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ABSTRACT: The Yen—Mullins model, also known as the modified Yen model, specifies the predominant molecular and
colloidal structure of asphaltenes in crude oils and laboratory solvents and consists of the following: The most probable
asphaltene molecular weight is ~750 g/mol, with the island molecular architecture dominant. At sufficient concentration,
asphaltene molecules form nanoaggregates with an aggregation number less than 10. At higher concentrations, nanoaggregates
form clusters again with small aggregation numbers. The Yen—Mullins model is consistent with numerous molecular and
colloidal studies employing a broad array of methodologies. Moreover, the Yen—Mullins model provides a foundation for the
development of the first asphaltene equation of state for predicting asphaltene gradients in oil reservoirs, the Flory—Huggins—
Zuo equation of state (FHZ EoS). In turn, the FHZ EoS has proven applicability in oil reservoirs containing condensates, black
oils, and heavy oils. While the development of the Yen—Mullins model was founded on a very large number of studies, it
nevertheless remains essential to validate consistency of this model with important new data streams in asphaltene science. In this
paper, we review recent advances in asphaltene science that address all critical aspects of the Yen—Mullins model, especially mole-
cular architecture and characteristics of asphaltene nanoaggregates and clusters. Important new studies are shown to be
consistent with the Yen—Mullins model. Wide ranging studies with direct interrogation of the Yen—Mullins model include
detailed molecular decomposition analyses, optical measurements coupled with molecular orbital calculations, nuclear magnetic
resonance (NMR) spectroscopy, centrifugation, direct-current (DC) conductivity, interfacial studies, small-angle neutron scatter-
ing (SANS), and small-angle X-ray scattering (SAXS), as well as oilfield studies. In all cases, the Yen—Mullins model is proven to
be at least consistent if not valid. In addition, several studies previously viewed as potentially inconsistent with the Yen—Mullins
model are now largely resolved. Moreover, oilfield studies using the Yen—Mullins model in the FHZ EoS are greatly improving
the understanding of many reservoir concerns, such as reservoir connectivity, heavy oil gradients, tar mat formation, and
disequilibrium. The simple yet powerful advances codified in the Yen—Mullins model especially with the FHZ EoS provide a
framework for future studies in asphaltene science, petroleum science, and reservoir studies.
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Figure 1. Yen—Mullins model.">''" This model shows the dominant molecular and colloidal structures for asphaltenes in laboratory solvents and
crude oils. The most probable asphaltene molecular weight is ~750 g/mol (Da), and the “island” molecular architecture dominates with one
aromatic ring system per molecule. With sufficient concentration, asphaltene molecules form nanoaggregates with small (<10) aggregation numbers
and with one disordered stack of aromatics. At higher concentrations, nanoaggregates form clusters, again with small (<10) aggregation numbers.

and very importantly, relationship between laboratory species
and those that prevail in crude oils, especially in the sub-
surface.”” In recent years, there has been a substantial con-
vergence of myriad data streams enabling the proposal of a
much more specific model of the asphaltene molecular and
colloidal structure. This model shown in Figure 1 has been
called the modified Yen model"* and equivalently the “Yen—
Mullins model”.'*"!

Basic features of the Yen—Mullins model are evident in
Figure 1. First, asphaltene molecular weights are ~750 Da, with
most of the population being between 500 and 1000 Da. As
previously described," all mass spectral methods''™'® and all
diffusion measurements'’~>' now yield similar results on this
topic. With this issue essentially resolved, the field could advance.
The number of fused rings in asphaltene polycyclic aromatic
hydrocarbons (PAHs) has been addressed by direct molecular
imaging*>** and optical absorption and emission analysis coupled
with molecular orbital (MO) calculations.'®**** Raman spectros-
copy also obtained similar results on asphaltene PAH size.”® These
studies indicated that the most probable number of fused rings is
seven. X-ray Raman studies show that the type of aromatic carbon
that dominates asphaltenes is the more stable “sextet” carbon
and not the isolated double bond.”” Chemical stability is not a
surprising attribute of asphaltenes. However, nuclear magnetic
resonance (NMR) studies indicated that substantially smaller
PAHs dominated asphaltenes;*® thus, uncertainty exists here
and merits closer investigation.

For the known asphaltene molecular weights, only one PAH
of seven rings can comfortably fit within this constraint, the
so-called island architecture. The first studies that proposed the
island architecture were the time-resolved fluorescence
depolarization (TRFD) studies.'”'®***° These nondestructive
studies indicate that, in asphaltenes, blue-fluorescing chromo-
phores rotationally diffuse 10 times faster than red-fluorescing
chromophores and, thus, are not cross-linked. Several destruc-
tive studies involving unimolecular fragmentation of asphaltenes
and model compounds also obtained unambiguous evidence
of island molecular architecture of asphaltenes."*" However,
bulk decomposition studies of asphaltenes appeared to indicate the
predominance of smaller ring systems;”> therefore, asphaltene
molecular decomposition merits a closer look. If asphaltene PAHs
have fewer than seven fused rings, then more than one ring
system can be compatible within the molecular-weight con-
straint. When much larger asphaltene molecular weights were
considered correct, molecular structures were proposed with many
PAHs per asphaltene molecule, the so-called archipelago model.
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The name has been retained even for proposed molecular
structures with only two PAHs. Indeed, if two asphaltene PAHs
are directly bonded via a single bond, then optical methods,
such as TRFD, might still identify this as a single chromophore,
thereby blurring the distinction between island versus archi-
pelago. In addition, some decomposition studies find this single
bonded pair of PAHs as a single entity as well. In addition, the
TRED studies noted that a small fraction of asphaltene molecules
might have two PAHs in a single molecule.

In general, the various results associated with asphaltene nano-
aggregates and clusters have not been the subject of as much
debate as molecular properties, with the exception of the critical
nanoaggregate concentration (CNAC). Fluorescence methods
showed that asphaltene molecules in toluene associate at low
concentrations (~50 mg/ L).>* The first correct measurement
of asphaltene CNAC was by high-Q ultrasonic measurements,**
essentially measuring the change of solution compressibility
upon aggregation. The measured CNAC is ~100 mg/L. While
this result is 20 times lower in concentration than previous
studies, it was quickly confirmed by alternating-current (AC)
conductivity,*® direct-current (DC) conductivity,***” NMR
hydrogen index,! NMR diffusion,*' and centrifugation (both
live 0il*® and toluene solutions™). Small-angle X-ray scattering
(SAXS) and small-angle neutron scattering (SANS) have provided
a wealth of information regarding asphaltene nanostructures.**~
All studies show nanocolloidal species; nevertheless, the specific
results are somewhat model-dependent. X-ray scattering is
dependent upon electron density and, thus, is induced primarily
by carbon in asphaltenes, in particular aromatic ring systems. On
the other hand, neutron scattering is dependent upon hydrogen
nuclei, in particular alkanes in asphaltenes. By contrasting absolute
cross-sections of SAXS versus SANS, one has a measure of the
different spatial distributions of aromatic carbon versus alkane
groups in asphaltenes. In this way, it was shown that asphaltene
nanoaggregates have a sin4§1e stack of PAHs in the interior with
alkanes on the exterior,** essentially consistent with the picture
shown in Figure 1. These studies also obtained the larger colloidal
particles, the clusters.**¢

Oilfield studies have also provided a stringent test of the
colloidal structure of asphaltenes.*” In particular, for low gas-
to-oil ratio (GOR) black oils, the gravity term dominates for produc-
ing asphaltene gradients. Thus, the measurement of these gradi-
ents gives the size of asphaltene particles directly. The first study of
this kind obtained nanoaggregate sizes compatible with Figure 1.
Subsequent refinements with application to nanoaggregates in
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reservoir black oils*’ and clusters in reservoir heavy oils* have
reinforced the Yen—Mullins model.

Nevertheless, uncertainties persist in the field of asphal-
tene science. The molecular architecture and PAH ring size
remain subjects of debate. Both nanoaggregates and clusters are
very small and formed in solvent systems that provide only
small contrast to the colloidal asphaltenes. Indeed, there
appears to be no single methodology that provides complete
and definitive characterization of these species. It is preferred to
treat the many different studies in terms of a single framework,
if applicable. In this report, we provide a view of many recent
studies in asphaltene science, particularly from the vantage of
the Yen—Mullins model. Asphaltene decomposition studies have
been the backdrop of seemingly contradictory results. Recent work
has resolved this to a significant extent, particularly through the use
of model compounds. The canonical optical properties of asphal-
tenes, particularly their color, relate to their PAH distribution and
have been investigated in stringent new ways involving both
theory and experiment associated with triplet-state transitions.
Uncertainties in the application of NMR to asphaltenes have been
clarified. New comparative studies on nanoaggregate formation
and cluster formation have been tested by very different physics.
Length scales have been tested by atomic force microscopy
(AFM). Powerful new SAXS and SANS studies have provided an
excellent test of the Yen—Mullins model. Oilfield studies reinforce
this nanoscience model and obtain intriguing results in accordance
with basic features and even subtleties in the SAXS and SANS
results. To be clear, in all cases, the Yen—Mullins model is rein-
forced. A new and powerful theoretical formalism, the Flory—
Huggins—Zuo equation of state (FHZ EoS), has been founded on
the Yen—Mullins model and is proving very valuable to address
myriad fluid complexities previously unaccounted for in oilfield
Ireservoirs.

B ASPHALTENE MOLECULAR ARCHITECTURE

Two-Step Laser Desorption lonization Mass Spec-
trometry (L?’MS). The topic of asphaltene molecular archi-
tecture is difficult to address. Asphaltenes are chemically poly-
disperse, and as is the case with many properties, one might be
interrogating a subset of asphaltene molecules. The non-
destructive technique TRFD diffusion measurements applied to
asphaltenes show blue chromophores rotationally diffuse 10
times faster than red chromophores. Thus, the different chro-
mophores are not cross-linked. Nevertheless, the interrogated
molecules must fluoresce. Other methods must be used to investi-
gate this issue. L’MS has been used to probe asphaltenes.""**~>°
In general, because of the convenient laser wavelength selection,
L*MS methods are sensitive to molecules with one or more PAHs.
This is not much of a limitation. The dependence of ionization
cross-section upon specific PAHs has been investigated. While
there is some variability dependent upon specific laser wavelengths
chosen, L2MS methods applicable to asphaltenes have a smaller
than a factor of 4 variation in cross-sections for various
PAHs.'"*¥75° Given the large number of PAHs in asphaltenes,
these differences likely average out.

A schematic of the technique is shown in Figure 2.

Figure 3 shows that L>MS avoids interference from molecular
aggregation that can be dominant in laser desorption ionization
(LDI) mass spectra. Here, the L’MS and LDI spectra of gentisic
acid (2,5-dihydroxybenzoic acid) are contrasted. Gentisic acid is a
standard matrix used in matrix-assisted LDL*® LDI is also seen to
yield fragmentation, while L?MS does not.*® For asphaltenes, with
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Figure 2. Schematic of the process in L*MS. The IR laser desorbs the
sample, yielding a neutral plume. The UV laser ionizes the sample,
enabling time-of-flight mass spectrometry analysis.""**~°
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Figure 3. Contrast of L*MS versus LDI mass spectra. L*MS (top and
bottom) gives predominantly the parent ion without being subject to
molecular aggregation effects nor much fragmentation. LDI (middle
five spectra with shaded regions) suffers from much more aggregation
and also fragmentation.48

their propensity for aggregation, it is important to attempt to
minimize these effects with chosen methods of investigation.

L*MS applied to asphaltenes'"**>° gives molecular-weight
distributions shown in Figure 4 and is similar to other mass
spectra results and diffusion studies for asphaltenes."* The
asphaltene mass distribution in L*MS spectra are not sensitive
to the power of either laser, the surface asphaltene concentration,
or the time between laser pulses, yielding a robust result.

L*MS can also be used to probe molecular architecture
augmented by the lack of aggregation effects evident in Figures 3
and 4. Figure S shows that, in L*MS, molecular fragmentation
can be made to occur in some cases.'’ Only a few specific
examples are shown in Figure S. Reference 11 provides much
more detail on the 23 island and archipelago compounds that
were analyzed. Specifically, archipelago model compounds that
have two PAHs connected by an alkane bridge are seen to be
unstable to fragmentation, especially at higher laser powers,
while island molecular architectures with pendant alkanes on a
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Figure 4. L’MS on asphaltenes yielding a robust molecular-weight
distribution independent of the power of either laser (top spectra),
surface asphaltene concentration (bottom left spectra), or time of ion
collection (bottom right spectra).>®

single PAH are much more resistant to fragmentation.11 The
instability of archipelago compounds in L*MS is dependent in

part upon the ionization method. With multiphoton ionization,
the archipelago compounds can be stabilized to a degree by
alkyl substitution. Nevertheless, in all cases, the archipelago
model compounds were less stable than the island model com-
pounds. In the latest work using laser desorption, single photon
ionization mass spectrometry, a single, high-energy ultraviolet
(UV) photon is used for ionization."" For single-photon ionization,
no enhancement of stability from alkyl substitution was seen for
archipelago compounds. In these L*MS experiments, the instability
of archipelago model compounds versus the stability of asphaltenes
and island compounds presents a strong case for the dominance of
the island molecular architecture for asphaltenes.""**

To explore the implications of the asphaltene molecular
architecture, the L*MS spectra of 23 model compounds, both
island and archipelago, are compared to corresponding spectra
of asphaltenes. Figure 6 shows this comparison under condi-
tions of increasing ionization laser power.

The L*MS results shown in Figure 6 indicate that asphaltenes
are stable with respect to fragmentation, as are all of the island
model compounds examined here."" Asphaltenes live for geologic
time; thus, stability is expected. Olefins, especially vinyl olefins,
tend to be unstable and are typically not found in reservoir crude
oils unless there are special circumstances.”' Indeed, olefins are
often obtained in considerable quantity in laboratory cracking of
kerogen, especially in anhydrous conditions.”> However, when the
laboratory cracking of kerogen is carried out over a 6 year time
span even with relatively anhydrous conditions, olefins are not
found in the resulting hydrocarbons presumably because of their
instability.>* Laboratory thermal processes gives rise to olefins®>
and to archipelago compounds™ as discussed below, yet crude oils
and asphaltenes evidently lack any appreciable concentration of
these relatively unstable compounds.
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Figure 5. L*MS applied to asphaltenes and model compounds (structures on right) with island (top) and archipelago (bottom) structures. The
archipelago molecules are subject to more fragmentation than the island compounds for similar experimental conditions."" The asphaltenes behave
in the same way as the island compounds and not as the archipelago compounds behave.

3989

dx.doi.org/10.1021/ef300185p | Energy Fuels 2012, 26, 3986—4003



Energy & Fuels

800

(a) ISLAND Compounds
800 |- 1-8
-2
-8
700
-7
¥
600 |- 5
= & 3 ] [ S s 4—:;’ La| Asphaltenes
= T L -1
=
<t 4% No Decomposition. >
300 |- 1-13
1-12
=er 118
0o D‘S 1!0 1’5 2'0
lonization laser pulse energy / mJ
soo |- (b) I
% i é ilE { .}4—» Asphaltenes
500 -ﬂ\
(1] - —
e A
e AR
= 3
= Archipelago Compg by
aco |- A4
A2
200 - A-7

T T T
0.5 1.0 1.5

lonization laser pulse energy / mJ

0o

M
°

Figure 6. The apparent average molecular weight (AMW) versus
ionization laser power obtained from L*MS spectra of 23 model
compounds and asphaltenes."" With fragmentation, the AMW of the y
axis decreases. This plot shows that, under the same conditions, none
of the island model compounds fragments, while all of the archipelago
model compounds fragment. The asphaltenes do not fragment. The
implication is that asphaltenes are predominantly island architecture."!
The chemical stability of asphaltenes shown here is expected because
they live for geologic time.

The L*MS experiments shown in Figure 6 correspond to
unimolecular decomposition. Some bulk decomposition experi-
ments of asphaltenes have been interpreted as being consistent
with the archipelago molecular architecture.>* However, it has
recently been established that bulk decomposition of various
model compounds results in copious synthesis of archipelago
compounds.®® Specifically, pyrolysis of island model com-
pounds yields archipelago compounds for up to '/, of the
sample. These bulk decomposition studies are very important
for understanding molecular structures formed in processing
these materials.>> However, it appears evident that this result
precludes any significant utility of bulk pyrolysis of
asphaltenes for distinguishing initial asphaltene molecular
architecture. Indeed, decomposition energies exceed reaction
temperatures; therefore, this result is not altogether
surprising. The pyrolysis study did declare that the ease of
forming archipelago compounds was a strong argument for
the existence of a substantial archipelago component in
asphaltenes. Still, the specifics of the thermal process might
control the extent of archipelago formation. Moreover, we
caution that, as with olefins, it is not the formation of
chemical species (only) but rather their stability that can
dominate in determining the bulk composition of crude oils
and, thus, asphaltenes. Figure 6 indicates that archipelago
compounds are unstable and could explain the evident dominance
of island compounds in asphaltenes. If petroleum samples are
subject to significant chemical reaction, then different species
could be found.

Other unimolecular decomposition studies have recently
been reported for asphaltenes from virgin crude oil, with “virgin”
meaning unaltered by any process, such as thermal decom-
position of refining. Laser-induced acoustic desorption (LIAD)
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mass spectrometry using electron impact ionization has been
reported. Archipelago model compounds were shown to
undergo large mass loss upon fragmentation, while asphaltenes
and island model compounds showed much smaller mass loss.
The corresponding products from decomposition tend to have
small mass loss, which is consistent with the loss of alkane
groups from island compounds (as opposed to splitting the
compounds in half for two PAHs bridged by an alkane linkage).>*
In another LIAD study, a specific compound was identified, naph-
thylnaphthalene in asphaltene.>® For reasons unknown, there was
no phenylnaphthalene detected nor biphenyl nor other com-
pounds that one might consider as plausible as naphthylnaph-
thalene in asphaltene.®>® This compound was identified as an
“archipelago” compound. We note that, from an optical stand-
point, naphthylnaphthalene would appear as a single chromophore
and falls within the single PAH dlassification as far as the TRFD
experiments are concerned. Such compounds consisting of direct
linkages of PAHs might be considered to fall within an overlap of
island versus archipelago molecular architecture.

B SIZE OF ASPHALTENE PAHS

PAH Size: Singlet- and Triplet-State Spectroscopies.
The size of asphaltene PAHs remains of interest, and several
recent studies have addressed this question. One study of a
notable blue crude oil, a light crude oil, identified a five-ring
PAH perylene as the source of the blue color.>® Figure 7 shows
this oil. The figure also shows the two-dimensional fluorescence
spectra of this oil and perylene.*® This spectral comparison is
one of several methods that identified perylene as dominating
the blue color (fluorescence) of this crude oil. The relationship
between optical properties and PAHs is clearly established here.
Moreover, finding a five-ring PAH in a light crude oil helps
guide thinking into the types of PAHs that can arise in much
heavier oils and asphaltenes.

Indeed, the deep brown color of asphaltenes is one of their
canonical properties and is consequently quite useful to char-
acterize asphaltene PAHs. By and large, there is no disagree-
ment among asphaltene researchers about the optical absorption
or fluorescence emission properties of asphaltenes. Interpretation
of these properties mandated an exhaustive molecular orbital
study, which reinforced a simple picture.**** For example, small
PAHs are colorless and cannot account for asphaltene color.
Previous studies focused on the electronic spin-singlet manifold,
for both absorption and emission.”*** These studies have now
been extended to include the electronic spin-triplet manifold as
well*” For a population distribution of PAHs, singlet-state spectra
differ substantially from triplet-state spectra obtained by pump—
probe experiments, thus providing a stringent test relating pre-
sumed PAH distributions of asphaltenes with optical spectra.

Triplet-state spectra of asphaltenes and crude oils were
obtained with the optical pump—probe system shown in Figure 8.
Figure 9 shows the processes involved and asphaltene spectra
obtained in both the ground state (dominated by spin
singlets)**** and the triplet excited state.>’

A strong pulse at 355 nm excited the ground state for dilute
solutions of the selected sample. At a specified time later, a flash
lamp was used to obtain the spectrum. When the spectrum is
measured with and without the pump laser, the differential
absorption of the triplet state can be measured. These experi-
ments rely on the much longer lifetime of triplet states than
excited singlet states. The so-called “hole burning” is evident in
the triplet spectrum (right in Figure 9). After the strong 355 nm
pulse, there is a depletion of population that absorbs at 355 nm.

dx.doi.org/10.1021/ef300185p | Energy Fuels 2012, 26, 3986—4003
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Figure 7. (Left) Light crude oil from deep water, Gulf of Mexico. Its unusual blue color is due to fluorescence from a specific component, perylene
(molecular structure shown). (Right) Two-dimensional fluorescence spectra identify perylene as dominating the blue fluorescence emission from

this crude oil.>®
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Figure 8. Pump—probe system used to obtain triplet-state spectra of
asphaltenes and crude oils.*” The 355 nm laser line from the Nd:YAG
laser excited the ground state. Triplet-state spectra are then measured with
the Xe flash lamp. A schematic of the process is shown in Figure 9.

Consequently, the pump—probe absorbance at 355 nm is less
than absorption without the pump, and a negative absorption
results, as shown in the triplet-state absorption (right in Figure 9).

For the following, we presume the asphaltene PAH
distribution that accounts for the singlet manifold optical data
(left in Figure 9) and determine whether this is consistent with
the triplet manifold data (right in Figure 9). The corresponding
PAH distribution is centered at seven fused rings and
symmetrically falls off with equal populations of six fused
rings, eight fused rings, etc. In the pump—probe experiments,
the 355 nm excitation can excite the first and higher lying
excited singlet states with strong electronic transitions of
populous PAHs in asphaltenes. Figure 10 shows that this
corresponds to PAHs with five, six, and seven fused rings. The
weak flash lamp probe excites predominantly the first excited
triple state of these PAHs (right in Figure 10). These triplet-
state theoretical curves are very red-shifted, with maxima at
700 nm, compared to the ground (singlet) state absorption at
the original pump laser at 355 nm (cf. Figure 10). Indeed, this
is exactly what is observed in the pump—probe experiment for
asphaltenes (right in Figure 9).’

Part of the large red shift of the triplet states is due to
excitation of higher lying excited singlet states by the powerful
pump pulse. The lack of small ring systems in asphaltenes
guarantees that much of the short wavelength optical absorp-
tion will occur in larger PAHs with lower energy transitions.

3991

Indeed, pump—probe experiments on crude oils showed much
smaller red shifts in the triplet manifold, reflecting the presence
of small PAHs in crude oils with their higher energy transitions.>”
Correspondingly, the triplet-state spectra for asphaltenes in
Figure 11 show much larger red shifts than the triplet-state spectra
for crude oil. Pauli exclusion is also responsible for part of the red-
shifted triplet spectra for both crude oils and asphaltenes. The
triplet-state electrons are in the same spin state and, thus, cannot
have the same orbital quantum numbers. Consequently, the lowest
triplet state has one electron with a higher principal quantum
number and, therefore, with smaller excitation energies, as mandated
by the Rydberg equation. Pauli exclusion explains much of the red
shift of the triplet-state spectrum of crude oil compared to the
355 nm pump seen in Figure 11.

The salient feature of the pump—probe experiments of
asphaltenes along with the comparison to theory is that the very
different asphaltene spectra in the singlet-state versus triplet-
state manifold are consistent with an asphaltene PAH popula-
tion centroid at seven fused rings and largely rule out dominance
of small PAHs in asphaltenes.”” Asphaltenes are strongly colored
in the visible spectrum, and their UV absorbance is not orders of
magnitude higher in sharp contrast to absorption spectra observed
for small PAHs. As a final note, various other measurements were
performed in the pump—probe experiments to validate that indeed
triplet-state measurements were being performed. This included
measurements of quenching by different concentrations of mole-
cular oxygen and temperature effects on quenching rates that gave
Arrhenius activation energies for quenching. All measurements are
consistent with the explanations above.”’

PAH Size: NMR. Many different lines of investigation are in
accordance with the fact that the most probable number of
fused rings in asphaltene PAHs is approximately seven. In addi-
tion to the above, direct molecular imaging by both scanning
tunneling microscopy”> and high-resolution transmission elec-
tron microscopy™ gives this result. An early NMR study came
to the same conclusion.>® Rotational diffusion studies by TRFD
obtained similar diffusion constants for seven fused ring PAHs
with alkyl substituents and asphaltenes.'”'®*%3°

However, one study is at odds with these other studies. A *C
NMR study was performed and obtained PAHs of two, three,
and four fused rings for asphaltenes.”® The study used single-
pulse excitation (SPE) to obtain "*C NMR spectra. A spectral
cutoff between protonated and nonprotonated aromatic carbon

dx.doi.org/10.1021/ef300185p | Energy Fuels 2012, 26, 3986—4003
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asphaltene PAH distribution centered at seven fused rings. (Right) Triplet manifold absorption spectra (versus time delay) of asphaltenes using a
355 nm laser pump to excite the ground singlet state So. (Middle) After excitation, intersystem cross causes population of the triplet state T,. A
subsequent flash lamp pulse excites the triplet. The difference in absorption with and without the pump 355 nm laser is plotted.
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Figure 10. Molecular orbital calculations obtained for large numbers of PAHs with five, six, and seven fused aromatic rings. (Left) Singlet—singlet
(S—S) transition spectra. (Right) Triplet—triplet (T—T) transition spectra. Note the large red shift obtained for triplet-state spectra.’” This large red

shift is consistent with the triplet-state spectra in Figure 9.
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Figure 12. Comparison between DEPT and SPE *C NMR spectra of a coal-derived asphaltene.*” The DEPT spectrum obtains protonated aromatic
carbon. The SPE spectrum shows all aromatic carbon. Bridgehead carbon is a very important difference.® This study reveals bridgehead carbon that
was likely missed by a previous NMR study (see ref 28). Undercounting bridgehead carbon leads to low estimates for the number of fused rings.

was selected (130 ppm) and used to estimate bridgehead versus
peripheral aromatic carbon, thereby one can obtain estimates
of the number of fused rings in a PAH (knowing that there
is peripheral carbon in the 133—150 ppm range).”* In short,
this study concluded that there is only a small fraction of bridge-
head carbon; thus, the conclusion was reached that asphaltene
PAHs are small”® However, these simple integration calculations
performed on C SPE spectra suffer from the almost complete
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overlap of protonated and nonprotonated carbon signals in the
108—129.5 ppm region of the spectrum, leading to under-
estimation of the nonprotonated carbon content that occurs using
such traditional chemical-shift region integrations.

Recently, a more rigorous NMR approach was used to inves-
tigate this same question of bridgehead to geripheral carbon,
and a very different conclusion was obtained.”” Indeed, the new
NMR study is in close accordance with the previous studies,

dx.doi.org/10.1021/ef300185p | Energy Fuels 2012, 26, 3986—4003



Energy & Fuels

yielding ~7 PAHs in virgin 9petroleum asphaltenes, with ~6 PAHs in
coal-derived asphaltenes.®® This NMR study provided direct
interrogation of aromatic carbon bonded to hydrogen as opposed
to assigning a spectra cutoff. The corresponding method is
distortionless enhancement by polarization transfer (DEPT) NMR.
When DEPT "*C NMR spectra are compared to SPE spectra, one
directly determines aromatic carbon with hydrogen. Figure 12 shows
the corresponding spectra for a coal-derived asphaltene.

Figure 12 shows *C NMR data acquired for coal-derived
asphaltenes. This choice of sample was partly motivated by the
very small alkane fraction of coal-derived asphaltenes,” because
of both the lack of alkane in coal and the loss of alkane in
refining coal-derived liquids, with the process leading to resid
and, thus, these coal-derived asphaltene samples. The lack of
much alkane substitution on the PAHs of coal-derived asphalt-
enes simplifies the analysis, validating the DEPT and SPE *C
NMR spectral comparison. Further simplification with coal-
derived asphaltenes results from their being roughly '/, of the
molecular size of petroleum asphaltenes because of primarily
the lack of the large alkane component in petroleum asphaltenes
and, secondarily, the somewhat smaller PAH.'*?*% The ~50%
mass fraction of alkane carbon on petroleum asphaltenes includes
many long chains. The ~17% mass fraction of alkane carbon in
coal-derived asphaltenes is in short chains.**>

Previous NMR studies®" of asphaltenes from virgin crude oils
also found PAHs with 5—10 fused aromatic rings, thus, almost
identical results to those obtained from the '*C DEPT study.>
Moreover, this previous NMR study®" explicitly noted that they
obtained similar diffusion constants for asphaltene molecules as
the TRFD study (see ref 17 herein) and the fluorescence
correlation spectroscopy (FCS) study referenced herein (see
ref 20 herein). This NMR®" work also found clear evidence of
nanoaggregatesé1 but did discuss variations in their nanoaggregates,
which are not consistent with reports herein. These variations were
attributed to the presumed variations in the molecular architecture
also not observed herein. Nevertheless, the overall agreement on the
major asphaltene issues of PAH size, molecular diffusion constants,
and existence of nanoaggregates is encou.raging.61 A NMR study was
also performed on resid asphaltene.”> This study noted that the
process of refining cracks alkanes off PAH cores significantly,
modifying the molecular architecture of alkyl aromatics.> As noted
above and elsewhere,' this process results in smaller asphaltene
PAHs. The resulting resid asphaltenes were evaluated to have PAHs
with four fused rings on average.> This represents a lower limit for
virgin crude oil asphaltenes. In addition, this paper postulates the
existence of some archipelago molecular architecture in addition to
island molecular architecture for asphaltenes.” It has recently been
shown that archipelago molecular architecture is produced in the
thermal processing of these materials.>®

Coal-Derived versus Petroleum Asphaltenes. The
perspective is reinforced that simple heuristics are useful to
account for differences observed for asphaltenes from different
sources," 30396364 [y general, the single PAH core in asphaltene
molecules is the primary site of intermolecular attraction because
of both its polarizability and some degree of charge separation
associated with heteroatoms in the aromatic ring system, such as
nitrogen. The peripheral alkane substituents yield steric repulsion,
inhibiting molecular association. With the attractive forces in the
molecular interior and the repulsive forces on the molecular exterior,
small aggregation numbers are predicted for nanoaggregates, as
discussed below. In contrast, an archipelago architecture would give
multiple binding sites in single molecules, leading to gel formation at
low concentrations. This is never observed for asphaltenes.
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Asphaltenes are defined by their solubility classification. The
repulsive and attractive intermolecular forces must balance. A
decrease in alkane substitution must lead to a corresponding
decrease in PAH ring size. Coal-derived asphaltenes have much
less alkane than petroleum asphaltenes. First, coal-derived
asphaltenes are from coal that lacks much alkane. Second, coal-
derived asphaltenes are from coal liquids that were subject to
vacuum distillation. This thermal process cracks off alkane
substitution from PAHs. Thus, coal-derived asphaltenes are
much lower in molecular weight and also have smaller PAHs
than petroleum asphaltenes.””>**® Petroleum resid asphaltene
with its reduced alkane content also exhibits reduced PAH
size.> Initial asphaltene molecules that are subject to alkane
removal by cracking in distillation become less soluble forming
coke. This molecular population with larger PAHs is thus
removed from the asphaltene fraction.

For coal-derived asphaltene, most of the heteroatom content
is lost in the hydrogenation to form coal liquids and subsequent
vacuum distillation; thus, the differences between coal-derived
asphaltenes and petroleum asphaltenes are not dominated by
heteroatom concerns.””>’

B NANOAGGREGATES AND CLUSTERS

Many of the techniques that are sensitive to the colloidal pro-
perties of asphaltenes provide information on both nanoaggre-
gates and clusters. Relevant issues for these nanocolloidal par-
ticles are the concentration of formation and aggregation
number (or size). For the different investigative methods, more
robust results are often obtained for either the concentration of
formation or the aggregation number but generally not both.

CNAC. The CNAC of asphaltenes has recently been addressed
by both by DC conductivity measurements and centrifugation of
asphaltene—toluene solutions. Of the many techniques that have
been used to investigate CNAC of asphaltenes in toluene, perhaps
DC conductivity is the most robust. However, DC conductivity is
sensitive to the very small mass fraction of asphaltene molecules
that are charged in toluene solution, on the order of 10~ or less.>%°
Consequently, it is important to check whether DC conductivity
results for CNAC agree with other methods sensitive to the entire
sample, but that may be more difficult to analyze quantitatively. It
has already been shown that DC conductivity gives the same
CNAC results as high-Q ultrasonic spectroscopy for the same
asphaltene samples.’® A recent study showed that the CNAC
obtained by DC conductivity matched that obtained by centri-
fugation for the same asphaltene.®® Centrifugation provides un-
assailable evidence that there is an increase in aggregation at the
CNAC, the same CNAC obtained by DC conductivity. The latter
technique provides a close look at the concentration of the CNAC
but only by analysis of a small subset of asphaltenes.’® These two
different techniques are very complementary and support all pre-
vious studies on CNAC. Figure 13 shows the DC conductivity and
centrifugation results.”* The small change of the Stokes drag upon
aggregation (small reduction in conductivity at CNAC) indicates
that the nanoaggregates are small. Moreover, the centrifugation
experiments were designed to collect small nanoaggregates.65
Both of these experiments are consistent with small aggregation
numbers of asphaltene nanoaggregates.

In Figure 13, the development of a concentration gradient is
very clear at 100 mg/L. The absence of the concentration
gradient at 50 and 75 mg/L is also equally clear.”® We emphasize
that, within measurement error, there is no gradient at these lower
concentrations but a strong and clear gradient at 100 mg/L.
This is consistent with the abrupt appearance of aggregates
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Figure 13. Comparison of DC conductivity (top) and centrifugation
(bottom) applied to a specific Gulf of Mexico (GOM) asphaltene
shows excellent agreement of the measured CNAC.® At 150 mg/L
asphaltene in toluene, the DC conductivity plot shows a reduction of
conductivity associated with increased Stokes drag upon aggregate
formation. The centrifugation plot shows a significant increase in
collected asphaltene at the base of the centrifuge tube at 150 mg/L for
this asphaltene.65 Below 75 mg/L, there is no measured gradient. At
100 mg/L, there is a substantial gradient showing an abrupt change in
aggregation.

between 75 and 100 mg/L, which are significantly larger than
those present at or below 75 mg/L because all of the solutions
were allowed to settle simultaneously under the same condi-
tions. Because the concentration gradient appeared abruptly at
concentrations at or above 100 mg/L and is not even weakly
observed at a concentration at or below 75 mg/L, we believe
that a concentration of roughly 100 mg/L must represent a
critical concentration for the appearance of a gradient in the
settled fluid because of an abrupt change in the aggregation
state in this concentration range.”> As discussed previously,
there is a range of concentrations for critical concentrations,
such as CNAC or critical micelle concentration, with a small
aggregation number.®° Much more material is seen to settle at a
concentration of 150 mg/L. Consequently, it is reasonable to
call the CNAC ~ 150 mg/L for this GOM asphaltene while
noting that the CNAC represents a range of concentrations as
expected for small aggregation numbers. Critical concentrations
for nanoaggregate formation were obtained with high-Q ultra-
sonics, AC conductivity, DC conductivityy, NMR hydrogen
index, and NMR diffusion constants."”” We also note that, in
these centrifugation experiments, there was always some mass
that accumulated at the outermost point on the wall even at
small concentrations.”® The quantity was difficult to determine
for small concentrations. One expects that asphaltenes close to
the far wall of the centrifuge tube should be collected. In
addition, there might be a small inorganic component associated
with clays that becomes collected.

Figure 14 shows the same value of CNAC for a different
asphaltene compared to Figure 13. Moreover, the CNAC of the
Latin American crude oil asphaltene (LAM) exhibits no detect-
able temperature dependence,® in reasonable agreement with a
previous NMR study addressing the temperature dependence of the
asphaltene CNAC.*' The solubility product K of the nano-
aggregate can be expressed in the form K ~ exp{—AG/kT}.
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no detectable temperature dependence of the CNAC over a limited
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AG = AH — TAS. where AG, AH, and AS refer to the change of
Gibbs free energy, enthalpy, and entropy of aggregate formation.
The lack of temperature dependence of the CNAC indicates that
nanoaggregate formation is primarily entropically driven (while of
course the most favorable enthalpy configuration is favored). In
aqueous systems, entropically driven micelle formation is
common, essentially occurring because of the decreased excluded
volume of the solvent. That is, the increase in solvent entropy
upon aggregate formation is more important than the reduction of
asphaltene entropy.

As repeatedly discussed,"” asphaltene nanoaggregates have
limited aggregation numbers because of molecular architecture.
The attractive PAH is in the molecular interior, while the peri-
pheral alkanes produce steric repulsion. Consequently, only a
few (<10) molecules can aggregate before only repulsive alkanes
are exposed to the outside. Nevertheless, with entropic formation,
there can be aggregate number limits established as well. Extra
large aggregates might have too low of an entropy, favoring an
optimal aggregate size. This could be an important consideration
for cluster formation, in that cluster size does not have molecular
architecture limitations.

Critical Cluster Concentration (CCC). Perhaps the
clearest demonstration of the asphaltene CCC is obtained by
determining the kinetics of flocculation for asphaltene/toluene
solutions subject to n-heptane addition, as shown in Figure 15.°°*

RLA
~@- DLA

5 A5 -
10 F =e= Crossover | L E|

1 1 I 1 I
10' 102 10%

10
T*

Figure 15. Aggregation number N as a function of the scaled time 7*.
Flocculation data for n-heptane addition to different asphaltene/
toluene solutions. Orange circles represent data for 10 g/L asphaltene/
toluene solution exhibiting reaction-limited aggregation (RLA). Blue
squares represent data for a 1 g/L asphaltene/toluene solution
exhibiting diffusion-limited aggregation (DLA). Red circles
represent data for S g/L asphaltene/toluene solution exhibiting
crossover aggregation kinetics.

This figure clarifies that the concentration of cluster forma-
tion is more than 10 times greater than the concentration of
nanoaggregate formation. Clusters are distinct from nano-
aggregates.

For asphaltene/toluene solutions below CCC, n-heptane
addition yields diffusion-limited aggregation. Upon destabiliza-
tion with n-heptane addition, the nanoaggregates stick to each
other upon collision. For n-heptane addition to asphaltene/
toluene solutions above CCC, the clusters do not stick upon
collision. A morphological change is needed on the surface of
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the fractal clusters to allow them to stick. This requirement of
morphological change yields reaction-limited aggregation.®”
The CCC of asphaltenes was shown to be 2—5 g/L.

This informative flocculation study does not establish the size
of clusters. For many reasons, this is an important parameter to
determine. For the size determination of clusters, there is con-
fluence of evidence from DC conductivity, SAXS and SANS
results, and observation of asphaltene gradients in heavy oil
reservoirs.

DC conductivity also gives a similar CCC for asphaltenes, as
shown in Figure 16. In addition, the effect of the C5-insoluble
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Figure 16. DC conductivity exhibits the critical clustering concentration
of asphaltenes. For n-heptane asphaltenes, the CCC is 2.0 g/L.* By
inclusion of the CS-insolubles and C7-solubles, the CCC changes but
primarily trivially because of the dilution of C7-insolubles.

and C7-soluble fraction changed the CCC but primarily by a
trivial dilution effect (CS-insolubles flocculate with the addition
of n-pentane, and C7-insolubles flocculate with the addition of
n-heptane). The same trivial dilution effect applies to the
CNAC.*® As with the CNAC, the change of Stokes drag at the
CCC is not large, indicating that the cluster is not that much
bigger than the nanoaggregate.

Size of the Asphaltene Nanoaggregate and Cluster.
The size of the asphaltene nanoaggregate is obtained by AFM
of corresponding Langmuir—Blodgett films (Figure 17). The films
of asphaltene nanoaggregates are found to be ~2 nm, whether
grown from toluene or chloroform, which is in accordance with
small aggregation numbers.”””!

The size of asphaltenes and clusters has been investigated by
a series of studies specifically analyzing the absolute cross-
section of SAXS and SANS together.“s’46 Figure 18 shows an
example of this analysis.

More recently, the combined SAXS—SANS data interpreta-
tion indicated that the best fit to the data yielded a single PAH
stack in the nanoaggregate, which is consistent with Figure 1, in
terms of both the molecular structure and nanoaggregate
structure. In addition, these data sets also show the existence of
clusters.*®’>7®> A representation of the combined results is
given in Figure 19.

Scattering data can be interpreted in various ways. To
provide tight constraints for interpretation in Figure 19, the
scattering data have been acquired (1) on an absolute intensity
scale, (2) on a large scattering vector (length scale) domain, (3)
using different scattering probes (X-ray and neutrons), and (4)
in deuterated and hydrogenated toluene mixtures to vary the
scattering length density of the solvent.** In this manner, the
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Figure 17. AFM of a Langmuir—Blodgett film of asphaltene nanoaggregates on highly oriented pyrolytic graphite (A) deposited from toluene”® or
(B) deposited from chloroform.”* The nanoaggregate layer is approximately 2 nm thick.
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Figure 18. Comparison between SAXS (solid points) and SANS
(hollow points) spectra. Variations of the normalized cross-section
1(q)/@Ap* 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. The contrast between SAXS sensitivity to electron
density and, thus, the 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 1.4 nm.*

model coming from fitting the scattering data is highly selective
if not unique, and strong conclusions can be obtained.
Polydispersity is included of course and can alter the parameter
magnitude to a degree. Nevertheless, the clear conclusion is the
existence of two colloidal structures and not just one.*
Figure 19 shares many similarities with the Yen—Mullins
model of Figure 1, for example, the island architecture with a
somewhat large PAH. Not one but two distinct nanocolloidal
species are obtained. The smaller species is a nanoaggregate of
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small aggregation number with an aromatic core and an alkane
shell. A cluster with a small aggregation number of nano-
aggregates is obtained. While the overall length scales for the
nanospecies in Figures 1 and 19 are similar, there are specific
differences. For example, the sizes of the asphaltene PAH are
similar but not identical. In addition, proposed molecular
structures must explicitly account for the energetics of ring
systems, as discussed.'®”* In our view, these differences are
secondary to the overall similarities. Future studies will shed
light on these issues. It is also important to remember that
there are multiple types of sizes that appear in these different
studies. For example, the SANS and SAXS studies are sensitive to
the radius of gyration of the species in question (as well as its
actual geometry). The DC conductivity studies and asphaltene
molecular diffusion studies are sensitive to the hydrodynamic
radius, while the centrifugation studies and the oilfield studies
are sensitive to the effective physical radius. Thus, even for the
exact same species, different studies will obtain somewhat different
effective sizes.

A question arises as to why the cluster size is limited. If
cluster formation is enthalpically driven, it is hard to understand
why aggregation would cease at this nano length scale. How-
ever, if cluster formation is entropically driven as nanoaggregate
formation is, then it makes sense that there is an optimal size.
Too little aggregation, and the solvent entropy is too low. Too
much aggregation, and the asphaltene entropy is too low.
Indeed, studies on related inverse micelles support the idea of
an entropy drive for the formation of nanoparticles.”* Never-
theless, the cluster size would then depend much more upon
environmental conditions than the nanoaggregate because of
the molecular geometry constraint on the nanoaggregate size.
Indeed, this is just what was observed in the SANS and SAXS
studies.”>”

Recent work has shown that phase behavior properties of
asphaltenes in crude oils in the presence of various solvents is
best accounted for with the presumption of the existence of
asphaltene nanoaggregates in the crude oil.”® Specifically, Wiehe
plots can be prepared for crude oils, where asphaltene preci-
pitation onset is plotted against the addition of n-heptane and
Heptol mixtures to the crude oil. The observed characteristics of
the Wiehe phase behavior plots can be obtained via a regular
solution approach presuming asphaltene nanoaggregates.”®
A regular solution theory, such as the Flory—Huggins theory,
has been used successfully to treat many aspects of asphaltene
phase behavior.”””®

dx.doi.org/10.1021/ef300185p | Energy Fuels 2012, 26, 3986—4003
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Figure 19. Asphaltene nanoscience model most consistent with combined SANS and SAXS studies.*®”>”® This model is very consistent with the
Yen—Mullins model of Figure 1 and is very encouraging that major features of asphaltene nanoscience are being resolved.

B FIRST PREDICTIVE EQUATION OF STATE FOR
ASPHALTENE GRADIENTS IN OILFIELD
RESERVOIRS

The implications of resolving asphaltene nanoscience are dramatic.
With the resolution of the size of asphaltene molecules and
nanocolloidal species, the gravity term can now be determined in
an equation of state. The gravity term has been aded to the Flory—
Huggins equation that has been used extensively in treating
asphaltene phase behavior.”””® We refer to this new equation as
the FHZ EoS for Dr. Julian Y. Zuo, who is leading the effort to use
this new thermodynamic model to address a variety of major
oilfield concerns.””~* The FHZ EoS is given below’*®'

OD(h,)  ¢(h) [ uvgAp(h, — k) N (V_)
ob(h) () | RT '

3 (%)hl _uls - 6),{{; (5, - 6),112]]

14

(1)
where OD(h;) is the optical density as a result of electronic
absorption (cf. Figure 9) at height h; in the reservoir, ¢,(h;) is the
asphaltene content at height h; v, is the molar volume of the
particular asphaltene species (cf. Figure 1), g is earth’s gravitational
acceleration, R is the ideal gas constant, T is the temperature, v is
the molar volume of the liquid-phase crude oil, and 8, and 6 are the
solubility parameters of asphaltene and the crude oil, respectively.
For condensates, the relevant asphaltene volume is the molecule.
For black oils, the relevant asphaltene volume is the nanoaggregate.
For mobile heavy oil, the relevant asphaltene volume is the cluster.
Mobile heavy oils have viscosities up to roughly one thousand
cP and can be produced conventionally.

To employ the FHZ EoS, one can use standard laboratory
determinations of parameters, such as the asphaltene solubility
parameter. The crude oil solubility parameter for a live crude oil
(with its reservoir solution gas) depends upon the GOR of the
crude 0il.””~®" Indeed, the FHZ EoS is compatible with mea-
surements performed downhole in oil wells (downhole fluid
analysis) during sample acquisition of crude oils,** thereby
making the FHZ EoS very important from a practical standpoint.
The asphaltene solubility parameter can be estimated without
much difficulty, and for evaluating asphaltene gradients in
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reservoirs, a single parameter value suffices, (e.g,, 21.85 MPal/?

at 298 K).*!

B OILFIELD CASE STUDIES

Asphaltene Gradients in Reservoir Crude Oils. Many
recent oilfield studies have shown the utility of this combination of
asphaltene nanoscience and the FHZ EoS. Figure 20 shows the
application of this equation of state for each of the three
asphaltene species in Figure 1 for three different reservoirs.*’

In all three cases, the asphaltenes in the reservoir crude oils
were shown to obey the FHZ EoS; thus, the asphaltenes are
equilibrated. In all three cases, the reservoirs were shown to be
in flow communication by production, which is consistent with
an equilibrated fluid column.** For the low GOR black oil
(middle in Figure 20), the asphaltene gradient is dominated by
the gravitation term of eq 1. For the mobile heavy oil (right in
Figure 20), again, the asphaltene gradient is dominated by the
gravity term. Most importantly, the two gradients differ by a
factor of 50. That is, there is an asphaltene concentration differ-
ence of a factor of 2 in 1000 m of oil column height for the
nanoaggregates (black oil), while for clusters (heavy oil), there
is an asphaltene concentration difference of a factor of 2 in
20 m. Recent data on heavy oilfields from the Gulf of Mexico,
Russia, Saudi Arabia, and Ecuador all exhibit the same gradients
because of asphaltene clusters.® This difference in asphaltene
gradient between nanoaggregates and clusters occurs because
the factor of 2.5 difference between them in linear dimension
becomes cubed in the asphaltene volume term v, and is than
placed in the argument of the exponential of the Boltzmann
distribution, (cf. eq 1; exp{—v,gAph/kT}). Because viscosity of
heavy oil exponentially depends upon the asphaltene content
and the oil flow rate inversely depends upon viscosity, the asphalt-
ene gradients are very important. For example, the asphaltene
gradient on the right in Figure 20 corresponds to 6 cP at the top
of the column and 200 cP at 20 m lower. This has huge implica-
tions in heavy oilfields around the world.*®

Reservoir Connectivity. Most importantly, the Yen—Mullins
model applies to not only asphaltenes in toluene but also asphalt-
enes in reservoir crude oils. This auspicious circumstance bodes well
for many important field applications. Because asphaltene equilib-
ration is a slow process on a geologic time scale, the implication is
that these reservoirs with equilibrated asphaltenes are connected
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Figure 20. Asphaltene gradients in three different oilfield reservoirs are shown. (Left) Condensate with a true molecular solution of asphaltene (or
asphaltene-like) molecules, (Middle) Low GOR black oil with asphaltene nanoaggregates. (Right) Mobile heavy oil with asphaltene clusters. Note
that the larger clusters produce a gravitational gradient S0X larger than the low GOR black oil. For the condensate, the GOR gradient helps create

the asphaltene gradient.*
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Figure 21. FHZ EoS can fit the famous series of crude oils from a single oil column deepwater, Gulf of Mexico (courtesy of Hani Elshahawi, Shell
Exploration and Production Company). These are dead crude oils. The solution gas has been removed. One visually sees a giant asphaltene gradient

that is reproduced by the FHZ EoS (using nanoaggregates).*®

without flow barriers.** In all three cases in Figure 20, oil produc-
tion proved this to be true.*> We also note that recent field studies
suggest that the size of clusters shows some variability from one
oilfield to another. This observation, if validated, is consistent with
the SAXS and SANS studies’>”* regarding somewhat variable
cluster size and is a current area of research.

Disequilibrium. Another major success of the FHZ EoS is
the ability to account for the gigantic asphaltene gradient in a
single oil column deepwater, Gulf of Mexico. Figure 21 shows
the asphaltene gradient, which is obvious to the eye, along with the
results of the FHZ EoS analysis.*> This gradient was created by a
late gas charge into the reservoir. The gas quickly migrates to the
top of the reservoir and then difftuses down. Where the solution gas
is high at the top of the oil column, the asphaltenes are expelled.
Toward the base of the oil column, the solution gas remains low
because the gas has not had sufficient time to reach the base by
diffusion. Low solution gas is compatible with high asphaltene
content. This variable solution gas is grossly out of equilibrium.
The asphaltenes locally equilibrate according to the solution gas
content in the oil, but the asphaltene content is also grossly out of
equilibrium when considering the column as a whole.**

Tar Mat Formation. In similar oilfields with a later gas
charge but where the solution gas has increased (diffused) all of
the way to the bottom of the oil column, the asphaltene can be
expelled in bulk, creating a tar mat at the base of the column.®
Figure 22 shows a thin section from the core, showing the
asphaltene-rich tar mat®® Tar mats have not been well-
understood in the oil industry, the FHZ EoS coupled with the
Yen—Mullins model is providing substantial guidance for this
issue. Perturbed-chain statistical associating fluid theory (PC-
SAFT) modeling has recently been employed to model asphaltene
gradients and also offers a promising approach.”” PC-SAFT model-
ing has been successful in modeling asphaltene phase behavior.**
Nevertheless, to obtain a 50X larger gradient for mobile heavy oil
than for low GOR black oil, it is likely that PC-SAFT modeling will
need to explicitly incorporate the Yen—Mullins model.

Kinetics. Transport of asphaltenes through porous media is
dependent upon the existence of multiple colloidally stable
species. That is, destabilization of nanoaggregates can produce
asphaltene clusters that then create high concentrations of
asphaltene toward the case of the oil column (cf. right in
Figure 20). It is at the base of the column where the highest
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Figure 22. Tar that formed at the base of a high GOR oil column. This

asphaltene-rich tar formed on a cemented sandstone and, thus, not at

an oil—water contact (water had nothing to do with this tar mat

formation). Gas diffusion into the oil destabilized the asphaltene,
. . . 86

causing phase instability at the base of the column.

asphaltene concentrations are found that can exceed the solvency
of the crude oil for asphaltenes, thereby inducing phase instability
there. Nevertheless, it is important to realize that processes on
geologic time are slow and can involve additional complexities.
Figure 23 shows that asphaltene flocculation times can become
quite long when the destabilization of asphaltenes is slight.*”
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Figure 23. Detection times for the onset of precipitation and onset of
haze for varying heptane concentrations using K-1 and N-2 crude oils.”

These slow kinetics are accompanied bg small particle size,
especially early in the flocculation process.” It is plausible that
these slow kinetics and small flocs play a role in the migration
of asphaltenes through reservoirs. The Stokes velocity of an
asphaltene cluster is exceedingly small. There might be a role
for very small flocs, for example, 10 nm in size, in this migration
process and is an area of current research. Nevertheless, measured
gradients in mobile heavy oils are consistent with cluster
size (S nm).85 Any explanation regarding asphaltene transport
through reservoirs must be consistent with this observation.

Bl CONCLUSION

The Yen—Mullins model, also known as the modified Yen
model, addresses the molecular and nanocolloidal species of
asphaltenes in laboratory solvents and reservoir crude oils. After
the first publication of this model, many studies have been
published using a wide variety of methods supporting all major

4000

components of the Yen—Mullins model. In particular, uni-
molecular decomposition studies obtain strong evidence for the
“island” molecular architecture, with a single PAH in the
molecular core. A bulk decomposition study proved that island
model compounds can be converted to archipelago com-
pounds, helping to explain discrepancies associated with bulk
decomposition studies. A new NMR study finally put *C NMR
studies in alignment with many other techniques regarding the
number of fused rings in asphaltene PAHs. An unusual study
identified the origin of the blue color of a light crude oil as
being due to fluorescence from perylene, a five fused ring PAH.
This observation supports conclusions about the sizes of PAHs
that occur in asphaltenes. Optical interrogation along with MO
calculations of the asphaltene PAH distribution has been
extended to the triplet-state manifold with continuing con-
sistency. Approximately seven fused ring PAHs represent the
asphaltene population centroid. Centrifugation and DC con-
ductivity studies reinforce reported aggregation concentrations
of nanoaggregates and clusters. The existence and size of these
nanocolloidal species are strongly reinforced by combined
SANS and SAXS studies. The Yen—Mullins model has enabled
development of the industry’s first equation of state for asphaltene
gradients, the FHZ EoS. In turn, this has been exploited in con-
junction with new chemical analysis methods in the oilfield to
characterize asphaltene gradients and instability in various reservoir
crude oil from condensates to mobile heavy oils. The tremendous
utility of this approach is becoming evident in numerous oilfield
case studies. Kinetic studies in both the laboratory and the oilfield
are creating a link to explore reservoir concerns. The field of
asphaltene science is rapidly evolving, and the corresponding
technology applications are rapidly expanding. The vision of
petroleomics is being realized in the laboratory and the reservoir.
The proper chemical understanding of the “third” enigmatic phase,
the solid asphaltenes, of crude oil, coupled with the traditional
understanding of gas and liquid phases, is dramatically improving
petroleum science, with auspicious implications for evaluation and
exploitation of oilfield reservoirs.
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