabilizing role (Figure 17). 

5. CONCLUSIONS 

Experimental characterizations of water-in-oil emulsions stabilized by asphaltenes 
andlor resins are reviewed. Several experimental techniques represent good alternatives 
for study of droplets and droplet size distributions in such systems, i.e. video enhanced 
microscopy, NMR self-diffusion and ultrasound measurements. The pros and cons of these 
techniques are briefly discussed. In order to understand the stabilizing mechanisms of 
water-in-crude oil emulsions new methods to isolate and separate the indigenous com­
pounds are reported. By utilizing these separation techniques and dielectric spectroscopy 
to characterize the corresponding wlo emulsions valuable new information can be gath­
ered. Also the Langmuir technique provides a good opportunity to directly investigate sur­
face films of asphaltenes/resins and the compressibility of these films, which is essential 
for emulsion stabilization. 
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Figure 17. Emulsion stability (expressed as Ecr) of asphaltene stabilized (2%) model systems consisting of brine 
and a toluene/decane oil phase at varying tol/dec ratios. 
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1. INTRODUCTION 

An emulsion is a thermodynamically unstable dispersion of two immiscible liquids, 
the droplets of which, when stable, are slow to flocculate and coalesce. Emulsions are 
formed quite often in industrial processes and can be both desirable and undesirable. Ex­
amples of useful emulsions occur in foods, cosmetics, pharmaceuticals, and agricultural 
products. Emulsions are also found in the petroleum industry where they are typically un­
desirable and result in high pumping costs, reduced throughput, and special handling 
equipment. 1 Crude oil is found in reservoirs along with water or brine. During oil produc­
tion, water is often coproduced.2- s Water is also injected into the crude to wash out con­
taminants or is used as steam to improve fractionation.6 While contamination of water 
when processing crude oil frequently leads to emulsions of the oil-in-water type/ water­
in-crude oil emulsions are much more prevalent in the petroleum industry. 8-1 1 Figure 1 il­
lustrates the various types of water-crude oil emulsion systems. Crude oil is typically and 
is produced as a water-in-crude oil (w/o) emulsion. When crude oil is spilled on the sea 
and agitated, high viscosity, stable wlo emulsions are formed. During the refining of crude 
oil, emulsions of all types are formed, although the mechanisms of stabilizing olw emul­
sions are very different from those responsible for wlo emulsion stability. 

The location of several emulsions in the refinery are depicted schematically in Fig­
ure 2. The desalter reduces the amount of emulsified water in the bulk of the crude and 
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OIW W/O W/OIW 

Figure 1. Schematic illustration of emulsion types encountered in crude oil-water systems. 

generates a stable emulsion rag layer with a small inventory of the processed crude. As a 
preliminary step during refinery treatment, crude oils are normally desalted to remove spe­
cies such as chloride salts which poison refinery catalysts and promote corrosion of proc­
essing units. In this process, typically 5-10% of fresh water ('wash water ') is deliberately 
emulsified into the oil to contact hydrophilic solids, which then partition into the aqueous 
droplets. ll ,12 These desalter emulsions are typically of the w/o variety and must sub­
sequently be broken down to recover the "clean" crude oil. Also, whenever these mixtures 
pass through pipes with bends, valves, and chokes, emulsification of the aqueous phase 

Crude 

W/O Emulsion 
(1-5 Vol %) 'High-' -A-C-F-le-Id-:--"" 

Wastewater 

121 Hz, 38-60 KV 1m 

API 
Separator 

"Desalted" Crude Process Units 

••••••• Desalter Emulsion 

Brine Wastewater 
Treatment 

Figure 2. Schematic of the locations in refineries in which emulsions and sludges are observed. Top panel shows 
the desalter operation; bottom panel shows the API gravity separator, in which heavy sludges (API bottoms) and 
lighter emulsions (API skimmings) occur. 
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into the crude oil occurs due to turbulence.5.13.14 These emulsions increase pumping and 
transportation expenses (owing to the higher viscosity and additional water present), cause 
corrosion of pipes, pumps, production equipment and distillation columns, and poison 
downstream refinery catalysts. 13 It is evident that crude oils have differing abilities to sta­
bilize water-in-crude oil emulsions, but a considerable proportion of these petroleum 
emulsions are characterized by a rather remarkable stability and lead to significant sludge 
generation. lo The space required to demulsify, the costs associated with additional equip­
ment, the oil loss due to entrainment in the emulsion, and the problems associated with 
waste disposal, make emulsions a major problem for the petroleum industryY4--18 

As mentioned, petroleum emulsions can also form subsequent to ocean borne oil 
spills. 19 The Torrey Canyon incident in 1967 (and many other crude spills over the years) 
was highlighted by the formation of a highly viscous and stable "chocolate mousse" emul­
sion, containing nearly 70% sea water by volume. The presence of wave action provided 
the necessary energy to generate an emulsion. Viscosity measurements showed that at a 
70-30 water-oil ratio, sea water mousses may even solidify upon transfer to storage ves­
sels or tanks. After a spill in Chedabucto Bay, viscosity increased from 700 poise for the 
crude oil, to 30,000 poise for a 40% water-in-oil emulsion. These emulsions are not re­
sponsive to the usual methods of oil clean up such as the use of sorbents or dispersants, 
burning, and pumping.20 

The formation of stable emulsions and sludges in petroleum refineries comprised of 
water, crude oil, and solid particles has become a serious environmental concern. The magni­
tude of the problem has been documented in a 1982 API survey in which it was estimated that 
830,000 tons of API separator sludge (see Figure 2), 718,000 tons ofDAF float and 260,000 
tons of slop oil emulsion solids were generated by the American petroleum refining industry 
each year. As the EPA continues to redefine specific petroleum-derived components which 
will be targeted as listed wastes, the need to minimize the formation of emulsions and the im­
petus to develop new methods for effective treatment of them have become more acute. 

The mechanisms whereby emulsions are stabilized has been an active area of study 
this century. Ramsden1

21 Pickering,22 Newman/3 and Finkle et a1. 24 reported on a variety of 
differing types of emulsions and speculated on the causes. This early work focused on es­
tablishing the presence of emulsions and investigating the factors which determine the 
type of emulsion formed (w/o or o/w). Despite years of research, there is still considerable 
uncertainty regarding the mechanisms governing the stability of oil-continuous emulsions. 
With crude oil emulsions, the importance of long-term stability of a rigid and protective 
film surrounding the water droplets is clear. The detailed properties of this film, together 
with a fundamental knowledge of the chemistry of the interfacially active components in 
the crude oil, are far from understood. In this chapter we will show the role that asphalte­
nes play in the formation and stability of water-in-crude oil emulsions. We will begin with 
an overview of the petroleum emulsion problem and what motivates research in this area. 
Next, we will examine possible mechanisms of stabilization of these petroleum emulsions. 
From this examination we will conclude that stabilization is brought about by the forma­
tion of an interfacial skin at the water droplet interface which prevents disperse phase coa­
lescence. A review of the literature on the chemistry of asphaltenes and their interactions 
will suggest the concept of asphaltene aggregation. With this concept in mind, an analysis 
of experimental observations on the formation of crude oil emulsions and the interfacial 
films formed will support the idea that asphaJtenic aggregates are important for stabiliza­
tion through the formation of an interfacial skin. This idea will be shown more clearly in 
the next section, when experimental evidence of model oil systems is reviewed. In model 
oil systems all possible contributors to emulsion stabilization have been eliminated except 
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for the presence of asphaltenes and resins. The observation of stable emulsions in these 
cases and the similarity of these results with those of crude oil emulsions proves the im­
portance of asphaltenes to water-in-crude oil emulsion stability through the formation of 
an interfacial skin composed of asphaltene aggregates. 

2. MECHANISMS OF EMULSION STABILIZATION 

Emulsions are stable when the disperse phase droplets do not coalesce. The coales­
cence process occurs in three steps. The first step begins with movement of the droplets 
toward each other through the continuous phase. Subsequently, droplets deform as they 
approach one another, forming a thin plane parallel film between them. Finally, this film 
thins to a critical thickness, below which the droplets coalesce.25 At least four distinct 
mechanisms can be clearly identified for emulsion stabilization, or halting of this coales­
cence process, of oil-in-water (o/w) and water-in-oil (w/o) emulsions: (1) electrical double 
layer repulsion, (2) steric repulsion, (3) the Marangoni-Gibbs effect, and (4) rigid, cross­
linked network formation of the adsorbed interfacial layers (see Figures 3 and 4). 

The approach of emulsion droplets to one another may be resisted by electrostatic 
forces. Electrostatic forces consist of coulombic repulsion between two like charged ob­
jects and attractive van der Waals forces. These two forces are accounted for by the Der­
jaguin, Landau, Verwey, and Overbeek (DLVO) theory. A third force, Born repulsion, 
occurs at very small separation distances when electron clouds overlap. I In emulsion sys­
tems an electric double layer may form around the disperse phase droplets. While electric 
double layer repulsion is certainly important in olw emulsions (Figure 3a), it does not play 
a large role in the stabilization of wlo systems due to the low dielectric constant of oil.4•26 

Evidence that the wlo emulsions reported here and elsewhere are not electrostatically sta­
bilized is apparent from data for the amount of resolved water upon centrifugation of 
water-in-crude oil emulsions versus NaCI concentration in the aqueous phase (Figure 5). 
Increasing the salinity of the aqueous phase affects the formation of the double layer by 
dramatically reducing the Debye length. The resolved water data show insensitivity to the 
concentration of NaCI, except for an initial stabilizing effect at very low NaCI concentra­
tions « 0.5 %). This initial stabilizing effect with added salt is precisely the opposite ef­
fect one would expect if the emulsions were stabilized electrostatically. With double layer 
repulsion, one would expect destabilization upon addition of electrolyte and screening of 
Coulombic repulsion. The effect of added salt at low electrolyte concentrations is likely a 
screening of lateral repulsion between surface-active species adsorbed in the interface. 
This screening enables a higher density of surface-active species to pack in the interface 
which increases film rigidity and mechanical strength, and stabilizes the emulsions. At 
very high salt concentrations (>20%) the emulsions appear to destabilize to a small extent, 
but this effect is probably due to a restructuring of the solvent at the interface, not a 
changing double layer interaction. 

Steric repulsion is a result of strong interactions between solvent and material ad­
sorbed at the droplet interface. Due to this strong interaction, there are both enthalpic and 
entropic penalties brought about by the approach of one droplet to another.27 The adsorbed 
species favor interaction with solvent rather than lateral interaction with other adsorbed 
species (Figure 3b). Mackor and van der Waals modeled the adsorption of molecules onto 
a pair of adsorbing planes, and based on comparisons with experimental data, concluded 
that steric stabilization must be responsible for the stabilization of some dispersions.28 

This phenomenon is common with emulsion droplets stabilized by nonionic polymers. 
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(a) Electrical Double Layer Repulsion 

o Negative co-ion 

• Positive counter-ion 

(b) Steric Repulsion 

: ... Solvation "shell" surrounding 
: surfactant tail group 

J 

.-Adsorbed surfactant head group 

(c) Marangoni-Gibbs Effect 

Water (Droplet) phase 

-----~-----------------. 

J Adsorption t "Interfacial 
diffusion flux 

Diffusion Bulk flux 

Figure 3. Depiction of emulsion stabilization mechanisms related to (a) electrostatic repulsion, (b) steric repul­
sion, and (c) Marangoni-Gibbs effects (after Wasan31). 

Typically, the solvation energies required are high and reflective of hydrogen bonding. 
With asphaltene and resin adsorption to water droplets, it seems unlikely that the van der 
Waals energies or dispersion energies associated with saturated and aromatic hydrocarbon 
solvation would be adequate to produce significant stabilization. 

A third mechanism of emulsion stabilization is the Marangoni-Gibbs effect. 13,29,30 As 
two droplets approach one another, the continuous phase drains out from between them, 
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PrimaIy AspIIaltenic Aggregate Oil Phase 

OIl-Water Interface 

Water Phase 

Figure 4. Depiction of emulsion stabilization mechanism in crude oil-water systems governed by adsorption of 
asphaltenic aggregates and organization into a third phase comprised of a rigid, viscoelastic, three-dimensional 
cross-linked network. The left portion of the picture shows primary asphaltenic aggregates comprised of individ­
ual asphaltene molecules aggregating through lateral stacking interactions and capped on the faces of the aggre­
gates by resin molecules. The right portion depicts flocculation of asphaltenic aggregates through inter-aggregate 
interactions to form a cross-linked three-dimensional film. 

creating an interfacial tension gradient at the droplet interface as the surfactants are 
dragged with the liquid. Due to the depletion of surfactant at the center of the thin film in­
terface, a diffusion flux is generated opposing the drainage in order to restore the equilib­
rium distribution. This diffusion flux increases the rigidity of the interface and slows fluid 
drainage (Figure 3c). In order to enhance coalescence in systems stabilized by the Maran­
goni-Gibbs effect, the interfacial activity of the surfactant must be high enough to account 
for the interfacial tension gradient created.3O-34 Increased coalescence is observed with in­
creased interfacial activity and diffusivity of the surfactant. Mukherjee and Kushnick29 

found that in order to increase the coalescence rate in Marangoni-Gibbs stabilized sys­
tems, the interfacial shear viscosity and dynamic tension gradient must be lowered. As we 
will show later, the stable interfaces created in water-in-crude oil emulsions are not only 
rigid and solid-like, they have strong elastic components and relatively high interfacial 
tensions as well. In a decane-water system with asphaJtenes and resins present, F0rdedal et 
al. 35 found the interfacial tension to be 24-32 mN/m compared with O.3-Q.5 mN/m when 
commercial surfactants were added. It thus seems unlikely that these interfacial materials 
are sufficiently mobile to exhibit the Marangoni-Gibbs effect. 

The formation of an interfacial layer consisting of surface active material present in 
crude oil (asphaltenes and resins) may provide a physical barrier for droplet-droplet coa­
lescence. Numerous researchers have noted the presence of an interfacial "skin" in oil­
water systems with these surface active components present.3,9,31,35--41 Mohammed et al.,36 
using a Langmuir film balance, found the interfacial dilational modulus to be dependent 
on the presence of asphaJtenes and resins, F0rdedal et al. 35 have shown that these compo­
nents are responsible for stabilizing emulsions. From observations of interfacial tension 
measurements, they reasoned that the ratio of resins to asphaltenes is an important factor 
for determining emulsion stability. As we will show, the evidence is compelling that the 
primary mechanism of asphaltene stabilization of water-in-crude oil emulsions is through 
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Figure 5. Effect of NaCI concentration (0-30 % w/w) on emulsion stability of Arab Berri-aqueous phase and Arab 
Heavy-aqueous phase emulsions. The crudes, emulsion making procedure, and emulsion stability protocol are de­
scribed in the Experimental Scetion. Arab Berri crude emulsions were prepared using the so-called modified pro­
tocol (MP) with an intermediate heating step at 4S·C and Arab Heavy crude emulsions were prepared with a 
similar protocol and an intermediate heating step at 70·C (See Figure 6). 

the formation of a viscous, cross-linked three-dimensional network with high mechanical 
rigidity (Figure 4). Shown on the left side of Figure 4 is a schematic depiction of asphal­
tenic aggregates interacting through donor-acceptor interactions (either of the proton or 
electron type) and solvated on edge by resins. On the right side of the Figure is shown the 
adsorption of these aggregates at an oil-water interface and accompanied by inter-aggre­
gate interactions to form a viscous, mechanically rigid film. While the schematic of Figure 
4 is obviously oversimplified, there are several salient features illustrated which likely 
capture the essence of asphaltene-stabilized films. First, surface adsorption of asphaltene 
molecules is probably driven by hydration of polar functional groups in the aromatic core 
of an individual asphaltene molecule. Secondly, resin molecules probably serve to solvate 
primary aggregates (asphaltene micelles) in the bulk phase but these resins are likely shed 
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and do not appreciably participate in the actual stabilizing film. In fact, as we will show 
later, resins are totally unnecessary in the stabilization of asphaltenic films. A missing de­
tail in Figure 4 is the means whereby individual asphaltene molecules crosslink to form a 
networked interfacial film. In the schematic, the aliphatic side-chains on the aromatic core 
are shown to intimately commingle. The specific forces which crosslink asphaltenic mole­
cules at oil-water interfaces are likely much stronger than simple dispersion forces and the 
likeliest candidates are H-bonds or electron donor-acceptor interactions. A contributory 
element in the stabilization of water-in-crude oil emulsions may be the presence of or­
ganic (wax) or inorganic solid particles or aggregates in the thinning films between water 
droplets which raise film viscosity and reduce film drainage. We will, however, not be 
able to review these solids-based contributions to emulsion stability here. 

3. REVIEW OF ASPHALTENE CHEMISTRY AND ITS ROLE IN 
MOLECULAR AGGREGATION 

3.1. Introduction 

Deducing the mechanisms by which emulsions are stabilized requires an intimate 
knowledge of crude oil composition. Characterization begins with the separation of crude 
oil into more distinct fractions. The general procedure for crude oil fractionation involves 
removal of asphaltenes by precipitation with a light aliphatic solvent (typically n-heptane 
or n-pentane) followed by sequential elution chromatography of the remaining frac­
tion-called maltenes or petrolenes-to generate saturated hydrocarbons, aromatics, and 
resins. The asphaltene fraction is defined by its insolubility in a particular solvent, namely 
n-pentane or n-heptane. N-pentane will generally precipitate more heavy end components 
with a wider variety of molecular weights and polarities than will n-heptane. Asphaltenes 
driven from solution with n-heptane have higher average molecular weights and polarities 
within a more narrow distribution and contain no free hydrocarbons. The very definition 
of asphaltenes as insolubility classes of compounds dictates a very broad distribution of 
molecular types, weights, functional groups, and physical properties in asphaltenes de­
rived from different sources. Tremendous bodies of literature have been developed by out­
standing physical and analytical chemists such as Boduszynski, Long, McKay, Yen, 
Strausz, Speight, Bestougeff, and a host of others. With respect to function, and more spe­
cifically colloid and surface-adsorption properties of asphaitenes, there are a number of 
concepts and rules which have been developed to explain the experimental evidence. 

Since Pfeiffer and Saal42 and Nellensteyn's43 work early this century, there is broad con­
sensus that asphaitenes aggregate in solution to form supramolecular, colloidal species with 
emulsion-stabilizing properties which are almost certainly governed by their size and struc­
tural integrity, as we will discuss below. Based on a large body of x-ray and neutron scattering 
evidence, these colloidal aggregates-known variously as asphaltene "micelles", liquid crys­
tallites, discotic mesophases, "particules", and supramolecular aggregates--associate through 
a stacking interaction based on the rigid disk-like nature of the fused aromatic ring functional 
groups (See Figure 7). An analogue of this type of molecular aggregation in monodisperse 
solute-solvent systems would be the stacking of anthraquinone dye molecules through non­
cooperative association.44 Pfeiffer and Saal's early picture ofasphaltene aggregation was less 
clear, as might be expected without the benefit of x-ray or neutron scattering information. Due 
to the polydispersity, variability, and relative lack of certainty in asphaltene molecular struc­
ture, many researchers still prefer a somewhat vague view of asphaltene aggregate structure. 
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Polar Functionat Group 

Aaphaltene "Molecule" Resin "Molecule" 

ReslnoSolublllzed Asphaltene Colloid 

J. D. McLean et al. 

Figure 7. Schematic illustration of pu­
tative mechanism of asphaltene aggrega­
tion through lateral rc-bonding and 
dipolar, H-bond, and electron donor-ac­
ceptor interactions between adjacent as­
phaltene molecules. Resin molecules. 
which are amphiphilic. solvate the edges 
of the lamellar asphaltene aggregates. 

What ultimately limits the size of these aggregates are (I) entropic effects, which 
tend to favor dissociation, (2) smaller amphiphilic molecules which solvate the faces of 
these disks (two examples being resins and naphthenic acids, which may not be mutually 
exclusive), and (3) mismatch of the asphaltenic molecules due to polydispersity in size, 
chemistry, and functional groups. The molecular interactions which likely drive this aggre­
gation are (1) n-bond overlap of fused aromatic rings in adjacent asphaltene molecules, 
(2) hydrogen bonding between proton donors (carboxylic, pyrrolic, phenolic) and proton 
acceptors (carbonyl, pyridinic, sulfoxidic), or (3) Lewis acid-base interactions among 
electron donors (oxygen, nitrogen, sulfur, aromatic functional groups) and electron ac­
ceptors (metallic species such as vanadyl, porphyrins, nickel-containing moieties). It is the 
thesis of this chapter that the molecular chemistry and the intermolecular interactions 
summarized in the above statements dictate the surface adsorptive properties of asphalte­
nes at air-oil, water-oil, and solid-oil interfaces, thus controlling foam and emulsion stabil­
ity, as well as the extent of asphaltene adsorption to solids and the resulting effects on 
emulsion stabilization. Moreover, these intermolecular interactions also influence the 
properties of the viscoelastic film of interconnected asphaltenic functional groups which 
forms following surface adsorption and which governs the long-term stability of emul­
sions and their ability to be destabilized by chemical and physical means. 

3.2. The Composition of Asphaltenes 

Boduszynski, McKay, and coworkers have shown convincingly45-48 that the compo­
sition of "asphaltenes" is very much dependent on the asphalt chosen for study and the 
solvent used to perform the precipitation. Despite this well-known and well-recognized 
fact, most researchers in the last 20 years have performed compositional, structural, and 
functional tests of all types on one or a handful of different types of asphaltenes. What we 
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Table 1. Range and typical values of elemental 
composition in asphaltene fractions 

Range Typical 

Carbon (%) 78-90 82-84 
Hydrogen (%) 6.1-10.3 6.5-7.5 
Nitrogen (%) 0.5-3.0 \.0-2.0 
Sulfur (%) 1.9-10.8 2.0-6.0 
Oxygen(%) 0.7-6.6 0.8-2.0 
Vanadium (ppm) 0-1200 100-300 
HIe 0.8-1.5 1.0-1.2 
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will overview here briefly are the salient features of asphaltenes related to colloid func­
tion, adsorptive properties, and emulsion stabilization. We will also attempt to provide a 
coherent picture of the range of properties which can be expected. 

3.2.1. Elemental Analysis. The elemental profile of asphaltenes has been discussed 
by most investigators.45,47,4~o The range and typical values seem to be those given in Ta­
ble 1. One of the most useful descriptions ofasphaltene structure is the degree of "conden­
sation" or aromaticity as gauged by HlC ratio. This has been shown to directly correlate 
with aromaticity.61 As has been pointed out by several investigators, an even more reveal­
ing indicator of asphaltene structure is the distribution of HIC ratio, or equivalently 
Jurkiewicz N factor,62.63 over the range of molecular weights which characterizes the poly­
dispersity of asphaltenes. 

3.2.2. Molecular Weight. The molecular weight of "monomolecular" asphaltenes is a 
hotly contested topic. Most investigators would agree that a large molecular weight of 
2,000-5,000 daltons or more for a typical asphaltene fraction is probably in error due to 
the extent of molecular aggregation observed experimentally. Most measurements are per­
formed by either mass spectrometry, vapor pressure osmometry (VPO), size exclusion 
chromatography (SEC), or cryoscopy.45.59.~6 The challenge with the mass spectrometric 
methods has always been whether the sample is completely volatilized intact with no frag­
menting, polymerization, or pairing. Early careful work in this area on a crude from the 
Soviet Union indicates a rather low value of the monomolecular weight of 500-1500 dal­
tons with a number-average of around 900-1000 daltons.45 This result has been inde­
pendently observed by AI-Jarrah and AI-Dujaili58 on a different system--northern Iraqi 
heavy crude---using a different experimental approach, i.e., VPO in a variety of solvents: 
toluene, benzene, chlorobenzene, tetrahydrofuran, and nitrobenzene. In their study, AI-Jar­
rah and AI-Dujaili obtained a low number-average molecular weight of 935 daltons but 
only in extreme conditions (120°C) with an extreme solvent-nitrobenzene. This suggests 
that under most conditions, i.e. low temperature and common aromatic solvents, asphalte­
nes are highly aggregated to form micelles or aggregates. Bunger64 reached a similar con­
clusion with a variety of methods. Cryoscopic work by Filimonova et a1.59,65 on a large 
number of Siberian crudes of vastly different properties yielded a range of number aver­
age monomolecular asphaltene weights of 900-2100 daltons. Vapor pressure osmometry, 
when performed in room temperature solvents of low dissociating power, such as toluene, 
yields high molecular weights. By performing the experiments at elevated temperatures 
(130°C) in strong polar dissociating solvents, such as o-dichlorobenzene, Wiehe67•68 ob-
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tained values ranging from ca. 500-4000 daltons for monomolecular asphaltene weights. 
Again, caution is warranted as even in these strong solvents and high temperatures, 
strongly associated oligomers may be present for which multiple sites of H-bonding or 
aromatic 1t-bonding are possible. 

3.2.3. Hydrocarbon Skeleton. Based on some elegant mapping of asphaltene distri­
bution Jurkiewicz graphs, BestougeftO concluded that asphaltenes were comprised of 
"polycondensed" oligomers of small clusters of 5-7 fused aromatic rings in which the 
linkages were heteroatomic or aliphatic. If this picture is accurate and generalizable, the 
rigidity of these fundamental building blocks is sufficient to confer a preferred local orien­
tation on the molecules in aggregates. Molecular packing of similarly shaped and struc­
tured asphaltene monomers would lead one to conclude that the "micelle" or aggregate 
structure must resemble the picture in Figure 7. However, small angle neutron scattering 
data suggest that asphaltenic aggregates in toluene/pyridine mixtures are relatively spheri­
cal, with a radius of about 30 A.69 Thus, it is still unclear to what degree asphaltenes orient 
themselves in aggregates and whether this orientation is important in emulsion stability. 

3.2.4. Functional Group Analysis and Speciation. The detailed chemistry of heteroa­
tom speciation, polar functional group determination, and hydrogen and carbon types in 
asphaltenes has been probed primarily by infrared spectroscopy, nmr spectroscopy, x-ray 
methods such as x-ray absorption near-edge structure spectroscopy (XANES), and esr 
spectroscopy. The picture which emerges has become clearer with time and seems to indi­
cate that most asphaltene molecules have 1-3 heteroatoms (S, N, 0) per molecule. Sulfur 
exists predominantly as thiophenic heterocycles (typically 65-85%) with the remainder as 
sulfidic groups.70.71 Only in highly biodegraded crudes does there appear to be a large 
amount of sulfoxide. Nitrogen occurs as pyrrolic, pyridinic, and quinolinic groups, the 
dominant portion being pyrrolic. Interestingly, relatively small amounts of porphyrin com­
plexes appear to exist in asphaitenes. However, when asphaltenes are extracted with warm 
acetone, what little porphyrin material present is extracted. The film-forming capability of 
the asphaltene fraction, and the shear strength of that film, appear to be diminished when 
the porphyrin fraction is removed. 72 This suggests that porphyrin groups may play an im­
portant role in crosslinking asphaltenic species at the oil-water interface and creating a 
sufficiently strong film to stabilize emulsions. Oxygen species are predominantly hy­
droxylic, carbonyl, and ether.63.73 Acidic functional groups appear to playa critical role in 
asphaltenic films which stabilize emulsions. 74 By fractionating asphaltenes and resins 
from North Sea crudes using a solvent extraction procedure, Sjoblom's group has shown 
that model emulsions were strongest when stabilized by asphaltene fractions richest in 
open-chain carbonyl functional groups. They hypothesized that the hydrogen bonding af­
forded by flexible carboxyl groups in asphaltenes yields a rigid mechanical barrier film to 
water droplet coalescence. 

Gated spin echo DC nmr methods have been applied to asphaltenes to gauge the de­
gree of aromatic ring condensation.57 This fused ring character is also reflected in H/C ra­
tio and aromaticity, and could play an important role in the aggregation properties of 
asphaltenes. 75 The implication is that more "mature" asphaltenes--i.e. more highly biode­
graded--with lower molecular weight, smaller aliphatic substituents, greater aromatic 
condensation, and more fused ring character, could potentially associate through lateral 
stacking interactions mediated by 1t-bonding. Whether this type of intermolecular interac­
tion engenders stronger viscoelastic films at oil-water interfaces has not been studied to 
date. 
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3.3. Emerging Picture of Asphaltene Aggregation 

While there is a great deal of experimental data detailing a variety of structural prop­
erties of asphaltenes, much of the molecular chemical picture as it relates to film-forming 
structure remains unclear. The early Nellensteyn and Pfeiffer and Saal models of a locally 
structured solution comprised of a graded interfacial zone between asphaltenic species and 
the crude solvent (saturated and aromatic hydrocarbons) seems to have some legitimacy in 
the light of detailed scattering data suggesting spherical aggregates. Moreover, the mo­
lecular structural distribution data of Bestougeff and coworkers suggests polycondensed 
structures connected by flexible linkers which further implies a relatively disordered ag­
gregate interior. On a very local level (0[10 AD, the interaction of fused aromatic ring 
systems suggests a local director axis similar to discotic mesogens. Specific scattering evi­
dence of sedimented asphaltenic films indicates discotic lamellar structures. 76 Thus, a bal­
anced picture of the literature suggests that asphaltenes may aggregate to form locally 
directed anisotropic structures connected through space to form a three-dimensional net­
work. This picture is in fact very close to Yen's model.77,78 It seems clear that strong, di­
rected intermolecular forces must hold asphaltene molecules together in supramolecular 
aggregates and the likeliest forces are 1t-bonds, hydrogen bonds, and electron donor-ac­
ceptor bonds. We also know that primary aggregates of asphaltenes agglomerate further in 
"poor" solvents, i.e. n-alkanes, to form larger colloidal particles. This subsequent agglom­
eration may also be attributable to the aforementioned types of forces as it is driven by in­
creasingly aliphatic solvents which would promote all three types of interactions. In 
"good" solvents, such as toluene and pyridine, asphaltenes are known to micellize or ag­
gregate,69 but the extent of aggregation is modest (small spherical aggregates of 30 A). 
Thus, it is the subsequent larger scale aggregation or agglomeration which ultimately 
gives rise to three-dimensional network formation, viscoelastic film formation, and emul­
sion stabilization, as we will describe below. 

4. STUDIES OF CRUDE OIL EMULSIFICATION AND 
INTERFACIAL FILM FORMATION 

4.1. Introduction 

Motivated primarily by the challenges associated with transport and clean-up of vis­
cous emulsions formed subsequent to marine spills of crude oils and residual fuel oils and 
by the need to demulsiry production emulsions at the wellhead, water-in-crude oil emul­
sions and interfacial films at oil-water interfaces have been studied extensively over the 
last 50 years.3-5,38,7H5 A chronological summary of these studies is provided in Table 2, 
which collects the references, crude oils, and techniques used in many of these publica­
tions. The recurring themes in these studies aimed at understanding mechanisms of and 
agents responsible for emulsification are {l) asphaltenes are the key agent in crudes re­
sponsible for emulsification, (2) the role of resins is unclear, sometimes facilitating emul­
sion formation and sometimes serving to demulsiry, (3) the natural emulsion-forming 
materials accumulate at the oil-water interface to form a viscous interfacial film with vis­
coelastic properties which governs emulsion stability, and (4) other "bulking" agents, such 
as wax particles or inorganic solids, seem to contribute to the opacity and potentially the 
strength of the film. In this section, we will review the evidence for these conclusions re­
lated to water-in-crude emulsions and present our studies on crude oils and "doped" 
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Table 2. Summary of studies conducted on crude oil-water interfaces, either emulsion, pendant drop, 

or planar interface studies 

Investigators Ref # Crude oil Method of study Key findings 

Lawrence et al. 79 Venezuela, Borneo, water separation; visual emulsion stabilization requires 
Trinidad, Sumatra, observations of emulsion lowering of 1FT and a 
Mexico, Iran, and mechanical barrier to 
Texas coalescence 

Denekas et al. 93 Oklahoma water spray extraction to analysis of crude forming 
separate film forming material 
constituents from the crude 

Dodd et al. 94 California water spray extraction of surface active and film 
surface active components forming material is present 
and fractionation of the in crude oil 
resulting benzene solubles; 
1FT: pendant drop 

Blair 5 Angola, Venezuela, 1FT, spreading coefficients: du rigid, highly condensed 
Texas, Germany, Nuoyring interfacial skin can be 
Kuwait, Canada, replaced with demulsifier 
Mexico, and 
Arkansas 

Dodd 39 Illinois IF rheology asphaltene and resin structures 
in the interfacial film 
stabilize emulsions; R and A 
have specific roles 

Mardanenko et 86 Uzen and Zhetybai water spray extraction of 
al. fields "foam-forming" components 

with petroleum ether; 
surface tension; water 
separation 

Kimbler et al. 3 Texas, Venezuela, film pressure: float at interface 
New Mexico, 
Louisiana 

Strassner 4 unspecified IFT: pendant drop resin and asphaltene effects 
are important 

Cairns et al. 114 Zakum, Tia Juana, IF rheology: bob at interface; 
Murban 1FT: du Nuoy ring, pendant 

drop 
Jones et al. 96 Ninian, Kuwait, IF rheology: bob at interface; 

Iranian Heavy, film compressibility: 
Murban, Forties, Wilhelmy plate 
Magnus 

Pasquarelli et 37 California 1FT: spinning drop; IF shear resins may increase emulsion 
al. viscosity: viscous traction stability by preventing 

shear viscometer asphaltene precipitation 
Menon etal. 115 Australia photomicrography; IF shear IF viscosity correlates with 

viscosity: deep channel coalescence rate 
viscous traction surface 
viscometer; 1FT: spinning 
drop 

Siffert et al. 112 unspecified small angle x-ray scattering lamellar structure at interface 
similar to model oil systems 
with asphaltenes 

Thompson et al. 116 North Sea 1FT: Wilhelmy plate 
Eley et al. 117 Brega, Kuwait, Tia IF rheology: bob at interface; correlation between amount of 

Juana IF compressibility: pendant demulsifier required and 
drop asphaltene content; thick 

films of asphaltenes at 
interface 
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Mukherjee et 29 unspecified IF rheology: du Nuoy ring, shear viscosity and dynamic 

al. maximum bubble pressure 1FT gradient need to be 
shear, viscous traction shear lowered for demulsification 
viscometer, pulsed oil drop 

Johansen et al. 17 North Sea 1FT: du Nuoy ring 

Aveyard et al. 1\8 North Sea water separation; 1FT: demulsification rate increases 
spinning drop with surfactant 

concentration up to 
aggregation point 

Isaacs et al. 40 Leduc field ultrasonic field to measure demulsifier and surfactant are 
extent of coalescence; more effective together than 
photomicrography individually at 

demulsification 
Sjoblom et al. 18 North Sea 1FT: pendant drop 
Wasan 31 California water separation; drop size demulsifier performance 

distribution; IF activity: correlates with interfacial 
maximum droplet pressure activity 

Acevedo et al. 113 Cerro Negro IF rheology: bob at interface rheological differences found 
when resins are present 
(from model studies) 

Bhardwaj et al. 1\9 Germany 1FT: drop volume method; effective demulsifiers require 
water separation sufficient surface pressure 

and partitioning between 
phases 

Mohammedet 14 North Sea Buchan IF rheology: bob at interface build up of asphaltenes at 
al. interface 

Mohammedet 36 North Sea Buchan 1FT: Wilhelmy plate resin-asphaltene interactions 
al. are important for strong 

films 
Urdahl et al. 120 North Sea 1FT: du Nuoy ring 
Bhardwaj et al. 121 Germany 1FT: drop volume method; interface toughens due to slow 

water separation adsorption of natural 
surfactants, correlation with 
demulsifier adsorption and 
rate of demulsification 

Mohammedet 15 North Sea Buchan IF rheology: bob at interface asphaltene structure builds up 
al. with time 

Skodvin et al. 122 unspecified time domain dielectric information on relaxation 
spectroscopy times and static permitivities 

Kimetal. 32 Mississippi water separation; dynamic correlation between film 
film tension, dilational modulus and 
stress-relaxation performed demulsifier performance; 
with a film tensiometer rapidly diffusing, low MW 

components lower 1FT for 
demulsification 

F ardedal et al. 35 France, North Sea 1FT: du Nuoy ring; time resin and asphaltene 
domain dielectric interactions are important 
spectroscopy for emulsion stability 

Kimetal. 123 Louisiana film rheometer lowering of 1FT gradients is 
required for demulsification 

McLean et al. 107 Alaska, Saudi Arabia, water separation asphaltene concentration and 
California RIA are important for 

asphaltene aggregation and 
resulting emulsion stability 

Abbreviations include IF (interface); 1FT (interfacial tension); R (resins); and A (asphaltenes). 
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crudes, i.e. crudes which have been selectively modified by the addition of specific com­
ponents. In the following section, we will review the evidence from "model" systems, i.e. 
oils comprised of pure heptane, toluene, xylene, and the like to which have been added as­
phaltenes, resins, and other materials, in order to isolate the individual effects of these 
components. 

4.2. Film-Forming Agents in Crude Oils 

A variety of components, functional groups, and fractions of crude have been impli­
cated as containing the agents primarily responsible for viscous film formation and emul­
sion stabilization. Much of the evidence is somewhat confusing and seemingly 
contradictory. This confusion is likely due to the remarkably broad distribution of physical 
properties in crude as well as the variety of agents which can participate in emulsion film 
stabilization. Many studies have independently confirmed that the emulsifying and film­
forming agents are present in the atmospheric residua/9 the asphaltene fraction,38,86--1!9 and 
the fraction which adsorbs most strongly to polar solid adsorbents, such as activated sil­
ica.74,9o Mackay carefully diluted water-xylene-asphalt emulsions with xylene and then fil­
tered the water droplets to concentrate them, whereupon they evaporated the water and 
analyzed the residual emulsifying material. Only the emulsion-stabilizing material which 
formed a rigid, mechanically stable film remained upon dilution in xylene and filtration. 
The residual film-forming material, which was called Compound X, had an HlC ratio of 
1.09, a nitrogen content of 1.3 %, and was virtually identical in elemental composition to 
the asphaltene fraction in the crude oil they studied. We have performed similar studies in 
which we formed emulsions of water, toluene, heptane, and asphaUenes isolated from Sa­
faniya (Arab Heavy crude oil) and then centrifuged the emulsions at high speed to form a 
residual film.9! The fraction of the asphaltenes which we isolated at the interface had an 
HIC ratio of about 1.09, slightly lower than the bulk asphaltene HlC ratio of 1.11. Thus, 
there appears to be a sub-fraction of asphaltenes of possibly lower Hie ratio than whole 
asphaltenes which is more stable at the interface or participates to a greater extent than the 
entire fraction in the formation of a rigid interfacial film. We have indirectly verified this 
recently in experiments performed with acidic, basic, and neutral fractions of asphaltenes 
isolated by ion exchange chromatography.92 

Denekas et a1.93 and Dodd et a1.94 had previously performed similar experiments with 
an Oklahoma crude and with a Rio Bravo, California crude, respectively. In their experi­
ments, the film-forming material was isolated by water-spray extraction and isolation. 
From their analyses, they concluded that resins, waxes, and porphyrin-containing com­
pounds were all present in the interfacially active and film-forming fraction. Moreover, by 
extracting the interfacial residual material with benzene and analyzing, they obtained HIC 
ratios of about 1.00-1.19 for the benzene extract, which is in the range for asphaltenic ma­
terial. The importance of porphyrin-containing material in asphaltenes in strengthening in­
terfacial films at oil-water interfaces has been independently confirmed by Mansurov et 
al. 72 They found that the shear strength of the asphaltenic films formed in mineral oil­
xylene-water-O.l % asphaltene mixtures, as measured by a torsion pendulum rheometer, 
was reduced by as much as 50% upon removal of the porphyrins by acetone extraction. 
Potentially, other materials were also extracted in their experiments. However, their results 
do support the notion that porphyrin functional groups play a role in enhancing the 
strength of asphaltene interfacial films. 

Many studies mention anecdotally the presumed role of resins in stabilizing water­
in-crude oil emulsions. The role of resins in the stabilization of oil-water interfacial films 
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has not been precisely elucidated for a variety of reasons. In many of the experiments per­
formed to probe emulsion stability, the strength of emulsions studied has varied greatly, 
with some emulsions simply being stable to gravity settling while others were stable to­
wards centrifugal fields. While petroleum resins by themselves can, in some instances, sta­
bilize emulsions against gravity settling, they tend to be much weaker than those 
stabilized by asphaltenic films. 91 What additionally has confused the literature on this 
point is that the combination of resins with asphaltenes, which is what occurs in whole 
crude emulsions, can produce more stable emulsions or stronger interfacial films than as­
phaltenes alone, under certain solvency conditions.72 The role of resins, as we will de­
scribe in detail below, seems to be to solvate large colloidal aggregates of asphaltenes, 
creating smaller aggregates which are more mobile and can organize in the oil-water inter­
face more effectively. Thus the resins seem to serve to produce a state of aggregation of 
asphaltenes most conducive to interface adsorption and film generation. Whether the res­
ins actually participate in forming the interfacial film and contributing to its rheological 
strength has not been determined. 

4.3. Emulsion and Interfacial Film Studies on Crude Oils 

In this section, we will attempt to summarize and review the literature on water-in­
crude oil emulsions and the studies of the interfacial films formed at water-crude oil inter­
faces. No effort is made to be exhaustive but we will attempt to provide a comprehensive 
view of our current understanding of this issue. 

In 1960, Blair5 and Dodd39 published, key studies on water-in-crude emulsions and 
their films. Using a film balance to study the water-oil interface, Blair showed that the na­
ture of the interfacial film was not at all akin to the classical picture of emulsion stabiliza­
tion by an adsorbed monolayer yielding low interfacial tension values. Rather, a thick 
mechanically rigid film was observed to form when the film pressure was increased by 
compression beyond 15-17 dyne/cm. Careful photomicroscopic examination of these 
films revealed some very unusual phenomena. When the interface was observed from be­
low through the water phase, it was seen to acquire a greyish, opalescent appearance. 
When probed, the film was observed to be elastic. Upon gross deformation, the films de­
veloped wrinkles and thick striations, but many recovered to assume the uniform grey 
opalescence. Blair concluded that the films were likely polymolecular (see Figure 4). The 
film opacity was observed to be greatly reduced upon filtering all particles larger than 0.5 
Jlm. It thus appeared that a primary adsorbed layer is initially formed, almost certainly 
comprised of asphaltenes, and a secondary layer superimposes on this primary layer and is 
likely comprised of asphaltenes, wax particles, and possibly inorganic particulates. Resins 
and polyaromatics may also be associated with the film as asphaltene-solvating species. 

Dodd39 employed an interfacial shear rotational viscometer to study crude-water in­
terfaces with NaCI, acid, and basic additives in the water phase. He observed high elastic­
ity and rigidity when the interface was aged for 18-70 hours. NaCI did not affect rigidity 
but basic solutions of as little as 0.01% NaOH destroyed film rigidity. Dodd concluded 
that the film must be comprised of naphthenic acids in combination with resins, asphalte­
nes, and waxes. Furthermore, the acidic species must desorb from the interface under ba­
sic conditions and partition into the aqueous phase, rendering the interface considerably 
less rigid. Dodd did not explore whether these acidic species were in fact part of the as­
phaltene fraction, but subsequent researchers have shown that acidic asphaltenes are more 
effective at emulsion stabilization than their neutral counterparts.74,92 
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Strassner4 explored the effects of pH on interfacial film properties and the stability 
of crude oil-water emulsions utilizing a pendant drop method to measure so-called film 
ratio. In this experiment, a droplet of water is extruded through a capillary into crude oil, 
aged for 20 seconds to allow adsorption of components at the oil-water interface, then 
contracted to a smaller drop size by changing the pressure in the capillary until a "sharp" 
change is observed in the drop geometry. While this latter point is obviously somewhat 
arbitrary, Strassner observed very distinct "wrinkling" of the interface and clear evidence 
of film rigidity as evidenced by a "crinkly or prune-skin appearance". The ratio of the 
cross sectional area of the contracted droplet to the original droplet is defined as the 
"film ratio". Strassner observed that when the film ratio was greater than 20% with bulk 
crude viscosities of 6 cP or greater, the crude always produced stable emulsions with 
water relative to gravitational settling. Thus, there was a clear relationship established 
between film rigidity and emulsion stability. Strassner observed that the films formed 
were of three distinct types: (1) solid, rigid films that under compression form relatively 
insoluble skins and possess high interfacial shear viscosity, (2) highly mobile films that 
pack under compression to give a momentary distortion but rapidly redistribute and re­
turn the drop to a symmetrical shape when contraction is stopped (these films have low 
interfacial shear viscosity), and (3) transitional films that show no distortion under com­
pression and whose presence can only be detected by relatively low interfacial tension. 
Both rigid and mobile films can possess high film ratios, but the rigid films are obviously 
considerably more effective in creating stable emulsions. Moreover, Strassner was able 
to show, by performing experiments on a de-asphalted Venezuelan oil to which asphal­
tene was added in varying amounts that, with high RIA of 8 or greater, only mobile films 
were obtained while with RIA of less than 5-6, rigid films were obtained. Strassner con­
cluded that asphaJtenes form more rigid films than do resins. Also, by varying the pH of 
the aqueous phase, Strassner showed that at acidic pH with low gravity Venezuelan 
crude, the most rigid films were formed with the highest emulsion stability. A tentative 
conclusion which may be drawn is that acidic functional groups (which are protonated) 
are present in asphaJtene fractions and confer the cross-linking required for rigid asphal­
tenic films to form. 

A number of other early studies of crude oil-water interfaces identified rigid oil­
water interfacial films generated by the adsorption of natural crude surfactants.3,85,95 Space 
here does not allow us to summarize these papers but their publication adds to the evi­
dence of mechanically rigid films as the primary mechanism of water-in-crude oil emul­
sion stabilization. 

Jones et al. 96 and Neustadter et al. 97 performed some critically important studies of 
crude oil film formation at oil-water interfaces utilizing experimental probes of interfacial 
tension, surface pressure, and interfacial rheology. Differing crudes exhibited radically 
different pressure-area (n-A) curves as probed by a Langmuir film balance with a hydro­
phobic Wilhelmy plate, Four types of interfacial film behavior were observed: (I) com­
pressible relaxing, (2) incompressible relaxing, (3) incompressible relaxing with L,-L2 

phase transition, and (4) incompressible non-relaxing (i.e, mechanically rigid elastic film 
formation). The last category of film (of which Ninian crude was an exemplar) produced 
the most stable emulsions and the films of greatest surface shear viscosity (> 200 mN/s-m 
for a 4+ hour aged interface), elasticity, and compressed film pressure (> 10-12 mN/m) , 
These films could be induced to relax by elevation of temperature to > 60°C, although the 
film relaxation was observed to be a kinetically slower process than for the other types of 
films formed at lower temperature. Thus, the specific physico-chemical interactions 
whereby these films are formed at lower temperatures can be weakened by elevation of 
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temperature. This certainly would be expected with hydrogen bonding, electron donor-ac­
ceptor interactions, 1t-bonding, or partial paraffin crystallization. 

Sjoblom and his research team have probed the causes of emulsion stability in a se­
ries of North Sea crudes and observed that emulsion stability correlates with asphaltene, 
wax, and resin/asphaltene ratio. 18,74,90,98,99 In their early work, they theorized that asphalte­
nes may aggregate through stacking interactions mediated by aromatic 1t-bond overlap to 
form discotic lamellar structures which stabilize the emulsions, similar to lamellar liquid 
crystalline stabilization of emulsions in ternary surfactant-oil-water mixtures. 100-103 More­
over, they further observe that the interfacially active fractions of crude oils which give 
rise to emulsion stability are rich in acidic functional groupS.74,90 These observations are 
fully consistent with the earlier studies of Dodd, Blair, and Strassner. Nordli et al.98 have 
studied the surface pressure-specific area isotherms of the interfacially active fractions of 
North Sea crude and discovered that once the surface pressure exceeds 15-20 dyne/cm, 
the interfacial films are observed to become rigid. The strongest films are formed under 
the most acidic conditions. Finally, the films least able to relax under reduced surface 
stress conditions were observed to form the most stable emulsions. The molecular picture 
that seems to emerge is that of self-assembling asphaltenic films which, with the proper 
functional groups for cross-linking, form rigid solid-like interfacial films to stabilize 
emulsions. The most stable emulsions form with the most rigid films. It is also clear, how­
ever, that components other than asphaltenes, such as alkanes (paraffin waxes), resins, and 
aged interfacially active components of relatively high HlC ratio (1.5), can also contribute 
to the stabilization of water-in-crude oil emulsions. I04 

Mohammed et aI.14.15.36,105,106 published a series of papers in which they probed the 
rheology, interfacial tension, surface pressure, and compressional modulus of Buchan 
crude oil -water interfaces with and without added demulsifiers under thermal and electri­
cal fields. Their rheological method was the biconical bob technique described above.97 In 
their rheological study,14 they observed that with short aging times of the crude-water in­
terface « 2-3 hours), the interface rheology could be characterized as substantially vis­
cous but with very little elastic character. The values of shear viscosity measured at 
relatively short times were of the order of 1-10 mN/s-m. 

4.4. Effects of Resins and Aromatic Solvent Addition on Emulsion 
Stabilization in Crude Oils 

McLean et a1.91.107 have investigated the effects of crude oil solvency and resin-as­
phaltene interactions on the stability of both water-in-crude oil emulsions and model sys­
tems. 

4.4.1. Experimental Section 

4.4.1.1. Materials. The crude oils chosen for this study (Arab Berri, Arab Heavy, 
Alaskan North Slope, and San Joaquin Valley) have been selected based on their extensive 
use in oil refineries and because they represent extremes in gravity, resin and asphaltene 
content, and emulsion-forming tendencies. The general properties of the crude oils se­
lected for this study are presented in Table 3. Arab Heavy is a high sulfur crude produced 
from Safaniya, the world's largest off-shore field. 108.109 Arab Berri (i.e. Arab Extra Light) 
is a high 0 API gravity, low sulfur crude produced from Upper Jurassic Arab zone reser­
voirs in Berri, Saudi Arabia. 109,110 The nitrogen-rich San Joaquin Valley crude oil (a blend 
of crudes from San Joaquin Valley, California) is a crude of low a API gravity and unusu-
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Table 3. Properties of crude oils used in this study 

Property Test methods SN ANS AB AH 

Gravity, 0 API ASTM-D287 12.2 27.5 38.6 27.4 
Viscosity·, SUS @ IOO°F ASTM-D445 15,025 71 41 118 

Nitrogen, wt % GC Combustion 0.90 0.31 0.07 0.25 

Sulfur,wt % 1.20 1.42 1.52 3.16 

Asphaltenes, wt % n-C7 Insolubles 4.57 3.35 0.68 8.27 

Resins, wt% Elution Chromatography 20.26 9.47 3.49 9.56 

RIA 4.43 2.83 5.13 1.16 
Arom. Oil:Arom. Asphaltenes C-13 NMR Spectroscopy 0.45 0.45 0.31 0.43 
Arom. Resins:Arom. Asphaltenes C-13 NMR Spectroscopy 0.84 0.73 0.71 0.77 

% Polar Functional Groups*· FTIR Spectroscopy 4.44 1.64 1.98 1.21 

-Viscosity of distilled water @ 68°F is 3 1 SUS. 
_·Wt % of total asphahenes and resins 

ally high viscosity. III Alaskan North Slope (ANS) is produced from fields in the North 
Slope of Alaska, predominantly in the Prudhoe Bay region. 

4.4.1.2. Methods: Crude Emulsion Studies. In order to ensure homogeneity of the oil 
samples, the whole crudes were mixed thoroughly with the use of a Harbil GQM high­
speed paint mixer for 3 min. The aqueous phase (i.e. deionized water) was prepared by ad­
justing the pH using diluted NaOH and HC!. The emulsions were produced according to a 
standard protocol outlined in schematic form in Figure 6. Six mL of deionized water (@ 
specified pH) and four mL of the whole crude oil were pipetted into a 15 mL 
polypropylene jar. This mixture was then processed with the use of a Virtishear Cyclone 
IQ homogenizer with a 6-mm rotor/stator configuration (gap width = 0.127 mm) at 15,000 
rpm for 3 min at the oil/water interface, for 2 min at the bottom of the jar, and for 1 min 
just below the oil/air interface. Immediately after homogenizing, the emulsions were 
transferred to 10 mL polypropylene centrifuge tubes; most emulsions poured readily im­
mediately following emulsification. The amounts of oil and water to be emulsified (in­
cluding the W/O ratio), the geometry of emulsifying equipment (e.g. 15 mL jar, 6-mm 
rotor/stator configuration, etc.), and the amount of energy input to the system specified in 
the emulsification protocol were determined in preliminary experiments to ensure repro­
ducibility, complete emulsification of materials, and droplet size distributions typical of 
emulsions produced in the refineries (5-50 JlI11). 

Referring again to Figure 6, after a period of 24 hours, the amount of separated 
water was determined since a period of rapid coalescence is known to immediately follow 
the formation of an emulsion.38 The volume of oil and water resolved was measured via 
visual inspection by placing the emulsion samples next to a graduated centrifuge tube. The 
emulsions were then centrifuged using a RC5C refrigerated centrifuge from Sorvall In­
struments at 15,000 rpm (28,700 g) and 30°C for 30 min. The volumes of water and oil 
separated due to centrifugation were determined by decanting the oil and pipetting the 
water into separate graduated tubes. The amount of resolved water is the most appropriate 
gauge of emulsion stability in water-in-crude oil emulsions since coalescence of the drop­
let phase is the limiting step in the demulsification process.99 

In order to study the effects of changes in system variables (e.g. crude oil types, 
added resins, added solvents of varying aromatic carbon content, etc.), a modified stability 
protocol was employed which resolved approximately half the water from the whole 
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crudes (i.e. base cases). As shown in Figure 6, the modified stability protocol simply adds 
heating and re-centrifugation steps to the standard stability protocol in order to attain the 
desired water resolution. When using the modified protocol, the emulsion samples were 
heated in a water bath to a specified temperature for -18 hours after the initial centrifuga­
tion and then re-centrifuged at the previously-noted specifications. By changing the 
amount of heat input into the system between centrifugations, one can control and deter­
mine the amount of water resolved for each of the base cases in a particular study. This en­
ables the investigator to broaden the window of observed trends in relative emulsion 
stability. Preliminary results indicated the standard protocol was sufficient to obtain the 
desired water resolution (-50%) for Alaskan North Slope crude, while Arab Berri and 
Arab Heavy crudes required heating to 45°C and 70°C, respectively. 

The crude oils under investigation were fractionated into resins and asphaltenes and 
subsequently characterized with respect to their elemental, functional group, and aromatic 
carbon contents in a prior study. The instruments and techniques used to obtain the com­
positional analyses of these crudes are described in a previous paper.61 

4.4.l.3. Methods: Model Emulsion Studies. The model crudes were constructed us­
ing the resin and asphaltene fractions derived from a fractionation method applied to the 
four different crudes mentioned previously.61 Briefly, the asphaltenes were precipitated 
from the crude oil in an excess of n-heptane at room temperature. Resins were then iso­
lated after adsorption of the heptane-soluble portion on activated silica gel. 

The resin and asphaltene fractions from these crudes were typically dissolved in 4.4 
mL of heptol (7:3 heptane:toluene, unless otherwise noted), both as separate entities and 
in various combinations to study the possible synergistic effects of these fractions. In or­
der to enhance dissolution of these polar materials, the asphaltenes were first crushed into 
fine particulates with the use of a metal spatula. Appropriate amounts of these fractions 
were weighed on a Mettler AE 166 Deltarange Balance. The resins and asphaltenes were 
dissolved separately in 3.1 mL ofn-heptane and l.3 mL of toluene, respectively, in 15 mL 
polypropylene jars. The solvents used were the purest HPLC grade available. Both jars 
were shaken at the lowest setting on a Fisher Genie 2 Vortex mixer for at least 5 min. The 
resin solution was then added to the asphaltene solution, and the mixture was shaken for 
another 5 min before emulsification with 6.6 mL ofDI water adjusted to pH 6. 

The formation of these model emulsions was carried out in the same manner as pre­
viously described above for the whole crude oils. All of the emulsions formed in this study 
were of the wlo type. Their stability was determined by the amount of water resolved after 
24 hours and then again after centrifugation at various field strengths for 30 min. Most 
emulsions were centrifuged at 15,000 rpm (28,700 g). 

The interfacially active components remaining in the unresolved emulsion phase as 
well as those found in the creamed oil phase were isolated by carefully decanting the oily, 
organic phase before evaporating the water and/or heptol from each of the phases in a ni­
trogen-flushed vacuum oven at 70°C for 24 hrs. Elemental and neutron activation analyses 
were then utilized to obtain C, H, N, S, V, and Ni contents in these isolated polar compo­
nents. Details of these characterization techniques were presented previously.61 

4.4.2. Molecular Model of Role of Resins in Asphaltene Aggregation. Before we can 
attempt to relate the observed trends in the stability of the emulsions produced from the 
crude oils in this study to certain characteristics of these crudes, we must consider how the 
polar, surface-active constituents of the crude (e.g. resins and asphaltenes) interact with 
each other and with the surrounding crude medium and how these interactions could affect 
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the resultant emulsion stability. As mentioned previously, resins help to solubilize the as­
phaltenes by forming a resin-solvated asphaltenic aggregate (Figure 7) and thus tend to di­
minish the surface-active nature of the asphaltenes. However these resin-solvated 
asphaltenic aggregates may lower their free energy by 'shedding' the solvating resins on 
one side to form a partially-solvated aggregate which is interfacially-active and adsorbs at 
the water-oil interface. As pointed out in the literature review, the extent to which the as­
phaltenes are solvated is one of the controlling factors in determining the surface-active 
nature of these colloidal aggregates. Strongly solvated asphaltenic aggregates, either by 
the aromatic portion of the crude solvent or by the resin fraction, are relatively surface-in­
active as gauged by emulsion stability. Asphaltenes which prefer inter-asphaltene interac­
tion to solvation are strongly surface-active. In addition, based on the vast amount of 
evidence in the literature, one might expect structural reorganizations at the oil-water in­
terface of these asphaltenic aggregates to engender more intimate association and, appar­
ently, extensive crosslinking to produce rigid elastic films. 

With this in mind, what are the dominant contributors to the state of asphaltene solu­
bility? Ifwe consider, for example, a crude oil which is rich in solvating resins relative to its 
asphaltene content (i.e. a crude oil which has a high resin-to-asphaltene ratio), we would ex­
pect the asphaltenes in this particular crude oil to be strongly solvated as small (0[30--40A]) 
aggregates and therefore unable to stabilize emulsions. This was apparent in Strassner's 
study with RJ A greater than 8.4 Aside from RJ A, there are at least two other characteristics 
that merit consideration: (1) asphaltenes are known to be the most aromatic portion of the 
crude oil, therefore we would expect that as the aromaticity of the resins and surrounding oil 
medium increased with respect to the aromaticity of the asphaltenes, the asphaltenes would 
become more molecularly dissolved and less able to stabilize emulsions; (2) the hydrogen­
bonding interactions of the polar functional groups would help determine the strength of 
solvation between the resins and asphaltenes. It stands to reason that if the asphaltenes from 
a particular crude oil contain high concentrations (relatively speaking) ofC=O groups and if 
the corresponding resin fraction is rich in carboxylic acid functional groups, then intermo­
lecular hydrogen bonding could lead to strong solvation of asphaltenes by resin molecules. 
The higher the concentration and polarity of these functional groups, the stronger the inter­
actions between them thus diminishing the ability of these colloidal aggregates to shed their 
sheath of solvating resins in order to become surface-active. 

Apparently, then, there are clearly identifiable molecular properties which should 
control the solubility of asphaJtenes in crude oil, their tendency to aggregate, and their ten­
dency to adsorb at oil-water interfaces. These are (l) the ratio of resins to asphaltenes 
(R/ A), (2) the concentration of the functional groups (e.g. carbonyls, carboxylic acids, 
pyrroles, amides, and phenols) contained in the resin and asphaltene fractions, and (3) the 
aromaticity ratios of the resins and the crude medium to the asphaJtenes (i.e. the aromatic 
carbon content of the resin fraction divided by the aromatic carbon content of the asphal­
tenes and the aromatic carbon content of the saturate/aromatic fraction divided by the aro­
matic carbon content of the asphaltenes, respectively). 

The different modes and extents of asphaltene solvation are illustrated in Figure 8. 
This figure highlights the different properties which determine the extent of asphaltene 
solvation and the proposed resultant effects on the surface activity of the asphaltenes 
within a given crude oil. These assertions also suggest possible means for emulsion mini­
mization and/or resolution. The top path (in going from a colloidal aggregate which is 
weakly solvated and strongly surface-active to an aggregate which becomes strongly 
solvated and weakly surface-active) shows the expected effect of increasing the concentra­
tion of resins (i.e. the RJ A value) in a given crude oil. The asphaltenes would become less 
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surface active with the increasing availability of solvating resins. Also, as shown in the 
middle path, increasing the aromaticity (i.e. aromatic carbon content) of the crude medium 
through the addition of aromatic solvents would help to deactivate strongly surface-active 
asphaltenes by creating an environment that is more 'like' the nature of the condensed, 
polyaromatic asphaltene molecules. This in effect is increasing the aromaticity ratio of the 
crude medium with respect to the asphaltenes. Finally, the bottom path shows that a crude 
oil which has a high functionality (i.e. high concentration offunctional groups) in its resin 
and asphaltene molecules would tend to create asphaltenic colloidal aggregates which are 
more strongly solvated through the increased number ofH-bond interactions with the resin 
molecules than a crude oil of lower functional group content. Thus, the crude oil com­
posed of resins and asphaltenes of high polar functionality would contain asphaltenic ag­
gregates that find it difficult to shed their solvating resins and are consequently less 
surface active and have a lower propensity to form stable emulsions. Of course, each of 
these contributions are not isolated from each other in determining the solubility state of 
the asphaltenes within a given crude oil. In fact, one could envision combining some or all 
of these ideas such as the addition of resin molecules which are both very aromatic and 
highly functional into a particular crude in order to molecularly dissolve the indigenous 
asphaltenes and minimize the formation of stable emulsions during processing. 

4.4.3. Emulsion Stability o.fWhole Crudes with Water at Various pH. The emulsion 
stability results for the crude oils in this study which formed emulsions stable to gravity 
sedimentation are presented both as a function of crude type and aqueous phase pH in Fig­
ure 9. It should be noted that emulsion -stability, according to this operational definition, 
increases as the amount of resolved water decreases (i.e. they are inversely related). It is 
apparent that Arab Heavy forms the most stable emulsions (0-5 % water resolved, except 
at basic pHs 10 & 12) and that Arab Berri and Alaska North Slope form considerably 
weaker emulsions (50-90% water resolved). San Joaquin Valley crude formed emulsions 
which were totally unstable to gravity sedimentation (i.e. all of the water resolved after 
gravity settling for 24 hrs). This was thought to be due to its high viscosity at room tem­
perature which inhibits the shearing of water droplets to the micron-level sizes necessary 
to form a stable emulsion. Attempts to form an emulsion with SJV at a temperature of 
lOODe were successful to some extent. The heating of the SN crude oil to 100De would 
be sufficient to melt any paraffinic and/or microcrystalline waxes present in the crude and 
consequently lower the viscosity of the continuous oil phase enough to allow intimate 
mixing of the oil and water. However, these emulsions were still not very stable (approxi­
mately half the water resolved after settling under gravity for 24 hours) compared to the 
emulsions formed from the other crudes in this study at room temperature. The stability of 
emulsions produced from these crudes in order of decreasing rank are as follows: 

Arab Heavy» Arab Berri = Alaska North Slope> San Joaquin Valley 

An emulsion formation and stability protocol which allows analysis at higher tem­
peratures and pressures is currently being developed. 

4.4.4. Correlation of RIA and Asphaltene Contents with Emulsion Stability. The RJA 
and asphaJtene contents of the four crudes in this study (in order of increasing emulsion 
stability) are presented graphically in Figure 10. It is evident that Arab Heavy has the low­
est RIA and is also richest in asphaJtenes as would be expected from the proposed stabili­
zation mechanism. However, AB has the highest RJ A but forms the second most stable 



The Role of Petroleum Asphaltenes in the Stabilization of Water-in-Oil Emulsions 401 

100 

80 e 
I 

'C • 1 60 
Q / 
fIJ 
~ e, -.. ---- .. ~ - - - .. --.. 
~ 
~ 
~ 40 

0- --0 
-ffi--ANS I 

/ 

- -e- -AB / 
/ 

20 
/ - 0- -AD 

/ 
/ 

0 

0 2 4 6 8 10 12 14 

Aqueous Phase pH 

Figure 9. Effect of crude type (AH, AS, and ANS) and aqueous phase pH on % water resolved in standard emul­
sion stability protocol (see Figure 6 and Experimental Section for details). 

emulsion. The RIA definitely tells us part of the 'story', but it is obvious that one cannot 
depend solely on this parameter as a predictor of relative emulsion stability. As we will 
show in the section on model emulsions later, the specific chemical effects of the asphalte­
nes and resins-i.e. the relative polarity and density of specific H-bonding functional 
groups such as carbonyls and pyrroles- is an important secondary determinant of emul­
sion stability. 

4.4.5. Effect of Addition of Resins on Emulsion Stability. In order to see a more di­
rect and comprehensive effect of the RIA on emulsion stability, we explored the option of 
adding or "doping" resins to the crude oil. This study has been performed with most com­
binations of crude types and resins from different crude types dissolved in heptol (in order 
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Figure 10. Total asphaltene content (as measured by n-heptane insolubles) and resin-to-asphaltene ratio (RIA) for 
the four crudes in this study (SN, ANS, AB, AH). The results are plotted in order of increasing water-in-crude oil 
emulsion stability at neutral pH. 

to ensure complete dissolution of the resin fraction within the crude oil) to gain further in­
sight into the interactions between these interfacially-active constituents in the presence of 
the indigenous crude oil. The effect of adding resins from AH, AB, and SJV to solvent­
modified AH crude oil (30% v/v heptol in crude oil) using the modified protocol at 50°C 
as a function of RIA is presented in Figure 11. The added AH resins destabilize the emul­
sion appreciably as the RIA is raised from 2.1 to 3.8 and then appear to have little effect 
thereafter. However, the addition of AB resins, which are relatively higher in sulfoxide 
content, appears to have a more dramatic and consistent destabilizing effect over the entire 
range of RIA up to 6.6. Adding SJV resins, which are rich in pyrrolic and carboxylic func­
tional groups, has the most dramatic destabilizing effect upon raising the RIA from 2.1 to 
3.9. It's obvious that resins isolated from different crude types have varying impacts on 
the resultant emulsion stability based on specific chemical effects as discussed above. 
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col for gauging emulsion stability (see Figure 6 and Experimental Section for details). The trend with increasing 
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Moreover, it appears that the more polar resins destabilize the emulsions more effectively, 
as suggested by the solvation mechanism mentioned in Figure 8. This theme will be illus­
trated in more depth in the section on model emulsions. 

4.4.6. Effect of Addition of Organic Solvents on Emulsion Stability. The hypothesis 
that the solvation of asphaltenes is the primary determinant of emulsion stability led to an­
other study aimed at measuring the effect of changing the aromatic nature of the crude 
medium by blending solvents of varying amounts and aromaticity with the whole crude 
oils. In our first experiment, crudes were systematically modified by addition of either a 
purely aliphatic solvent (n-heptane), an aromatic solvent (toluene), or a mixture of the two 
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Figure 12. Effect of solvent addi~ 
tion (n-heptane, heptol -- 30% tolu­
ene, 70% n-heptane (v/v), toluene) 
to AH crude oil on % water resolved 
using modified protocol (see Figure 
6 and Experimental Section for de­
tails). 

(70% n-heptane and 30% toluene, so-called heptol) in increasing amounts (10-50%). Fig­
ure 12 shows the effects of blending the three different solvents with AB and AH (prior to 
homogenization) on emulsion stability as a function of the solvent content in the oil phase. 
It is clear that addition of toluene and heptol destabilizes the emulsions while with suffi­
cient addition ofn-heptane (30-50%), the emulsions are stabilized. This is fully consistent 
with the notion that increased aromaticity of the crude medium helps to further solubilize 
the asphaltenes. Moreover, with heptol and toluene, there may be a viscosity reduction ef­
fect. With n-heptane, however, it is clear that the stabilization of the emulsion must be due 
to increased agglomeration or flocculation of the asphaItene fraction of the crude. Despite 
the fact that 30% added n-heptane is clearly not sufficient to precipitate the asphaItenes, 
there must be reduced molecular solubilization resulting in aggregation and surface ac­
tivity. 
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4.4.7. Effects of Solvent Aromaticity and Molecular Structure on Emulsion Stability. 
Solvents of varying molecular structure and aromaticities-benzene, toluene, xylene, 
ethyl benzene, tert-butylbenzene, cumene, cymene, naphthalene, and phenanthrene--were 
also utilized to further gauge the influence of the solvent "power" on emulsion stability as 
mediated by the state of dispersion of the asphaltenes in the crude medium. The results 
from this study are plotted in Figure 13 as a function of the % of oleic phase comprised by 
added aromatic solvent prior to homogenization. It is evident that all of the solvents are 
sufficiently aromatic to destabilize the emulsions and that the most aromatic solvents (i.e. 
solvents of highest aromatic carbon content) are more effective in resolving the emulsions. 
Since asphaltenes are known to be condensed polyaromatic-ringed compounds, naphtha­
lene and phenanthrene were dissolved in benzene (at concentrations just under their solu­
bility limits of 0.37 and 0.35 g/mL of benzene, respectively) to see if this would effect any 

100 

-ffi- Cymene 
)I 

--A -Cumene / 
- D- - Butyl Benzene , 

80 - -e- -Ethyl Benzene 

.. lSI· . Toluene 

- ..... -Benzene / ... 
-- <> -- Xylene / I 

'tI ____ .. - Naph/Benz I 

.e 60 ---0- Phen/Benz 
, / 

il .. 'lSI 

~ I 
"" 
~ • 
~ 40 / 

20 

I ModIIled SO"C 

o 
o 5 10 15 20 25 30 35 

% Solvent 

Figure 13. Effect of solvent molecular structure and aromaticity (% aromatic carbon in the solvent) on emulsion 
stability of selectively doped Arab Heavy crude oil using the modified protocol. 
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further destabilization of the emulsions produced with these solvent-modified crudes. This 
was indeed found to be the case as Figure 13 shows a considerable destabilization with 
naphthalene-benzene and phenanthrene-benzene mixtures over and above what was ob­
served with pure benzene over the entire range of added solvent. 

s. MODEL SYSTEMS OF ASPHALTENES, PURE OILS, AND 
WATER 

In addition to the wealth of studies performed on crude oil-water interfaces, a number 
of researchers have probed the oil-water interface in which isolated fractions of asphaltenes 
and/or resins have been adsorbed. In the majority of these studies, the oil phase was care­
fully controlled by using either pure solvents, such as xylene, heptane, or toluene, or was a 
blend of an aliphatic and an aromatic solvent in an effort to simulate the solvent properties 
of crude oil. These studies are collected chronologically in Table 4, in which the citation, the 
model oil and asphaltene fractions, and the key techniques are identified. 

5.1. Interfacial Films and Water-in-Oil Emulsions of Model Oils and 
Aspbaltenes 

Lawrence and Killner79 were among the first to probe the properties of asphalt di­
luted in mixtures of toluene and hexane adsorbed at the oil-water interface. They observed 
that, under hexane-rich solvent conditions leading to the aggregation of asphaitenes, the 
interfacial films of asphalt were highly elastic. They described the film encapsulating the 
water droplets in the w/o emulsion as "plastic bags". Using a simple rheological device, 
they measured interfacial viscosities greater than 2 x 104 surface poise. No elastic moduli 
were measured or reported, probably due to the limitations of their technique. 

Van der Waarden41 reported emulsions of water and clean oil-i.e. low-viscosity, 
wax- and resin-free hydrocarbons--stabilized by asphaltenes isolated from crudes. The 
oleic phase in his study was a mixture of kerex, an aromatic fraction from crude oil, and 
an aromatic-free kerosene fraction. Van der Waarden studied the aggregation properties of 
asphaltenes as a function of the aliphatic-aromatic ratio by blending kerex and kerosene. 
Strongly polar asphaltenes, obtained by thermally cracking atmospheric residue, were 
flocculated with modest amounts (20%) of an aromatic-free kerosene while less polar as­
phaltenes required larger concentrations (60%) of aliphatic kerosene to induce floccula­
tion. Emulsions prepared with 0.1 % asphaltenes in the oleic phase were very stable to 
gravity separation when the solvent conditions were such that the asphaltenes were floccu­
lated. Resins added at a 5: I weight ratio were observed to diminish considerably the emul­
sion stability at solvent conditions in which the asphaltenes were strongly flocculated. 
Finally, a simple rheological test of the interface using an oscillating disc revealed that the 
strongly flocculated asphaltenes exhibited large values (5--40) of a parameter "d" which 
essentially gauges the damping of the oscillations of the disc due to interfacial shear vis­
cosity. As we will describe below, this experiment is very similar to the oscillating biconi­
cal bob method developed and applied by Neustadter et al.97 and Mohammed et 
aI. 14,15.36,105.I06 Presumably, this "d" value is reflective of high interfacial shear viscosity 
and/or elasticity and is likely attributable to physical cross-linking of primary asphaltene 
aggregates at the oil-water interface through specific proton and electron donor-acceptor 
interactions. Very modest amounts (0.01 wt%) of sodium and calcium petroleum sulfon-
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Table 4. Summary of studies conducted on model oil-water interfaces with adsorbed asphaJtenes 
and/or resins, either emulsion, pendant drop, or planar interface studies 

System studied 

Investigators Ref# Oil phase Crude fractions Method of study Key findings 

van der 41 kerexlkerosene A: benzene ppt IF rheology: bob at resins decrease 
Waarden mineral oil distillate, interface stabilizing effect of 

R: butane ppt asphaltenes 
bitumen 

Mardanenko 86 vaseline pet ether extraction surface tension of 
et al. oilltoluene Uzen and Zhetybai extracted fractions 

field crudes 
MacKayetal. 38 xylene A: heptane ppt Optical microscopy; 

Venezuela crude physical isolation of 
collapsed "skin" 

Rogacheva et 124 toluene A: isooctane ppt tar, 1FT: maximal bubble asphaltenes aggregate 
al. cracking residue, pressure and have surface 

crude, distillate of activity 
Kotu-Tepinsk crude 

Pasquarelli et 37 benzene A: pentane ppt, R: 1FT: spinning drop; IF resins may increase 
al. silica ads. California shear viscosity: emulsion stability by 

crude viscous traction preventing 
shear viscometer asphaltene 

precipitation 
Papirer et al. 76 decalin, pet A: heptane ppt Absorbance hydrogen bonding is 

ether Boscan, Aquila, measurement important for 
Zubair crudes (H-bonding); NMR; asphaltene stacking 

water separation 
Siffert et al. 112 decal in, pet A: heptane ppt GPC; 1FT: interaction organization of 

ether Boscan, Aquila, of asph. adsorbed on asphaltenes at 
Zubair crudes glass with oil and interface is 

water phases responsible for 
emulsion stability 

Mansurovet 72 min oiVxylene- A: pet ether ppt 1FT: torsion pendulum resin-asphaltene 
al. III, xylene Sergeevsk crude R: interaction is 

silica ads. important, increase 
Sergeevsk, Chutyrsk in IF strength with 
crudes RIA up to \/3 then 

decrease 
Sjoblom et al. 90 decane/ hexane ppt and silica FTIR; GC stacking of material at 

dodecane ads. North Sea interface is inferred 
crudes 

Krawczyket 30 heptane/toluene A: pentane ppt East 1FT: Wilhelmy plate; demulsifier 
al. -7/3 Texas crude IF viscosity: deep effectiveness 

channel viscous increases with 
traction viscometer; adsorption rate, IF 
water separation activity must be high 

enough to suppress 
1FT gradient 

Nordli etal. 98 toluene/hexane- silica ads. Surface pressure: aromatics strongly 
III Langmuir trough interact with and 

modify the 
interfacial film 

Mingyuan et 74 decane A: pentane ppt, R: FTIR emulsion stabilizing 
al. silica ads. North Sea components are 

crudes found in both resins 
and asphaltenes 
(more in A) 
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Table 4. (Continued) 

System studied 

Investigators Ref# Oil phase Crude fractions 

Shetty et al. 13 heptane/toluene A: pentane ppt East 
-7/3 Texas crude 

Sjoblom et al. 125 decane, A: pentane ppt, R: 
benzene, silica ads. North Sea 
heptanol crudes 

Wasan 31 heptaneltoluene A: pentane ppt 
-7/3 California crude 

Acevedo et al. 113 xylene A: hexane ppt, R: 
hexane soxhlet 
extraction Cerro 
Negro crude 

Mohammed et 36 
al. 

Urdahl et al. 120 

xylene/heptane 
-1/3 

decane 

A: heptane ppt R: 
xylene extraction 
North Sea Buchan 
crude 

hexane ppt and silica 
ads. North Sea 
crudes 

Bhardwaj et al. 121 toluene A: heptane ppt 

Skodvin et al. \22 

F 0rdedal et al. 35 

Ese et al. 126 

McLean et al. 91 

Germany crude 

decane hexane ppt and silica 
ads. North Sea 
crudes 

decane A: heptane ppt, R: 
silica ads. France 
crude 

toluene/decane A: pentane ppt, R: 
-\/9 silica ads. North Sea 

crude 

heptane/toluene A: heptane ppt, R: 
silica ads. Alaska, 
Saudi Arabia, 
California crudes 

Method of study 

water separation 

1FT: drop volume 

IF viscosity: deep 
channel viscous 
traction viscometer; 
IF activity; max. 
droplet pressure; 
water separation 

IF rheology: bob at 
interface 

1FT: Wilhelmy plate; 
surface pressure: 
Langmuir film 
balance 

1FT: du Nuoy ring 

1FT: drop volume 
method; water 
separation 

time domain dielectric 
spectroscopy 

1FT: du Nuoy ring 

time domain dielectric 
spectroscopy; water 
separation 

water separation 

J. D. McLean et al. 

Key findings 

water soluble 
surfactants can 
destabilize emulsions 

resin-asphaltene 
interactions are 
important 

demulsifier 
performance 
correlates with 
interfacial activity 

rheological differences 
when resins are 
present 

resin-asphaltene 
interactions 
important for strong 
films 

surfactants destabi lize 
emulsions by 
replacing surface 
active material at 
interface 

interface toughens due 
to slow adsorption 
of natural 
surfactants, 
correlation with 
demulsifier 
adsorption and rate 
of demulsification 

information on 
relaxation times and 
static permitivities 

resin-asphaltene 
interaction is 
important 

emulsion stability 
depends on 
asphaltene 
concentration, 
degree of A and R 
aging, and RIA 

asphaltene 
concentration and 
RIA are important 
for asphaltene 
aggregation and 
resulting emulsion 
stability 

Abbreviations include IF (interface); 1FT (interfacial tension); GPC (gel permeation chromatography); GC (gas chromatography); 
NMR (nuclear magnetic resonance spectroscopy); FTIR (Fourier transform infrared spectroscopy); R (resins); and A (asphalte­
nes). 
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ates, as well as higher amounts (0.5 wt %) of resins, were observed to reduce this 
rheological "d" parameter from >5-10 to 1, thus indicating either the break-up of these 
physical cross-links at the interface due to selective solvation or due to displacement of 
the cross-linked films from the interface by the additive. 

Mackay et al. 38 isolated a sub-fraction of asphaltenes from Venezuelan crude oil-iden­
tified as "Compound X"-and generated emulsions of compound X in xylene with water at 
concentrations as low as 0.03 wt%. Compound X was indistinguishable from the bulk asphal­
tene fraction in terms of its elemental composition, but was clearly more effective at creating 
strong emulsions at lower concentrations than the whole asphaltene fraction. Mackay et al. 
isolated the interfacial "skin" of compound X-stabilized xylene-water emulsions and found it 
to be quite comparable in appearance to Lawrence and Killner's79 "plastic bag". They argue 
that the mechanism of stabilization is not repulsive forces between droplets but rather the 
"considerable elasticity and mechanical strength" of the films encapsulating the droplets. 
Their evidence suggests that the strongest film formers are a sub-fraction of asphaltenes and 
that, under appropriate solvent conditions, resins and other components of the crude are not 
necessary for the formation of a strong, mechanically stable interfacial film. 

Papirer et al. 76 and Siffert et al. 1I2 published studies of the emulsifying properties of 
three different asphaltene fractions isolated from Aquila and Boscan vacuum distillation 
residues and from a Zubair distillation residue which had been air blown at 280°C. The 
Zubair asphaltenes were observed to have the lowest HIC ratio of the three (1.05), the high­
est contact angle with water (95.6°), the greatest acid-base imbalance (acid-base ratio of 
5: 1), and the lowest H-bonding ability as measured by phenol interaction value or PIV (28 
versus 31 and 37 for the others). This Zubair asphaltene fraction also formed the most stable 
wlo emulsions when mixed at 1-5 wt% in water (70%), decal in (15%) and petroleum ether 
(10-15%). Papirer et al. concluded that the Zubair asphaltenes must be more easily de­
formed on a molecular level (less intermolecular cohesion) but still possess strong acidic 
groups to adopt the ideal conformation for the formation of oriented layers at the water-oil 
interface. Thus, they seem to argue that there are competing effects which suggest that cohe­
sion is important for mechanically rigid films but the molecular aggregates must possess 
sufficient flexibility to adopt the appropriate orientation. This latter point seems somewhat 
tenuous as the difference in PIV s among the three asphaltenes is modest. Moreover, other 
investigators have observed that the presence of carbonyis, carboxylic acids, and other H­
bonding groups is essential for stable asphaltenic films. 74 Siffert et al. 112 performed x -ray 
diffraction studies of the asphaltenic films and observed that the Zubair asphaltenes formed 
a discotic lamellar phase upon sedimentation of the asphaltenes in solvent. They argue that 
the ability of these asphaltenes to stack and form lamellar mesophases may be enhanced by 
air blowing, which may crosslink the aromatic cores of the individual asphaltene molecules. 

Mansurov et al. 72 studied the shear strength of interfacial films of asphaltenes ad­
sorbed from a I: 1 (v/v) mixture of white mineral oil and m-xylene at an oil-water interface 
with distilled water. The asphaltenes were isolated from a variety of Russian crudes and 
added to the oil mixture at a concentration of 0.1 % (w/w). The interfaces were aged for 20 
hours at room temperature. The shear strength of the films was measured with a rheologi­
cal device of the "torsion pendulum type." The value of shear strength crt' which is pre­
sumably closely related to either the shear or elastic modulus as measured by a biconical 
bob experiment, varied from 0.8-4.0 mN/m. This shear strength parameter was also ob­
served to be a strong function of the concentration of asphaltenic species containing metal 
porphyrin complexes, as deduced by extracting these materials with acetone while moni­
toring the shear strength. Mansurov et al. thus concluded that these metal porphyrin-con­
taining materials re-inforce the film-forming properties of the asphaltenes and increase 
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their shear strength. We might further speculate that this occurs through electron donor-ac­
ceptor cross-linking of primary asphaltenic aggregates to form stable, flocculated three-di­
mensional networks which confer film rigidity and elasticity. 

Mansurov et al.72 also probed the effects of blending resins isolated from Sergeevsk and 
Chutyrsk crudes with varying concentrations of Sergeevsk asphaltenes. The shear strength of 
pure 0.2% (w/w) asphaltenes was observed to be 1.16 mN/m when adsorbed to the water-oil 
interface of a distilled water/mineral oil-m-xylene (I: I v/v) system. This shear strength was 
doubled by adding small amounts of resins such that the ratio of resins to asphaltenes was 1:3 
(w/w). At higher ratios of resins to asphaltenes (> 0.5), the shear strength was observed to fall 
and at RJ A > 4, the shear strength fell below that of pure asphaltenes and continued to fall 
with increasing RJ A. Pure resins were not observed to form strong films. As we will discuss 
later, what is likely occurring relates to the state of aggregation of the asphaltenes in the oleic 
medium and how this is affected by solvating resins. Apparently, Sergeevsk asphaltenes are 
partially flocculated in I: I mineral oil:m-xylene and are thus not totally surface-active or able 
to organize into strong three-dimensional films. Addition of modest amounts of resins appar­
ently either (I) solvates the asphaltenes and facilitates their compact adsorption at the inter­
face or (2) functions to cross-link the asphaltenes by providing functionality to assist in this 
cross-linking (i.e. complementary H-bond or electron donor-acceptor sites). However, as we 
will show below, resins are certainly not always required nor are they always desirable. Under 
proper solvent conditions (i.e. proportion of aromatic versus aliphatic solvent character), as­
phaltenes alone form more stable films (as indicated by w/o emulsion stability) and addition 
of resins simply destabilizes the emulsions. The extent to which resins are advantageous or 
desirable in assisting in strong film formation also seems to be a very strong function of crude 
chemistry, which has been a hidden dimension in most previous studies in the literature. 

Acevedo et al.lJ3 utilized the biconical bob rheometer (model SR-14) developed by 
the British Petroleum group97.114 to study the rheology of Cerro Negro asphaltenes ad­
sorbed at a xylene-water interface. They also studied the whole crude oil diluted (30 % 
v/v) in xylene in contact with water and aged for 36 hours. Both shear viscoelasticity and 
creep compliance measurements were performed. The aqueous phase was either pure dis­
tilled water or 2% NaCI and then pH-adjusted between 1.8 and 9.0. The surface creep 
compliance curves were fit to either two- or four-body rheological models comprised of 
Maxwell and Voigt units. With the most viscoelastic films, the value of the instantaneous 
interfacial elastic modulus Eo was estimated from the early stages of the creep compliance 
curve. This modulus varied from 2-45 mN/m. With the xylene-diluted crude, the maxi­
mum modulus was observed at nearly neutral pH (6.6) against distilled water, and was ob­
served over a pH range of 3.5--6.5 against 2% NaCI in water. With the asphaltene-xylene 
system, the film rigidity as gauged by Eo' is maximized at lower pHs and is somewhat less 
sensitive to pH than the diluted crude. The authors conclude that the lower sensitivity of 
film rigidity in the asphaltene system may be attributable to the absence of resins in the 
model system. As we have shown in our crude emulsion studies, in which the crude was 
selectively doped with solvents and/or added resins, the effects of resins on asphaltene ag­
gregation and film formation cannot be de-coupled from the aromaticity of the solvent 
phase used in solubilizing the asphaltenes. We will further illustrate this below. 

5.2. Effect of Resins on Asphaltene-Stabilized Emulsions in Model 
Toluene-Heptane-Water Mixtures 

As described in McLean and Kilpatrick,91 we have performed an extensive series of 
experiments on the relative emulsion stability of asphaltene-stabilized emulsions in mix-
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tures of heptane, toluene, and water. In particular, we have studied in detail the effects of a 
variety of resin types on the stability of these emulsions as gauged by the standard emul­
sion protocol schematized in Figure 6 and described in the Experimental Section. In what 
follows, we will describe the sequence of experiments and discuss the implications of 
these experiments with respect to our current molecular-level understanding of the mecha­
nism of asphaltene stabilization of water-in-oil emulsions. 

5.2.1. Emulsions Stabilized Purely by Asphaltenes or Resins. Our initial experiments 
on model emulsions focused on establishing that asphaltenes in the absence of resins were 
capable of stabilizing water-in-oil emulsions. Accordingly, we dissolved asphaltenes from 
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Figure 14. Comparison of emulsion stability, as gauged by % water resolved, of water-in-whole crude emulsions 
versus model n-heptane-toluene (70:30 v/v)-water-O.5 wt% asphaltenes. The standard emulsion protocol was used 
with centrifugation at 15,000 rpm. 
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the,four crudes (SN, ANS, AB, AH) in toluene and added sufficient heptane to generate 
0.5 % asphaltenes in a mixture of 30% toluene and 70% n-heptane. This mixture was 
emulsified with water at pH 6 and centrifuged at 15,000 rpm according to the standard 
protocol. These results are compared with experiments on whole crudes in Figure 14. It is 
interesting to note that the model emulsions are nearly as stable or more stable than the 
whole crudes in all cases except AH, despite the fact that the asphaltene levels in the 
model experiments (0.5%) are considerably lower than the corresponding levels in the 
whole crudes. Thus, it is clearly the asphaltenes which dominate emulsion stability. The 
other materials in the crude (resins, waxes, di- and polyaromatics) primarily serve to 
solvate the asphaltenes and reduce their ability to stabilize emulsions. 
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Figure 15. Relative emulsion stability to gravity settling of n-heptane.water.O.5 wt"10 resins. 
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We also performed experiments in which 0.5 % resins in n-heptane were added to 
water, emulsified according to the standard protocol, and observed with simply gravity 
settling (see Figure 15). Emulsions prepared with ANS and AB resins were totally unsta­
ble, emulsions prepared with SJV resins were partially stable, and emulsions prepared 
with AH resins were stable to gravity settling. However, the slightest amount of centrifu­
gation at any speed was observed to totally break the emulsions and resolve all of the 
water. We infer from this experiment that there must certainly be specific chemical and 
structural differences between the differing resins. However, a simple functional group 
and elemental analysis (see McLean and Kilpatrick61 ) does not readily reveal the differ­
ences in resins. Nonetheless, one can conclude that resins are not effective at stabilizing 
emulsions to the degree that asphaltenes can. 

5.2.2. Effect of Varying Toluene-Heptane Ratio on Asphaltene-Stabilized Emulsions. 
Based on our experience with the addition of aromatic solvents to whole crude oils (see 
Figures 12 and 13), we devised a series of experiments in which we probed the effects of 
varying aromaticity on emulsion stability of 0.5 % asphaltenes in heptane-toluene mix­
tures. The results are all collected in Figure 16, in which four separate series of experi­
ments are superimposed. In two sets (AH-l and ANS), AH and ANS asphaltenes were 
dissolved in pure toluene and diluted with n-heptane to generate 0.5 wt% asphaltenes in 
heptol mixtures of varying % toluene. These mixtures were then emulsified with water 
and centrifuged at 15,000 rpm according to the standard protocol. In the latter two sets 
(AH-2 and SJV), the same procedure was employed except the samples were centrifuged 
at 10,000 rpm. What is remarkable about these four sets of experiments is the degree ofre­
producibility given the differing sources of asphaltenes and the variation in stability proto­
col. All four experiments display optima-maximum emulsion stability-at 40% toluene 
in heptol. All four experiments also show significant instabilities in the emulsions at 
higher toluene content (> 60%) and at low toluene content « 10--15 %). The emulsion in­
stabilities at high toluene content is consistent with our doped crude studies described 
above in which increased solvation by aromatic solvent leads to decreased aggregation of 
asphaltenes and decreased surface activity. What is intriguing is the diminished stability at 
low toluene content. Apparently, sufficiently aliphatic solvent conditions precipitate as­
phaltenes and the precipitates are either not sufficiently surface-active or have a low sur­
face-to-volume ratio relative to smaller agglomerates. The effect seems to be universal 
regardless of the source of asphaltenes. 

5.2.3. Effect of Resin Addition to Model Emulsions of Asphaltenes, Heptol, and 
Water. In analogy with the resin doping experiments performed with whole crudes (see 
Figure II), we have also performed a series of experiments in which resins of all four 
crude types (AH, SJV, AB, and ANS) were added to solutions of 0.5 % asphaltenes in 30% 
toluene, 70% n-heptane and then emulsified with water according to the standard protocol. 
The emulsion stabilities as gauged by % water resolved are very revealing with respect to 
universal trends as well as specific chemical effects. The experiments with AH asphaltenes 
are shown in Figure 17. All four types of resins are observed to inhibit emulsion stability. 
However, AB and ANS resins seem to be somewhat more effective than SJV and AH res­
ins, achieving total instability at RIA = 4. Emulsions stabilized by ANS asphaltenes are 
similar in stability trends to AH asphaltenes (see Figure 18); AB and ANS resins are more 
effective at destabilizing ANS asphaltene emulsions while SJV and AH resins are some­
what less effective. The comparable results with SJV asphaltene-stabilized emulsions are 
displayed in Figure 19. The emulsions in this last set of experiments were centrifuged at a 
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Figure 16. Emulsion stability, as gauged by % water resolved, of model emulsions comprised ofn·heptane, tolu· 
ene, water, and 0.5 wt% asphaltenes in the oleic phase. The oleic phase varied from \0% (v/v) toluene to 100% 
toluene with the complement being n·heptane. Relative proportions of the materials were 6 mLs oleic phase and 4 
mLs water. The differing asphaJtenes used were Arab Heavy (AH-I, AH-2), Alaska North Slope (ANS), and San 
Joaquin Valley (SJV). Experiments were performed using the standard emulsion protocol with centrifugation at 
either 15,000 rpm (AH-I and ANS) or 10,000 rpm (AH-2 and SJV). It is clear that the trends with varying arc­
maticity are nearly universal. 

slightly lower field strength (10,000 rpm) than in the previous two sets of experiments and 
hence the relative emulsion stability as indicated by % water resolved here is somewhat 
lower. More interesting is the effect of resin addition. While AB and ANS resins were 
most effective at destabilizing AH and ANS asphaltene-solubilized emulsions, they are 
least effective here. Conversely, AH and SN resins--which were less effective at destabi­
lizing AH and ANS asphaltenes--are more effective with SN asphaltenes. Clearly, some 
very specific chemical functional effects are responsible for these inferred solvating 
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Figure 17. Emulsion stability, as gauged by % water resolved, of model emulsions comprised of 6 mLs n-heptane 
and toluene (70:30 v/v), 4 mLs water, 0.5 wt% AH asphaltenes in the oleic phase, and varying amounts offour dif­
ferent resins (AH, SlY, AB, and ANS). The standard emulsion protocol was used with centrifugation at 15,000 
rpm. 

trends. These effects cannot be resolved without careful fractionation of these resin and 
asphaItene fractions into sub-classes of acidic, basic, and neutral materials and then prob­
ing the colloid-forming and emulsion-stabilizing properties of these better defined sub­
fractions. We are currently exploring these specific chemical effects.92 

6. CONCLUSIONS 

We have reviewed the literature on the role of asphaItenes in stabilizing water-in-oil 
emulsions and in generating rigid, mechanically strong films at oil-water interfaces. In the 
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Figure 18. Emulsion stability, as gauged by % water resolved, of model emulsions comprised of 6 mLs n-heptane 
and toluene (70:30 v/v), 4 mLs water, 0.5 wt% ANS asphaltenes in the oleic phase, and varying amounts of four 
different resins (AH, SJV, AS, and ANS). The standard emulsion protocol was used with centrifugation at 15,000 
rpm. 

absence of any other crude oil components--i.e. resins, waxes, and aromatics--asphalte­
nes appear to be capable of forming rigid, cross-linked, elastic films which are the primary 
agents in stabilizing water-in-crude oil emulsions. The precise conformations in which as­
phaltenes organize at oil-water interfaces and the specific intermolecular interactions 
which facilitate cross linking in these films has still not been elucidated. However, one can 
speculate based on a large body of literature that these intermolecular interactions must 
either be x-bonds between fused aromatic sheets, H-bonds mediated by carboxyl, pyrrolic, 
and sulfoxide functional groups, or electron donor-acceptor interactions mediated by por­
phyrin rings, heavy metals, or heteroatomic functional groups. Specific experimental de­
signs to test these concepts are needed to understand the phenomenon at the molecular 
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Figure 19. Emulsion stability, as gauged by % water resolved, of model emulsions comprised of 6 mLs n-heptane 
and toluene (70:30 v/v), 4 mLs water, 0.5 wt% SJV asphaJtenes in the oleic phase, and varying amounts of four 
different resins (AH, SN, AB, and ANS). The standard emulsion protocol was used with centrifugation at 10,000 
rpm. 

level and this knowledge would facilitate the design of chemical demulsifiers. We have 
shown that the solvating capacity' of the oleic medium plays a large role in the surface ac­
tivity of asphaltenic aggregates as well as in the resulting emulsion stability. What still 
eludes emulsion scientists is the precise role played by waxes and inorganic solids in 
either enhancing or destabilizing emulsions which are primarily stabilized by rigid, elastic 
asphaltenic films. 
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Acid-affins, 5 
Acid-base reactions, 12,386 
Acidic hydrogen-bearing molecules, 7 
Acidic/neutral components, coal asphaltenes, 214 
Acids 

emulsion preparation, self-association studies, 
116 

refining catalysts, 146 
Adsorption, 386 

crude oil emulsions, 365 
emulsion stabilization, 383 
heavy crudes, 145 
resins and, 393 

Adsorption/desorption, selective, I 
Agetloc polymers, 365 
Aggregation, 13; see also Self-association, structure 

and molecular packing 
crude oil, 154,386 
crude oil emulsions 

interfacial film studies, 395 
resins and, 393 

intermolecular interactions, 179 
Safaniya VR asphaltenes, 175 
structure of, 129-132, 388 
water-in-oil emulsions, 38~388 

Airblowing, 11-12 
Alaskan North Slope, 395-405, 410-415, 416, 417 
Albertite, 10 

Alcohols, 7, 364--365 
Aldehydes, 347, 352 
Aliphatic ether, 352 
Aliphatic linkages, 6, 93 
Aliphatics, 147 

coal versus petroleum asphaltenes, 213, 214 
crude oil, 227, 338 

heavy crude asphaltenes, 154 
resin separation, 347, 349 

Alkane number, crude oil emulsion stabilization, 
364 

Alkanes 
aggregation in solvents, 389 
conductivity studies, 259 

Alkylation, coal asphaltenes, 216 
Alkylporphyrin-DPEP ratio, 9-10 
Alkyl side chains 

methyl groups, 91 
NMR, 87, 88, 89 

Alkyl substituents, 7 
Alkyl sulfoxides, 74 
Alumina, 365 
Amides, 347; see also Nitrogen 
Amphoteric polymers, 14 
Anthracene, 29-32 
Anthracite, 203 
Anthraxolite, 10 
AOT (sodium (bis-2-ethylhexyl)-sulfosuccinate), 365, 

366 
Appalachian Shale, 19 
Aquila, 409 
Arab Berri, 395-405, 410-415, 416, 417; see also 

Spectroscopy, molecular structure and inter­
molecular interactions 

Arab Heavy, 395-405, 410-415, 416, 417 
Argon, 103, 104, 108 
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Aromaticity 
coal extracts, 208, 209-210 
coal-liquid vs. petroleum asphaltenes, 17-19 
coal versus petroleum asphaltenes, 213 
and colloid stability, 7 
comparisons of asphaltenes from different sources, 19 
crude oil, 227, 230 
gas oils, 7 
NMR studies, 23 
optical spectroscopy studies, 21-75; see also Opti­

cal spectroscopy, aromatic moieties 
source of asphaltenes and, 16, 17 

Aromatics, 6 
coal,206 
crude oil, 239, 338 

DRIFT spectra, 352 
heavy crude, 153 

NMR,87,88,90,92-93 
solubility parameters, 4 
spectroscopy, 67-75, 99 

aromatic ring size, 73-75 
short-wavelength emission, 67-73 

Aromatic sheets, defect centers, 7 
Arrhenius plot, 321 
Aspect ratio, 298, 299 
Asphalt, distribution of asphaltic fractions, 10 
Asphahenes 

distribution of asphaltic fractions, 9, 10 
solvent fractionation, 6 
types and sources: see Types and sources of asphal­

tenes 
Asphaltene stabilized crude oil emulsions, 337-372; 

see also Crude oil emulsions, asphaltene and 
resin stabilized 

Asphaltics/allied substances, 4-7 
gas oils, 7 
resins, 6-7 

Asphaltides, 16 
Asphaltites, I, 10, 213 
Asphaltoids, 1,9,10, 16 
Assemblages, 13 
Association 

coal asphaltenes, 220 
coal-liquid vs. petroleum asphahenes, 17-19 
heavy oils, dielectric constant of solvents and, 316 
and viscosity, 268; see also Suspension viscosity 

model 
Athabasca 

asphaltene structure, 149 
bitumen, 11,213 
comparisons of asphaltenes from different sources, 

18 
distribution of asphaltic fractions, 10 

Atmospheric residues, refining process, 146 
Atomic force spectroscopy, 154 
Attapulgus clay, 232 
Aurabon process, 8 
Auto-oxidation, crude oil emulsion stabilization, 356 
Axial ratio, 324 

Bachaquero, 18 
Barium sulfate, 16 
Basic (alkali) components, coal asphaltenes, 214 
Baxterville, 18 

Index 

Beehive-like networks, heavy crude asphaltenes, 154 
Belayim, spectroscopy: see Spectroscopy, molecular 

structure and intermolecular interactions 
Belridge, 18 
Benzene, 3 

coal, 203, 212, 213, 217 
crude oil 

chromatography, 346 
colloidal structural evolution, 175, 177 
conductivity measurements, 254, 255, 257 
heavy oil viscometry, 313 
molecular weight determination, 387 
oil-in-water emulsion stability, 404, 405 

solubility fractions 
insoluble fraction, 6, 9, 10 
soluble fraction, 4, 6 

Benzoic acid, 288 
Biconial bob rheometer, 395, 410 
Biodegradation of crude oil, 23 
Bitumen, I, 9 

heavy oil sedimentation-diffusion measurements, 
332 

hydrocracking products, II 
rheology, polymer addition and, 156 
structure, macroscopic organization, 146 
viscosity measurements, 316 

Bituminous coal, 203, 208; see also Coal; Coal asphal-
tenes 

Blokker constants, 15 
Blue-green algae, 8 
Boiling point, 151,216 
Boltzmann factor, 105 
Bom-Oppenheimer approximation, 28 
Boscan, 228 

comparisons of asphaltenes from different sources, 
18 

water-in-oil emulsions, 409 
Brent, spectroscopy: see Spectroscopy, molecular 

structure and intermolecular interactions 
Brooks-Taylor spherules, 14, 15 
Brown-Ladner structural parameters, 205-213 
Brunei, 58--63 
Bulk analysis, asphaltenes, 23 
Bulk phase, heavy oil partitioning, 303-304 
Bulk properties, self-association processes, 116 
Burgan, comparisons of asphaltenes from different 

sources, 18 

Caged molecule, 12 
Calcium oxide, 347, 349 
Calorimetry, self-association studies, 117 
Campbell-Forgacs equation, 319 
Capillary pressure, 9 
Capillary viscometer, 312 
Carbazoles, 147 
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Carbene 
solubility parameters, 4 
solvent fractionation, 6 
weathering and oxidation of spills, 15 

Carboids 
solubility parameters, 4 
solvent fractionation, 6 
weathering and oxidation of spills, 15 

Carbon disulfide, 6 
coal component solubility classes, 203 
coal extracts, 207, 208, 212, 217 

Carbon fibers, improved recovery systems, 15 
Carbon tetrachloride, 6,288 
Carbonyl groups 

aggregation mechanisms, 386 
crude oil DRIFT spectra, 352 
crude oil emulsion stabilization, 356 

Carboxyl groups, coal versus petroleum asphaltenes, 
214 

Carboxylic acids, 7,147,248,386 
Catalytic cracking, 146 
Catalytic cracking bottoms, 249 
Catalytic Inc.-SRC asphaltenes, 15 
Centrifugal TLC, 6 
Centrifugation, 393; see also Sedimentation and diffu-

sion measurements 
Cerro Negro, 395, 410 
Ceylon, 9 
Chain breaking, crude oil emulsion stabilization, 356 
Charge transfer processes 

coal asphaltenes, 216 
coal-liquid vs. petroleum asphaltenes, 18 
heavy crude, 153 

Chattanooga Shale, 19 
Chelates, 7, 81 
Chemical composition, 1,386-388 

and crude oil asphaltene deposition/flocculation, 228 
vacuum residues for colloidal structure studies, 167, 

168 
Chemical precipitation, I 
Chemical reactions, optical spectroscopy, 12,21 
Chemical shift data, 80 
Chemistry, water-in-oil emulsions, 386-388 

aggregation, 386-388 
composition of asphaltenes, 386-388 

p-Chloranil, 218 
Chloroform, 3 
Chocolate mousse, 146,379 
Chromatography, 1,2-3,6,81, 147-148; see also Gel 

permeation chromatography; Size exclusion 
chromatography 

coal asphaltenes, 218 
crude oils, 23, 152-153 

asphaltene and resin stabilized emulsions, 
347-352 

characterization and phase behavior, 229-232 
Chromophores, 24, 41-44 
Cbutyrsk crude, 409-410 
Classical model of colloidal aggregation, 154 

Cluster, 13 
Coal 

coal liquids, I, 17-19 
macerals, EPR, 107 
pyrolysis tar fluorescence, 74 

Coal asphaltenes, 203-223 
colloidal structure, 214-223 

computer simulation, 222-223 
interactions, 214-216 
molecular weight, 218-219 
SANS, 221-222 
surface tension, 219-220 
true solutions or suspensions, 216-217 
viscosity, 219 
X-ray analysis, 220-221 
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comparisons of asphaltenes from different sources, 
19 

hydrogenation, II 
metals, 7 
molecular structure, 204-214 

comparison with petroleum asphaitenes, 
213-214 

preparation of materials, 204 
structural parameters and model, 203-213 

optical spectroscopy, 22 
separation processes, 16 
structural parameters, 2 

Coalescence, crude oil emulsions, 339 
destabilization, 362-363 
stabilization, 382 

Coal oil, 205 
COED process, 16 
Coking, 146, 148 
Cold Lake 

biturnen, 236-244,315, 316 
heavy oil sedimentation-diffusion measurements, 

329,332 
Colloidal structure, 12-13 
Colloidal structure (coal extracts and asphaltenes), 

214-223 
computer simulation, 222-223 
interactions, 214-216 
molecular weight, 218-219 
SANS, 221-222 
surface tension, 219-220 
true solutions or suspensions, 216-217 
viscosity, 219 
X-ray analysis, 220-221 

Colloidal structure (heavy crude and asphaltene solu­
tions),145-197 

experimental methods, 159-167 
cryo-SEM, 166 
small-angle scattering methods, 159-166 
viscosimetry, 166-167 

n-heptane addition to asphaltene solutions, 
183-188 

cryo-SEM, 185-188 
SANS, 183, 184,185 
viscosity, 183, 184 
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Colloidal structure (cant.) 
macrostructure, asphaltene solutions 

cryo-SEM, 181-182 
small-angle scattering methods, 167-181 

natural systems, 190-196 
overview, 147-159 
resin solutions, 18S-190 
sample preparation, 167 

Colloids, 8 
aggregation in solvents, 389 
stabil ity of, 7 

Complex ions, 7 
Compound X, 406, 409 
Computer simulation 

coal asphaltenes, 222-223 
self association and molecular packing, 141-142 

Concentration effects, SANS and SAXS, 182 
Concentric cylinder viscometer, 312 
Conductivity, 247-265 

aggregation and, 11S-119, 123-126, 132-136 
experimental, 252-254 
heavy crude, 153 
as indicator of precipitation, 257-261 
literature summary, 249-252 
purified asphaltenes in organic solvents, 254-257 
reversibility of precipitation, 261-265 

Cone penetrometers, 22 
Constituents of asphaltenes, I 
Coordination compounds, 7 
Coordination to transition metals, 6 
Coorongite, 9, 10, 18 
Corbett's scheme, 5 
Covalent bonds, coal, 204, 207 
Cracking, 11 

metals and, spectroscopic studies, 81 
refining process, 146 

Creaming, crude oil emulsions, 339 
Critical micelle concentration, 293-296 

crude oil emulsion stabilization, 364 
heavy oil viscosity, 317, 322 
improved recovery, 13-14 

Cross linking 
colloidal structural evolution, 195 
emulsion stabilization, 380 
heavy crude asphaltenes, 154 
water-in-oil emulsions, 406 

Crowding factor, and viscosity, 270 
Crude oil(s) 

emulsion stabilization: see Water-in-oil emulsion 
stabilization, petroleum asphaltenes 

optical spectroscopy, 22, 23, 3S-39 
viscosity measurements, 315, 316 

Crude oil(s), characterization and phase behavior, 
227-245 

behavior, 232-236 
particle size distribution, 232-234 
precipitation onset measurements, 234-236 

characterization, 229-232 
field desorption MS, 232 

Crude oil(s) (cant.) 
characterization (cant.) 

gel permeation chromatography, 229-232 
phase behavior, 240-244 

Index 

asphaltene precipitation onset behavior, 242-244 
particle size distribution, 240-242 

results 
field desorption MS, 237-240 
gel permeation chromatography, 236-237 

Crude oil emulsions, asphaltene and resin stabilized, 
337-332 

droplet sizes and size distribution methods, 339-346 
NMR, pulsed field gradient, 344, 345 
ultrasound, 344-346 
video enhanced microscopy, 340-343 

interfacially active compounds, characterization of, 
346-361 

chromatography of resins, 347-352 
experimental technique, 352-361 

stabilization and destabilization of model emul­
sions,361-372 

demulsification of water-in-crude oil emulsions, 
363-367 

destabilization of water-in-oil emulsions, 361-362 
electrocoalescence, 367-369, 370, 371, 372 
stabilization with crude oil emulsions, 361-362 

Cryoscopy, 387 
Cryo-SEM 

colloidal structural evolution, 166 
flocculation process, n-heptane addition, 185-188 
toluene solutions, 181-182 

heavy crudes, 158 
Crystallization, I 
Cumene, 404, 405 
Curie law, 105, 106, 107 
Curie-Weiss law, 103, 15 
Cyclohexane, 3 
Cyclohexanecarboxylic acid, 288 
4-Cyclohexylbutanoic acid, 288 
Cymene, 404, 405 

Dead oil particle size distribution, 240-241 
Debye correlation function, 121 
Debye-Huckel constant, 254 
Decalin, 313 
Defect centers, 7 
Density fluctuations, 174 
Depolarization, fluorescence, 24 
Depolymerization, coal extracts, 205 
Deposition during transportation, 16 
Derjaguin, Landau, Verwey, and Overbeek (DLVO) 

theory, 380 
Dialysis, 321 
a-Dichlorobenzene, 387 
Dichlorodicyano-p-benzoquinone (DDQ), 218 
Dichloromethane, 346, 347, 349 
Dickinson's equations, 87 
Dielectric constants, 248, 315 
Diels-Alder reaction, 12 
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Diffusion, 24; see also Sedimentation and diffusion 
measurements 

Diffusion-limited colloid aggregation (DLCA), 154, 
164,165 

Diffusion velocity, heavy oil sedimentation-diffusion 
measurements, 323 

Dilute suspension viscosity, 311 
N.N-Dimethylacetoamide, 207, 208 
Dipole-dipole forces 

aggregation mechanisms, 140 
heavy crude, 153 

Discotic lamellar structures 
aggregation, 389 
interfacial film studies, 395 

Distillation, I, 2 
Distortionless Enhancement by Polarization Transfer 

(DEPT), 80-81 
Donor-acceptor mechanisms: see Electron donor-ac­

ceptor interactions 
Doublets, 80, 105 
DPEP (deoxophyllo-erythroetioporphyrin) to alkylpor­

phyrin ratio, 9-10 
Drag-reduction polymers, flow property modification, 

15· 
DRIFT spectra, crude oil resin separation, 349, 352 
Droplet sizes, 339-346 

NMR, pulsed field gradient, 344, 345 
ultrasound, 344-346 
video enhanced microscopy, 340-343 

Dupre equation, 16 

Eiler equation, 311, 318, 319 
Einstein equation, 128, 304-311, 318 
Elasticity, 394 

interfacial film studies, 394 
water-in-oil emulsions, 406 

Electrical double-layer repulsion, emulsion stabiliza­
tion, 380 

Electrocoalescence of crude oil emulsions, asphal­
tene and resin stabilized, 367-369, 370, 
371,372 

Electrokinetic effects, and crude oil asphaltene deposi­
tion/flocculation, 228 

Electron donor-acceptor interactions, 12, 18 
aggregation, 389 
interfacial film studies, 394 

Electronic photoexcitation, 46 
Electron paramagnetic resonance (EPR) spectroscopy, 

23,81,84, 148 
Electrons 

It: see Pi bonding/pi electrons 
unpaired, 97, 105 

Electron spin resonance (ESR), 8, 95-108 
free radical concentration, 99 
g-value, 97..J}9 
linewidth and Iineshape, 96-97 
saturation, 99-102 
temperature and oxygen partial pressure, 

102-108 
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Elemental composition, 81, 387 
Emulsion stabilization: see Crude oil emulsions, as­

phaItene and resin stabilized; Water-in-oil 
emulsion stabilization, petroleum 
asphaItenes 

Energy Gap Law, 25,31,32,55-58 
Energy Transfer Law, 67 
Entropy effect 

aggregation mechanisms, 386 
crude oil emulsions, 365 

Environmental monitoring, 22 
Equivalence alkane carbon number (EACN), 14, 

364 
ESR: see Electron spin resonance 
Esters, 147,347,352 
Ethane, 262-263 
Ethanol insoluble-benzene soluble fraction, 4 
Ethers, 3 

coal asphaltenes, 214 
coal-liquid vs. petroleum asphaltenes, 18 
crude oil DRIFT spectra, 352 
crude oil resin separation, 347, 350 

Ethyl benzene, 404,405 
EVA (polymer), 146 
Evolution of colloids: see Colloidal structure 
EXAFSIXANES, 147, 148 
Extraction, fluorescent materials, 22 

Fiber optic remote sensing, 22 
Fick's law of diffusion, 323 
Field desorption MS, 227, 232, 236-237 
Field ionization MS, 218, 314 
Films 

film-forming agents in crude oils, 392-393 
heavy oil diffusion measurements, 326 
interface, crude oil emulsions, 338 
interfacial, water-in-oil emulsions, 393--395 

Flash pyrolysis, 81 
Flat ellipsoid model, 152 
Flexibility, heavy oil macrostructure, 304 
Flocculation, see also Colloidal structure 

crude oil emulsions, 339 
heavy crudes, 145, 153--154 
n-heptane addition and, 183--188 
and optical properties, 22 
self-association: see Self-association, structure and 

molecular packing 
during transportation, 16 

Flow properties, 15 
crude oil asphaltene deposition/flocculation, 228 
heavy crudes, 145 
multiphase, 338 
self-association and: see Self-association, structure 

and molecular packing 
Fluid-bed catalytic cracking, 146 
FI uorescence depolarization, 24 
Fluorescence detection, 21 
Fluorescence lifetime data, 25 
Fluorescence microscopy, 154 
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Fluorescence spectroscopy, 24, 44-67, 81 
intermolecular interactions, 44-67 

fluorescence spectra, 58-67 
quantum yields, 52-58 
unifying model of molecular interactions, 

45--52 
Urbach tails, 38, 40 
instrumentation, 25--27, 84 
quantum yields, 52-58 
unifying model of molecular interactions, 45--52 

FMC-COED asphaltene, improved recovery systems, 
15 

Form factors, colloidal structure evolution models, 
160,161-166 

Fourier-transform IR spectroscopy, 84, 85--87 
Fractal dimension 

aggregates 
colloidal, 164-165 
crude oil, 193 
structure, 275 

and percolation, 299 
Fractal objects, polydiverse, 165 
Fractionation 

for heavy oil viscosity measurements, 321 
solvent: see Solvent fractionation; Solvents 
techniques, I 

France crude, 347-348 
Franck-Condon principle, 29 
Free radicals, 6, 95--96, 99 
Freezing point depression, 151 
Friction factors 

heavy oil sedimentation-diffusion measurements, 
323,324,325 

heavy oil viscosity measurements, 308 
Friedel-Craft's reaction, 12 
Fuller's earth, 232 
Functional group analysis, 388 
Functional groups, see also specific groups 

coal versus petroleum asphaltenes, 214 
crude oil resin separation, 352 

Gaggiano: see Spectroscopy, molecular structure and 
intermolecular interactions 

Gaps, 7 
Gas chromatography, 81, 209 
Gas condensate optical properties, 22 
Gas oil, 7 

heavy oil viscometry, 313 
solubility parameters, 4 
solvent fractionation, 6 
spills, 15 

Gas-oil ratios, crude oil, 236 
Gated Spin Echo (GASPE), 81, 83, 90, 91 
Gaussian phase distribution (GPD) approximation, 

344 
Gela: see Spectroscopy, molecular structure and inter­

molecular interactions 
Gel permeation chromatography, 6, 81, 84 

coal asphaltenes, 218 

Index 

Gel permeation chromatography (cont.) 
crude oil 

asphaltene characterization, 229-232, 236-237 
heavy crude, 152-153, 303 
viscosity measurements, 321 

Geochemical studies, heavy crude, 154 
Geological clock, 9-10, II 
Geological maturation indicator, asphaJtenes as, 8-9 
Geometry: see Macrostructure 
Geoporphyrin, 8 
Gilsonite, 10, 18 
Grahamite, 9, 10, 18 
Graphite, 9, 15 
Gravitational forces: see Sedimentation and diffusion 

measurements 
Green River asphaltenes, 9, 19 
Grimson-Barker equation, 319, 320 
g-tensor,8 
Guinier's law, 163, 164 
Gulf of Mexico crude, 242-244 
Gunflint Shale, 19 
Gyration radius, 170, 173, 275 

Halogenation, 12 
Hartley micelles, 12 
Heat of mixing, 3-4 
Heat treatment 

flow property modification, 15 
mesophase generation, 4-5 

Heavy crude 
colloidal structure: see Colloidal structure 
conductivity, 153 

Heavy metals, 227 
Heavy oils: see Hydrodynamic property measure­

ments, heavy oils 
n-Heptane, 299 

colloidal structure of heavy crude and asphaltene so-
lutions,183-188 

cryo-SEM,185--188 
SANS, 183, 184, 185 
viscosity, 183, 184 

crude oil 
film forming agents, 392 
flocculation process, 158, 183-188 
as heavy crude flocculant, 158 
oil-in-water emulsion stability, 403, 404, 405 

solubility classes, 227, 303, 385 
n-Heptane asphaltenes, spectroscopy, 25, 82--83 
Heptol, 403, 404, 405 
Heterocyclic compounds, 1,6,147 
Hexadecane, 259 
Hexane, 3, 6 

coal extracts, 212, 213 
peptidization by, 13 

Hildebrand and Scott and Scatchard theory, 3-4 
Hildebrands, 3-4 
Holes, 7 
HO-LU gap, 32, 38-39, 40, 44, 45, 49, 51, 52, 53, 54, 

55,58,67 
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HPLC 
coal extracts, 212-213 
crude oil, 231 
crude oil asphaltenes, 229 

Hunt, 38-39, 40 
Huntington Beach Oilfield, improved recovery, 13-14 
Hydraulic permeability, heavy oil diffusion measure-

ments, 326 
Hydrocarbons, I; see also Aliphatics; Aromaticity; 

specific classes of hydrocarbons 
Hydrocarbon skeleton, 388 
Hydrochloric acid 

emulsion preparation, self-association studies, 116 
improved recovery, 13-14 
self-association processes, 116 

Hydrocracking, 11,81, 146 
Hydrodynamic flow, 9 
Hydrodynamic property measurements, heavy oils, 

303-334 
intrinsic viscosity, 304-322 

asphaltenes and heavy oils, 313-322 
background and theory, 304-312 
experimental measurement, 312 
sedimentation-diffusion data with, 324-325 

sedimentation-diffusion, 322-334 
background and theory, 322-324 
diffusion coefficient measurement, 326-327 
diffusion results, 328-332, 333 
experimental measurement of, 325-326 
sedimentation results, 327-328 

Hydrogen 
chemical composition, 387 
hydrocracking, 146 

Hydrogenation, 11 
coal extracts, 209, 212 

Hydrogen bonding, 12,80, 150 
aggregation mechanisms, 386, 389 
coal asphaitenes, 214 
colloidal structural evolution, 179 
heavy crude, I 53 
molecular weight determination, 388 

Hydrogen-carbon ratio 
asphaltenes from different sources, 18 
chemical composition, 387 
interfacial film studies, 395 

Hydrogen-donor solvent liquefaction (HDS), 210 
Hydrophile-lipophile balance, improved recovery, 

13-14 
Hydrophobically modified polymers, 14 
Hydrophobic Wilhelmy plate, 394 
Hydroxyl groups 

coal asphaltenes, 214, 217 
coal-liquid vs. petroleum asphaltenes, 18 
coal versus petroleum asphaltenes, 214 
crude oil DRIFT spectra, 352 

Improved oil recovery (lOR), 13-14 
Infra-red spectroscopy, 22, 23, 81, 84-87,147 

crude oil emulsion stabilization, 356 

Infra-red spectroscopy (cant.) 
crude oil resin separation, 347 
instrumentation, 84 

Ingramite, \0 
Inorganic salts, 7 
Interchain distance, coal asphaltenes, 215 
Interface properties, self-association processes, 

116-117 
Interfacial films 

crude oil emulsions, 338 
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water-in-oil emulsions, 393-395, 406, 409-410 
Interfacial layers, emulsion stabilization, 380, 382-383 
Interfaciallly active agents, 7 
Interfacially active components 

chromatography of resins, 347-352 
crude oil emulsions, asphaltene and resin stabilized, 

346-361 
crude oil emulsion stabilization 

interfacial tension and pressure, 353-356 
Langmuir-Blodgett films, 356-361 

experimental technique, 352-361 
Interfacial shear viscosity, water-in-oil emulsions, 406 
Interlamellar distance, 150 
Intermolecular interactions, 44-67 

coal asphaltenes, 216 
colloidal structural evolution, 179, 195 
fluorescence spectra, 58-67 
heavy crude, 153 
quantum yields, 52-58 
temperature effects, 195 
unifying model of, 45-52 

Interparticle interactions, viscosity measurements, 
320 

Intrinsic viscosity, 304-322 
asphaltenes and heavy oils, 313-322 
background and theory, 304-312 
experimental measurement, 312 
sedimentation-diffusion data with, 324-325, 328 

Ion pairing constant, 257 
iron, 6 
Iron sulfide, 7 
Isopentane, 6 

Katacondensed systems, 80 
Kerogens, 9 

comparisons of asphaltenes from di fferent sources, 
19 

geochemical investigations of, 154, 155 
geological maturation, 8-9 
heavy crude, 154 
spectroscopy 

EPR,107 
fluorescence, 22 

Kerosene, 313 
Ketones, 147 

crude oil DRIFT spectra, 352 
crude oil resin separation, 347 

Kinetic models, crude oils, 227 
Kuwait, 18, 316 
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Lagunillas, 18 
Lamellar structure 

aggregation, 389 
interfacial film studies, 395 
liquid crystalline D phase, 365 

Langmuir-Blodgett film, 353, 356--361 
Langmuir film balance, 394 
Laser sources 

crude oil particle size distribution, 233--234 
optical spectroscopy, 25-26 

Lewis acid-base interactions, aggregation mecha-
nisms, 386 

Lewis acid-type metal halides, airblowing, 12 
Libya, 18 
Light scattering studies 

heavy crude, 153, 154 
molecular weight determination, 151 

Lignite, 203, 213, 214 
Limestone, 22 
Linewidth and Iineshape, ESR, 96--97 
Liquefaction products, coal, 205 
Liquid chromatography, heavy crude, 152 
Liquid crystals 

D phase, 365 
interfacial film studies, 395 

Liquid-solid chromatography, crude oil, 231-232 
Lithium salts, 153 

Macrostructure 
colloidal structure of heavy crude and asphaltene so­

lutions 
cryo-SEM, 181-182 
small-angle scattering methods, 167-181 

flow property modification, 15 
heavy oils 

hydrodynamic property measurement: see Hydro­
dynamic property measurements, heavy oils 

sedimentation-diffusion measurements, 324; see 
also Sedimentation and diffusion measure­
ments 

Magnetic field, 16 
Maltenes, 5, 194, 195 
Manjak,IO 
Marangoni--Gibbs effect, 380, 381-382 
Mass spectrometry, 147 

coal extracts and asphaltenes, 209, 212, 218 
crude oil asphaltenes, 227 
molecular weight determination, 387 

Mass transfer, 8 
Maturation, 8-9 

and fluorescence, 22 
methyl groups in alkyl side chains, 91 

Mavjak,18 
Mercaptans, 7 
Mesogens, 389 
Mesophase,4-5,6,14-15 
Metal halides, airblowing, 12 
Metallochelates, 7 
Metalloporphyrins, 7 

Metals, 147-148 
coordinated compounds, 6 
particle aggregates, fractal dimension, 299 
spectroscopic studies, 81 
tar ball (coastal spill) constituents, 15-16 

Meteoric retigens, 19 
Methane, 9 
Methanol, 347, 349 

Index 

N-Methyl-2-pyrrolidinone, 203, 208, 212, 217, 220, 
222 

Methylcyclohexane, 6 
Methyl ethyl ketone, 3 
Methyl groups 

alkyl side chains, 91 
crude oil DRIFT spectra, 352 
heavy crude hydrogen bonding, 153 

I-Methylnaphthalene, 314, 316, 330, 332 
Micelles, 8, 150-151,388 

coal asphaltenes, 219-220 
oil-extemal, 12 

Micro-calorimetry, 117 
Microcapillary technique, 342 
Migration, 9, 10 
Mildrel Lake Athabasca, 10 
Mineral oil, 409 
Mineral wax, 10 
Minimum particle packing fraction, 270, 287 
Mixing, heat of, 3--4 
Models of colloidal structure, 152 
Model systems, 406--417 

crude oil emulsions, asphaltene and resin stabilized, 
361-372 

demulsification of water-in-crude oil emulsions, 
363--367 

destabilization of water-in-oil emulsions, 
361-362 

electrocoalescence, 367-369, 370, 371, 372 
stabilization with crude oil emulsions, 361-362 

interfacial films and W-O emulsions of model oils 
and asphaltenes, 406, 409-410 

resin effects on asphalt-stabilised emulsions in tolu­
ene-heptane-water systems, 410-415, 416, 
417 

Molar conductivity, 257-258 
Molar enthalpy, coal asphaltenes, 215 
Molecular association: see Association; Suspension 

viscosity model 
Molecular dynamics 

optical spectroscopy, 21 
self association and molecular packing, 128-129, 

139-140 
self-association studies, 118 

Molecular interactions: see Intermolecular interac­
tions 

Molecular packing of aggregates, 123--126, 140-141, 
388 

conductivity, 132-135 
self-association: see Self-association, structure and 

molecular packing 
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Molecular structure, see also Macrostructure 
coal extracts and asphaltenes, 204--2 I 4 

comparison with petroleum asphaltenes, 
213-214 

preparation of materials, 204 
structural parameters and model, 203-2 I 3 

Molecular weight, 6, 24 
coal extracts and asphaltenes, 218-2 19 
coal-liquid vs. petroleum asphaltenes, 17-19 
coal versus petroleum asphaltenes, 213, 2 I 4 
colloidal structural evolution, 175, 177 
composition of asphaltenes, 387-388 
crude oil, 230, 236-237, 238 
vs. depth, 10, II 
heavy crude, 153 
heavy oil sedimentation-diffusion measurements, 

327,328-330,331 
techniques, 151 

Mono-cylindrical model, 13 I 
Monodisperse fraction, viscometry, 315, 316 
Morphology: see Macrostructure 
Mousse, 146,379 
Mud diapirs, 9 
Multiphase flow, 9, 338 
Multiplets, 84, 105 
Multisubunit structures, heavy oil sedimentation-diffu­

sion measurements, 325, 330 

Naphthalene, 404, 405 
Naphthas, 6 
Naphthenic acids, agregation mechanisms, 386 
Naphthenic rings, 6, 147, 148 
Natural gas, 22 
Natural systems, colloidal structure of heavy crude 

and asphaltene solutions, 190-196 
Near-IR spectroscopy, 22, 24, 33, 214 
Nellenstein, Pfeiffer, and Saal model, 389 
Networked interfacial film, emulsion stabilization, 

385 
Neutron scattering methods, 152; see also Small angle 

spectroscopy (SANS and SAXS) 
Newtonian behavior, heavy crude, 156 
Nickel, 6, 8, 147, 148 

crude oils, 227 
tar ball (coastal spill) constituents, 15-16 

Ninian crude, 394 
Nitration, 12 
Nitrobenzene, 293, 387 
Nitrogen, I, 8 

chemical composition, 387 
coal asphaltenes, 214 
crude oil, 227, 338 
crude oil DRIFT spectra, 352 
crude oil resin separation, 347 
functional group analysis, 388 
heterocyclic species, 147 
spectroscopic analysis, 99 
vanadyl chelate model characterization with li­

gands,81 

NMR,23,81,85,87-95 
CI3,23, 80-81,83,87-95,147 
coal, 204, 205-213, 214 
proton, 80, 83, 87, 230 
pulsed field gradient, 344, 345 
2-0,81 

Nonesuch Shale, 19 
Non-newtonian behavior, heavy crude, 156 
Northern Iraq asphaltenes, 316 
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North Sea crude, see also Crude oil emulsions, asphal-
tene and resin stabilized 

fluorescence lifetime, 48, 49, 54 
optical spectroscopy, 63-66 
resin separation, 347-348 

Oblate ellipsoids, 325 
Oil, coal, 205 
Oil-internal colloids, 12 
Oil sand, distribution of asphaltic fractions, 10 
Oil shale, 1 

comparisons of asphaltenes from different sources, 
18,19 

nitrogen, 8 
Oil spills, 15; see also Water-in-oil emulsion stabiliza-

tion, petroleum asphaltenes 
Oil transportation and spills, 15-16 
Oklahoma crude, 392 
Olefins, 146, 156 
Optical spectroscopy, aromatic moieties, 21-75 

absorption spectra, 32-44 
large chromophores, population distribution in 

crude oil and asphaltenes, 41-44 
Urbach tail, 35-41 

experimental methods, 25-27 
fluorescence and intermolecular interactions, 

44--67 
fluorescence spectra, 58-67 
quantum yields, 52-58 
unifying model of molecular interactions, 45-52 

methods, 21-24 
optical transitions of molecules, 28-32 

simple aromatics, 29-32 
theory, 28-29 

small aromatics and asphaltenes, 67-75 
aromatic ring size, 73-75 
short-wavelength emission, 67-73 

Organic free radicals, ESR, 95-96 
Organic solvents: see Solvents 
Osmometry, 151 

coal asphaltenes, 218 
heavy crude, 153 

Osmotic pressure, 151 
Ostwald ripening, crude oil emulsions, 339 
Oxidation 

asphalt, 267 
spills, 15 

Oxidized species, crude oil emulsion stabilization, 
356 

Oxidizing agents, analytic techniques, 81 
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Oxygen-containing functional groups, 1,8,80, 147 
chemical composition, 387 
coal asphaltenes, 214 
coal-liquid vs. petroleum asphaltenes, 18 
crude oil resin separation, 347 
crude oils, 227, 338 
ESR studies, 97 
functional group analysis, 388 
vanadyl chelate model characterization with ligands, 81 

Oxygen partial pressure, ESR, 102-108 
Ozokerite, 10 

Packing: see Self-association, structure and molecular 
packing 

Packing condition, aggregates, 123-126 
Packing fraction, minimum particle, 270, 287 
Pal-Rhodes model, 268, 310, 318 
Paraffins, see also Aliphatics 

crude oil, 230, 242 
crystallization, interfacial film studies, 394 

Parallel disk model, 362 
Paramagnetic molecules, 103 
Particle asymmetry, heavy oil sedimentation-diffusion 

measurements, 323 
Particle interaction coefficient, 270 
Particle size distribution 

crude oil, 232-234 
crude oil asphaltene phase behavior, 232-234, 

240--242 
viscosity models, 269 

Particulates, crude oil resin separation, 347, 349 
Paving asphalts, 16 
Pendant drop method, 393-394 
n-Pentane, 6 

conductivity studies, 258 
crude oil chromatography, 231-232 
peptidization by, 13 
solubility classes, 4, 6, 227, 303, 385 

Peptidization, 13 
Peptized micelles, 156 
PERC, 16 
Percolation 

aggregates, 140--141 
conductivity, 135--136 
mechanism, 126 

fractal dimension and, 299 
Permeability, heavy oil diffusion measurements, 326 
Petrolene, 5 
Petroleum, see also Water-in-oil emulsion stabiliza­

tion, petroleum asphaltenes 
improved oil recovery, 13-14 
structural parameters, 2 

Petroleum ether, 6 
Petroleum pitch: see Pitch 
Petroleum shale, 8 
pH, crude oil-in-water emulsion, 400 
Phase change, reversibility of precipitation, conductiv­

ity studies, 261-265 
Phase partitioning, heavy oils, 303-304 

Phase separation, improved recovery, 14 
Phenanthrene, 404, 405 
Phenolic OH, coal asphaltenes, 214 
Phenols 

aggregation mechanisms, 386 
coal depolymerization, 205 

o-Phenylphenol (OPP), 214 
Photoexcitation, 46 
1t bonding! electrons 

aggregation, 386, 389 
aromatic molecules, 28 
delocalized, 97 
interfacial film studies, 394, 395 
molecular weight determination, 388 
pi-pi association, 150,214 

Picot-Benoit effect, 178-179, 181 
p-inhibitors, flow property modification, 15 
Pipelines, 15--16,338 
Pitch, 18 

Index 

heavy oil sedimentation-diffusion measurements, 329 
improved recovery systems, 15 
viscometry, 314, 316 

Plasma desorption mass spectrometry, 218 
Polar constituents 

aromatic constituent,S 
coal-liquid vs. petroleum asphaltenes, 17-19 
coal vs. petroleum asphaltenes, 213, 214 
crude oil, 154, 239 
emulsion stabilization, 383 

Polydisperse fractal objects, 165 
Polydispersity, 151; see also Self-association, struc­

ture and molecular packing 
Einstein's analysis, 306 
heavy oil sedimentation-diffusion measurements, 

329 
heavy oil viscosity measurements, 309, 310, 322 
Ostwald ripening, 339 
scattering contribution at small Q, 179 

Polyelectrolytes, 14 
Polymers, 14 

bitumen, 146, 156 
flow property modification, 15 

Polynuclear aromatic hydrocarbons, 93-94, 148 
Pores 

colloidal structural evolution, 182 
heavy crude asphaltenes, 154 
heavy oil partitioning, 303-304 

Porod plot, 122, 132 
Porous films, heavy oil diffusion measurements, 326 
Porphyrins, 7, 8, 81,147-148 

aggregation mechanisms, 386 
crude oil film forming agents, 392 
ESR,95--96 

Portis plot, 103 
Powder XRD, 81 
Power law, 185, 193 
Preasphaitenes 

coal, 203, 205 
distribution of asphaltic fractions, 9, 10 



Index 

Precipitation, I 
conductivity, 257-265 
crude oil asphaltene phase behavior, 234--236, 242-244 
optical spectroscopy, 23--24 
reversibility of, conductivity studies, 261-265 
self-association: see Self-association, structure and 

molecular packing 
Preferred alkane number, 364 
Pressure, and crude oil asphaltene deposition/floccula­

tion,228 
Principal component analysis 

crude oil emulsion stabilization, 353, 354--356 
crude oil resin separation, 347-352 

Propane deasphalting, 6 
Propane insoluble fraction, 6 
Proportionality constant, 321 
Purified asphaltenes in organic solvents, conductivity, 

254--257 
Pyridine, 147 

aggregation in, 389 
chromatography of heavy crude, 153 
coal asphaltenes, 214, 217, 220 
coal component solubility classes, 203 
coal extracts, 207, 208, 212, 213 
colloidal structural evolution, 175, 177 
conductivity measurements in, 254, 256, 257 
critical micellization concentration in, 293 
solubility fractions, 6 
spectroscopic analysis, 99 

Pyrobitumen,9, 10 
Pyrolysis, 81, 147 
Pyrroles, 147 

Q 

aggregation mechanisms, 386 
coal asphaltenes, 214 
coal-liquid vs. petroleum asphaltenes, 18 
spectroscopic analysis, 99 

and aggregation, 175 
resin suspensions at, 188 

Quantum yield, 25, 27, 45,52-58,67 
Quartet multiplicity, 80 
Quasi-elastic scattering, heavy crude flocculation, 

153--154 
Quenching, 24, 45, 46, 51-52, 67 
Quinoline, 207, 215 
2-Quinolone, 288, 293 
Quinone-type oxygen, 80 

Radical pairs formation, 106 
Radius of gyration, 170, 173,275 
Ragusa, 10, 18 
Ratawi 

critical micellization concentration, 293 
self-aggregation studies, 129-130, 135-136, 137, 

138, 139, 140 
viscosity measurements, 317-318, 319, 310, 321 

Raudhatain, 18 
Reaction-limited colloidal aggregation (RLCA), 154, 

164,165 

Recovery of oil, improved, 13--14 
Red shifts, 22, 41 
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Refinery asphalt, comparisons of asphaltenes from dif-
ferent sources, 18 

Refinery products, 16 
Refining, heavy crudes, 146 
Refining bottoms, I, 19 
Refractive index, 229 
Remote sensing, fiber optic, 22 
Reservoir crude, 248 
Resid viscometry, 314, 316, 317-318 
Resin and solvent effects, 395-405 
Resins, 6-7, 7 

acid components, 5 
aggregation mechanisms, 386 
asphalt-stabilised water-in-oil emulsions in toluene-

heptane-water systems, 410-415, 416, 417 
colloidal structural evolution, 188-190 
and crude oil asphaltene deposition/flocculation, 228 
distribution of asphaltic fractions, 9, 10 
emulsion stabilization, 383, 395-405; see also Crude 

oil emulsions, asphaltene and resin stabilized 
oxygen functional groups, 80 
solubility parameters, 4 
solvent fractionation, 6 
spills, 15 
stabilization of interfacial films, 392-393 

Resonance multiplicity, 80 
Retigens, 19 
Reversed-phase chromatography, 148 
Rheology, see also Colloidal structure 

bitumen, polymer addition and, 156 
colloidal structural evolution, crude oil, 193 
crude oil emulsion interfacially active components, 352 
heavy crude, 156 
interfacial film studies, 395 
water-in-oil emulsions, 406, 410 

Rheometer, biconical bob, 395.410 
Rigidity. heavy oil macrostructure. 304 
Ring size. 73--75. 213, 214 
Ring structures 

coal extracts. 209-210 
coal vs. petroleum asphaltenes. 214 

Ring systems, coal-liquid vs. petroleum asphaltenes, 
17-19 

Rio Bravo crude, 392 
Roscoe equation, 309-310. 311. 321 
Rostler's test. 5 
Rozel Point, 10, 18 
Russian crudes, 409 

Safaniya, 299 
colloidal structural evolution 

natural systems, crude oils, YR. and maltenes, 
19()""192 

in solution, 168-182 
crude oil film forming agents. 392 
spectroscopy: see Spectroscopy, molecular structure 

and intermolecular interactions 
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Sales, optical spectroscopy, 48, 49, 50, 51, 52, 53, 54, 
58--66 

Salt domes, 9 
Sample preparation, heavy oil viscometry, 316 
Sampling, subsurface, 22 
San Joaquin Valley crude, 395-405, 410-415, 416, 417 
Santiago, 18 
SANS: see Small angle scattering 
SARA (saturated, aromatic, resin, asphaltene) column, 

3,23~231 

SAS: see Small angle scattering 
Saturates 

and colloid stability, 7 
crude oil, 239 
solubility parameters, 4 

Saturation, ESR studies, 99-102 
SAXS: see Small angle scattering 
SBS,I46 
Scanning electron microscopy, 154 

coal asphaltenes, 216-217 
cryo-: see Cryo-SEM 

Schroedinger equation, 28 
Schultz distribution, 130, 131 
Sedimentation, crude oil emulsions, 339 
Sedimentation and diffusion measurements, 

322-334 
background and theory, 322-324 
combined with viscosity measurements, 

324-325 
diffusion coefficient measurement, 326-327 
diffusion results, 328--332, 333 
experimental measurement of, 325-326 
sedimentation results, 327-328 

Seeps, distribution of asphaltic fractions, 10 
Selective adsorption/desorption, I 
Self-association, structure and molecular packing, 

115-143, 153 
aggregates, structure of, 129-132 
conductivity, 1\8--119, 123--126, 132-136 
future prospects, 142 
percolation, molecular packing and, 14~141 
SANS, 1\8, 1\9-123 
simulation 

computer, 141-142 
molecular dynamics, 128--129, 139-140 

viscosity, 119, 126-128, 136-138 
Semi-cokes, 15 
Sergeevsk crude, 409-410 
Shale 

comparisons of asphaltenes from different sources, 
19 

structural parameters, 2 
Shale extracts, I 
Shale oils, I 
Shape: see Macrostructure 
Shape factor, 298, 325 
Shear flow, heavy oil viscosity measurements, 307 
Shear-induced association, 273 
Shear rotational viscometry, 393 

Shear strength, water-in-oil emulsions, 409 
Shear viscosity 

interfacial film studies, 394, 395 
water-in-oil emulsions, 406 

Siberian crude, 387 
Silanol, 347, 349 
Siloxane,347,349,350 
Silylation 

coal asphaltenes, 215, 217 
heavy crude hydrogen bonding, 153 

Single Frequency Off-resonance Decoupling 
(SFORD),90 

Singlet multiplicity, 80 
Single-triplet states, 105 
Size: see Macrostructure 
Size distribution methods, 339-346 

NMR, pulsed field gradient, 344, 345 
ultrasound, 344-346 
video enhanced microscopy, 34~343 

Size exclusion chromatography, 147-148 
heavy crude, 152-153, 152 

Index 

molecular weight determination, 387 
Small-angle scattering (SANS and SAXS), 81, 268, 

299 
coal asphaltenes, 22~222 
colloidal structural evolution 

flocculation process, n-heptane addition, 
183--185,186 

natural systems, crude oils, VR, and maltenes, 
190-192 

natural systems, distillation products, atmos­
pheric and VR, 192-194 

resin solutions, 188--190 
temperature effects, 195-196 

colloidal structural evolution in solution 
comparison of SANS and SAXS, 172, 175, 176 
concentration effects, 172, 173, 174 
solvent and temperature effects, 175, 177 
techniques, 168--169 
treatment of data, 169-172 
upturn ofl(Q) at very low (Q), 177-181 

colloidal structure, evolution of, 159-166, 167-181 
form and structure factors for models, 161-166 
principles, 160 
scattering contrast, 16~161 

heavy crude, 152, 154, 158 
heavy oil viscosity measurement comparisons, 

32~321 

particle size distribution, 233--234 
self-association studies, see also Self-association, 

structure and molecular packing 
aggregate models, 139-140 
instrumentation, 118 
model analysis, 129-130 
theory, 1\9-123 

Sodium (bis-2-ethylhexyl)-sulfosuccinate (AOT), 365, 
366 

Solids detection system, crude oil phase behavior, 234, 
235 
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Solubility 
coal versus petroleum asphaltenes, 214 
self-association: see Self-association, structure and 

molecular packing 
Solubility parameter, 6 

asphaitenes from various sources, 16 
mesophase generation, 4-5 
solvent fractionation, 3, 4 

Solute solvation: see Solvation 
Solution concentrations, heavy oil viscosity measure-

ments, 322 
Solution viscosity, 304, 305 
Solvated sphere mDdel, 152 
SDlvatiDn 

aggregation mechanisms, 386 
Einstein's analysis, 306, 307 
heavy .oil sedimentatiDn-diffusion measurements, 

323 
heavy .oil ViSCDSity, 318, 321 

SDlvatiDn constant, 321 
SDlvent extractiDn, I 

coal, 204, 206 
SDlvent fractiDnatiDn, 3--4; see also Solvents; specific 

solvents 
cDal,205 
heavy crude, 152 
sDlubility parameters, 6 

SDlvent partitiDning, I 
SDlvent polarizability, 24 
SDlvent refined cDal, 210 
SDlvents,6 

aggregation, 389 
chromatDgraphy, 6 
coal component solubility classes, 203 
collDidal structural eVDlution, 175, 177, 

181-182 
cDnductivity in, 254-257 
crude .oil chromatDgraphy, 346 
crude oil film forming agents, 392 
crude .oil flDW property modification, 15 
crude oil-in-water emulsion stability, 

403-405 
crude .oil resin separatiDn, 347, 349 
heavy .oil sedimentatiDn-diffusion measurements, 

328,330 
heavy .oil viscometry, 313, 314, 315, 316 
mDlecular weight determinatiDn, 387 
self-assDciatiDn: see Self-associatiDn, structure and 

mDlecular packing 
Sources .of asphaitenes, 16-19; see also Types and 

sources .of asphaltenes; specific geographic 
regions 

SpeciatiDn, 388 
S pectrDscDPY 

.optical, 21-75; see also Optical spectrDscoPY, aro­
matic mDieties 

SAS: see Small angle scattering 
self-association studies: see Self-association, struc­

ture and mDlecular packing 
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Spectroscopy, molecular structure and intermDlecular 
interactions, 79--\09 

ESR,95-108 
free radical concentration, 99 
g-value, 97-99 
linewidth and lineshape, 96--97 
saturatiDn, 99--102 
temperature and .oxygen partial pressure, \02-108 

FTIR,85---87 
methods, 82-84 
NMR,87-95 

SpectrDscoPY, .optical 
absDrptiDn spectra, 32-44 

large chromDphDres, population distribution in 
crude oil and asphaitenes, 41-44 

Urbach tail, 35-41 
experimental methods, 25---27 
fluorescence and intermDlecular interactions, 44-67 

fluorescence spectra, 58-67 
quantum yields, 52-58 
unifying model of molecular interactiDns, 45---52 

methDds, 21-24 
optical transitions of molecules, 28-32 

simple aromatics, 29--32 
theDry, 28-29 

small aromatics and asphaitenes, 67-75 
arDmatic ring size, 73-75 
short-wavelength emissiDn, 67-73 

Spherical Schultz model, 131 
Stabilization .of emulsions: see Crude .oil emulsions, as­

phaltene and resin stabilized; Water-in-Dil 
emulsiDn stabilization, petroleum 
asphaltenes 

Stacking .order, cDal asphaltenes, 215 
Stacks, 13 
Statistical mechanics, self-assDciation processes, 116 
Staudinger-Houwink equatiDn, 311-312, 313, 314, 

315,316 
Steric repulsion, emulsion stabilization, 380-381 
Stem-Volmer analysis, 49, 50, 51, 53, 54, 55 
Stokes-Einstein equation, 124 
Stokes radius, 329 
Streaming potential, 228 
Structural evolutiDn: see Colloidal structure 
Structure, see also Colloidal structure; Macrostructure 

cDal extracts and asphaltenes, 203-213 
colloidal structure eVDlution, models .of, 160, 

161-166 
heavy oil sedimentation-diffusiDn measurements: 

see Sedimentation and diffusiDn measure­
ments 

self-association: see Self-association, structure and 
molecular packing 

Sublimation, 182 
Substituents 

coal-liquid vs. petroleum asphaltenes, 17-19 
coal versus petroleum asphaitenes, 213 

Subsurface sampling, 22 
Sulfidic sulfur, spectroscopic findings, 23 
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Sulfonation, improved recovery, 14 
Sulfoxides 

aggregation mechanisms, 386 
crude oil resin separation, 347, 350, 352 
spectroscopic findings, 23 

Sulfur, I, 7~, 147 
crude oil, 227, 338 

chemical composition, 387 
functional group analysis, 388 
heavy crude chromatographic fractions, 153 
resin separation, 347 

spectroscopic analysis, 23, 99 
vanadyl chelate model characterization with li-

gands,81 
Supramolecular aggregates, 385, 389 
Surface properties, self-association processes, 116 
Surface tension 

coal asphaltenes, 21~220 
self-association studies, 117 

Surface-to-volume ratio, self-association studies, 122, 
131-132 

S urfactants, 7 
crude oil components, natuml, 394 
crude oil emulsion coalescence, 362 
crude oil emulsion destabilization, 365-366 
crude oil emulsion stabilization, 382 
improved recovery, 13-14 

Suspension viscosity model, 267-300 
application of model, 27~282 

parameter reduction, 281-282 
solvation constant approximation, 27~281 

development of, 272-276 
aged and unaged materials, 278 
blend preparation, 277 
experiments, 276-279 
methodology, 276 
molecular weight determination, 27&-279 
oxidative aging, 277-278 
separation into asphaltenes, aromatics, and satu­

rates, 277 
existing models, 26~272 

monodispersed non-associating suspensions, 
26~271 

particle size distribution, 271-272 
Synthetic residues, viscosity measurements, 317 
Synthoil, 15,215 

Tabbyite, 10, 18 
Talc, 347, 349, 350 
Tars 

coal,205 
optical properties, 22 

Tar sands, 1,316 
Taylor dispersion technique, 328 
Temperature, 6 

coal extracts, 207-208 
colloidal structural evolution, 175, 177 

cryo-SEM studies, 181-182 
SAXS investigation, 194-196 

Temperature (cant.) 

crude oil asphaltenes 
deposition/flocculation, 228 
interfacial film studies, 394 
and viscosity; 152, 321 

ESR, 102-108 
improved recovery systems, 15 

Tert-butylbenzene, 404, 405 
Tetracyanoethylene (TCNE), 216, 217, 218 
Tetracyanoquinodimethane (TCNQ), 217 
Tetrahydrofumn 

coal asphaltene VPO, 218 
coal component solubility classes, 203 
conductivity measurements in, 254, 255 
crude oil asphaltene chromatography, 229 
heavy oil viscometry, 314 

Index 

molecular weight determination, 387 
Tetraoxyethylene-nonylphenol ether (Triton N-42), 

365 
Texaco, 38-39, 40 
Thermal cracking, II, 81, 146 
Thermal diffusion, I 
Thermodynamics 

crude oils, 227 
heavy crude flocculation, 153-154 
suspension viscosity model: see Suspension viscos-

itymodel 
Thioethers, 8 
Thiophenes, 23, 99, 147 
Thixotropic pseudo-plastic flow, 15 
Time domain spectroscopy (TDS), 367 
Toluene, 299 

coal component solubility classes, 203 
coal extracts, 207 
colloidal structural evolution in, cryo-SEM studies, 

181-182 
crude oil aggregation in, 389 
crude oil emulsions 

molecular weight determination, 387 
oil-in-water, stability of, 403, 404, 405 
preparation, self-association studies, 116 

crude oil film forming agents, 392 
Toluene-heptane-water systems, 410-415, 416, 417 
Torrey Canyon incident, 379 
Transition metals, 6, 7; see also Vanadium 
Transport, 15-16 
Triplet state, 105 
Triton N-42, 365 
Turkish asphaitite, 213 
Types and sources of asphaltenes, 1-19 

asphaitics/allied substances, 4-7 
gas oils, 7 
resins, 6-7 

chemical reactivity, 12 
colloidal nature, 12-13 
as geological clock, ~I 0, II 
geological maturation indicator, asphaltenes as, S--9 
improved oil recovery, 13-14 
mesophase material, 14-15 
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Types and sources ofasphaltenes (con!.) 
oil transportation and spills, 15-16 
separation from source material, 2-4, 5, 6t 
sources, 16-19 
sources, migration and occurrence, 9, 10 
sulfur, 7-8 
upgrading, 11-12 

UG8 crude oil, 55, 57, 67, 68, 75 
Ulrich's equation, 346 
Ultracentrifugation, 151 

colloidal structural studies, 180 
heavy crude, 152, 153 
heavy oil sedimentation-diffusion measurements, 326 

Ultrafiltration, 151 
Ultrasound,344-346 
Unit sheet, 13 
Unpaired electrons, 97 
Upgrading of oils, 11-12 
Urbach tail, 35-41, 74 
UV detectors, chromatography, 229, 231 
UV exposure, 16 
UV spectroscopy, 21-22, 24, 209 

Vacuum distillation, I, 146 
Vacuum residues 

colloidal structural evolution studies, 167, 168 
macrostructure, 156 
refining process, 146 

Vacuum UV spectra, 24 
Valence electrons, 21 
Vanadium/vanadyl complexes, 6, 7, 8, 147 

aggregation mechanisms, 386 
chemical composition, 387 
crude oils, 227 
EPR spectroscopy, 81, 82 
ESR,95-96 
tar ball (coastal spill) constituents, 15-16 

Vanadyl chelate models, 81 
Van der Waals forces 

colloidal structural evolution, 179 
crude oil emulsion coalescence, 362 
heavy crude, 153 

Vapor-liquid equilibria, crude oils, 227 
Vapor pressure osmometry, 81, 151 

coal asphaltenes, 218, 219 
crude oil asphaltenes, 230 
heavy crude, 153 
heavy oils, 314 

intrinsic viscosity measurements, 315 
sedimentation-diffusion measurements, 329-330 

molecular weight determination, 387 
Venezuelan crude 

resin separation, 347-348 
structure, 149 
water-in-oil emulsions, 406, 409 

Video enhanced microscopy, 340-343 
Villafortuna crude: see Spectroscopy, molecular struc­

ture and intermolecular interactions 

Virgin heavy crudes, 2 
Visbreaking, 146, 152 
Viscosimetry, see also Vapor pressure osmometry 

colloidal structural evolution, 166-167 
crude oil interfacial films, 393 
heavy crudes, 156, 158 
molecular weight determination, 151-152 

Viscosity, 12 
coal extracts and asphaItenes, 219 
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water-in-oil emulsions, 406 
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Water-in-oil emulsions 
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studies, 389-405 
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film forming agents in crude oils, 392-393 
resin and solvent effects, 395-405 

Waxes, 7,10,16 
Weathering, in spills, 15 
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measurements, 322 
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White mineral oil, 409 
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oil emulsions, 394 

Wood's equation, 346 
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X-ray diffraction, 80, 81, 84 

Xylene, 392 
conductivity studies, 257, 258 
crude oil-in-water emulsion stability 
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Young's equation, 16 
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Zeta potential, 249 
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