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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 1

ASPHALTENES

Types and Sources

Teh Fu 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, asphaltene, 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
f, 0.2-0.5 0.4 0.6-0.7
L,(A) 10-15 7-12 7-14
L(A) 20 15 10

c 0.5-0.7 0.5-0.6 0.3-0.5
H,./C,(H/C,) 0.3-0.5 0.8-0.9 0.6-0.8
n 4-6 2-3 1-2

*f, aromaticity; L, layer diameter; L, cluster height; o, degree of substi-
tution; H, /C, , degree of ring condensation; n, average chain length.

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 °C or even higher, since some thermal cracking reactions start
above 200 °C. 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 °C. 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 of a given compound [3]:

bP =230.14(BPN)"” - 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 of a 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:

R =1/4](K, 1 K,)-1]N"{K,[(V* 1 W)+ K, ]}



Asphaltenes: Types and Sources 3

The first product deals with K,/K,, aratio of the adsorption coefficients of the 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 turn can be predicted
from the group contribution of the free energy adsorption. Achange ofa givensolvent will alter
the sample’s adsorption distribution coefficient greatly. For different solvents, the solvent
strength parameter, £°, becomes an indicator. The second product in the above equation deals
withN, thenumber of theoretical platesinthe bed. Foralarger K, value, this product is constant
and is equal to one. V' 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:

_AUY
=7

Cc

where AUV is the energy change for complete isothermal vaporization of the saturated lig-
uid to the ideal gas state and V" is the molar volume of the liquid. The “solubility parame-
ter,” 3, is defined as the positive square root of the cohesive-energy density:

The dimensions of the “solubility parameter” in cgs units are cal"’cm™? or “hildebrands.”
In SI units the nearest equivalent is the square root of the megapascal, Mpa'?, because 1
MPA = 10° T m™ = 1J cm™. To convert from hildebrands to Mpa'?, multiply by

V4.187 =2.046

For a material to dissolve in a solvent, the free energy change, AG_, of the process must be
negative, AG,_ = AH_ - TAS_. Since the entropy change, AS , is always positive, the heat of
mixing, AH_, 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

AH, =V,(5,-8,)" 0,0,
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where V__ is the total volume of the mixture, ¢,, ¢, are the volume fractions, and §,, §, 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,=3,. 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 |
2 T
11 L Pyridine = ___ -g g
[&] =
2
2 4—Coal tar
Cs, — e 8
10 — Dioxane — g &
é ¢ <«— Hydrogenated
9 Benzene coal oil
[ <4— Baxterville
]
Q petroleum
Cyclohexane —_— E asphaltene
= T Ethyl-eth 2
ether ——
'é n-hexane N
= 7 n-pentane = —— g T
) &
o Propane = E
6 — (isobutane) 2 2
V1
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.

Figure 3. Analytical scheme of the isolation of asphaltene fraction.
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Table 2. Solvent fractions of asphalt and related carbonaceous material®

Fraction Solubility parameter
Number Designation Solubility 8 in hildebrands® Remarks

1 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 CCl, instead of benzene
benzene soluble

4 carbene benzene insoluble 9-10 ASTM uses CCl, instead of benzene
CS, soluble’

5 carboid CS, insoluble* 10-11 combined 4 and 5 are referred to as
pyridine soluble preasphaltene or asphaltol

6 mesophase pyridine insoluble - above 11

*Volatile-free basis. .
®! hildebrand = 2.04 J"%cm®? = I cal'%/em®”.
“Because of the flammability of CS,, pyridine is preferred; fractions 4 and 5 can be combined.

2

Asphaltenes

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 multipolymer 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 10004000
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-
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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 of naphthenic-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 kcal/ 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 SiO,-Al,O, applications, the sulfiding step will involve polysulfide forma-
tion. The Aurabon process (licensed by UOP), whether the use of added VS, or of the VS,
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 O 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 of ESR 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:

Oil and Gas

/ &
Kerogen Asphaltic

A, A;

Carbon and Graphite
A,
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Table 3. Structural parameters of Green River asphaltenes

Temperature (°C)

Structural Parameter 250 425 500

Aromaticity 0.24 0.51 0.60
(£)

Degree of Substitution 0.73 0.53 0.51
(o)

Average Chain length 42 2.4 2.0
(n)

Degree of Ring Condensation 0.99 0.75 0.66
(H/C,)

Asphaltene and other asphaltic components such as gas oil, resin, carbene, carboid, etc.
are components of a typical asphaltic. In many cases asphaltic (A,) is contaminated with
oil and gas (A,) and may be produced concurrently from a reservoir. Also, under other
situations, kerogen (A,) and bitumen (A,) 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 (multiphase 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 1 96

Ingramite 2 1 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].

PREASPHALTENE

NN Anthraxolite

Ingramite
Albertite

Wurtzilite

Mineral Wax T Gilsonite
Seeps

. Oil Sand
Coorongite Pyrobitumen Asphalt iak
Ozokerit Athabasca halutes Man

R lP t
; ozel Poin iTabbylte 'y

Figure 4. Ternary diagram of a number of asphaltoids, asphaltites, and other bitumens.

ASPHALTENE

RESIN
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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 n-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.,
M,C,, without the spin excitation from associated sheets. The most efficient catalyst for the
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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
of the 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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Unit sheet — Stacks — Aggregates — Assemblages —  Cluster — Flocs and spherules
(1.2-2.0) (3.0) (5.0) (10-15) (200-2000) (1x10° t0 20x10%)

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 asphaltenes have been evaluated and it
has been found that the peptization of asphaltene by pentane or hexane can be reduced
[21]. This principle can be extended to the appropriate reinjection of resin fractions for
improved oil recovery (IOR), 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 IOR. 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 multimer systems of a chemi-
cally modified asphaltene can be tailor-made to meet the requirements of a specific oil-in-
place for IOR. 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
Ampbhoteric polymers
polybetanes
polyampholytes
interpolymer complexes
Hydrophobically modified polymers
intrachain liaisons on homopolymers
copolymer with minor content of a comonomer
cosolute binding systems




Asphaltenes: Types and Sources 15

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 f, = 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 asphaltene 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.
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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 Dupré 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

Using 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

e 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 H/C atomic ratio are quite close (see Figure 7 and Table 7) [27].



Asphaltenes: Types and Sources 17

Aromaticity, fa

0.6

2
0
8
7 X
L X
0.5 o 1P
o © 1
40 2025
9 6 27
04 - X 15,3( 16V, 3 &
B3B————>X
15—t
XX X24 21.29
L 14
0.3 X 19 2 34
X 2 O
X 33
02 2%
&
0.1 ! ! | ! |
0.9 1 1.1 12 13 1.4 1.5
H/C
O Refinery X Native Petroleum < Non-Petroleum

Figure 7. The plot of asphaltene aromaticity vs. H/C ratio from various asphalt sources.

For example, the major differences between petroleum asphaltene and coal-liquid
asphaltene are:

* The aromaticity of petroleum-derived asphaltene (f, = 0.2-0.5) is lower than that
of coal-derived asphaltene (f, = 0.6-0.7).

* The aromatic ring systems within petroleum-derived asphaltene are much more
condensed (H, /C, = 0.3-0.5, which is peri) than those of coal-derived asphal-
tene (H, /C, = 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 asphaltene 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 (L, = 7-14 A), compared
with that of petroleum (L, = 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 asphaltene is
about 0.05).
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Table 7. The asphaltene H/C ratio and aromaticity from
different sources

No. Asphaltene H/C f,
Refinery Asphalt
1 AAA-1 1.15 0.44
2 AAB-1 1.06 0.57
3 AAD-1 1.23 0.39
4 AAG-1 1.12 0.43
5 AAK-1 1.21 0.36
6 AAM-1 1.13 0.42
Native Petroleum
7 Baxterville (a) 1.02 0.51
8 Baxterville (b) 1.05 0.53
9 Bachaquero 1.08 0.41
10 Lagunillas 1.13 0.41
11 Boscan (a) 1.15 0.35
12 Boscan (b) 1.16 0.35
13 Burgan (Kuwait) 1.17 0.38
14 Raudhatain 1.17 0.32
15 Wafra No. A-1 1.18 0.37
16 Melones 1.18 0.38
17 Mara 1.19 0.35
18 Wafra No. 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 Athabasca (a) 1.21 0.31
25 Athabasca (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 of petroleum 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 asphaltenes

Structural parameters”

f, L, o H/C, 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 1
(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

*L,, 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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Chapter 11

OPTICAL INTERROGATION OF AROMATIC
MOIETIES IN CRUDE OILS AND ASPHALTENES

Oliver C. Mullins

Schlumberger-Doll Research
Ridgefield, Connecticut 06877

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 of the 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™'° 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~ 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 flowstreams 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.' 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 techniques 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.” 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.’ 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.*
Kerogen properties such as maturation can be investigated through fluorescence meth-
ods.”™"" Higher maturations correspond to decreased fluorescence and greater fluorescence
red-shifts. Petroleum inclusions in minerals are most readily studied by fluorescence.'*"
Limestone fluorescence, which is an important issue in oil field applications, can be traced
to the fluorescence of limestone organic components.'*"> 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 sensing'® can be
accomplished with fluorescence measurements. Coupling fiber optics with cone pene-
trometers allows direct sampling of the subsurface.'” In environmental monitoring, fluo-
rescence lifetime measurements as well as spectral measurements are applicable.'*?® 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.”*'* 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.”?* 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 oil.*® 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
(IR) and Nuclear Magnetic Resonance (NMR) studies of asphaltenes have been critical in
characterizing the chemical properties of asphaltenes.”*' For instance, C13 NMR has
shown that the carbon fraction of petroleum asphaltenes are approximately 40% aromatic
with the remainder saturated,”” while proton NMR and IR indicate that approximately
90% of the hydrogen population resides on saturated carbon atoms.”” 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 asphaltenes. 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.”’” 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.”® Asphaltene aggregate formation has
been reported using fluorescence depolarization.”” The role of solvent polarizability in the
precipitation of asphaltenes has been investigated via index-of-refraction methods.>* For
crude oil components, optical spectroscopy corresponds predominantly to the excitation of
n electrons. The energy of the = 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.®' 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.
The *'-west energy electronic transitions for the saturated components correspond to the
ve - ultraviolet; the large number of saturated components in crude oils with their ab-
$0.,.. un 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 asphal-
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 (~107® 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 of pyrene 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 polarized HeCd laser, Liconix Model 4207NB, was
used for excitation at 325 nm (4 mW) and 442 nm (15 mW). A 0.3 mW Melles Griot
GreNe, (Model 05SGR871), 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.’” 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%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-polyvinylstyrene spheres (Duke Scientific).****
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.’*** 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.”* 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.**

o o S

where (AL) is the change in intensity in solution i at the exciting wavelength. Subscripts o and
R refer to the oil of unknown quantum yield and the reference solution, respectively. P,(A,) is
the power reading of the power meter at wavelength A.. The quantum yield of the 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. n, is the index of refraction of solution i. The next to last term
corrects for scattered light collected in the fluorescence spectrum; S, is the excess area under
the excitationband, S is the total area under the fluorescence spectrum, and ¢ 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 of the 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.**

i tom) () e >

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+R ), where R is the ratio of extinction coefficients at the fluores-
cence and the excitation wavelengths, respectively.”> 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™, the values of R, can
be approximated for each excitation wavelength.” 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);
Y=y (r,R)y (R)y, (R) where r and R represent electronic and nuclear position vectors,
respectively.*® 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
~1/2 eV which is quite low. Inner shell electronic transitions are at much higher energies,
corresponding to x-rays and are not of interest here.

The = 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 (o 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/p)"?, where k is the force constant of the
vibrational mode, and p is the corresponding reduced mass of the mode. Fundamental vibra-
tional excitations of highest energy occur at about 3000 cm™' 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™. Overtone
and combination bands of these high frequency modes occur in the NIR which are forbidden,
consequently are relatively weak.*® 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™ (or wavenumber). Wavenumber is a convenient energy unit as it is the
inverse of the wavelength, e.g. 10,000 cm™ corresponds to light of 1 micron wavelength
(A). Av=c, so the product of ¢ and the photon wavenumber gives the frequency, v. Thus,
electronic transitions of several eV correspond to ~10'° hertz (sec™).

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).
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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 ¢ for excitation to the excited
state denoted by * is given by

o=l<¥* (rR) ¥* (R)r¥ (rR)¥ (R)>]? (3)
Using the Franck-Condon Principle, this integral separates as
o =|<¥* (MY (r)> < P* (R)Y,(R) > )

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 & 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 absorption 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 spectrum, the individ-
ual bands correspond to excitation of the lowest vibrational state of the 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
<y" Ry (R)> ~ <y* (R)|y (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 & electron from a bonding or-
bital to an antibonding 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 § function. The relative population of the ground
vibrational state for this vibrational mode is given by the Boltzmann factor, exp(-AE/kT).
For room temperature, and for AE=1400 cm', the Boltzmann factor is ~107, thus only the
ground vibrational state has significant population. Other vibrational modes, not affected
by the = electron excitation, give & 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 0—0 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™).”’

The emission spectrum of anthracene is independent of which vibrational band is ex-
cited. Thermalization of the vibrational states (107" sec) occurs much more rapidly than
photoemission (107 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
Ist 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.

"o’ ®)

where R is the Rydberg constant, 13.6 eV. Energy equals zero (n = ) 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 1st ex-
cited state has an energy of R/4. 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 1/4 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 wavefunctions 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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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-
LU 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.*® Each spectrum consists of a series of decreasing ab-
sorption peaks with increasing energy, superimposed on a structureless 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 CH, and CH,
groups®® and are seen to be very similar for all crude oils including the heaviest oils. These
peak energies are the 4350 cm™ (stretch+bend), 5800 cm™ (two-stretch), 7200 cm™' (two-



Optical Interrogation of Aromatic Moieties in Crude Oils and Asphaltenes 33

Absorbance

300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)

Figure 5. 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 cm™' (three-stretch), 9800 cm™ (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.*> 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-infrared; 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.”’ 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.” 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.*’ 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™'). 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 CCl, (0.26mg/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-



36

Optical Density

0. C. Mullins

TTVT T T[Ty [ty rrrrrrer oy

NI IR I B AE IR A N AN AN AT AN SN B B AN S A A I A N A A

a2l s aaaaul ioa 12114

"

22000

28000 34000

wavenumber (cm™')

NI NI NI IS I A A i

T

2 sl TR

22000

28000 34000

wavenumber (cm™')

10
 (c)
> 3
>
(2] | -
[ E
[ E
a C
'; b
2 o
)
a 0l |
(o] E
0.01!
4000 10000 16000
'0-TTI"YT""'I'I‘I'I"T
E
r
. [ W
>t
n I
c 3
[} -
o [
E b
'3 5
-
a 01
(o]
0.01
4000 10000 16000
Figure 7. (Continued)
10° ¢ - . T T T T
f —— UG8 Asphaltene
[ — — -Tex-141
10°
10’
10!
i // . ‘/
; 4 » ’/ ,—/
10 4[’ , s e E
\ g -’ 7
* ) ’,./‘ .
! \. L2 L .'/ . o \ .
4000 8000 12000 16000 20000 24000 28000

Photon Energy (cm™)

32000

Figure 8. Optical absorption spectra of five
crude oils and an asphaltene showing mono-
tonically increasing absorption with de-
creasing wavelength. The Urbach region
corresponds to the lowest optical densities
were the spectra are straight lines. At larger
optical densities, the slopes of the spectra
decrease. Each spectrum consists of spliced
spectra of the neat crude oil and correspond-
ing dilute samples.
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ported measurements of the low energy tail of electronic absorption for alkali halides.” He
found that the tail in the optical absorption coefficient a was exponential in form

S exp[h_Vj
Eo 6)

where hv is the photon energy and E | is the Urbach width. The pre-exponential factor is
weakly dependent on photon energy. Furthermore, Urbach found that roughly E_ = 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.* 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.” 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.** General
theoretical formalisms of the Urbach phenomenon have been developed* 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 coumarin*® and rhodamine*’
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 (E, of Eq. 6) of crude oils are 2162 £ 260 cm'; for asphaltenes, 2840
+ 245 cm’'. 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-
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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 (x10) 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 turn, 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.

Figure 11. 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 of a 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™' 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’'; that is, the absorption decay width is simply the inverse of the slope at
29,500 cm™' 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 Asphaltenes

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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With this approximation, the population distribution of increasingly larger absorbers expo-
nentially declines in crude oils and asphaltenes. Asphaltenes 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 asphaltenes, 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 nonin-
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. Egs. 7-11 list several processes which are relevant to crude oils and asphaltenes. Fig-
ure 15 depicts these processes schematically.

A+hv, > A* :Electronic Photoexcitation 7

A* > A+hv :Fluorescence Emission, Rate is k. (®)
If no competing process, Rate is k.

A*+B—>A+B*+3d :Energy Transfer, Rate is k,[B], ©9)

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

A*+Q-Ho>A+Q+A :Quenching, Rate is k,[Q] 11

where A and B are fluorophores, Q is a chromophore capable of quenching an excited
fluorophore, and hv is a photon, 8 and A 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,, 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.

Egs. 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.”® 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.* 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.” 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 oil.”* 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.*® 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-

10000

Figure 16. Typical fluorescence decay Counts

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 100 & 210 4lo éo slo 160 1‘20 14
populations. Nanoseconds

1000
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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%.°

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.” 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 1. 1.42 1. 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.*

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.

1
— =k =kpy +(kep +Kg ) [N]

Tk (12)

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

Tﬂ_lzw[[\]]
Tk Ko (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 t./t. — 1 vs concentration
(Stern-Volmer plot), one directly obtains (k,+k;1)/kp, as the slope.’’

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 § 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 k,, 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-

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 nonuniqueness in fitting
two lifetimes.
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Figure 20. Stern-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.

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.* 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.*® 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 ~1/20 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 10* 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 k,+k; ~ 10'’/molar/sec. This rate is approximately equal to the (diffusion-control-
led) encounter rate in solutions.’' 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.* 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.”® 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.’ 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



Optical Interrogation of Aromatic Moieties in Crude Oils and Asphaltenes 53

0.8 T T T T T
o7k Dilute Mex 1
—4— 325 nm
9 06F a ]
° —6— 442 nm
> 05F —>— 543 nm E
S A ——6%mm| ]
=
g 0 3r 4
3o
0.2r ]
0.1F 3
N x
0 T T
400, ., 600 800 1000 1200 1400 1600
ois  Cut-off wavelength (nm) Heavy
0.12 T T T T T
. . . a Neat
Figure 22. The absolute quantum yields for dilute 0.1 Mex N
i . - °
(top) ar.1d neat (l?ottom) crude oils. Tl.1e cu.t off wave 3 325 rm
length is an optical measure of the oil weight; heavy 55008 a —o—442 nm| ]
oils have a large cut-off wavelength. Quantum yields g R —— 543 nm
decrease greatly with increasing excitation wavelength E 0.06 —*—674 nm| 7
due to greater internal conversion for small HO-LU g
gap molecules. Quenching from chromophore interac- 0041 ]
tions causes neat crude oils to have much smaller quan-
. . . . 0021 x b
tum yields than dilute crude oils, especially for heavy >
oils. For the dilute case, the quantum yields of heavy 0 ; "
oils are lower due to their greater fraction of small HO- 400 50((:’ ‘ :fo%V “1)00 th12°0 Hle‘:‘?yo 1600
LU gap chromophores, than for lighter crude oils. ois U0 avelength (nm) Oils

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.*

D ko
—-1=—[Q]
@ 3 (14)

where ® and ®o 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 Egs. 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.” 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 intermolecular fluorescence
quenching is observed at high con-
centration. Energy transfer which
also results from intermolecular in-
teraction does not decrease the quan-
tum yield.

Figure 24. Stern-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 k. with decreasing HO-LU gap®' as shown in Eq. 15.

ki, =A exp(—%) (15)

A is the frequency factor, AE 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.
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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

4 _ 1
2 1+I(é—exp(—ég)

Fo o

(16)

where ¢ and ¢, mean the quantum yield with and without internal conversion, respec-
tively. k., is the radiative decay rate for crude oils. Eq. 16 has been used to fit the quantum
yield data presented in Figure 26. ¢_ has been set equal to 0.85 instead of unity allowing
for small but typical intersystem crossing for aromatic hydrocarbons.’’ Table 1 shows that
kg, is about 10%/sec for crude oils, thus, the two parameter fit gives A~10'* and o~3500
cm™. 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 AE/a. roughly
gives the mismatch of the number of quanta.’’ For Aex = 350 nm, the number of quanta
mismatch is about 9. Coupling through the highest energy vibrational modes reduces the
quanta mismatch producing larger probabilities.”'

The fit of Eq. 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 Egs. 15 and 16. In
spite of the expected wide applicability,’’ 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.** 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. 15 and 16. Again, the systematic behavior of
crude oils illustrates the strong correlation of their aromatic components.

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 asphaltene 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 asphaltene 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 asphaltene 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 of fluorophores 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).** 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 S 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 29. (Continued)
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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 oil at different concentrations. A
substantial red-shift with increasing
concentration results from energy trans-
fer.

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 performed 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-
termination 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.” The fraction of energy transfer varies between ~1
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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Brunei Crude Oil
1.2 T T T T

H
Dilute Sample Neat Sample .
(Intrinsic Spectrum)  (Significant Energy Transfer) Figure 32. Energy transfer effects can be
3 A ] quantified with graphical analysis. The di-

lute sample exhibits no energy transfer so
i 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-
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0 L, . e~ — ] This approximate procedure is sufficient be-

300 350 400 450 500 sso  cause the extent of energy transfer varies
Emission Wavelength (nm) tremendously.

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.

0.8 4
— & - UG 8 (heavy)
N ——8 - North Sea (medium)
o
E N\ —e— Brunei (light)
206
S04
=
5
0.2+

0
300 400 500 600 700 800 900
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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

1 T T T 0.7
[ \ Brunei Crude Oil
[ . Jos
- 08
£ L 405 Q
g o6l —-Quantum Yield 4 5
= r £
> . =]
Foef _ ’: 03 «
—&— Energy o
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02
0.1
1 1 1 0

0200 300 400 500 600 700 800 900
Excitation Wavelength (nm)

Figure 34. The fraction of fluorescence emission which results from energy transfer varies from ~100% 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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asphaltenes and a light crude oil. For the crude oil,

0.2k ] emission from 1 and 2 ring aromatics is identified.

The asphaltenes lack significant spectral emission

° D e ) from these small aromatics. As will be shown intra-

250 300 350 400 450 500 sso  molecular energy transfer is negligible; thus, as-
Fluorescence Emission Wavelength (nm) phaltenes lack small 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 1 to 3 ring aromatic systems.*

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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sorption spectrum.

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 Asphaltenes

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.

kg = kg, + Ko[Q] + kg [Q'] + k. + kg (17

k; is the measured fluorescence decay rate, kp_ 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). k,, is the collisional decay rate with the quenchers of con-
centration [Q]. kg, is the intermolecular energy transfer rate with fluorophores of concen-
tration [Q’]. k. is the intramolecular energy transfer rate for the transfer of electronic
excitation energy between two aromatic moieties within the same molecule, and k,,. 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 k; 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.*? In addition, the decay curve obtained for a concentrated solution of NS 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.”” 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
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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.”> The emission spectra of a series of
o,0-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, k; ~ k. in Eq. 17 because the
other decay rates are very small. Figure 38 shows fluorescence decay curves for UGS 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 UGS 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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g .
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;:" tene and UG8 de-asphaltened oil (DAO). Long
o [ . ] fluorescence lifetimes are obtained for dilute
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§ r T those of the DAO. Thus, the dilute asphaltenes
L E E do not exhibit significant inter- or intramolecu-
8 F ] lar energy transfer; the lifetimes, thus the fluo-
m [ UGS Asphaltene (10% Soln.) ] rescence spectra are intrinsic. The concentrated
F t=0.7ns 1 asphaltene solution has a very short lifetime,
here, for the larger aromatics, due to rapid inter-
5 15 25§ 35 45 55 65 molecular energy transfer which also results in

Time (nanoseconds) 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.> 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,””*® 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.*® 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,”’” 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 1% 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.”” 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.’®*® The replacement of carbon with heteroatoms typically results in a
red-shift of the fluorescence maximum if there is any spectral effect.®’ 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 of asphaltene fused ring systems
have varied widely from very small (1-4) to very big (>10).% 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.”
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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.

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 1 and 2 ring aromatic
spectral region. The UGS 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 asphaltenes, 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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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

Asphaltenes are a problem in the production of heavier crude oils for their tendency
to flocculate and precipitate during both oil production and oil refining.'”

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,* 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.>'® 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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[taly. Roberto.Scotti@mater.unimi.it
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groups'® 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 processes'** but already in 1956
Brandes® 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 al.*** 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-H out-of-phase ring bending vibrations of pe-
troleum asphaltenes® 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.”” Moreover>*C-NMR and IR studies®® showed that the aro-
matic ring system contains alicyclic and alkyl substituents. Yen also discussed the differ-
ences between petroleum- and coal-derived asphaltenes,” as other authors.**?'

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.’®*® Speight and Moschopedis studied the quinone-type oxygen in petroleum
asphaltenes and resins’ and the role played by the oxygen functions in hydrogen-bonding
interactions which occur between them.” Hydrogen-bonding interactions were already
studied by Petersen***’ in asphalts.

'"H-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 of the carbon skeletons have to be calculated from the hydrogen
distribution and approximations are required. More recently with the availability of *C-
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-
rameters™®'*'? as aromatic carbon fraction (f,), average number of carbon per alkyl side
chains (n) and average percent of substitution of aromatic carbon (A ), were determined
by combining the data from 'H- and >C-NMR.

However, interpretation of the observed '*C-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,
CH, and CH, respectively. This assignment to carbon group type is achieved using other
NMR methods as Distortionless Enhancement by Polarization Transfer (DEPT),***” Gated
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Spin Echo (GASPE)**' and 2 D-NMR** which give further descriptions of the hydro-
carbon skeleton of asphaltenes.

Moreover solid-state NMR* 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 antisymmetric
portion (three elements) produces only second-order effects in the external magnetic field.
The shielding principal parameters (,,, ,, and ©,,) can be obtained from the *C 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.*>>*° 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'’ and the experiments of flashpyrolysis coupled with GC-MS**'
were used to give more insights into the nature of aliphatic chains and of heteroatom 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),*** 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.” In fact, the measurements by
Vapour Pressure Osmometry (VPO)'"** 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 M, 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.’' 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 VO** and free
radicals, which are the focus of interest in the present study.

VO?* compounds have been deeply investigated®”™ 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 Ni** 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,**6"6*6472

Other studies have been directed towards enhancing the nonporphyrin vanady! sig-
nals by improving the separation procedures of the crude oil heavy fractions which con-
tain vanadyl complexes.**™®” As metals strongly affect hydrocracking and thermal
cracking of heavy oils, the characteristics of vanadyl complexes were also followed before
and after these processes.””’®

EPR studies on asphaltene free radicals, associated with unpaired n electrons stabi-
lized by resonance in large aromatic ring system, are not numerous’** even if the radical
species and the problems involved in the analysis are similar to those found in coal and
other carbonaceous materials.®'*

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:'*'*

1. 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 of EPR 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 of n-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 "C-NMR were carried out on a Bruker AMX-300 spectrometer
operating at 'H resonance frequency of 300 MHz and "*C resonance frequency of 75.47
Mhz. '"H-NMR spectra were obtained as CDCI, solution with a pulse width of 3.5 pus (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. ’C-NMR spectra were obtained by applying an inverse
gated decoupling technique to suppress NOE effect. Chromium acetyl-acetonate
[Cr(acac),] (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
BC-NMR signals. Operating conditions were: pulse width 2.7 us (30° flip angle), data
point 8 K, tube diameter 5 mm, solvent CDCl,, spectral width 250 ppm, recycle delay 2 s,
nearly 20,000 scans.

Solid state '*C-NMR spectra were acquired on a Bruker CXP-300 operating at a *C
resonance frequency of 75.47 MHz with pulse width of 2 us (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) *C-NMR technique used was that proposed by Cook-
son and Smith*** with the average scalar coupling constant J, of 125 Hz for aliphatic carb-
on. Spectra integration was carried out on C, CH, and CH+CH, sub-spectra. The GASPE and
CSE (Conventional Spin Echo) sequences are shown in the following Scheme 1.

The "*C part of the sequence is the simple spin echo procedure composed of a relaxa-
tion delay-90-t-180-t-data acquisition. This sequence gives the formation of an echo after
the 2 t period. All C resonances are shown in CSE spectrum. However, in the GASPE se-
quence 'H irradiation is gated on, coincident with the 180° "°C 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(t) acquired are: GASPE (1/4J), GASPE (1/2J), GASPE (3/4J),
GASPE (1/J), GASPE (5/4J), GASPE (3/2J), GASPE (7/4), GASPE (2/J).

90° 180°
B¢ Relaxation Delay . T l T Data Acquisition

GASPE

CSE
b |

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

o C=(1/21) + (3/2])
* CH, = [(CSE) + (2/J) + 2(1/1)] x 0.5 - C

* CH = 1.414 x [(1/4T)+(7/43)~(3/43)~(5/41)] - [(CSE) + ((2/7) -2 (1/)] % 0.5
« CH, = (CSE) + (2/J) - 2(1/T) - 1.414 x [(1/4T)+(7/41)-(3/43)~(5/41))].

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™ in the 4000-600 cm™ 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: 28003200, 1500—1800 and 650-950 cm’'.
A deconvolution technique, using the Nelder-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 TE,,, 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 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 pStyragel 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 ml/min. 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 (AA = 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 (Av = -1400 cm™). Fluorescence spectra
were recorded at room temperature at a concentration of 5 mg 1" in perchloroethylene.

The XRD data were collected at ambient conditions using Philips equipment with
monochromatic Cu Ko radiation (A = 1.5418 A), step-scan method, divergence slit of
1/4°. Typical scan: 20 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 (O,,) 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 Y%ww  %ww  %ww %ww %w/w mol/mol My,
GE 79.7 6.9 1.1 10.8 1.5 1.04 3100
BEL 83.9 8.1 1.9 53 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 1.1 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 asphaltenes.

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

3.1. FTIR Spectroscopy

A typical FTIR spectrum of asphaltenes is shown in Figure 1. The different bands

were assigned to:

3100-3640 cm’
3000-3100 cm™
2780-3000 cm’*
1640—-1800 cm’™
16201590 cm™
915-852 cm’

760—730 cm’’

O-H, N-H stretch;

aromatic C-H stretch;

aliphatic C-H stretch;

carbonyl C=0 stretch;

aromatic C=C stretch;

aromatic C-H out-of-plane deformation (1 adj H);
aromatic C-H out-of-plane deformation (4 adj H).

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

Asphaltene R ng (C=0) 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 cm™ were attributed respectively to C-H
stretch of CH, and CH, groups and permitted the calculation of the molar ratio of the two
groups R = n.,,/n.,. 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 em™ (I,,;) and 2957 cm™ (I,,,,) was found on the basis of the following relationship:

R="ow _g Loy
Ny Losy ¢))

where K= 1.243 is the slope of the plot R vs (I,,,/ L) (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 asphaltenes is the low intensity of sig-
nals in the region 3600—-3000 cm™ . This result indicates very low concentrations of OH and
NH groups, which are often considered important for asphaltene aggregation via H
bonds.”

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 cm™ for highly
conjugated carbonyls such as quinone-type structure and amides; 1600 cm™ for aromatic
C=C stretching. The normalized band intensities (intensity in arbitrary units / mg of sam-

Table 3. Normalized intensities of FT-IR bands in
1800-1600 cm™' zone

Asphaltene 1700 cm™ 1650 cm” 1600 cm™!
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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ple) are reported in Table 3. The 1735 cm™ band of esters is too weak to be determined
quantitatively and was not considered in deconvolution.
The intensity ratio

(C:O)___ II700+11650
II7OO+II650+IIG()0 (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™ spectral range:

W = Lgis_gs2
I760—730 3)

where I ., is the intensity of aromatic C-H out of plane deformation with 1 adjacent H
and I ., .., 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.” 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

'H and "*C-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 "H-NMR spectra has been largely discussed in lit-
erature. Because of the overlap of signals, 'H-NMR spectra have been divided into four
regions:

-1.0-1.0 ppm v" CH, (H);

1.0-2.0 ppm B CH,, CH,, CH (H,);
2.0-4.0 ppm a CH,, CH,, CH (H);
6.5-9.0 ppm aromatic CH (H,).

The "*C-NMR spectra have been divided into two different integration domains:

10—65 ppm aliphatic C (C,);
100-170 ppm aromatic C (C,).

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

They are the aromatic carbon fraction (f,), the average number of carbons per alkyl
side-chain (n) and the percent substitution of aromatic rings (A ) for non bridging carbon
atoms:
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Figure 2. Typical 'H (top) and *C-NMR (bottom) spectra of asphaltenes. Integration domains are indicated.

A= 100xC,¢ C
) CI CIS+(:IU

where C,, is the percent substituted aromatic carbon

C, xC,
Cis= . N =

4

&)

(6)

9

Table 4. Average molecular parameter from NMR

Asphaltene f, n A,
GE 0.48 6.1 48
BEL 0.49 5.3 40
SAFA 0.51 6.5 49
AL 0.53 4.8 44
BRE 0.58 32 40
GA 0.60 4.6 35
VI 0.69 2.7 36
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C,y is the percent unsubstituted aromatic carbon
C=12xH, xH, ®8)
and C, is the percent nonbridge aromatic carbon
C =Cs+Cy )

In the *C-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-

lOWinngos'mﬁ

14.1 ppm terminal methyl carbon of chain longer than C3;

close to 23 ppm first methylene carbon (-CH,CH,) in long alkyl
chains;

close to 32.7 ppm second methylene carbon (-CH,CH,CH,) in
long alkyl groups;

close to 29.7 ppm third or further methylene carbon in long alkyl
groups (-CH,) -CH,CH,CH;;

close to 20 ppm internal methyl groups (-CH(CH,)CH,-) and

methyl group o to an aromatic ring.

The relative molar fractions, evaluated from deconvolution of *C-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 p 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 B 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 *C-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 0.11 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

A%/ 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 asphaltenes (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 CH; in the alkyl side chains.

The interpretation of *C-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 CH, (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.'” 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.”

C
NN A A AAANAN UM WA SIS A

CH + CH,
W—JWJ\

CH,

l

|
|

All CH, L,
ww"’“A/N/J \J \r/\-\’\/«\,/\/‘w

L | 1 | 1 | ! I L ! 1

60 50 40 30 20 10 0
ppm

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

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

Deyi _ Tew
Ne+Ngy gy +0eyy Lo+ 1oy + oy + 1oy (10)

fom =

where i=0, 1, 2, 3; n, are the moles of aliphatic quaternary carbon C; n,, n,, N, are the
moles of CH, CH,, CH, groups and I, I, Iy, Icyi; are their GASPE >C-NMRintensity.

It is interesting to observe that asphaltenes have different CH,/CH molar ratios
(hereafter referred to as Q): Q is nearly 1 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 CH, end groups. High Q values are indicative of the relative abundance of CH,
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 CH, groups in the alkyl side-chains according to their maturation.

From GASPE "*C-NMR (f,;) and '"H-NMR (n) data an average molecular methyl
number (fi,,) per side chain can be calculated:

figy; = fo X0 (11)
An average number of carbon per alkyl side-chain (n,; ) can be now evaluated:
N = (R Xigyy) +figy; (12)
where R was defined in equation (1). The assumption that the molar ratio R is equal to the
ratio between the number of CH, and CH, groups in the average side chains was used in

equation (12). In Table 2 n; values are reported and they are in good agreement with the n
values obtained from NMR (Table 4).

Table 6. CH, abundances from GASPE BC.NMR

Asphaltene fe fou fome fons 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

A - 0.11 0.50 0.39 3.54




92 R. Scotti and L. Montanari

T T T 1 T 1 T T T T —/

367 267 167 ppm 67 -33 -133

Figure 4. Experimental (top) and simulated (bottom) *C NMR static spectra of GA asphaltenes.

Greater insight into the type of condensation of the asphaltenes has been obtained by
using solid state ’C-NMR. Under static conditions, the *C-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.* 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 >C-NMR static spectra of asphaltenes have two
main limitations:

* the aliphatic band covers the aromatic ,; 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: asphaltenes of different origin show similar av-
erage aromatic condensation with the exception of VI, which seems to be more condensed,;
the average number of polycondensed 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 °C 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.'®

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'®® 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 (AA = 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 unit which allow to register
the fluorescence spectra of some PAH which do not exhibit strong 0—0 transi-
tions.

93,109

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 of the
compound. The spectrum of cyclic compounds with a larger ring number occurs generally ata
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: 260300 nm: one ring, 300330 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 (AA=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 (Av=-1400 cm™) 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 "C-NMR as pre-
viously described.

INTENSITY

200 300 400 500 600 700 800

nm

Figure 6. Constant wavelenght difference (AA=3nm) synchronous fluorescence spectra of GE (top) and VI (bot-
tom) asphaltenes.
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Figure 7. Constant energy difference (Av=1400 cm™") 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 f,
(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 20 about 25.2°, with an interlayer spacing (3.5 A) close to the dyo,
(3.348 A) of graphite, attributed to a graphite-like structure of condensed aro-
matic rings;

* a peak at 20 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 asphaltenes. 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 VO** 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;=-1/2 perpendicular hyperfine line of V are
pointed out with a smaller scan range (top).

lines (g, = 1.965; g, = 1.985) with hyperfine structures (A, = 168.5 gauss; A| = 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 (AH,), full widths at half-height in EPR absorption peaks (AH, ;) and the lineshape
ratio R,= AH, , /AH , are reported for all samples in argon, air or pure oxygen atmosphere
(Table 7). There are small differences between the seven asphaltenes. 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,"” linewidth does not decrease monotonically and R_ does not increase at higher
aromaticity. Moreover linewidth broadening cannot be attributed unequivocally to unre-



Molecular Structure and Intermolecular Interaction of Asphaltenes by FT-IR, NMR, EPR 97

Table 7. EPR parameters of asphaltenes in different atmospheres

Argon Air Oxygen
Asphaltene g-value AH, AH, R N, Apr AH,, R, N, Apr AH,,, R N,
GE 2.0034 578 805 139 1.1 578 805 139 14 580 804 139 1.7
BEL 2.0031 621 899 145 29 631 899 142 32 638 908 142 38
SAFA 2.0032 585 832 142 23 591 840 142 27 59 836 142 33
AL 2.0031 637 875 137 26 638 876 137 29 640 875 137 3.7
BRE 2.0029 6.09 888 146 42 607 878 145 53 612 889 145 175
GA 2.0029 523 738 141 28 512 731 143 31 525 738 141 35
V1 2.0028 631 926 147 63 627 926 148 79 635 950 150 9.9

solved hyperfine structure (in asphaltenes the hyperfine interaction is generally between
the electron spin delocalized on aromatic m 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 A, or H/C ratio (Table 1) and AH o (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 © systems stabilized by resonance in
polyaromatic centers.” 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 f, (Figure 9) and the related carbon content (Table 1).
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 al.''? 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 radicals*** which partially localize the radical

wave function on the oxygen.
Yen” 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,* 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)"" 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 delocalized m 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 f, (top) and vs. weight percent of het-
eroatoms (bottom).

the amount of heteroatoms 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 f,.
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This result agrees with a previous XANES analysis''> 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 (N, ), shows an increasing trend with aromaticity f, (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 coal®® and kerogens''® 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.”’

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 (I ) as a function of
microwave power (P).

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

vo 2 H,t}y*(H-H,)

T [1+(H-H,)’y’6 + Hiy 't ] (13)

where y is the magnetogyric ratio, H is the variable external magnetic field, H_ is the reso-
nant magnetic field, H, is the maximum amplitude of microwave magnetic field, t, is the
spin-lattice relaxation time, t, is the spin-spin relaxation times. Then [ can be defined as:

Top = 2Y (14)

When the term H,y’ t, t, <<, it can be neglected and I 1L is proportional to the inten-
sity of H, or equivalently to the square root of P. When Hy* t, t, >>1, I, 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 t, and t,. 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 H,*y’ t, t, 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 I | 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 I vs P'? 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__ ) at
which I 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 I vs P'? plots and to point out better some charac-
teristics of them.

09
08
0.7

0.6
04
0.3 -7‘

02 r
0.1

L,/1,,max

Pm

04
0.3 Figure 11. Plots of peak to peak
02 amplitude I vs. the square root of
: microwave power P"? in argon (0),
01 air (A) and oxygen (o) for VI (up-
0 * * * - - - . per) and GE (lower) asphaltene radi-
0 2 4 6 8 10 12 14 cals. I values were normalised by

P

1 defining I p Max = 1 for each curves.



Molecular Structure and Intermolecular Interaction of Asphaltenes by FT-IR, NMR, EPR 101

B,
08 i\ .
0.6 V{\A

of
0.4 °\°
02 +
b
0 . L . x R ‘ y ;
0 20 40 60 80 100 120 140 160 180 200
Microwave power [mW]
1
08
0.6
o

0.4

0.2

>0

a
&

0 A L . ) ) ! T ) S
0 20 40 60 80 100 120 140 160 180 200
Microwave power [mW]

Figure 12. Plots of normalised amplitude R vs. microwave power P in argon (9), air (A) and oxygen (o) for VI
(upper) and GE (lower) asphaltene radicals. R, is defined by equation (15).

The first procedure was similar to that used by Blombergen, Purcell and Pound'®
and already applied to carbonaceous pitches by Singer et al.”’ In these plots the normal-
ized EPR amplitude (R,) is reported vs. P (Figure 12). R is given by:

« o lalP")
n 1/
(g /Pa") (15)

where P, is a power level in absence of saturation and I 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 R, = 1 and it is independent on power. When R, <I, the EPR line starts
to saturate and I 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 [ seems to increase linearly with P'? (Figure 11). This means
that also in this range of microwave power I 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.
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Table 8.
Argon Air Oxygen
Asphaltene P P P Prax P P
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 35 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 P,,; it is the microwave power values at
which R_ falls to one-half of its unsaturated value P,, and the values for the seven asphal-
tenes are reported in Table 8 (the lower values of P, 0.1-0.2 mW, were chosen as P, in cal-
culating R ). The meaning of P, , is similar to P_, but its precision in order to compare the
different plots is higher. For the same level of homogeneous/inhomogeneous character, the
higher P, (or P_,,), the lower relaxation times, especially t,. In other words, a relaxation
pathway more efficient occurs. The trends for both P and P, are similar; the values in-
crease from GE to VI and strongly depend on the partial pressure of oxygen.

Singer et al.”’ used another particular type of saturation plot, first described by Por-
tis,'® 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

"R (16)

and the abscissa the ratio

Pl/2 (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_,, and P,, 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;=-1/2 perpendicular hyperfine line of VO** signal (Figure 8) can be used as a
reference standard to normalize the amount of asphaltene powder detected in the different
atmosphere, as VO?* lines remained unaffected by oxygen.”’
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Figure 13. Portis plots in argon (0), air (A) and oxygen (o) 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 = % (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):

=S
T+ (18)
where I, is the EPR intensity for doublets, C’ is a constant, T is the absolute temperature and 6
is an empirical constant expressed as a negative absolute temperature that corrects the tem-
perature for non-zero intercept (6 = -34 for VI and 6 =-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.''®
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 15. Linear dependence of the reciprocal of the ESR intensity on the absolute temperature for VI () and
GE (0) asphaltene radicals in argon. The intercepts between the calculated straight lines and the abscissa indicate
the values of the empirical constants 6 (6=-207 for GE and 8=-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." """

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

The population of the triplet states (N,) depends exponentially on the absolute tem-
perature according to the Boltzmann factor:''®

J.h
N, o< 3exp(——%
¢ p( LT

: (19)

where J_ 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:

3ex _Jh
N, P kT 3

N, +N, 1+3exp(—15'h) 3+exp(Js'h)
kT kT

(20)

where N_ 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 I, can be written as:

I=A 1

= —
T 3+ exp(M)
kT @n
where A is a constant.
Assuming that singlet-triplet states are present in addition to doublets according to
Yen and Young’® the total EPR intensity I in oxygen is given by:

1 = +———_—
T T 3+exp(M]
(22)

where [, is the intensity of the absorption of the doublet states and C”’ is a constant.

The curves I, vs T were simulated for VI and GE (Figure 16) according to relation
(22) and the singlet-triplet state separations J  were calculated with a least square method.
The calculated values are: GE: A = 3,609; C*=142 ; J = 326 cm™ and VI: A = 42,112;
C»=151;J, =463 cm™.

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 6 = -95 for VI and 6 = -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 asphaltenes 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 I, vs T can be simulated like a single singlet-triplet states. The calcu-
lated J is very similar to the values calculated for other asphaltenes’” 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 asphaltenes, 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 asphaltenes. 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 lineshape and the
linewidth unaffected or only slightly affected by O, 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.”® Such an interaction between aromatic molecules and
molecular oxygen is known and has been theoretically studied'"” 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,” confirmed by the values of the calculated
singlet-triplet separation J . 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 t, and t, 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, and P, 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.” 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_. and P, 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''® and coal macerals.®*® 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 = 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_, = 9—10 and P,, =
8.0, as reported in Table 8, higher than the values before the elimination P, = 6 and P, =
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.'® 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 polycondensed 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 '*C 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 CH,. 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 © 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 );
A hyperfine coupling parallel to a symmetry axis;
Al hyperfine coupling perpendicular to a symmetry axis;
A average percent of substitution of aromatic carbon;
C constant in Curie-Weiss law, relation (13 ),

c” constant in relation (17);
percent of C (w/w%);
3C-NMR intensity of aliphatic carbon;
*C-NMR intensity of aromatic carbon;
percent of nonbridge aromatic carbon;
percent of substituted aromatic carbon;
percent of unsubstituted aromatic carbon;
0) empirical index of carbonyl abundances from FTIR;
aromatic carbon fraction;
relative molar fractions of different CH, groups (i =0, 1, 2, 3);
intensity ratio of 170 and 100 ppm bands from solid state NMR;
g component for H parallel to axis of symmetry;
g component for H perpendicular to axis of symmetry;
Planck constant;
variable external magnetic field,;
percent of H (w/w%);
maximum amplitude of microwave magnetic field,;
resonant magnetic field;
'H-NMR intensity of H in o. CH, CH,, CH;
'H-NMR intensity of H in * CH, CH,, CH;
'H-NMR intensity of H in y* CH,;
'"H-NMR intensity of aromatic H;
atomic ratio of C and H;
GASPE "*C-NMR intensity of aliphatic quaternary carbon C;
GASPE “C-NMR intensity of CH groups;
GASPE "“C-NMR intensity of CH, groups;
GASPE "C-NMR intensity of CH, groups;
EPR intensity for doublets;
peak-to-peak amplitude on the first-derivative curves;
peak to peak amplitude related to P level in insaturated regime;
intensity of a particular IR band (xxxx is the value in cm™);
scalar coupling constant between C and corresponding H;
singlet-triplet separation energy (cm™);
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m, quantum number for the z component of the nuclear spin angular momentum,;
n average number of carbon per alkyl side chains from NMR;

ne moles of aliphatic quaternary carbon C;

ny, moles of CH;

n,, molesofCH,;

Ny, moles of CH,;

fi.y; average methyl number per side chain;

N, average number of carbon per alkyl side-chain from FTIR;
percent of N (w/w%);

radical content (spins/g) from EPR;

population of the singlet states;

population of the triplet states;

percent of O (w/w%);

microwave power;

P value at which R falls to one-half of its unsaturated value;
value of P at which I is maximuminal  vs P2 plot;
power level in the insaturated regime;

molar ratio of CH, and CH groups from GASPE "C-NMR;
molar ratio of CH, and CH, groups from FTIR;
normalized EPR amplitude according relation (20);

EPR lineshape ratio;

spin quantum number;

percent of S (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 1 an 4 adjacent H from FTIR;
magnetogyric ratio;

full width at half-height in EPR absorption peak;

peak to peak widths of EPR 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/HCl/toluene 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 asphaltene 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
thermodynamic and statistical mechanical information, 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 may or 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 1 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 (= 4n/A sin(6/2), 6 is the scattering an-
gle), from 0.008 to 0.35 A™".

SANS experiments performed at the National Institute of Standards and Technology
(NIST) were for asphaltene/toluene/HC] 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 10 A and the Q range was adjusted to span 0.004 to 0.25 A™.

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 HCI 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 ~ 1 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 subtended angle 6. Q is the momentum transfer which depends on scattering angle 6
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and wave length by Q=4xn/A sin(6/2). For detailed derivation of the following equations,
the readers can refer chapter I of Ref. [11].

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

1(Q) = N, (Ap)*V, P(Q)S(Q) M

where N is the number density of the particles (in this case the asphaltene aggregates), Ap
is the scattering contrast between the aggregates and the solvent, and V_ is the particle vol-
ume, P(Q) is the particle structure factor governed by particle shape and size. S(Q) 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

KQ)=<N,> (Ap)* < V,>< P(Q)> @)
where
[virav,
<PQ)>=di —1L
[viav, 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, Ap 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 <N_ >, Ap, and <V > into a pre-factor, A. After fitting, Ap
(=A/<N_> <V >) can be calculated using the extracted structural parameters and the pre-
sumed distribution function (see the result section for details). If Ap 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 (S/V) 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 S/V analysis is the scattering function of an arbitrary object
at position 7 (see Figure 1). Taking the nuclei’s scattering cross section distribution
within the object as p(7, ), then the intra-particle scattering function can be expressed,

-

F@) = [ dvp(,re®”
g )

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

Q)= FQF©Q)' = [aV, [av,p(@)p(7)e 7™
Vo )

If one replaces the scattering cross section correlation between ith and jth nuclei with their
scattering contrast Ap;, and assumes the system is isotropic, then the ensemble average of
the phase factor e C7™ pecomes 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 1(Q) becomes

1Q)= vl’ 4nr2dry(r)ﬂ;% ©

where V is the particle volume and y(r) =< p(7,)p(7;) > is the so called Debye correlation
function, representing the average of the product of two scattering fluctuations at position
7. . Taking the auto-correlation, i.e., =0, then

1=
Vy(r=0)=V(Ap)’ =— | Q°dQI(Q)
2n -([ %)

Figure 1.
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Eq.(7) is the mean fluctuation of the scattering length density, in which the integral
jdeQI(Q) is the “invariant”, &, related to the total surface to volume ration (S/V). Porod

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

tim 1(0)=(Ap* 2% s
0~>0Ormax ! ®)
Using Eq. (7) and Eq. (8) one can easily derive S/V for a homogeneous particle as
. 4
S _n om0
v g ©)

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

In the case of asphaltene, 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 S/V expression in Eq. (8). With this perturbation approach I(Q)
can be modified as

S=C,+C,S

10) = H dVp(EIP(F)+ ”(QAP)

(10)

The first term is the contribution from the inhomogeneity within a particle. It is a constant,
representing the non-zero slope, C,, in the Porod’s plot (I(Q)Q* versus Q*). The new
Porod’s plot according to Eq.(10) should oscillate about the straight line C, Q*+ C,.

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

defined as

. C
é =é+ 4
Ormax (11)

The approximate surface to volume ratio can be written as

(7)==
14 g (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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>