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Abstract

Asphaltenes, the most aromatic of the heaviest components of crude oil, are
critical to all aspects of petroleum utilization, including reservoir characteri-
zation, production, transportation, refining, upgrading, paving, and coating
materials. The asphaltenes, which are solid, have or impart crucial and of-
ten deleterious attributes in fluids such as high viscosity, emulsion stability,
low distillate yields, and inopportune phase separation. Nevertheless, funda-
mental uncertainties had precluded a first-principles approach to asphaltenes
until now. Recently, asphaltene science has undergone a renaissance; many
basic molecular and nanocolloidal properties have been resolved and codified
in the modified Yen model (also known as the Yen-Mullins model), thereby
enabling predictive asphaltene science. Advances in analytical chemistry, es-
pecially mass spectrometry, enable the identification of tens of thousands of
distinct chemical species in crude oils and asphaltenes. These and other pow-
erful advances in asphaltene science fall under the banner of petroleomics,
which incorporates predictive petroleum science and provides a framework
for future developments.
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1. INTRODUCTION

One learns in elementary school science that matter is composed of solids, liquids, and gases.
Crude oils contain all three phases. The gas and liquid components of crude oils are amenable
to various chemical analyses and treatment by variations of the van der Waals equation. How-
ever, until recently, the asphaltenes—crude oil solids (1–3) that are defined operationally (e.g.,
toluene soluble, n-heptane insoluble)—had not been chemically understood, which precluded any
first-principles treatment. Virtually all asphaltene chemical properties, excepting elemental com-
position, had been the subject of debate; their molecular weight had been estimated at values
spanning six orders of magnitude (4). Nevertheless, an understanding of asphaltenes is essential
because they have a significant impact on many physical and chemical properties of crude oils and
related systems.

Recent, diverse analyses to characterize asphaltenes have led to the development of a single,
relatively simple framework—the modified Yen Model (5). Advances in analytical chemistry have
enabled a much more comprehensive chemical analysis of all the components of crude oil. Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) has revolutionized petroleum
analysis by providing explicit elemental composition for up to 100,000 components of crude oil
(6). This advance portends predictive petroleum science, or petroleomics (1, 6), much as the ability
to read the human genome has enabled genomics. New analytical methods applied to the non-
asphaltene components (the maltenes) of crude oil, such as two-dimensional gas chromatography,
also obtain chemical specificity, as opposed to “lumped” or pseudocomponents (7).

Geochemical analyses of hydrocarbon fluids can be highly informative, especially about the
geologic processes that shape petroleum systems (8). The broader context of the physical and
chemical attributes of petroleum, especially involving asphaltenes, is becoming increasingly es-
sential for optimal resource utilization (1). The modified Yen model and new theoretical methods
of asphaltenes are being combined with a new technology known as downhole fluid analysis (DFA)
(9), which delineates the spatial distribution of reservoir fluids (9) to enhance oil reservoir charac-
terization (10). Asphaltene surface science has advanced through many studies framed within the
modified Yen model (5). Deleterious phase-separated asphaltenes in production facilities are being
mitigated within a petroleomics perspective, thereby improving flow assurance (11). Stabilization
of petroleum emulsions is becoming increasingly understood at the molecular level (12, 13). The
challenge of molecular management of refining mandates proper molecular characterization of all
the components of crude oil (14). Thermodynamic treatments of heavy ends illustrate that four
hydrocarbon phases—a gas, two liquids, and a solid—can exist simultaneously (15). Asphaltenes
are concentrated in many reservoirs due to the biodegradation of reservoir crude oils (16). In an
environmental context, asphaltenes and their recalcitrant derivatives arise in significant quantities
in the world’s oceans and come from many sources, including man-made spills and natural sources
such as asphaltene volcanoes on the seafloor (17).

In this review, I discuss the tremendous advances in molecular and colloidal asphaltene science,
focusing on the modified Yen model with particular emphasis on asphaltene molecular weight and
architecture. Diverse asphaltene studies that address single topics provide robust conclusions. The
connection between basic science and application is central to this review. I outline theoretical
developments in asphaltene phase behavior and asphaltene gradients in oil reservoirs, present
simple foundations for asphaltene surface science, and discuss viscosity versus asphaltene content
and temperature within a simple context. The dramatic developments in asphaltene science are
rapidly improving efficiency in petroleum resource utilization.
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Table 1 Issues in asphaltene science that have been resolved over the past 10 years

Scientific issue
Range of reported values

(as of ∼1998) Values (as of 2010)
Width of distribution

(as of 2010)
Asphaltene molecular weight Less than 1,000 Da to

1,000,000,000 Da
750 Da 400–1,000 FWHM

Number of PAHs in an asphaltene
molecule

1 to 20 1 dominates Small mass fraction with 0, 2,
3, etc., ring systems

Number of fused rings per PAH in
asphaltene

2 to 20 7 4–10

Number of PAH stacks in
asphaltene nanoaggregate

Unknown 1 —

Aggregation number of
nanoaggregates

10–100 <10 4–10

Critical nanoaggregate
concentration of asphaltenes

50 mg liter−1 to 5 g liter−1 100 mg liter−1 50–150 mg liter−1

Concentration of cluster formation Unknown ∼3 g liter−1 2–5 g liter−1

Size of cluster Unknown 6 nm for small clusters Probably larger clusters also
depending on temperature,
concentration

Role of resins in asphaltene
nanoaggregate

None to necessary ∼15% of crude oil
nanoaggregates are resins;
resins are not surfactants

Depends on definitions

Relation of nanoaggregate to
cluster

Unknown Clusters consist of
nanoaggregates

—

Relation of nanoaggregates in
toluene to those in crude oil

Unknown Very similar in size and
composition

—

Abbreviations: FWHM, full width at half maximum; PAH, polycyclic aromatic hydrocarbon.

2. THE MODIFIED YEN MODEL

2.1. The Yen Model

In 1967, Professor Teh Fu Yen1 and coworkers (18) proposed a model to account for the structural
elements of asphaltenes. This model, now known as the Yen model, specifically accounted for
different chemical moieties in asphaltenes such as polycyclic aromatic hydrocarbons (PAHs), PAH
stacks, alkane, petroporphyrins, and the like.

Since the Yen model was first proposed, it has helped to guide research, particularly for bulk
measurements on phase-separated asphaltenes. Nevertheless, the Yen model has significant limi-
tations. When it was first proposed, there was little consensus on important asphaltene molecular
and colloidal properties.

2.2. Resolution of Asphaltene Molecular and Colloidal Properties

Table 1 lists previously unresolved issues, often involving estimates spanning orders of magnitude,
that had long plagued the field of asphaltene science. Fortunately, the past decade has seen huge
advances in this field.

1Professor Teh Fu Yen recently passed away. This giant in the field of asphaltene science will be missed.
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Molecule Nanoaggregate Cluster

~1.5 nm ~2 nm ~5 nm

Figure 1
The modified Yen model (or the Yen-Mullins model). (Left) The predominant asphaltene molecular
architecture contains a single, moderately large polycyclic aromatic hydrocarbon (PAH) with peripheral
alkanes. (Center) Asphaltene molecules form nanoaggregates with aggregation numbers of approximately six,
with a single disordered PAH stack. (Right) Asphaltene nanoaggregates can form clusters with aggregation
numbers of approximately eight.

2.3. The Modified Yen Model

Recent advances in asphaltene science (Table 1) have been codified in the modified Yen model
(Figure 1) (5). The modified Yen model (also known as the Yen-Mullins Model) specifies the
dominant molecular and colloidal structure of asphaltenes.

3. MOLECULAR WEIGHT AND MOLECULAR ARCHITECTURE

Previously, there were many conflicting values of the molecular weight of asphaltenes obtained
from weight from MS (4, 5, 19). In addition, it was unknown whether asphaltene molecules
contain predominantly one PAH (the island architecture) or many cross-linked PAHs (the
archipelago architecture) (20). Molecular diffusion measurements, especially from time-resolved
fluorescence depolarization (TRFD), helped to resolve these molecular properties of asphaltenes
(21–26). In TRFD, a polarized excitation laser beam excites and polarizes asphaltene PAHs of
individual molecules in a dilute toluene solution. Fluorescence lifetimes can be measured in
nanoseconds (27, 28); the immediate fluorescence is highly polarized. With time, the (excited)
molecules undergo rotational diffusion, causing increasing depolarization of the ensemble.
For a sphere, the correlation time τR is related to molecular size; τR = 6πηV/kT, where η is
viscosity, V is molecular volume, k is Boltzmann’s constant, and T is temperature. TRFD data
(Figure 2) show that asphaltene molecules are characterized by relatively small correlation times;
comparison with model compounds yields a molecular weight of 750 Da, with a full width at half
maximum (FWHM) of 500 to 1,000 (21–26).

Moreover, asphaltene molecules exhibit a 10-fold variation in rotation rate versus the emis-
sion wavelength of the asphaltene fluorophores (21–26). Small, blue-emitting fluorophores of
asphaltenes are not cross-linked to large, red-emitting fluorophores, which gives rise to the is-
land molecular architecture (one PAH per molecule) and represents a radical departure from all
previous thinking. Figure 3 depicts proposed asphaltene molecules.

Fluorescence correlation spectroscopy (FCS) studies have been performed on asphaltenes (29–
31). Ultradilute solutions of asphaltenes (∼10−8 M) preclude any molecular aggregation. Confocal
microscopy used for excitation and detection investigates 1 μm3 of solution. As fluorophores
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Figure 2
Time-resolved fluorescence depolarization gives the rotational correlation times of asphaltenes and model
compounds [solar dye and octaethyl porphyrin (OEP)]; asphaltenes are small (∼750-Da) molecules with
rapid diffusion. Small, blue-emitting asphaltene fluorophores rotate much faster than large red-emitting
fluorophores. These fluorophores are not cross-linked; therefore, there is one PAH per asphaltene molecule
(21–26).

diffuse into and out of the confocal volume, the fluorescence signal correspondingly increases and
decreases. The time decay of the autocorrelation function gives the rate of translational diffusion.
Basic agreement between FCS and TRFD for petroleum- and coal-derived asphaltenes indicates
that asphaltenes do not have significant internal rotational relaxation (29–31).

Two other translational diffusion measurements have been applied to asphaltenes. Nuclear
magnetic resonance (NMR) translational diffusion constants are comparable to those obtained
from FCS (32). These experiments rely on molecules that contain hydrogen. In addition, Taylor
dispersion (TD) measurements obtain asphaltene molecular diffusion constants (33) by determin-
ing spreading rates in laminar flow using optical absorption. The TD study reports that “the [TD]
results are consistent with the results obtained by Groenzin and Mullins” (33, p. 1,406). All these
diffusion studies apply to asphaltene molecules that (a) fluoresce, (b) are colored, or (c) possess
hydrogen, thereby encompassing all the constituents of asphaltenes.

4. MASS SPECTROMETRY

MS applied to asphaltenes has three main concerns: fragmentation, gas-phase aggregation, and
the inability to volatilize the heaviest asphaltene fraction. These concerns nominally explain con-
flicting reports. An early field ionization study obtained a value of 1 kD for the most probable
asphaltene molecular weight (34). Laser desorption/ionization MS (LDI) has become popular; in
this approach, the sample is placed on a metal surface that is introduced into a vacuum chamber. A
single laser pulse both desorbs and ionizes the sample, creating a plasma. Time of flight of ions in
an electric field determines the mass-to-charge ratio. Some investigators obtained ∼400 Da (35),
and others obtained ∼10,000 Da (36). Excessive gas-phase aggregation in LDI leads to incorrect,
excessive mass measurements (37–39). Such aggregation depends on a plasma in high–laser power,
high–surface concentration asphaltenes, as well as on fast collection of gas-phase ions following
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Figure 3
Typical asphaltene molecular architecture. Molecules are roughly 750 Da, and there is a single fused
aromatic ring system per molecule (island molecular architecture).

laser firing. In LDI, coronene can readily aggregate to hexamers (Figure 4) (39). With minimized
artifacts, LDI yields asphaltene masses of ∼600 amu—a result similar to those obtained from
molecular diffusion (37–39).

Novel two-step laser MS (L2MS) utilizes both an infrared (IR) laser to desorb the sample and
an ultraviolet (UV) laser to ionize the neutral, unaggregated plume (40–41a). The L2MS method
yields asphaltene masses of ∼600 Da, independent of IR laser power, UV laser power, the surface
concentration of asphaltenes, or the collection time of the ions.

Ultrahigh-resolution MS utilizing electrospray ionization (ESI) and atmospheric pressure pho-
toionization (APPI), combined with FT-ICR MS, has been applied to the study of crude oils and
asphaltenes (5, 42–45); the most probable molecular weight of asphaltenes is 750 Da (45). Laser-
induced acoustic desorption, electron impact (LIAD EI) MS obtained a value of 750 Da with a
width of 500 to 1,000 Da (46, 47). APPI (48) and APCI (atmospheric pressure chemical ionization)
(48, 49) also obtain comparable asphaltene molecular weights. Field desorption MS obtained sim-
ilar but slightly higher masses for asphaltenes (50). A good working value of asphaltene molecular
weight is 750 Da, with 500–1,000 Da FWHM.

5. MOLECULAR ARCHITECTURE

TRFD asphaltene data show that blue-fluorescing chromophores rotate 10 times faster than do
red-fluorescing chromophores (Figure 2); this finding demonstrates that the fluorophores are
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Coronene

Monomer Clusters

n=2

n=3
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n=5 n=6

500 1,000 1,500 2,000

Pure asphaltenes × 4

75 µJ per pulse
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Asphaltenes diluted in CuSO4 matrix × 2

80 µJ per pulse

40 µJ per pulse

Molecular weight (amu)

0 1,000 2,000 3,000 4,000

Molecular weight (amu)

Molecular weight (amu)

0 1,000 2,000 3,000 4,000

Figure 4
Laser desorption/ionization mass spectrometry measurements with high laser power can yield incorrect,
excessive masses for known polycyclic aromatic hydrocarbons and asphaltenes (37–39). Low laser power and
low surface coverage of asphaltenes are required to obtain the correct molecular weights of asphaltenes
(37–39).

www.annualreviews.org • The Asphaltenes 399

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
11

.4
:3

93
-4

18
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

4/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



AC04CH18-Mullins ARI 8 May 2011 10:19

not cross-linked and, thus, there is one PAH per molecule. As in a quantum particle in a box,
lower transition energies correspond to larger PAHs. This expected result has been established
by molecular orbital calculations (51–54).

PAH ring geometry also influences optical spectra (51–55). X-ray Raman spectroscopy applied
to asphaltenes has established that for asphaltene PAHs, the most stable aromatic sextet carbon
dominates over isolated double-bond carbon (56, 57).

Direct molecular imaging of asphaltene molecules by scanning tunneling microscopy has es-
tablished that asphaltene PAHs have roughly seven fused rings (58). High-resolution transmission
electron microscopy has obtained similar results for petroleum asphaltenes, with somewhat smaller
PAHs for coal-derived asphaltenes (59). Results obtained from Raman spectroscopy of asphaltenes
are consistent with PAHs having seven fused rings (60, 61).

Calculated optical spectra of asphaltenes, based on molecular orbital calculations of 523 PAHs
with a distribution peaked at seven fused rings, are close to observed spectra (Figure 5). Asphaltene
optical absorption spectra obey the Urbach tail formalism, which is a result from solid-state physics
that relates the well-ordered population distributions of absorbers to their corresponding spectra

Experimental spectrum
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Figure 5
By use of an asphaltene polycyclic aromatic hydrocarbon distribution with 7 fused rings maximum, ranging
roughly from 4 to 10 fused rings, molecular orbital calculated spectra match measured spectra across the
near-infrared (NIR), visible, and ultraviolet (UV) wavelengths (51–53).
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Figure 6
Gas-phase, unimolecular decomposition of asphaltene molecules via collision with helium gas.
Fragmentation causes a loss of carbon but not a reduction in aromaticity, which is consistent only with the
island molecular architecture (67, 68).

(62, 63). Asphaltene fluorescence spectra (64) and the absorption spectra (65, 66) show that small
aromatics are missing in asphaltenes.

In agreement with TRFD studies, several recent experiments involving the unimolecular de-
composition of asphaltenes reveal that the island model dominates. Figure 6 shows results from
an experiment that used FT-ICR MS to analyze unimolecular decomposition of asphaltenes by
collision with helium gas (67, 68). Only alkane fragments are cleaved off, rather than alkane plus
some aromatic carbon; this finding is consistent only with the island model (Figure 3) (67, 68).

In addition, L2MS has been utilized on ∼22 island and archipelago model compounds and
on asphaltenes (41a). These studies show that asphaltenes and island model compounds do
not undergo fragmentation (Figure 7) even under harsh fragmentation conditions, whereas
archipelago model compounds fragment readily with increasing laser power. Recent LIAD EI
MS fragmentation analysis yielded similar results (47). Independent of whether fragmentation is
induced by helium collision, electron collision, or photoabsorption, island models and asphaltenes
are stable, whereas archipelago models are unstable. Herein lies the likely explanation for the low
archipelago abundance in asphaltenes: instability.

Petroleum asphaltenes consist of approximately 40% to 45% aromatic carbon; the remainder
is aliphatic, as shown by 13C NMR (69). Alkane chains are an average of four to five carbons
long, as has been demonstrated by integrated IR and NMR studies (69). Naphthenic rings are
fused to aromatic rings, as deduced from observations of active hydrogen in asphaltene (70). The
aromatic ring system is also where almost all the nitrogen (∼1% by mass) is located, as shown by
X-ray absorption near-edge structure (XANES); both basic pyridinic nitrogen and acidic pyrrolic
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Figure 7
Two-step laser mass spectroscopy studies show that asphaltenes and island model compounds are very stable
against fragmentation, independent of the hydrogen-to-carbon (H/C) ratio. Archipelago model compounds
are much less stable (41a). The stability index is a measure of fragmentation tendency at low versus high laser
power. Asphaltenes exist for geologic time and thus must be stable. Abbreviation: PAH, polycyclic aromatic
hydrocarbon.

nitrogen are present (71). Sulfur XANES shows that most of the several percent sulfur consists
of thiophene- and sulfide-type groups and generally a small fraction of sulfoxide (72, 73). Oxygen
content is generally low in asphaltenes and can be found in various polar groups (42–45).

A significant fraction of dissolved organic matter (DOM) from deep ocean waters and from
brine pools on the seafloor comes from natural oil seeps and waters associated with crude oil (74–
76). Moreover, ESI combined with FT-ICR MS shows that such DOM consists of PAHs with
carboxylate substituents (74–76); the PAHs are similar to those found in asphaltenes (76). Similar
DOM chemical structures have been found in hydrothermal vents (P.E. Rossel, T. Dittmar, O.C.
Mullins, L. Goual & N. Dubilier, manuscript submitted).

6. ASPHALTENE NANOAGGREGATES

The asphaltene PAH in the molecular interior is the primary site of intermolecular attraction
(Figure 3) from both London dispersion forces and limited sites with dipoles. The asphaltene
molecular exterior, with alkane substituents, yields steric repulsion. Consequently, there are two
primary predictions, both of which have been observed: (a) The aggregation number of the
nanoaggregate should be less than 10, and (b) there should be a single, somewhat disordered
stack in a nanoaggregate. Asphaltenes can be obtained from the resid from thermal processing of
coal-derived liquids; coals start with little alkane, and thermal processing leads to alkane removal.
The much smaller molecular and PAH sizes of coal-derived asphaltenes arise from their smaller
alkane fraction; the smaller repulsive forces balance the smaller attractive forces (5). The balance is
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mandated by the asphaltene solubility classification. Petroleum-derived resid asphaltenes exhibit
the same effects (26), which are consistent only with the island model (5). Thermal processing
of the resid leads to removal of peripheral alkane groups; thus, smaller PAHs are mandated to
maintain the asphaltene solubility classification.

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) have estab-
lished that asphaltenes are nanosized colloids (77–86; J. Eyssautier, P. Levitz, D. Espinat, J. Jestin
& J. Gummel, manuscript submitted). The smallest structures remain even at elevated temper-
atures (78, 79), indicating tight binding. High-quality (high-Q) ultrasonics studies were the first
experiments to correctly measure the critical nanoaggregate concentration of asphaltenes (CNAC)
(87, 88). The ultrasonic velocity, u, is given by

√
1
ρβ

, where ρ is density and β is compressibility.
Compressibility is a differential quantity and thus is very sensitive to onset, whereas density is
an integral quantity and therefore is much less sensitive to the CNAC. The CNAC is obtained
as a change in slope of sonic velocity versus asphaltene concentration (Figure 8) (87, 88). The
CNAC is analogous to the critical micelle concentration of a monodisperse standard surfactant.
The term critical is used herein even though the transition from a true molecular solution to a
nanoaggregate is narrow in concentration only for large aggregation numbers (89), yet asphaltenes
have small aggregation numbers. Fluorescence measurements indicate that the initial aggregation
of asphaltenes is ∼50 mg liter−1 (90), whereas the CNAC, at which aggregate growth shuts off,
is ∼100 mg liter−1 (87, 88). The nonlinearities of asphaltene fluorescence measurements associ-
ated with lifetime (27, 28), spectral energy transfer (91), and quenching (92) render fluorescence
sensitive primarily to the initiation of aggregation.

Direct current (DC) conductivity measurements of CNAC match those from high-Q ultrason-
ics (Figure 8) (93). DC conductivity measurements are sensitive only to the 10−5 mass fraction
of asphaltene molecules that is charged in toluene solution (93, 94). Ion mobility is reduced at
CNAC and is related to the change in Stokes’s drag, 6πηr/kT, where r is the molecular or aggre-
gate size, η is viscosity, k is Boltzmann’s constant, and T is temperature. The measured reduction
in volume at the CNAC is a factor of six, which then becomes the estimate of the aggregation
number (93). Alternating current conductivity measurements confirm the values of the CNAC
and rely on changes in the dielectric response upon nanoaggregate formation (95).

NMR measurements clearly exhibit the CNAC, where the change in rotational relaxation at
the CNAC yields a huge change in the hydrogen index (96). In addition, NMR diffusion mea-
surements also exhibit the same CNAC (96). Centrifugation experiments show that the fraction
of sedimented asphaltene changes dramatically at the CNAC (97, 97a). Moreover, these results
are consistent with small (<10) aggregation numbers of asphaltene nanoaggregates (97a). Surface-
tension measurements had been misinterpreted as giving a CNAC (or critical micelle concentra-
tion) at a 20-times-higher concentration (98). That concentration is the clustering concentration,
discussed in the next section (99).

By contrasting the absolute cross sections obtained from SAXS and SANS, one can determine
the structure and length scale of the nanoaggregates (Figure 9). X-ray scattering occurs preferen-
tially from electrons, and therefore from the aromatic core of the nanoaggregate, whereas neutrons
preferentially scatter from hydrogen, and therefore from the peripheral alkyl substituents (86).
The deviation of SAXS from SANS data increases at distances smaller than ∼14 Å, which is the
size of the seven-fused-ring PAH (86).

In addition, a combined treatment of SANS and SAXS data ( J. Eyssautier, P. Levitz, D. Espinat,
J. Jestin & J. Gummel, manuscript submitted), as well as a detailed study of SANS data (84), finds
that there is only a single (cylindrical) PAH stack in the asphaltene nanoaggregate (Figure 9).
The stack is somewhat disordered, with solvent entrainment in the nanoaggregate, as shown by
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Figure 8
Critical nanoaggregate concentration (CNAC) of asphaltenes. (a,b) High-quality (high-Q) ultrasonics (87, 88). (c,d ) Direct current
(DC) conductivity (93). The break in the ultrasonic velocity and DC conductivity curves show the CNAC. The straight line of the
ultrasonic velocity and DC conductivity curves above the CNAC indicates the nanoaggregate size is independent of the concentration
above CNAC. For two different asphaltenes, the CNACs differ somewhat, as shown by consistent high-Q ultrasonics data and DC
conductivity data. Hollow points were not used in either slope determination.

both SANS (85) and Langmuir-Blodgett film studies (65) of asphaltenes. Atomic force microscopy
measurements of the thickness of Langmuir-Blodgett films of asphaltenes yield ∼2 nm (65, 66).
Surface-compression analyses of asphaltenes dissolved in both toluene and in chloroform show
that the area per molecule is roughly one-tenth of the expected result, thus yielding an estimate
of 10 for the aggregation number (65, 66).

7. CLUSTERS OF ASPHALTENE NANOAGGREGATES

At significantly higher concentrations than the CNAC, a secondary aggregation process takes
place: the clustering of nanoaggregates. At the critical clustering concentration (CCC), a dramatic
change in flocculation kinetics occurs (Figure 10) (100, 101).
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Figure 9
(a) Comparison between small-angle X-ray scattering (SAXS; solid points) and small-angle neutron scattering
(SANS; hollow points) spectra. Variations of the normalized cross section I(q)/φ�ρ2 as a function of the
wave-scattering vector q for solutions of different asphaltenes in toluene. The dotted and solid lines
represent the Guinier and Zimm approximations, respectively, in the small-q domain (86). The contrast
between SAXS sensitivity to electron density, and thus the polycyclic aromatic hydrocarbon (PAH) stack,
versus the SANS sensitivity to hydrogen, and thus the peripheral alkanes, gives the length scale of the
interior PAH stack of the nanoaggregate: approximately 14 Å (86). (b) Proposed asphaltene nanoaggregate.

Below the CCC, n-heptane addition causes flocculation that is governed by diffusion-limited
aggregation: The nanoaggregates stick upon collision. Above the CCC, the same flocculation
process is governed by reaction-limited aggregation: The clusters are fractal (78, 102) and are
loosely bound, requiring higher concentrations to form. Clusters need a morphological change
at the interface to stick, yielding reaction-limited aggregation kinetics (W.W. Mullins, private
communication). Other flocculation behaviors change dramatically at the CCC (103).

DC conductivity experiments show that such clusters have aggregation numbers less than 10
(97a). As with the CNAC, a break in the DC conductivity curve occurs at the CCC, in agreement
with flocculation studies; the change in the slope enables size determination. An increase in entropy
contributes to nanoaggregate formation (96) and perhaps to cluster formation (104). A limited
cluster size, determined by DC conductivity studies (97a) and oil field studies (105), may result
if entropy both helps form the clusters by excluded solvent (104) and limits cluster growth by
favoring large numbers of clusters.
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Figure 10
The aggregation number N as a function of the scaled time τ ∗. Flocculation data for the addition of
n-heptane to different asphaltene/toluene solutions. Orange circles represent data for a 10 g liter−1

asphaltene/toluene solution that exhibits reaction-limited aggregation (RLA). Solid squares represent data
for a 1 g liter−1 asphaltene/toluene solution that exhibits diffusion-limited aggregation (DLA). Solid circles
represent data for a 5 g liter−1 asphaltene/toluene solution that exhibits crossover aggregation kinetics (101).

Ultrafiltration studies with pores as small as 30 nm show that no asphaltene is retained—neither
with natural crude oils nor with asphaltene/toluene solutions that greatly exceeded the clustering
concentration. Thus, clusters are significantly smaller than 30 nm (106).

8. OIL FIELD STUDIES

The largest technical uncertainty in the oil industry remains the subsurface reservoir (9, 107). In
an extreme description, a reservoir might resemble a kitchen sponge in which all the permeable
zones are connected. Alternatively, a reservoir might resemble a spool of bubble wrap, in which
all the wells intersect and drain only very small pockets of fluid. Figure 11 shows the upper and
lower horizons of a reservoir located at a total depth of more than 20,000 feet and under 4,000 feet
of water. The field has been tilted by buoyant salt that creates faults. Fault transmissivity for fluid
flow is generally the greatest risk factor in deepwater development. The reservoir crude oils have
a low gas-to-oil ratio (GOR) and, consequently, are characterized by small-GOR gradients (109).
Thus, in this case, GOR is not a useful property for the interrogation of reservoir connectivity.

Crude oil liquids and gases can be treated with variations of the van der Waals equation of
state (109, 110). In contrast, until recently the molecular and colloidal structure of asphaltenes in
crude oil were unknown; consequently, the gravity term was unknown, which precluded predictive
modeling of asphaltenes in reservoirs. Nevertheless, understanding asphaltene gradients is vital,
in part because differing asphaltene content creates orders-of-magnitude variations in viscosity
(111). Using the modified Yen model, investigators have finally modeled heavy ends in crude
oils (10).
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Tahiti field. Deep water Gulf of Mexico.

Exploration and
appraisal wells

First production
well

Figure 11
The horizons of a deepwater reservoir in the Tahiti oil field, Gulf of Mexico. The oil field is tilted due to
sections that are uplifted by buoyant salt, which creates faults in the field. The greatest risk factor in this
reservoir is whether the faults are sealing or transmissive for fluid flow. The asphaltenes are equilibrated
across the reservoir, indicating connectivity (108), which was subsequently proved in production (105). A
schematic of a tool for measuring fluid properties in oil wells is also shown.

All three structures that constitute the modified Yen model—namely asphaltene molecules,
nanoaggregates, and clusters of nanoaggregates—have now been observed in various reservoir
crude oils (105). A significant technological development, DFA, enabled such measurements
(Figure 11) (9), the basis of which is primarily visible–near-IR spectroscopy. DFA methods have
determined relative asphaltene content through the measurement of color at various wavelengths
(63); color and asphaltene content have strict linearity (52, 108). Near-IR spectroscopy can also de-
termine other fluid properties, such as GOR, by exploiting the different energies of the two-stretch
overtone peaks for the CH4, CH3, and CH2 groups (112, 113).

Light crude oils or condensates with an asphaltene fraction of �1% can contain true molecular
solutions of the heavy ends of asphaltenes (Figure 12a) (114). There are numerous instances in
which nanoaggregates are the dominant form of asphaltenes in stable black oils, with asphaltene
mass fractions of a few percent (Figure 12b) (115–117). In heavy oils and in unstable black oils,
in which asphaltene precipitation is problematic, asphaltene clusters can occur and dominate
(Figure 12c) (105). Figure 12d shows a series of crude oils for a single oil column, depicting
dramatic, nonequilibrium reservoir fluid variations (9, 107). The use of new asphaltene modeling
can establish whether asphaltenes are equilibrated across the reservoir; if they are equilibrated,
massive fluid flow is required, so reservoir connectivity is implied. Objects measuring ∼1 nm,
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Figure 12
Asphaltene gradients in oil reservoirs. (a) For light oils (asphaltene content �1%), the asphaltenes are dispersed as a true molecular
solution (114). (b) For stable black oils, asphaltenes are dispersed as nanoaggregates (114). (c) For heavy oils (asphaltene content ∼10%)
and unstable black oils, asphaltenes are dispersed as clusters of nanoaggregates (105). (d ) A series of oil samples from a single oil
reservoir, showing huge nonequilibrium asphaltene variations.

namely asphaltenes, are being used to determine connectivity in oil reservoirs with length scales
of ∼10 km, or 13 orders of magnitude larger than the asphaltenes (8, 105, 114).

Laboratory centrifugation of a live black oil with dissolved gases exhibits similar gradients
(Figure 13) (118). The asphaltenes exhibit a large (10-fold) gradient due to both the gravity term
and the solubility term from the GOR gradient (118). The resin gradient is much smaller, which
indicates that bulk resins are not attached to the asphaltenes.

9. INTERFACIAL SCIENCE

The modified Yen model provides a framework in which to understand the interfacial science of
asphaltenes. Sum frequency generation (SFG) reveals that asphaltenes in a Langmuir-Blodgett
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Figure 13
Asphaltene and resin gradients produced by centrifugation and fitted to a solubility model. Asphaltenes
exhibit a huge gradient, whereas bulk resins exhibit a small gradient; this finding indicates that bulk resins are
not associated with asphaltenes. The resin particle is ∼1.3 nm, and the asphaltene nanoaggregate is ∼2.0 nm.
These results are in agreement with the modified Yen model (118). Abbreviation: OD, optical density.

film exhibit a high degree of molecular orientation, which is consistent with the island molec-
ular architecture (Figure 14). The asphaltene PAH is in the plane of the film, and the alkanes
are largely perpendicular to the surface (118a). Above CNAC, nanoaggregates go to the inter-
face and their peripheral alkanes load on the surface, which explains the reduction in surface
(99).

Below and above the CCC, there is a fundamental change in the Langmuir film morphology that
reflects the different rheologies (Figure 15) of nanoaggregates versus clusters at the interface (119).
Other studies of Langmuir films and Langmuir-Blodgett films of asphaltenes at concentrations
below the CCC show (a) film thicknesses of ∼2 nm and (b) aggregation numbers of less than 10,
which are expected for nanoaggregates (65, 66). Many studies show that asphaltenes (120, 121) and
other petroleum components (122) are crucial for water-in-oil emulsion stability. In particular,
surface active components can be physically separated through the use of a heavy water technique
(122, 123) that allows for detailed analysis (124). For crude oils, invert emulsions are stabilized
because the surfactants are in the oil phase, which precludes water droplet coalescence but allows
oil droplet coalescence.

10. THEORY: PHASE BEHAVIOR AND GRADIENTS

Asphaltene-phase behavior can be treated within the Flory-Huggins polymer framework (125, 126,
127). Asphaltene molecules are not of polymer size, but asphaltene nanoaggregates and clusters
are large compared with solvent molecules. The corresponding Gibbs free energy of mixing
(�Gmixing) for polymers is used, and the interaction parameter χ incorporates the Hildebrand
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Figure 14
Sum frequency generation (SFG) data for a Langmuir film of UG8 asphaltene on water prepared from a
∼0.2 g liter−1 toluene solution (118a). The SFG data show that the asphaltene polycyclic aromatic
hydrocarbon is parallel to the interface and that the alkanes are perpendicular to it. Such strong alignment is
consistent with the island molecular architecture hypothesis. S and P represent the two plane polarizations
for the optical beams.

solubility parameter δ for asphaltenes and maltenes:

�Gmixing = RT (nm ln φm + na ln φa + nmφaχ ),

where n refers to moles; φ is the volume fraction; the subscripts m and a refer to maltene and
asphaltene, respectively; and

χ = vm

RT
(δa − δm)2.

The parameter δ is given in terms of the energy of vaporization �U and the molar volume

v: δ =
√

�U
v

(125). The Flory-Huggins approach successfully treats the onset of asphaltene
flocculation for differing alkane solvents. Flocculation kinetics vary dramatically, depending on
conditions (128). Other, related formalisms have been very successful in accounting for asphaltene-
phase behavior (129, 130).

To model asphaltene gradients in oil reservoirs (Figure 12), the Flory-Huggins formalism can
be coupled with a gravity term that incorporates the modified Yen model (10). For a homogeneous
liquid phase, the gravity term dominates the asphaltene concentration C at height h (versus a
reference value of zero), which is given by a Boltzmann distribution where Archimedes buoyancy
gives the energy: Ch/C0 = exp{−V�ρgh/kT}, where V is the volume of the specific asphaltene
species, �ρ is the density contrast between the asphaltene and the maltene, g is Earth’s gravitational
constant, k is Boltzmann’s constant, and T is temperature (10).
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Figure 15
Brewster angle microscope images of asphaltene Langmuir films obtained from two different concentrations
(SCs) at different surface pressures (π ) on water (119). (a) 4 g liter−1. (b) 0.1 g liter−1. The corresponding
values of specific area (in m2 mg−1) are also indicated. A huge morphology change is observed both above
and below the critical clustering concentration (119). The images are 430 μm wide (119).

11. VISCOSITY

Asphaltenes have an enormous impact on viscosity. Figure 16 shows that the viscosity of an
asphaltenic system can vary by many orders of magnitude, depending on temperature (131) and
asphaltene content (111, 131).
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Figure 16
(a) C4 asphaltene solution in 1-methyl naphthalene; viscosity as a function of the temperature for varying
dilutions and with the temperature multiplicatively scaled (131). (b) Viscosity versus C7 asphaltene
concentration (111).

The viscosity variations of asphaltenic systems on temperature and concentration can be treated
as a system of components with continuously varying glass-transition temperatures; more asso-
ciative asphaltenes reflect a higher glass-transition temperature (131). Simple Arrhenius behavior
(i.e., thermal activation), η(T ) = η∞exp(E/kT ), can describe the temperature dependency of the
viscosity only over small temperature ranges (131). Over larger temperature ranges, a modified
Arrhenius equation works well; varying asphaltene glass-transition temperatures are implicit (131):

η(T ) = η∞ exp{D/[(T /T0)−1]}.

This simple formalism has been applied to high concentrations of asphaltic systems. The as-
phaltene chemical continuum is known from many studies and is a foundation of the variable
glass-transition temperature approach.

12. RESINS AND ASPHALTENES

The role of resins in asphaltene science has long been unknown. Older micelle and surfactant
models for resins are largely unsupported by evidence (125). Resins are not needed to stabilize as-
phaltene nanoaggregates in toluene, given that asphaltene nanoaggregates form in toluene without
resins (5). Moreover, bulk resins do not associate with asphaltenes in live black oil centrifugation
studies (Figure 13) (118). Centrifugation studies indicate that asphaltene nanoaggregates in live
black oil contain ∼15% n-heptane-soluble, n-pentane-insoluble material that could be termed
either the heaviest resin or the lightest asphaltene (118). Ultrafiltration studies obtain similar
conclusions regarding the extent of resin-asphaltene interaction, depending on conditions (132).
The resins could be considered chain terminating, whereas the least soluble asphaltene fraction
could be considered chain propagating (133). Petroporphyrins of varying associative strengths
may play a similar role (I.D. Singh, D. Knepper, D. Savithri & P.K. Kilpatrick, manuscript
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submitted). The definitions of asphaltene, toluene soluble, and n-heptane insoluble mostly—but
not entirely—capture the largest aromatic component of crude oil that self-assemble.

13. CONCLUSIONS

Asphaltene science has undergone a renaissance in recent years. Many diverse studies have con-
verged on a simple, hierarchical model of the molecular and colloidal structure of asphaltenes: the
modified Yen model (also known as the Yen-Mullins model). Undoubtedly, complexities beyond
the modified Yen model will emerge; nevertheless, it provides a framework for understanding large
volumes of data. Asphaltene science is now reaching beyond traditional applications to encom-
pass major new objectives in resource utilization. Reservoir characterization, a massive and vexing
problem, is now being greatly enhanced by first-principles equations of state for asphaltenes,
specifically employing the modified Yen model. Asphaltene interfacial science, a problematic
frontier, can now be approached on a first-principles basis in part associated with bulk asphaltene
properties, thereby simplifying analysis. Viscosity is treated with the compositional continuum
of asphaltenes in simple ways. The molecular management of refining, a challenging objective,
is being realized. These advances regarding the least tractable components of petroleum, the as-
phaltenes, have contributed greatly to the far-reaching vision of petroleomics: the establishment
of predictive petroleum science based on structure-function relationships. After prolonged and
unrelenting effort, chemical science has succeeded in characterizing the complex mixture repre-
sented by the asphaltenes. Nevertheless, many challenges await future generations of scientists
devoted to understanding the asphaltenes.
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