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Solvent Entrainment in and Flocculation of Asphaltenic Aggregates
Probed by Small-Angle Neutron Scattering
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While small-angle neutron scattering (SANS) has proven to be very useful for deducing the sizes and masses of
asphaltenic aggregates in solution, care must be taken to account for solvation effects within the aggregates so as to
not err in the characterization of these important systems. SANS measurements were performed on solutions of
asphaltenes dispersed in deuterated solvents in which a broad spectrum of solute and solvent chemical compositions
was represented. Fits to the scattering intensity curves were performed using the Guinier approximation, the Ornstein-
Zernike (or Zimm) model, a mass-fractal model, and a polydisperse cylinder model. The mass-fractal model provided
apparent fractal dimensions (2.2-3) for the aggregates that generally decreased with increasing aggregate size, indicating
increased surface roughness for larger aggregates. The polydisperse cylinder model provided typical values of the
particle thicknesses from 5 to 32 Å, the average particle radius from 25 to 125 Å, and∼30% radius polydispersity.
Subsequent calculation of average aggregate molar masses suggested a range of solvent entrainment from 30 to 50%
(v/v) within the aggregates that were consistent with previous viscosity measurements. Additional calculations were
performed to estimate the proportion of microparticle to nanoparticle aggregates in the solutions. The results indicate
that the inclusion of solvation effects is essential for the accurate determination of aggregate molecular weights and
fractal dimensions.

Introduction
Petroleum asphaltenes are well-known for their tendency to

associate in solution and adsorb at interfaces, implicating them
in petroleum production problems such as organic deposition1,2

and water-in-crude oil emulsion formation.3-11 Fundamental
research has focused on establishing a link between asphaltene
chemical composition, molecular structure, and colloidal proper-
ties. These efforts are complicated by the fact that asphaltenes,
the portion of crude oil insoluble inn-heptane (orn-pentane),12

are comprised of a polydisperse mixture of chemically hetero-
geneous species13 that can vary significantly from one crude oil
to another. In general, the asphaltene molecular structure is

characterized by the presence of fused ring aromatic moieties,
small aliphatic side chains, and polar heteroatom-containing
functional groups.14-18The chemical composition of asphaltenes
is also polydisperse, with typical atomic H/C ratios varying
between 1.0 and 1.3 and N, S, and O contents of a few weight
percent.19-22 Fourier transform infrared (FTIR) and X-ray
absorption near-edge (XANE) spectroscopy reveal several polar
functional groups, such as carboxylic acids, carbonyls, phenols,
pyrroles, and pyridines, that are capable of participating in proton
donor-acceptor interactions.23-25

The aggregation mechanism for asphaltenes is primarily
governed by van der Waals dispersion interactions, electrostatic
interactions between molecular charges, hydrogen bonding of
polar moieties, and orientation-dependent repulsive steric in-
teractions,with lessercontributionsstemming from intermolecular
charge transfer and weak inductive interactions.26 A recent
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proposal based on a review of the current literature suggests that
strong specific forces, such as interactions between polar
heteroatoms orπ-bonding between aromatic moieties, drive
asphaltene aggregation, while weaker nonspecific dispersion
forces dominate asphaltene precipitation.27 Although the inter-
molecular interactions that drive asphaltene aggregation are
generally accepted, debate still exists over the orientation of
heteroatom, alkyl, and aromatic moieties within the molecular
framework. For example, two different models have been adopted
in the literature to account for the degree of aromatic condensation
within the fused ring backbone of asphaltenes, but both models
are consistent with monomer masses between 500 and 1000
amu. One is the so-called “continental” model of asphaltenes,28

which posits a monomer molecular structure consisting of a large,
highly condensed aromatic core surrounded by an aliphatic
periphery, as inferred from X-ray diffraction and fluorescence
depolarization experiments.18,29-33 Interactions of continental
monomers would likely form dense-packed aggregates through
stacking interactions of the aromatic cores.32,33 Alternatively,
the so-called “archipelago” model28 was proposed in which
individual asphaltene monomers are composed of clusters of
polycondensed groups consisting of 5-7 aromatic rings connected
by short aliphatic side chains, possibly containing polar het-
eroatom bridges.15,16,32,34,35The archipelago model is supported
by chemical and thermal degradation studies that concluded that
the extent of aromatic condensation in asphaltenes is significantly
lower than generally believed.35 Furthermore, molecular simula-
tion studies on a proposed Athabasca asphaltene structure
suggested that the presence of long aliphatic bridges gives
asphaltenes the capacity to fold themselves into a complex three-
dimensional globular structure with self-similar internal struc-
ture.32If the archipelago-like structure is valid, it seems probable
that asphaltenic aggregates possess a porous, reticulated mi-
crostructure susceptible of entraining significant amounts of
surrounding solvent.

The notion that asphaltenes entrain solvent or are “swelled”
by interactions with the surrounding solvent media is not novel.
Swelling of “dry” Cold Lake asphaltenes was evident from the
small-angle X-ray scattering (SAXS) spectra as a shift in apparent
peak location to lower wavevectors (larger length scales) with
increasing dilution by 1-methylnaphthalene.36 Volumetric swell-
ing studies on petroleum asphaltenes showed a solvent-dependent
expansion of the packed asphaltene volume (10-70%) with the
addition of∼1.5 mL of solvent to 300 mg of dry asphaltenes.37

Other studies suggest that solvation of asphaltenes by the
surrounding solvent modifies the aggregate geometry. Viscosity
measurements on Khafji asphaltenes in benzene described four
alternativemeansofmodeling thehydrodynamicshapeof solvated
and unsolvated asphaltenic aggregates, depending on assumptions
made concerning the thickness of the solvation layer.38The extent
of solvation for Ratawi and Hassi Messaoud asphaltenes in toluene
was quantified by measuring the relative viscosity as a function

of solute concentration.39,40 Similar calculations of solvent
entrainment were obtained from viscosity measurements per-
formed on natural and synthetic Ratawi vacuum residue.41 The
results from these studies suggested that the solvated volume of
the asphaltenic aggregates was 1.7-2.7 times the unsolvated or
“dry” asphaltene volume, implying a volumetric entrainment of
about40-60%.Similarattempts toquantify theextentof solvation
of Safaniya asphaltenes in mixtures of heptane and toluene
were performed by a combination of small-angle neutron
scattering (SANS) and viscosity measurements;42however, poor
agreement of the effective asphaltene volume fraction within the
aggregates calculated from the two methods suggested the need
to include polydispersity or to modify the assumed aggregate
shape.

In this regard, SANS provides the opportunity to quantify the
extent of solvent entrainment within asphaltenic aggregates,
assuming that the model used to describe the scattering behavior
accurately reflects the particle structure. Various monodisperse
and polydisperse geometric form factors have previously been
applied to SANS and SAXS scattering spectra of asphaltene
solutions, including spheres, ellipsoids (prolate or oblate), and
cylinders (prolate or oblate).43-53A recent SANS study comparing
the quality of fits for various monodisperse and polydisperse
structural models suggested that asphaltenic aggregates are
described by polydisperse oblate cylinders (or ellipsoids) with
a Schultz-like distribution of radii.53 One objective of this study
is to show that the polydisperse oblate cylinder model is consistent
with the structure of asphaltenic aggregates, regardless of the
asphaltene chemical composition solvent conditions. Applying
a structural model that accurately describes the asphaltene shape
allows additional information to be obtained from scattering data,
such as the average aggregate molecular weight. Two methods
are provided for calculating the aggregate molecular weight from
the SANS fitting parameters. Another objective is to show that
self-consistent values of the aggregate molecular weight are
obtained from SANS measurements only after properly ac-
counting for solvation effects.

Once the amount of solvent entrainment is known for a given
sample, a method is suggested for determining the proportion of
microparticle to nanoparticle aggregates in solution. The amount
of asphaltene flocculation (or precipitation) is generally measured
by gravimetric methods (see, for example, refs 10 and 22). Mason
and Lin proposed a method of quantifying the extent of
microparticle flocculation from SANS spectra of incompatible
crude oil blends using a structure factor based on the Percus-
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Yevick (PY) closure.54 The nanoparticle contribution to overall
scattering intensity was represented using a geometry-independent
model (i.e., the Zimm method); however, the PY closure
inherently assumes the asphaltene nanoparticles behave as hard
spheres. Both the PY method and the method introduced inthis
study account for changes in the apparent volume fraction of
nanoparticle scatterers after effectively removing the contribution
of microscale aggregates from the scattering intensity distribution.
In this study, the apparent reduction in the nanoparticle volume
fraction is calculated after assuming a fixed value for the solvent
entrainment within the aggregates containing a mixture of
nanoparticle and microparticle aggregates. Comparison of the
nanoparticle volume fraction to the total volume fraction of
scatterers provides an estimate of the flocculated material.
Flocculation results based on the proposed method will be
compared to previous gravimetric solubility measurements for
the asphaltenic fractions at the same solvent conditions.

Experimental Section

Asphaltene Precipitation.Asphaltenes were isolated from five
crude oils in a 40:1 (v/v) excess ofn-heptane. The source crude oils
included B6, Hondo (HO), Arab Heavy (AH), Gulf Coast (GC), and
Canadon Seco (CS). These crude oils were asphaltene rich and varied
in viscosity, native resin content, and asphaltene chemical composi-
tion. Asphaltenes isolated from the crude oils were separated into
more soluble (S) and less soluble (P) fractions by dissolving the
whole asphaltenes in toluene and inducing partial precipitation
throughn-heptane addition, according to the procedure of Spiecker
et al.10 A shorthand notation was used to identify the fractions
generated by this method. For example, the less soluble fraction of
asphaltenes that consisted of 30% (w/w) of the whole asphaltenes
was identified as the P30 fraction. The more soluble fraction that
consisted of 70% (w/w) of the whole asphaltenes was identified as
the S70 fraction.

B6 and HO asphaltenes were also separated into several fine
fractions by sequential fractionation in mixtures of heptane and
toluene, according to the procedure of Gawrys et al.55 During the
fine fractionations, approximately 20 g of whole asphaltenes were
dissolved in toluene solution such that the total asphaltene
concentrationwas1%(w/w)after flocculantaddition.Enoughheptane
was added to the solution to induce partial precipitation of
approximately 1-2% (w/w) of the whole asphaltenes. The pre-
cipitated asphaltenes were isolated by filtration, becoming the first
“fine fraction”. The soluble asphaltenes were recovered from the
filtrate and dispersed in a mixture of toluene and heptane according
to the above procedure such that another 1-2% (w/w) of the whole
asphaltenes precipitated. The fractionation procedure continued using
progressively moren-heptane as a flocculant until 20-30 fine
fractions were generated.

Chemical Characterization.All of the asphaltene fractions were
characterized by combustion elemental analysis at the University of
Alberta (Department of Chemistry, Edmonton, Alberta, Canada)
using a Carlo Erba instrument. A detailed summary of the chemical
composition of the asphaltene fractions is described elsewhere.22,55

The ranges of chemical compositions for the asphaltene fractions
analyzed in this study are shown in Table 1.

SANS Sample Preparation.Solutions with mass concentrations
of 1% (w/w) were prepared by dissolving the various asphaltene
fractions in mixtures of deuterated solvents, includingd-toluene,
d-heptane,d-methylnaphthalene, andd-methanol. Several combina-

tions of the above solvents were used (e.g., pured-toluene; 40:60
(v/v) d-heptane/d-toluene; 90:10 (v/v)d-methylnaphthalene/d-
methanol) for the fractions to represent a broad range of asphaltene
solubility behaviors. Solvents were obtained from CDN Isotopes
and had>99.9% chemicalpurity and>99.5% perdeuteration. During
the sample preparation,d-toluene or d-methylnaphthalene was
initially added to the dry asphaltenes, and the solution was subjected
to constant, gentle shaking until the asphaltenes were completely
dissolved. Upon dissolution of the asphaltenes, the second solvent
(i.e., d-methanol ord-heptane) was added to the solutions. The
solutions were allowed to equilibrate for at least 1 week prior to
performing the scattering experiments.

SANS Measurements.SANS measurements were performed on
the small-angle neutron diffractometer (SAND) at the Intense Pulsed
Neutron Source (IPNS) Division of Argonne National Laboratory
(Argonne, IL). The instrument geometry and neutron wavelength
values bound the operatingQ range according to

whereθ is half the scattering angle, andλ is the neutron wavelength.
The availableQ range extended from 0.0035 to 2 Å-1 and was
adequate for the modeling of asphaltene aggregation. The samples
were measured at 25°C in cylindrical quartz sample cells (NGS
Precision) with a path length of 2 mm. A typical scattering experiment
consisted of 15 min of detecting neutron transmission through the
samples followed by 60 min of scattering. The absolute scattering
intensity,I(Q), for each sample was obtained from the total detector
counts corrected for background radiation, the neutron transmission
through the sample, the scattering from the quartz cell, and detector
sensitivity.

SANS Model Fitting.Scattering intensity versus scattering angle
(I(Q) vs Q) curves were fit to the Guinier approximation,56 the
Ornstein-Zernike (or Zimm) model,57the small-particle mass-fractal
model,58and a polydisperse radius oblate cylinder model.53Both the
Guinier and Ornstein-Zernike models provide a means of estimating
aggregate sizes without specifying the particle geometry. The Guinier
approximation is given by56

whereI0 is the scattering intensity extrapolated toQ ) 0, andRG

is the aggregate radius of gyration. The Guinier approximation is
generally applied by fitting a straight line through a plot of ln(I)
versusQ2 in the range ofQmaxRG e 1. The Ornstein-Zernike model
describes the scattering intensity in the lowQ limit as a Lorentzian
line shape given by57

Several previous studies have applied the Ornstein-Zernike model
to asphaltene solutions.10,22,42,54,59-61 In many of these studies, the
scattering data is generally truncated at an arbitrary value ofQmax.
In this study, the Ornstein-Zernike model was applied after truncating
the data sets at two different values ofQmax (i.e., QmaxRG e 1 and
Qmax ) 0.1 Å-1).

The fitting function for the small-particle mass-fractal model was
authored by Littrell and provided by Argonne National Laboratory
for use with IgorPro software. The fitting function for polydisperse
radius oblate cylinders was written by the authors.53 The Q range
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206-211.

Table 1. Ranges of Chemical Compositions (Molar Ratios) for
Asphaltene Fractions

H/C N/C S/C O/C

1.09-1.45 0.010-0.025 0.002-0.047 0.012-0.036

Q ) 4π
λ

sin θ (1)

I(Q) ) I0 exp(-Q2RG
2/3) (2)

I(Q) )
I0

1 + Q2RG
2/3

(3)
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over which both models were applied was fixed between 0.006 and
0.5 Å-1. A constant background term was included in the model fits
to account for incoherent scattering from all nuclei with nonzero
spin in the solvent and solute. The small-particle mass-fractal model
is given by58

whereD andê are the fractal dimension and the exponential cutoff
length for fractal aggregation, respectively. Equation 4 is a
simplification of the mass-fractal model introduced by Chen and
Teixeira62 that describes the aggregates as a three-dimensional
agglomeration consisting of elementary spherical particles with
radius,R, and having a fractal-like nature. The small-particle mass-
fractal assumes that scattering from the elementary spherical particles
is negligible (i.e.,ê . R andQmaxR , 1). The radius of gyration
was determined from the above fitting parameters by

In the limit thatD ) 2, the small-particle mass-fractal model reduces
to the Zimm approximation.

The scattering intensity distribution for a polydisperse system is
proportional to the ensemble average of the intraparticle structure
factor,P(Q), as given by

wheref(x) is a normalized distribution function for size parameter,
x. The intraparticle structure factor used in this study to model
polydisperse oblate cylinders is given by

wherefSis the Schultz distribution function. The polydisperse cylinder
model utilizes two approximations of the intraparticle structure factor
for an oblate cylinder. In the lowQ region (i.e.,QR < 3), the
intraparticle structure factor for a monodisperse oblate cylinder of
radiusR and thicknessL may be written as63

whereJ1(x) is the first-order Bessel function of the first kind. In the
high Q region (i.e.,QR> 3), the intraparticle structure factor was
described by an exponential approximation given by56

Additional details of the model development are located elsewhere.53

The average radius of gyration for polydisperse cylinders with a
Schultz distribution of radii is given by50

where Ravg is the mean particle radius, andz is the Schultz

polydispersity parameter. The Schultz polydispersity parameter is
related to the standard deviation in the radius (σR) by

Results and Discussion

Model Fit Parameters. The scattering intensity versus
scattering angle (I(Q) vs Q) curve for a 1% (w/w) solution of
HO asphaltenes in 40:60d-heptane/d-toluene (v/v) is shown in
Figure 1. The sharp rise in the scattering intensity at lowQ
values for the raw data (triangles) indicated the presence of
asphaltenic flocs of roughly micron-sized dispersed in solu-
tion.22,54,60Since the Porod-like upturns did not exhibit a plateau
at the lowest scattering angles, it was not possible to determine
the size of the flocs from these scattering experiments. Therefore,
the contribution of these agglomerates to the scattering intensity
distributions were effectively removed by fitting a power-law
function with an exponent of-4 (i.e.,I(Q) ∼ Q-4) through the
three lowestQ data points for this solution, extrapolating the
power-law function to higherQ values, and subtracting it from
the original scattering data over the entire availableQ range. The
corresponding power-law fit appears as the dashed line in Figure
1. As seen in the figure, the resulting power-law-subtracted
scattering curve (O) reveals the scattering behavior from nanoscale
aggregates in this solution. The above power-law correction was
only applied to the scattering intensity curves in which the Guinier
plateau did not extend toQ ) 0.006 Å-1.

Nonlinear least-squares fits of the small-particle mass-fractal
(black line) and polydisperse radius, oblate cylinder (gray line)
models to the scattering intensity curve are also shown in Figure
1. Parameters obtained from the various model fits to HO
asphaltenes in 40:60d-heptane/d-toluene are summarized in Table
2. As shown in the table, theI0 parameters obtained from both
fits to the Ornstein-Zernike model significantly overpredicted
the GuinierI0 parameter, while the mass-fractal and polydisperse
cylinder models underpredicted the GuinierI0 parameter by
approximately 7%. The Ornstein-Zernike and mass-fractal
models also overpredicted the radii of gyration obtained from
the Guinier analysis; however, the value ofRG obtained from the
polydisperse cylinder fit agreed with the GuinierRG parameter
within statistical uncertainty.

A more detailed comparison ofI0 andRG parameters obtained
from various model fits to 108 scattering intensity curves is

(62) Chen, S. H.; Teixeira, J.Phys. ReV. Lett. 1986, 57 (20), 2583-2586.
(63) Pedersen, J. S.J. Appl. Crystallogr.2000, 33 (1), 637-640.

I(Q) ) I0

sin[(D - 1) tan-1(Qê)]

(D - 1)Qê(1 + Q2ê2)(D-1)/2
(4)

RG
2 ) D(D + 1)ê2/2 (5)

I(Q) ) ∫0

∞
I0P(Q,x) f(x)dx (6)

〈P(Q)〉 )
∫0

∞
V2Pob,1(Q,R)fS(R)dR

∫0

∞
V2 f(R) dR

{QR< 3
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Figure 1. Example model fits to scattering curve for HO asphaltenes
(1 wt %) in 40:60d-heptane/d-toluene (v/v). Legend: (triangles)
raw data; (dashed line) power-law fit; (circles) power-law-corrected
data; (black line) mass-fractal fit; (gray line) polydisperse cylinder
fit.
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shown in Figure 2. In the top and bottom panels, the abscissae
represent the values of the GuinierI0 and RG parameters,
respectively. The ordinate axes represent the percent deviation
(% error) in the model fit parameters from the Guinier values.
This figure indicates that the Ornstein-Zernike model system-
atically overpredicted the Guinier parameters, often by greater
than 30% and regardless of the selection ofQmax. Table 3 presents
the average deviation or average percent error in theI0 andRG

parameters with respect to the Guinier values. It is apparent from
Figure 2 and Table 3 that the values ofRG obtained from the
small-particle mass-fractal model systematically overpredicted
the GuinierRG values by an average of 15%; however, good
agreement was obtained for the values ofI0. Similarly, theI0

values obtained from the polydisperse cylinder model under-
predicted the GuinierI0 values by an average of 11%, but good
agreement was obtained between theRG values. These analyses
indicate that the values ofI0 andRG obtained from nonlinear
least-squares fits to the scattering data are model-dependent.
None of the models employed agreed completely with the Guinier
approximation in terms of both theI0 andRG parameters.

In relating the model fitting parameter to the asphaltene
aggregation mechanism, it is relevant to discuss the geometry-
independent models (i.e., the Ornstein-Zernike and mass-fractal
models) with respect to fractal dimension analyses. The mass-
fractal model generally provided higher fit qualities to the
scattering data over a widerQ range than did the Ornstein-
Zernike model. In addition, significant disparities were observed
between theI0 andRG parameters obtained from the two models.
The observation that neither model consistently predicts the
GuinierRG parameter with less than 15% uncertainty suggests
that the molecular structure of asphaltenic aggregates is not
consistent with a mass-fractal geometry.

A major assumption of the mass-fractal model is that aggregates
consist of elementary spherical particles.62 For example, Ras-
samdana and Sahimi64 estimated that the mass-to-particle size
scaling relationship for diffusion-limited cluster-cluster ag-
gregates with a nanoparticle fractal dimension of 2.5 is consistent
with a primary particle size of∼5.8 Å. This prediction is supported
by SAXS44 and gel permeation chromatography65 data that
modeled the molecular structure of asphaltenes as a thin disk
with an approximate thickness of 4 Å. X-ray diffraction
experiments on Ratawi and Kuwaiti asphaltenes66 suggested an
average layer diameter of aromatic sheets between 7 and 10 Å
and an average distance between aromatic sheets between 3.5
and 3.7 Å. Considering these observations, the elementary
particles constituting an asphaltene mass-fractal aggregate might
consist of stacks of one to two aromatic sheets, possibly connected
to similar aromatic moieties by short, aliphatic linkages. With
this in mind, one should be cautious in drawing conclusions
concerning the fractal nature of asphaltenic aggregates based on
the calculation of an apparent fractal dimension. Figure 3
correlates the apparent fractal dimension (D) with aggregate size
parameters (RG) obtained from the small-particle mass-fractal
model for all of the samples analyzed. Open squares represent
fractions dissolved in mixtures ofd-heptane andd-toluene, while
filled circles represent fractions dissolved in mixtures ofd-toluene
(or d-methylnaphthalene) andd-methanol. The apparent fractal
dimension values for the samples dissolved in mixtures of
d-heptane andd-toluene appeared to decrease with increasing
RG. One possible explanation for this trend is that smaller
aggregates are more globular with little surface roughness (i.e.,
consistent withD∼3). The amount of surface roughness increases
with increasing aggregate size, corresponding to a decrease in
the apparent fractal dimension. The samples dissolved in mixtures

(64) Rassamdana, H.; Sahimi, M.AIChE J.1996, 42 (12), 3318-3332.
(65) Acevedo, S.; Escobar, G.; Ranaudo, M. A.; Gutierrez, L. B.Fuel 1994,

73 (11), 1807-1809.
(66) Siddiqui, M. N.; Ali, M. F.; Shirokoff, J.Fuel 2002, 81 (1), 51-58.

Table 2. Model Fitting Parameters for HO Asphaltenes in 40:60d-Heptane/d-Toluene (v/v)

model I0 (cm-1) RG (Å) D ê (Å) ø2 Ravg (Å) σR (Å) L (Å)

Guinier 4.4( 0.1 73( 1
Zimm (QmaxRG ∼ 1) 5.2( 0.6 100( 20
Zimm (Qmax ) 0.1 Å-1 5.6( 0.1 109( 1
mass-fractal 4.11( 0.05 81( 2 2.53( 0.02 38.4( 0.5 1.4585
polydisperse cylinder 4.14( 0.04 73( 2 5.7508 69.4( 0.7 22.3( 0.1 20.5( 0.3

Figure 2. Percent deviation inI0 andRG parameters obtained from
various model fits to those obtained from Guinier analyses. The
abscissae represent the Guinier parameters. Legend: (cross symbols)
Ornstein-Zernike model truncated atQmax) 0.1 Å-1; (open triangles)
Ornstein-Zernike model truncated atQmaxRG ∼ 1; (black circles)
small-particle mass-fractal model; (gray squares) polydisperse oblate
cylinder model.

Table 3. Average Deviation (% error) of I 0 and RG Parameters
with Respect to Guinier Analyses

average % error

fitting method I0 RG

Ornstein-Zernike (Qmax ) 0.1 Å-1) 29 48
Ornstein-Zernike (QmaxRG ∼ 1) 10 26
small-particle mass-fractal -1 15
Polydisperse Oblate Cylinder -11 -3
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containingd-methanol appeared to follow a similar trend; how-
ever, there was increased dispersion in the data at these solvent
conditions. The major implication of Figure 3 that stands in con-
trast to several previous determinations of the fractal dimension
of asphaltene aggregates is that the apparent fractal dimension
is not a “fixed” quantity. The fractal dimension varies (i.e., from
2.2 to 3) with asphaltene chemical composition and solvent con-
itions in a manner that generally trends with the aggregate size.

Several previous studies cite apparently “fixed” values of
aggregate fractal dimension for asphaltene aggregates ind-toluene
thatappear tobe independentof solutecomposition, concentration,
and/or solvent conditions; however, the range of reported values
varies from 1.9 to 3, depending on the analysis method.42,45,59,60,64,67

The method of analysis most similar to that shown in Figure 3
involved a polydisperse mass-fractal model in whichD was a
fitted parameter.67 The observed fractal dimension of Ratawi
asphaltenes ind-toluene (D ∼ 3) was independent of solute
concentration at<40% w/w and consistent with the smallest
aggregate formers observed in this study. However, an increase
in the number of clusters at higher concentrations (i.e., 40-60%
w/w) corresponded to a decrease in the fractal dimension toD
∼ 2. These results qualitatively agreed with the trend in fractal
dimension with aggregate size observed in Figure 3. Since the
polydisperse mass-fractal model was only applied to a single
asphaltene at a single solvent condition, it is not possible to
generalize the result that all asphaltenes at low concentration
have a fractal dimension ofD ∼ 3.

Other studies have estimated the apparent fractal dimension
from the exponent of scaling relationship between the scattering
intensity and the wavevectorQ. This method can be problematic
in the estimation of apparent fractal dimensions for asphaltenes.
For example, theI(Q) ∼ Q-D scattering relationship breaks down
for small values ofQ in which the scattering intensity transitions
to the so-called Guinier regime and for large values ofQ where
the scattering intensity is sensitive either to individual scatterers
or to the aggregate surface (i.e., Porod regime).68 Therefore, the
Q range that describes the “fractal regime” is not easily defined,
and the common procedure of extracting the slope from a log-
log plot of I(Q) versusQ invariably leads to a value ofD that
is inconsistent with the one obtained from a fit to a mass-fractal
structure factor.62

The value of the apparent fractal dimension may also be
obtained from the scaling relationship between the aggregate

molecular weight and aggregate size (i.e.,M∼RG
D). For example,

Figure 4 shows the mass-size scaling relationship based on
parameters from the Ornstein-Zernike model for the 108 samples
in this study. The slope of the solid line in the figure represents
the apparent fractal dimension given byD ) 1.98. This value
was consistent with other studies that used the Ornstein-Zernike
model to fit asphaltene scattering data.42,60,65Each of the previous
studies reported apparent fractal dimension values ofD ∼ 2 that
were independent of the parameters that typically influence
aggregate size (e.g., solvent conditions, temperature, concentra-
tion, and fractionation). The apparent trend in fractal dimension
with aggregate size (Figure 3) suggests that it is inappropriate
to assume that all asphaltenic aggregates will have the same
fractal dimension. Furthermore, with no objective measure of
the quality of fit, such as reducedø2, it is not possible to judge
the reliability of fractal dimensions from either of the above
scaling relationships. Mass-fractal structure factor models that
incorporate the fractal dimension as a fitted parameter, such as
those discussed in this study and in ref 67, provide the least
biased means to determine accurate estimates of the aggregate
apparent fractal dimension; however, the observed fractal
dimension values likely describe the roughness of the aggregate
surfaces rather than the internal structure of the asphaltenic
aggregates.

As previously described, additional information may be
extracted from the scattering behavior of asphaltenic aggregates
using a geometry-dependent form factor model, such as the
polydisperse radius, oblate cylinder model. As shown in Table
3, the polydisperse cylinder model underpredicted the value of
I0obtained from Guinier analyses by an average of 11%; however,
good agreement was obtained between the aggregate size
parameters. The quality of polydisperse cylinder fits to the
scattering data, represented by a reducedø2 parameter, appeared
to decrease with increasing aggregate size, as shown in Figure
5. One possible reason for the decrease in fit quality with
increasing aggregate size is the increased contribution of
microparticle aggregates to the absolute scattering intensity in
the low Q range. As previously described, the apparent
microparticle contribution to the scattering curves was removed
by fitting a power-law function,I(Q) ∼ Q-4, through the lowest
Q portion of the scattering curves. The selection of an exponent
of -4 is somewhat arbitrary, as it assumes that the size of the
microparticle aggregates is sufficiently large so that the only
contribution to the scattering curve is from Porod scattering;
however, it is reasonable to assume that the value of the scaling

(67) Liu, Y. C.; Sheu, E. Y.; Chen, S. H.; Storm, D. A.Fuel 1995, 74 (9),
1352-1356.

(68) Teixeira, J.J. Appl. Crystallogr.1988, 21, 781-785.

Figure 3. Apparent fractal dimension values from small-particle
mass-fractal fits to asphaltene fractions dispersed in (open squares)
mixtures ofd-toluene andd-heptane and (filled circles) mixtures of
d-methyl naphthalene (ord-toluene) andd-methanol.

Figure 4. Determination of apparent fractal dimension from the
aggregate molecular weight versus aggregate size scaling relationship
based on Ornstein-Zernike model fitting parameters.
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exponent varies from-3 to -4, depending on the sample
composition. Although the observations from Table 3 and Figure
5 suggest that asphaltene aggregates are not perfectly described
by the polydisperse oblate cylinder shape, the form factor model
employed here provided agreement to the Guinier parameters
with respect to other previously applied geometric scattering
models.53Therefore, the polydisperse oblate cylinder model was
used in this study to calculate additional parameters from the
scattering data, such as the aggregate molecular weight and
percentage of entrained solvent.

Figure 6 shows the aspect ratio (Ravg/L) obtained from fits of
the polydisperse cylinder model for the samples. Data points
inside the dashed oval represent aggregates with a particle
thickness of less than 12 Å. Neglecting these points, the aspect
ratio generally appeared to increase with increasing<RG

2>.
Typical particle thicknesses from the model fits ranged from 5
to 32 Å with an average value of 21( 6 Å. Typical values of
the average particle radius ranged from 25 to 125 Å. If one
assumes that an asphaltene monomer consists of groups of
condensed aromatic rings containing polar moieties that are
interconnected by aliphatic chains, then each aromatic ring system
in a given monomer has the potential to interact with aromatic
rings from other molecules through dispersion andπ-bonding
interactions. The aggregation mechanism might then proceed
through a series of stacking interactions that expands the aggregate

dimension in the radial direction. As the aggregates grow in
radius, more opportunities are created for growth in thickness
due to the multiple connected nature of each asphaltene monomer.

The largest outliers from the apparent trend in aspect ratio
with <RG

2> had particle thicknesses less than 12 Å. The presence
of d-methylnaphthalene in many of these solutions likely disrupted
theπ-bonding interactions between aromatic sheets. The resulting
aggregates tended to have higher aspect ratios (Ravg/L), as the
aggregation was driven by edge-to-edge interactions of polar
moieties, likely through H-bonding, rather than face-to-face
interactions of aromatic groups. Figure 7 indicates that the
polydispersity (σR/Ravg) in the aggregate radii is relatively
independent of the particle size, with typical values ranging from
30 to 32%. This narrow range of polydispersity values for the
samples suggests a similar shape to the aggregate size distributions
for asphaltene solutions that is relatively independent of asphaltene
chemical composition and solvent conditions.

Solvent Entrainment.Additional information concerning the
morphology and composition of asphaltenic aggregates, including
the extent of solvent entrainment, was obtained through the
calculation of apparent aggregate molecular weight values. The
zero-Q scattering intensity is related to the first and second
moments of the particle volume (V) as given by

whereφ and∆F are the volume fraction of scatterers and the
difference between the scattering length density of the solvent
and scatterers, respectively. The scattering length density
difference (∆F) reflects the differing abilities of the solvent and
the aggregate to scatter neutrons. For a given phase,j, the scattering
length density is a product of the mass density,dj, and the
summation of contributions from individual atomic species,i,
as given by

wherebi, xi, andmi are the bound coherent scattering length,
mass fraction, and atomic mass of speciesi, respectively. In
calculating the scattering length density of the solvent, the solvent
mass density and chemical composition values are used in eq 13.
The calculation of the scattering length density for the aggregates

Figure 5. Quality of fit parameters obtained from the polydisperse
oblate cylinder model for asphaltene fractions dispersed in (open
squares) mixtures ofd-toluene andd-heptane and (filled circles)
mixtures ofd-methyl naphthalene (ord-toluene) andd-methanol.

Figure 6. Correlation of particle aspect ratio with average aggregate
size parameters obtained from the polydisperse cylinder model for
asphaltene fractions in (open squares) mixtures ofd-heptane and
d-toluene and (filled circles) mixtures ofd-methyl naphthalene (or
d-toluene) andd-methanol. Data points inside the dashed oval
represent samples with a particle thickness less than 12 Å.

Figure 7. Correlation of radius polydispersity with aggregate size
parameters obtained from the polydisperse cylinder model for
asphaltene fractions dissolved in (squares) mixtures ofd-heptane
andd-toluene and (gray circles) mixtures ofd-methyl naphthalene
(or d-toluene) andd-methanol.

I0 )
φ〈V2〉(∆F)2

〈V〉
(12)

Fj ) dj∑
i

bixi

mi

(13)
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accounts for contributions from both asphaltene species and
entrained solvent. Thus, the aggregate mass density and chemical
composition values used in eq 13 to determine the aggregate
scattering length density varied with the assumed amount of
solvent entrainment. The mass densities of asphaltene solutions
in toluene were measured using a 2 mLpycnometer. An average
asphaltene dry mass density of 1.1 g/cm3 was calculated by
extrapolating the solution data to pure solute. Mass densities of
solvent mixtures and asphaltenes containing entrained solvent
were calculated assuming no volume change upon mixing.

Thez-averaged molecular weight of the aggregate,<Mz>, is
related to the zero-Q scattering intensity,I0, according to

whereNA anddm are Avogadro’s number and the scatterer mass
density, respectively. Alternatively,<Mz> is related to the first
and second moments of the particle volume as given by

Equations 14 and 15 provide independent means of calculating
the apparent aggregatez-averaged molecular weight from the fit
parameters for the polydisperse oblate cylinder model. Because
of difficulties in determining the average aggregate volume of
a mass-fractal aggregate, it was not possible to determine the
extent of solvent entrainment from the small particle mass-fractal
and other nongeometric form factor models. Figure 8 compares
the values of the apparent molecular weight obtained from these
equations, assuming either that scatterers consist of dry asphalt-
enes with no entrained solvent (filled triangles) or assuming that
the aggregates are solvated and therefore contain some amount
of entrained solvent (open circles). With the assumption of no
solvent entrainment, the average mass density (i.e., 1.1 g/cm3)
and chemical composition of dry asphaltenes were used for the
calculation of the solute-scattering length density. As shown in
Figure 8, the values of the molecular weight obtained from eq
14 systematically overpredicted the values obtained from eq 15
by a factor of∼2.6. This inconsistency in the calculated values
suggests that asphaltenes are solvated to some extent by the
solvent and that the entrained solvent contributes to the coherent

scattering of neutrons within the aggregates. The assumption of
solvent entrainment affected the values of the solute mass density
(dm) and the mass fractions of the atomic species used in eq 13,
thus reducing the scattering contrast between the solute and
solvent. Similarly, changes in the solute mass density affected
the values of the solute mass fraction (φ) used in eq 14. The
amount of entrained solvent was determined for all samples
individually by forcing the parity of eqs 14 and 15.

As shown in Figure 8, values of the aggregate molecular weight
varied between 10 and 1000 kDa. Assuming a monomer mass
of 1000 g/mol, this suggests that typical aggregates consisted of
10-1000 monomers. These aggregate molar masses may appear
unreasonably high compared to values obtained from other
methods, such as gel permeation chromatography or vapor
pressure osmometry (VPO). For example, VPO of B6 and CS
asphaltene fractions in toluene provided average aggregate molar
masses between 2500 and 15 000 g/mol over a similar concen-
tration range.22However, it should be noted that SANS measures
z-average molar masses, while VPO and other methods typically
measure lower moments of the distribution. Therefore, molar
masses obtained by SANS are more heavily weighted by a small
percentage of very large aggregates. Aggregate molar masses
corresponding to dimers, trimers, and small oligomers are not
typically observed in the concentration regime of this study (i.e.,
1% w/w), even from VPO. The largest molar masses observed
that were on the order of 500-1000 kDa corresponded to either
asphaltene subfractions that had lower overall solubility in the
solvent mixtures because they were no longer stabilized by a
more soluble asphaltene fraction or whole (i.e., unfractionated)
asphaltenes in heptane-rich solvents. In both cases, small amounts
of asphaltenes were flocculated (i.e., precipitated). The whole
asphaltenes in toluene had average molar masses between 100
and 300 kDa from SANS.

Values of solvent entrainment within the aggregates are
presented on a volume percent basis as a function of aggregate
size, as shown in Figure 9. As indicated in the figure, a relatively
narrow range of solvent entrainment values between∼20 and
50% (v/v) was observed for the asphaltenic fractions dispersed
in mixtures ofd-toluene andd-heptane. One sample (not shown
in the figure) with a solvent entrainment value of 60% (v/v)
represented the B6 P40 fraction dispersed in 70:30d-toluene/
d-heptane (v/v). Precipitation of significant amounts of asphal-
tenes was visually observed in this sample, suggesting an incorrect
value of the scatterer volume fraction was used in the solvent
entrainment calculation. Additional discussion concerning this

Figure 8. Parity plot comparing apparent molecular weight
calculated from the moments of the particle volume (eq 15) and
from I0 measurements (eq 14) assuming (filled triangles) no solvent
entrainment and (open circles) solvent entrainment. The dashed line
represents the parity line.

〈Mz〉 )
I0NAdm

φ(∆F)2
(14)

〈Mz〉 )
NAdm〈V2〉

〈V〉
(15)

Figure 9. Variation in percentage of solvent entrainment with
aggregate size for asphaltene fractions dispersed in (open squares)
mixtures ofd-heptane andd-toluene and (filled circles) mixtures of
d-methyl naphthalene (ord-toluene) andd-methanol. Data points
inside the dashed oval represent samples with a particle thickness
less than 12 Å.
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sample is presented in the next section. An apparent decrease in
the extent of solvent entrainment was observed for the smallest
aggregate formers (Figure 9). Data points inside the dashed oval
represent samples with a particle thickness less than 12 Å and
correspond to the same samples with larger than expected aspect
ratios in Figure 6. It seems reasonable that, as the aggregate
thickness approaches monomer dimensions, there is less internal
volume inside the aggregates to allow solvent entrainment.
Another observation is that the chemical composition of the
asphaltene fractions more closely resembles that of petroleum
resins, suggesting a possible difference in morphology between
asphaltenes and resins. As previously stated, the polydisperse
oblate cylinder model approximates the shape of asphaltenic
aggregates. Therefore, perturbations from the oblate cylindrical
shape are more significant at smaller aggregate sizes and are
reflected by incorrect calculations of the particle volume that
also affect the entrainment calculations. It is likely that the
polydisperse oblate cylinder model inaccurately describes the
scattering behavior of aggregates with particle thicknesses<12
Å.

Additional evidence supporting the extent of solvent entrain-
ment from asphaltene scattering curves is shown in Table 4.
SANS experiments were performed on solutions of HO and GC
asphaltenes (1% w/w) in mixtures of deuterated and hydrogenated
toluene. These experiments allowed variation in the scattering
length density of the solvent while maintaining the same solvating
power for asphaltenes. As shown in the table, the experimental
I0 values decreased with increasing hydrogenation of the solvent;
however, there were no significant changes in either the average
size (<RG

2>) or the shape (R, L, andσR) of the aggregates. There
were also no significant changes in the amount of solvent
entrainment in the aggregates, as calculated by the method
described above, indicating that the analysis methods are internally
consistent and further supporting the fact that solvent entrainment
occurs in asphaltenic aggregates.

With regards to the molecular packing of asphaltenes within
the aggregates determined from molecular recognition stud-
ies,28,32,69the rangeofobservedsolvententrainmentvaluesappears
more consistent with the archipelago, rather than the continental-
type, molecular structure. Aggregation of continental-type
asphaltenes is dominated by stacking interactions of the aromatic
regions, but is limited by steric interference from saturated rings
and alkyl groups that are deformed out of plane with the aromatic
moieties.28 Solvent entrainment within the continental-type
aggregates would likely be limited to the∼3.8 Å spacing between
interacting aromatic moieties69 and the saturated regions at the
periphery of the aggregate where the enthalpy of adsorption for
a solvent-asphaltene interaction is significantly lower.32On the
other hand, increased flexibility of aromatic and saturated
hydrocarbon moieties in archipelago-type molecules enables the
existence of grooves, channels, or internal cavities in the aggregate
structure32which would facilitate solvent entrainment to the extent
observed in Figure 9.

The range of observed solvent entrainment values in Figure
9 is also consistent with similar values obtained from viscosity
measurements performed on Ratawi vacuum residue asphaltenes
in toluene,39 Hassi Messaoud deposit asphaltenes in toluene,40

and natural and synthetic Ratawi vacuum residue.41 In each of
these studies, the degree of solvation (S) φm,dry/φm,solvated) was
determined by application of Eilers equation to the relative
viscosity (ηr) data. Eilers equation has the form

where [η] andφmare the intrinsic viscosity and maximum particle
packing fraction, respectively. The authors assumed a mono-
disperse hard-sphere geometry; therefore, ideal packing of a face-
centered cubic was assumed for the “dry” asphaltene maximum
packing fraction (φm,dry) 0.74). Experimental values ofφm,solvated

were determined using eq 16. Typical values of the degree of
solvation (S) ranged from 1.7 to 2.7 and corresponded to solvent
entrainment values of 42-63% (v/v). The values obtained from
viscosity measurements overlapped with the range of values
observed from our SANS experiments, even though different
assumptions were made concerning the aggregate geometries.
Fenistein et al. approximated 97-98% (v/v) solvent entrainment
from SANS measurements and 80-85% (v/v) entrainment from
viscosity measurements performed on Safaniya vacuum residue
asphaltenes (φ ) 3) in mixtures ofd-heptane andd-toluene.42

The SANS and viscosity calculations were both performed
assuming a monodisperse hard-sphere geometry for the ag-
gregates. The lack of agreement between the calculated en-
trainment values from the SANS and viscosity methods suggests
that the SANS method is more sensitive to the assumed aggregate
geometry. A previous SANS study has shown that asphaltene
aggregation is better described by a polydisperse oblate cylinder
model than by a monodisperse sphere model.53

The average aggregate molecular weight values presented in
Figure 8 may be assumed to consist of a linear combination of
molecular weight contributions from both dry asphaltene (Mdry)
and entrained solvent components (Ment), as given by

whereφent is the volume fraction of entrained solvent within the
aggregates. A direct comparison of the dry aggregate molecular
weight values (Mdry) obtained from eqs 14 and 17 with and without
the assumption of solvent entrainment is shown in Figure 10. As
shown in the figure, different values of the apparent dry aggregate
molecular weight were observed for the two assumptions. In
fact, the value ofMdry for the assumption of solvent entrainment
consistently overpredicted the corresponding value for the
assumption of no solvent entrainment by a factor of∼1.6. The
lack of parity between aggregate molecular weight values obtained
from eqs 14 and 15 for the assumption of no solvent entrainment
(Figure 8), as well as the lack of parity between dry aggregate
molecular weight values (Figure 10), indicates that the inclusion(69) Murgich, J.; Rodriguez, J.; Aray, Y.Energy Fuels1996, 10 (1), 68-76.

Table 4. Estimation of Solvent Entrainment for HO and GC Asphaltenes in Mixtures of Deuterated Toluene and Hydrogenated
Toluene

asphaltene vol %d-tol I0 (cm-1) Ravg (Å) L (Å) σR (Å) ø2 <RG
2>1/2 (Å) % ent

HO 100 2.11( 0.02 57.2( 0.9 24.3( 0.4 18.1( 0.2 3.7053 47( 5 47( 8
HO 80 1.27( 0.02 56( 1 18.7( 0.98 17.5( 0.3 1.7258 41( 6 40( 10
HO 60 0.65( 0.02 52( 3 26( 4 17.0( 0.2 0.9968 50( 7 50( 10

GC 100 1.90( 0.02 53.6( 0.8 24.2( 0.4 16.5( 0.2 4.1881 43( 5 43( 8
GC 80 1.09( 0.02 54( 2 26( 1 17.2( 0.5 1.4130 48( 7 50( 10
GC 60 0.59( 0.02 61( 6 18( 3 19( 2 0.7566 40( 10 40( 10

ηr
1/2 - 1

φ
)

[η]
2

+
ηr

1/2 - 1

φm
(16)

Mz ) φentMent + (1 - φent)Mdry (17)
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of solvation effects is essential for the accurate calculation of the
average aggregate molecular weight.

Asphaltene Flocculation.Using the calculated solvent en-
trainment values, attempts were made to estimate the relative
amounts of asphaltenic material present in micron-scale flocs
versus nanoparticle aggregates. Since the spread of solvent
entrainment values for asphaltenes in mixtures ofd-toluene and
d-heptane (Figure 9) was relatively narrow for aggregates
dispersed in mixtures ofd-toluene andd-heptane, an average
solvent entrainment value of 40% (v/v) was assumed for all
samples withRG > 50 Å. The total volume fraction of scatterers
(φtotal) was calculated based on this assumed value of solvent
entrainment. As previously discussed, the effective contribution
of microparticle scatterers was modeled as a power-law function
and subtracted from the composite scattering curves for those
spectra containing significant low-Q upturns. Thus, the poly-
disperse cylinder fits applied to power-law-corrected scattering
curves revealed information concerning the scattering behavior
of nanoparticles only. The volume fraction of nanoparticle
scatterers (φnano) was calculated from eq 12, using theI0, 〈V〉, and
〈V2〉 parameters obtained from the polydisperse cylinder fits and
the scattering contrast calculated for the assumption of 40%
(v/v) solvent entrainment. The volume fraction of microparticle
scatterers (φflocs) was thus given by

A comparison of individual microparticle volume fractions
obtained from SANS experiments to volume fractions of
precipitated material observed from gravimetric experiments22

is presented in Table 5. As indicated in the table, the volume
fraction of precipitated material observed from the gravimetric
experiments was generally less than 0.06 for the samples shown
with a few exceptions. Unfortunately, the accuracy of the
microparticle volume fraction from the SANS experiments was
poor, particularly for asphaltene samples in the soluble solvent
regime, as uncertainty in the results was propagated from the
power-law corrections, polydisperse cylinder model fitting, and
subsequent solvent entrainment calculations. The SANS mi-
croparticle volume fractions presented in Table 5 provided
estimates that roughly trended with the gravimetric results. One
interesting observation was that the amount of flocculated material

from the SANS measurements generally increased with increasing
amounts of heptane flocculant. Furthermore, the largest amounts
of flocculated material were observed for the three samples in
the insoluble solvent regime (i.e., B6 P40 in 60% toluene, CS
whole in 45% toluene, and CS P40 in 50% toluene). For the case
of CS whole asphaltenes in 45% toluene, the amount of
precipitated/flocculated material from the two measurement
methods agreed within 5%. More accurate estimates of micro-
particle flocculation would likely be obtained by probing larger
length scales of aggregation by ultra-SANS (USANS) (or ultra-
SAXS (USAXS)) measurements.

Conclusions

Small-angle scattering measurements were performed on 108
solutions of asphaltenes dispersed in deuterated solvents. The
measured samples possessed wide diversity in the chemical
composition of the asphaltenes (e.g., H/C from 1.09 to 1.45 and
heteroatom contents of 2.5-6 wt %), as well as variation in the
quality of the solvent for dispersing asphaltenes. In many cases,
aggregates of HO and B6 asphaltenes were further dispersed
with the addition ofd-methanol. Scattering intensity curves were
fit to the Guinier approximation, the Ornstein-Zernike (or Zimm)
model, a mass-fractal model, and a polydisperse cylinder model.
Comparison of the fitting parameters obtained from the various
models indicated that the values ofI0 andRG obtained for a given
sample are highly model-dependent. Similarly, values of the
apparent aggregate fractal dimension appeared to vary depending
on the method of analysis. For example, the molecular weight
versus aggregate size scaling relationship from the Ornstein-
Zernike analyses provides a value of the apparent fractal
dimension (D ∼ 2) that was independent of solute and solvent
composition. However, values of the apparent fractal dimension
from the mass-fractal fits appeared to decrease with increasing
aggregate size, suggesting that the smallest aggregate formers

Figure 10. Average aggregate molecular weight (dry) for the
assumption of solvent entrainment compared to the average aggregate
molecular weight for the assumption of no solvent entrainment.
Solid line represents the best-fit line through the data.

φflocs )
φtotal - φnano

φtotal
(18)

Table 5. Volume Fraction of Microparticles from SANS for
Various Asphaltene Fractions in Mixtures of d-Heptane (H) and

d-Toluene (T) in Comparison to the Precipitated Volume
Fraction from Gravimetric Experiments

solute solvent SANS gravimetric

asphaltene fraction
vol %

T
vol %

H
<RG

2>1/2

(Å) φflocs φppt

AH P30 100 0 58( 3 0.00 0.01
AH P30 50 50 60( 3 0.00 0.02

B6 Whole 100 0 62( 4 0.00 0.00
B6 Whole 60 40 72( 3 0.00 0.02
B6 Whole 55 45 72( 3 0.00 0.01

B6 P40 100 0 131( 5 0.05 0.05
B6 P40 90 10 118( 5 0.09 0.03
B6 P40 80 20 107( 5 0.19 0.06
B6 P40 70 30 73( 9 0.57 0.36

CS Whole 100 0 63( 3 0.01 0.00
CS Whole 80 20 79( 7 0.03 0.01
CS Whole 70 30 78( 3 0.04 0.01
CS Whole 60 40 90( 4 0.06 0.01
CS Whole 55 45 113( 5 0.06 0.02
CS Whole 45 55 92( 5 0.26 0.27

CS P40 100 0 98( 5 0.25 0.00
CS P40 90 10 106( 6 0.17 0.01
CS P40 80 20 97( 6 0.24 0.03
CS P40 50 50 84( 5 0.28 >0.51

HO Whole 100 0 51( 3 0.00 0.00
HO Whole 60 40 73( 2 0.01 0.01

HO P39 100 0 107( 4 0.03 0.00
HO P39 90 10 118( 5 0.00 0.01
HO P39 80 20 106( 5 0.09 0.01
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were more globular with little surface roughness (i.e.,D ∼ 3),
while the largest aggregate formers were more dendritic with
higher surface roughness (D ∼ 2.2-2.4). Inconsistencies in the
I0, RG, andD parameters between the Ornstein-Zernike and
mass-fractal models suggest that the molecular structures of
asphaltene aggregates are probably not consistent with that of
a mass fractal.

Geometry-dependent form factor models, such as the poly-
disperse cylinder model, provide additional volume information
that allows accurate calculation of the aggregate molecular weight
and extent of solvent entrainment. The polydisperse oblate
cylinder model used in this study provided agreement with the
Guinier parameters, although this agreement appeared to diminish
with increasing aggregate size. Typical values of the aggregate
thickness from the polydisperse cylinder fits ranged from 5 to
32 Å, while the average particle radius ranged from 25 to 125
Å. The polydispersity in the particle radius appeared to be
independent of the particle size (∼30%). Assuming that an
asphaltene monomer consists of groups of condensed aromatic
rings containing polar moieties that are interconnected by aliphatic
chains, the asphaltene aggregation mechanism might proceed
through a series of localized stacking interactions of aromatic
rings. The physical linkage of one ring system to another in a
monomer somewhat increases the particle thickness, but sig-
nificantly expands the aggregate in the radial dimension, where
polydispersity in the aggregate size is most evident.

Discrepancies between average aggregate molecular weight
values obtained from two independent methods suggested the
need to include the solvation effects in the calculations. Solvent
entrainment within the aggregates roughly varied from 30 to
50% (v/v) and was consistent with solvation values obtained
from viscosity measurements found in the literature. Lower
estimates of the percent solvent entrainment were observed as
the particle thickness approached the monomer dimensions and

were attributed to a decrease in the internal volume available for
solvent entrainment.

Attempts to use the observed solvent entrainment values to
estimate the relative proportions of microscale and nanoscale
aggregates in solution were limited in accuracy; however, the
volume fraction of microscale flocs generally increased with
decreasing solvent quality. Furthermore, flocculation was only
observed to be greater than 20% for those samples that were
dispersed in an insoluble solvent regime. Beyond the calculation
of aggregate sizes, the inclusion of solvent entrainment is crucial
for the calculation of additional parameters from the scattering
data, including the aggregate molecular weight and the estimation
of flocculated material.
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