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Asphaltenic aggregates are polydisperse oblate cylinders
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Abstract

Small-angle neutron scattering (SANS) has proven to be very useful for deducing the sizes and morphologies of asphaltenic ag
solution. A wide variety of intra-particle structure factors have previously been applied to SANS scattering spectra, but the studies
vided limited information concerning the quality of the fits and theQ range over which the models were applied. Selection of an approp
form factor that closely approximates the structure of asphaltenic aggregates is important for determining the properties of asphalte
gates, such as the radius of gyration (RG), molar mass, and apparent fractal dimension. This study evaluates various mono- and polyd
intra-particle structure factor models as applied to four asphaltene scattering spectra. Agreement of the model fit parameters (I0 andRG)
with those obtained from Guinier analyses suggests that such a form factor model is physically reasonable. Reducedχ2 values for each
non-linear least squares fit indicates how well a given model fits to the entireQ range studied for the scattering intensity distribution. In
polydispersity analyses, an analytical function is introduced to model the scattering behavior of oblate cylinders with a Schultz di
of radii. Results indicate that the polydisperse radius oblate cylinder model best approximates the shape of asphaltenic aggregate
 2005 Elsevier Inc. All rights reserved.
Keywords: Asphaltenes; Small-angle neutron scattering; Polydispersity
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1. Introduction

Because of their propensity to aggregate, flocculate,
cipitate, and adsorb onto interfaces, the presence o
phaltenes in crude oil poses considerable challenges fo
petroleum industry. Asphaltenes are generally defined a
toluene (or benzene) soluble, yetn-heptane (orn-pentane)
insoluble, portion of crude oil. This solubility class de
nition of asphaltenes suggests a broad distribution of
phaltene molecular structures that vary greatly among c
sources. In general, asphaltenes possess fused ring
maticity, small aliphatic side chains, and polar heteroat
containing functional groups (e.g., carboxylic acids, c
bonyl, phenol, pyrroles, and pyridines) capable of don
ing or accepting protons inter- and intra-molecularly[1–5].
Atomic H/C ratios from 1.0 to 1.3 and nitrogen, sulfur, a
* Corresponding author. Fax: +1 919 515 3465.
E-mail address: peter-k@ncsu.edu(P.K. Kilpatrick).
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oxygen contents of a few weight percent suggest that th
phaltene backbone mostly contains fused aromatic ca
interspersed with occasional polar functional groups[6–8].
The most plausible mechanisms of asphaltene aggreg
involve van der Waals dispersion interactions between
matic rings, hydrogen bonding between polar functio
groups, and other charge transfer interactions[9]. There-
fore, asphaltene aggregation behavior is likely controlled
the polydispersity, chemical composition, and steric arran
ment or inter-connectivity of functional groups in the asph
tene monomers.

Various experimental techniques have previously b
applied to study the aggregation behavior of asphalte
in solution including: near-infrared spectroscopy[10,11],
pulsed-field gradient spin echo nuclear magnetic reson
[12,13], vapor pressure osmometry[8,14,15], viscosity mea-
surements[16–19], small-angle X-ray scattering (SAXS

[14,17,20–25], and small-angle neutron scattering (SANS)
[8,14,16,21–23,26–39]. Small-angle scattering methods,
such as SAXS and SANS, have been useful for deducing the
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sizes of asphaltenic aggregates in solution based on ass
particle morphologies. However, a wide variety of int
particle structure factors have previously been applied to
SAXS and SANS scattering spectra of asphaltene solut
often with limited information concerning the quality of th
fits and the data range over which the models were app
The monodisperse and polydisperse form factors typic
applied to asphaltenic aggregates include spheres, cylin
(oblate and prolate), and ellipsoids (oblate and prolate).
unlikely that every model accurately describes the struc
of asphaltenic aggregates.

This study compares various intra-particle structure
tor models applied to scattering intensity curves obtai
from solutions of Hondo, Canadon Seco, and Arab He
asphaltenes at different solvent conditions (i.e., a disper
solvent and a flocculating solvent). A set of criteria is
tablished to assess the quality of the data fits. The va
of the non-linear least-squares fit parameters (I0 and RG)
are compared to those obtained from the Guinier approx
tion to determine if the parameters obtained are molecu
reasonable. Furthermore, the reducedχ2 values from each
model fit are directly compared to assess the quality of e
model with respect to other models. An analytical funct
is derived in the analyses to model the scattering beha
of polydisperse oblate cylinders with a Schultz distribut
of radii. Once a model is determined to accurately desc
the structure of asphaltenic aggregates, additional par
ters may be calculated from the scattering data, includ
aggregate molar masses, second virial coefficients, and
centage of solvent entrainment within aggregates[40,41].

2. Materials and methods

Asphaltenes were precipitated from their correspond
source crude oils by the addition of excessn-heptane (40:1
v/v) using the procedure of Spiecker et al.[8]. Asphaltenes
isolated from Canadon Seco and Arab Heavy asphalt
were dried without further washing. The Hondo asphalte
precipitated by the above procedure were washed witn-
heptane via Soxhlet extraction to remove any co-precipit
maltenes. A second Soxhlet extraction was performed
ing toluene as the wash solvent to dissolve the asphalt
from the filter paper, leaving behind any inorganic ins
ubles. Both extraction procedures continued until the o
flow from the extractions became colorless. Most of the
vent was removed from the asphaltene solutions by ro
evaporation under partial vacuum at 60◦C. Once nearly dry
the asphaltenes were moved into a nitrogen-flushed vac
oven at 50◦C for 24 h. The dry asphaltenes were transfer
to glass jars and stored under argon to prevent oxida
The isolated asphaltenes were characterized by combu
elemental analysis at the University of Alberta (Departm

of Chemistry, Edmonton, AB, Canada) using a Carlo Erba
instrument. Elemental analysis results for the isolated as-
phaltenes are presented inTable 1. Hondo asphaltenes were
and Interface Science 288 (2005) 325–334
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Table 1
Elemental composition (wt%) of asphaltene samples

Asphaltene C H N S O H/C (atomic

Hondo 80.72 8.27 1.96 6.87 2.18 1.29
Canadon Seco 88.21 8.22 1.32 0.52 1.73 1.11
Arab Heavy 81.25 7.77 1.02 8.32 1.64 1.14

less aromatic with higher polar heteroatom content than
corresponding Canadon Seco and Arab Heavy asphalte

Two solutions with mass concentration of 1% (w/w) we
prepared by dissolving the Hondo asphaltenes in mixt
of 90:10d-toluene:d-methanol (v/v) and 40:60d-heptane:d-
toluene (v/v). Two additional solutions with mass concen
tion of 1% (w/w) were prepared by dissolving Canadon S
and Arab Heavy asphaltenes ind-toluene. Solvents were ob
tained from CDN Isotopes and had>99.9% chemical purity
and>99.5% perdeuteration. During the sample preparat
d-toluene was initially added to the dry asphaltenes and
solution was subjected to constant, gentle shaking unti
asphaltenes were completely dissolved. Upon dissolutio
the asphaltenes, the second solvent (i.e.,d-methanol ord-
heptane) was added to the solutions. The solutions wer
lowed to equilibrate for at least one week prior to perform
the scattering experiments.

SANS measurements were performed on the small-a
neutron diffractometer (SAND) at the Intense Pulsed N
tron Source (IPNS) Division of Argonne National Lab
ratory (Argonne, IL). The sample-to-detector distance w
fixed at 2 m. Neutrons were collected on an area dete
(40× 40 cm, 4 to 6 mm FWHM resolution). The instrume
geometry and neutron wavelength values bound the op
ing Q range according to

(1)Q = 4π

λ
sinθ,

where θ is half the scattering angle andλ is the neutron
wavelength. The availableQ range for the SAND instrumen
extended from 0.0035 to 2 Å−1 and was adequate to yie
scattering curves that cover the fullQ range for asphalteni
aggregates. Spectra were collected at 25◦C in cylindrical
quartz sample cells (NGS Precision) with a path length
2 mm. A typical scattering experiment consisted of 15 m
of detecting neutron transmission through the samples
lowed by 60 min of scattering. The absolute scattering in
sity distribution,I (Q), for each sample was obtained fro
the total detector counts corrected for background radia
neutron transmission through the sample, scattering from
quartz cell, and detector sensitivity. Scattering intensity
sus scattering angle (I (Q) vs Q) curves were fit to variou
intra-particle structure factor models using the macro fu
tions authored by Kenneth Littrell and provided by Argon

National Laboratory for use with IgorPro software. The fit-
ting function for polydisperse radius oblate cylinders was
written by the authors.
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3. Model fitting

A variety of models can be applied to the scattering int
sity distribution,I (Q), of an asphaltene solution in order
obtain information concerning the morphology of the sc
tered particle. For example, the Guinier approximation[42]
provides a means of estimating aggregate sizes without s
ifying the particle geometry as given by

(2)I (Q) = I0 exp
(−Q2R2

G/3
)
,

whereI0 is the scattering intensity extrapolated toQ = 0.
RG is the radius of gyration defined as the root mean squ
distance of all atoms from the center of mass of the part
The zero-Q scattering intensity,I0, provides additional in-
formation concerning the particle geometry and is relate
the weight-averaged molecular weight of the aggregates

Another scattering function that describes the behavio
aggregates without specifying the particle geometry is
small-particle mass-fractal model[43] given by

(3)I (Q) = I0
sin[(D − 1) tan−1(Qξ)]

(D − 1)Qξ(1+ Q2ξ2)(D−1)/2
,

where D and ξ are the fractal dimension and expone
tial cut-off length for fractal aggregation, respectively. Ma
fractals are defined by the scaling relationship between
total particle mass contained within a given radius,r , accord-
ing toM ∼ rD . Equation(3) is a simplification of the mass
fractal model introduced by Chen and Teixeira[44] that de-
scribes the aggregates as a three-dimensional agglome
consisting of elementary spherical particles with radius,R,
and having a fractal-like nature. The small-particle ma
fractal assumes that scattering from the elementary sphe
particles is negligible (i.e.,ξ � R andQmaxR � 1).

Alternatives to the Guinier and mass fractal analyses
those based on form factors. With a monodisperse sys
the scattering intensity distribution is proportional to t
product of an intra-particle structure factor,P(Q), and an
inter-particle structure factor,S(Q), as given by

(4)I (Q) = I0P(Q)S(Q) = I0
∣∣F(Q)

∣∣2S(Q).

In the limit of low particle density, the solution becom
ideal and the inter-particle structure factor is assumed u
All of the models presented in this study neglect interacti
between particles. In the above equation,|F(Q)| is the am-
plitude of the particle form factor defined by

(5)
∣∣F(Q)

∣∣ =
∫ [

ρp(r) − ρs
]
exp(iQ · r)dr,

whereρp(r) is the particle scattering length density at d
tancer from the particle andρs is the solvent scatterin
length density. The particle form factor is geometry dep
dent. Since particles are assumed to be randomly orie

anisotropic particles must be averaged over spatial orienta-
tion. An extensive review of form factor models for various
monodisperse particle shapes is provided by Pedersen[45].
and Interface Science 288 (2005) 325–334 327
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The scattering intensity distribution for a polydispe
system is proportional to the ensemble average of the in
particle structure factor (i.e., assuming no inter-particle
teractions) as given by

(6)I (Q) =
∞∫

0

I0P(Q,x)f (x)dx,

wheref (x) is a normalized distribution function for size p
rameter,x. Examples of size-distribution functions used
describe polydispersity in asphaltene aggregate sizes inc
the log-normal distribution[14,23]and the Schultz distribu
tion [29]. The general formula for a log-normal distributio
is given by

(7)fln(x) = 1√
2πσx

exp

(
−1

2

[
ln(x) − ln(xavg)

σ

]2
)

,

whereσ andxavg are the standard deviation and average
parameter value of the log-normal distribution, respectiv
The general formula for a Schultz distribution is given by

(8)fs(x) = xz

Γ (z + 1)

[
z + 1

xavg

]z+1

exp

(
− (z + 1)x

xavg

)
,

whereΓ (n) is the gamma function andz is the polydisper-
sity parameter defined by

(9)z =
(

xavg

σ

)2

− 1.

Both of the distribution functions are right-hand skewed,
dicating the scattering intensity distributions are weigh
more heavily by contributions from larger scatterers in so
tion. The polydisperse form factors presented in this st
assume a Schultz distribution of particle sizes (e.g., poly
perse spheres and polydisperse length cylinders) that a
for direct analytical solutions to the integral in Eq.(6).

The various intra-particle structure factors applied to
SANS scattering intensity curves for asphaltene solut
in this study include monodisperse spheres, monodisp
oblate cylinders, monodisperse prolate cylinders, poly
perse spheres, polydisperse length oblate cylinders,
polydisperse radius oblate cylinders. The intra-particle st
ture factor for a homogeneous sphere with radiusR is given
by

(10)Psphere(Q) =
(

3[sin(QR) − QR cos(QR)]
(QR)3

)2

.

Kotlarchyk and Chen[46] derived an analytical expres
sion for a polydisperse intra-particle structure factor w
a Schultz distribution of radii by combining Eqs.(6), (8)
and (10). Sheu extended the analyses of polydisperse sph
to several other distribution functions[47] and justified the
use of the Shultz spherical model for asphaltene solution

toluene[29].

The intra-particle structure factor for a monodisperse
cylinder (oblate or prolate) with radiusR and lengthL is
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given by

Pcyl(Q)=
π/2∫

β=0

[
2J1(QR sinβ)

QR sinβ

sin((QLcosβ)/2)

(QLcosβ)/2

]2

(11)× sinβ dβ,

whereJ1(x) represents a first-order Bessel function of
first kind andβ is the orientational averaging angle. O
simplification of Eq.(11) for a monodisperse flat disk (i.e
oblate cylinder) may be written as[48]

(12)Pob,1(Q) = 2

[
sin(QL/2)

QL/2

]2[1− J1(2QR)/QR

(QR)2

]
.

Alternatively, the highQ region of a monodisperse flat dis
may also be described by an exponential approximation[42]
given by

(13)Pob,2(Q) = 2

(QR)2
exp

(
− (QL)2

12

)
.

Sheu[47] derived an explicit form of the intra-particle stru
ture factor for a cylinder with a Schultz distribution of pa
ticle lengths by combining Eqs.(6), (8), and (11). Simi-
lar attempts to model the intra-particle structure factor
a cylinder with a Schultz distribution of radii require n
merical integration techniques (e.g., Gaussian quadratur
solve the ensemble average integral in Eq.(6). A direct ana-
lytical solution for the case of polydisperse oblate cylind
with a Schultz distribution of radii is obtained by taking a

vantage of the flat disk approximations given in Eqs.(12)

Fig. 1. Low Q power law correction and small-particle mass-fractal fits
d-heptane:d-toluene; (· · ·) low Q power law fit to 40:60d-heptane:d-toluene;
asphaltenes in 90:10d-toluene:d-methanol; (—) small-particle mass-fractal fit
and Interface Science 288 (2005) 325–334

4. Results and discussion

Scattering intensity versus scattering angle (I (Q) vs Q)
curves of 1% (w/w) solutions of Hondo asphaltenes in 90
d-toluene:d-methanol (v/v) and 40:60d-heptane:d-toluene
(v/v) are shown inFig. 1. The sharp rise in the scatterin
intensity at lowQ values for Hondo asphaltenes in 40:
d-heptane:d-toluene (P) indicated the presence of micro
sized flocs in solution. A small percentage of Hondo
phaltenes are precipitated at this concentration of hep
and toluene[8]. Similar Porod-like power law behavior wa
observed for asphaltene solutions and crude oil blends[34,
38]. For example, Roux et al.[34] observed a lowQ fea-
ture for Safaniya asphaltenes in toluene at 8 and 20◦C that
diminished in intensity with heating. This observation su
gests that an increase in solution temperature is effectiv
dissolving these flocs. It is not possible to determine the
of the flocs from these scattering experiments, becaus
Porod-like upturns do not exhibit a plateau behavior at
lowest scattering angles. The three lowestQ data points for
this solution were fit to a power law function with an exp
nent of −4 (i.e., I (Q) ∼ Q−4). The corresponding powe
law fit appears as the dashed line inFig. 1. This power
law function was subtracted from the original scatter
data over the entire availableQ range. As seen in the fig
ure, the resulting power law subtracted scattering curve!)
reveals the fullQ range of the scattering behavior fro
nanoscale aggregates in this solution. The various mode
were applied to this modified scattering curve in order
study the morphology of the nanoscale aggregates. A sim

power law correction was applied to the scattering inten-

s in

and (13). Specific details concerning the model development
are found inAppendix A.

sity distribution for Canadon Seco asphaltenes ind-toluene.
The scattering intensity curves for Hondo asphaltene
to Hondo asphaltenes in mixed solvents. (P) Hondo asphaltenes in 40:60
(!) power law subtracted data for 40:60d-heptane:d-toluene; (1) Hondo
s with constant background.
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Table 2
Comparison of fit parameters obtained from the Guinier approximation and small-particle mass-fractal models

Asphaltene Guinier approximation Small-particle mass-fractal

I0 (cm−1) RG (Å) QRG I0 (cm−1) ξ (Å) D RG (Å) χ2

Hondo (90:10 Tol:MeOD) 1.08± 0.03 43± 3 0.986 1.07± 0.02 23.9± 0.5 2.61± 0.02 52± 2 0.8091
Hondo (40:60 H:T) 4.2± 0.2 71± 5 1.005 4.15± 0.06 38.7± 0.6 2.52± 0.02 82± 2 1.6089
Canadon Seco (toluene) 3.0± 0.1 58± 5 0.945 3.20± 0.05 34.3± 0.6 2.63± 0.02 75± 2 1.7325
1.
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Arab Heavy (toluene) 1.48± 0.04 45± 3 0.990

90:10d-toluene:d-methanol and Arab Heavy asphaltenes
d-toluene did not possess significant lowQ features, indicat-
ing that the asphaltenic aggregates were completely so
in these solvents and, hence, no power law corrections
needed for these samples prior to performing the model

Initial estimates of the nanoparticleI0 andRG parame-
ters were obtained by applying the Guinier approximat
(Eq. (2)) to the modified scattering curves (seeTable 2).
As expected, largerI0 and RG values were observed fo
Hondo asphaltenes as the solvent quality decreased to 4
d-heptane:d-toluene. It should be noted that the fits to t
Guinier approximation were limited to 10–17 total da
points and represented only the lowestQ region of the scat
tering spectra. Additional estimates of the aggregate
are obtained from general models, such as the small-pa
mass-fractal model, that fit the full range ofQ values in the
scattering spectra.

Fits of the small-particle mass-fractal model to the sc
tering intensity curves for both solutions of Hondo a
phaltenes are shown as the solid lines inFig. 1. The Q

range over which the small-particle mass fractal and s
sequent model fits were applied was fixed between 0.01
0.52 Å−1. A constant background term was included in
model fits to account for incoherent scattering from all
clei with non-zero spin in the solvent and solute. The val
of the incoherent background terms obtained from the sm
particle mass-fractal fits were also fixed during the sub
quent fits of the remaining intra-particle structure facto
The values of the fit parameters obtained from the sm
particle mass-fractal model are shown inTable 2. The radius
of gyration was determined from the model fit parameters

(14)R2
G = D(D + 1)ξ2/2.

As indicated in the table, theI0 values obtained from th
mass-fractal model fits generally agreed with those obta
from the Guinier approximation within 12%; however, t
RG values obtained from the mass-fractal fits gener
over-predicted the corresponding Guinier values by app
imately 20 to 30%. Theχ2

red parameter inTable 2describes
the quality of the model fit reduced by the number of degr
of freedom (n − 1) and is defined by

(15)χ2
red=

n∑(
Ik − Ik,calculated

δIk

)2/
(n − 1),
k=1

where Ik , δIk , and Ik,calculated are the experimentally ob-
served scattering intensity, experimental uncertainty in the
49± 0.02 22.0± 0.5 2.76± 0.03 50± 2 0.9080

0

scattering intensity, and the calculated scattering inten
for data pointk, respectively. In practical applications, va
ues of the reducedχ2 that approach unity suggest that t
given model fits well to the experimental data.

The near-unity values of the reducedχ2 for the mass-
fractal fits suggest that the small-particle mass-fractal m
may be effectively used to model the aggregation beha
of asphaltenic aggregates in solution. However, relating
model to a physical description of the appearance of asp
tenic aggregates in solution is more difficult. For examp
questions arise concerning the nature of the small-part
that compose the mass-fractal asphaltene aggregate.
samdana and Sahimi[49] estimated that the mass-to-partic
size scaling relationship for diffusion limited cluster–clus
aggregates with a nanoparticle fractal dimension of 2.
consistent with a primary particle size of∼5.8 Å. This pre-
diction is supported by small-angle X-ray scattering[20] and
gel permeation chromatography[50] data that modeled th
molecular structure of asphaltenes as thin disks with app
imate thickness of 4 Å. X-ray diffraction experiments
Ratawi and Kuwaiti asphaltenes[51] suggested an averag
layer diameter of aromatic sheets between 7 and 10 Å, an
average distance between aromatic sheets between 3.
3.7 Å. Considering these observations, the elementary p
cles constituting an asphaltene mass-fractal aggregate m
consist of stacks of one to two aromatic sheets, possibly
nected to similar aromatic moieties by short, aliphatic lin
ages. For example, a schematic representation of a pos
asphaltene monomer and an asphaltenic aggregate co
ing of four monomers is presented inFig. 2.

The values of theI0 andRG parameters obtained from
the Guinier fits, as well as the quality of fit (reducedχ2) pa-
rameter from the various intra-particle structure factor fi
were used as a basis for assessing the particle geometr
best describes the geometric morphology of asphaltenic
gregates in solution. Example fits of monodisperse sph
prolate cylinder, and oblate cylinder intra-particle struct
factors to Hondo asphaltenes in 90:10d-toluene:d-methanol
are presented inFig. 3. The values of the fit parameters f
each of the models are shown inTable 3. The radius of gy-
ration for a solid sphere is obtained from the value of
radius parameter as given by
(16)R2
G = 3

5
R2.



330 K.L. Gawrys, P.K. Kilpatrick / Journal of Colloid and Interface Science 288 (2005) 325–334

Fig. 2. Schematic representation of an asphaltene monomer and an asphaltenic aggregate consisting of four monomers.

Fig. 3. Fits of monodisperse sphere (×), monodisperse prolate cylinder ("), and monodisperse oblate cylinder (—) models to Hondo asphaltenes (1) in 90:10
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d-toluene:d-methanol.

The radius of gyration for a circular cylinder is given by

(17)R2
G = L2

12
+ R2

2
.

As indicated in the table, the monodisperse sphere fits
the poorest fit quality and were observed to under-pre
the values of theI0 and RG fit parameters obtained from
the Guinier fits. The monodisperse prolate cylinder fit p
vided molecularly reasonable size parameters for Hondo
phaltenes in 90:10d-toluene:d-methanol and Arab Heav
asphaltenes ind-toluene, but not for the more intensely sc
tering Hondo asphaltenes in 40:60d-heptane:d-toluene or
the Canadon Seco asphaltenes ind-toluene. In fact, theI0
andLavg values for these two solutions of asphaltenes w
excessively large, suggesting the prolate cylinder model
not accurately describe the asphaltenic aggregate shape
oblate cylinder model provided better agreement for

more intensely scattering samples to the Guinier parame-
ters than the other monodisperse models. Likewise, the val-
ues of the reducedχ2 parameter were minimized for the
-

e

oblate cylinder model fits compared to other molecula
reasonable monodisperse fits. These results indicate th
morphologies of asphaltenic aggregates are likely simila
those of flat disks; however, the chemical polydispersity
asphaltenes suggests that the particle sizes of asphalten
gregates are likely polydisperse as well. The reducedχ2 val-
ues for the Schultz polydisperse spheres show an impr
ment in fit quality over the monodisperse sphere mo
however, the reducedχ2 values are still larger than thos
for the monodisperse oblate cylinder fits. In addition,
averageRG values obtained from the polydisperse sph
fits were excessively small and not molecularly reasona
Since the oblate cylinder fits provided the lowest reducedχ2

values of the various monodisperse models, attempts
made to introduce Schultz distributions of particle leng
and radii for the oblate cylinder model.

Fig. 4presents reducedχ2 values for fits of polydispers

length (!) and polydisperse radius (1) oblate cylinders at
fixed values of the polydispersity parameter for Hondo as-
phaltenes in 90:10d-toluene:d-methanol. In this case, the
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Table 3
Comparison of fit parameters obtained from various monodisperse and polydisperse form factor models

Model fit I0 (cm−1) Ravg (Å) σR (Å) Lavg (Å) σL (Å) 〈R2
G〉1/2 (Å) χ2

Hondo asphaltenes (90:10 toluene:methanol)
Monodisperse spheres 0.62± 0.01 35.7± 0.1 – – – 27.7± 0.1 48.381
Monodisperse prolate cylinders 1.12± 0.02 20.7± 0.1 – 186± 5 – 56± 2 9.5199
Monodisperse oblate cylinders 0.88± 0.01 52.8± 0.3 – 12.2± 0.6 – 38± 2 4.3489
Schultz polyradius spheres 0.91± 0.01 0.69± 0.02 2.40± 0.04 – – 0.68± 0.02 4.9721
Schultz polylength oblate cylinders 0.88± 0.01 52.7± 0.3 – 12.1± 0.6 0.5 38± 2 4.3488
Schultz polyradius oblate cylinders 0.98± 0.01 42.6± 0.9 13.5± 0.3 15.1± 0.6 – 45± 4 1.3845

Hondo asphaltenes (40:60 heptane:toluene)
Monodisperse spheres 1.61± 0.01 44.1± 0.1 – – – 34.2± 0.1 173.7
Monodisperse prolate cylinders 179± 1 7.6± 0.2 – 11280± 50 – 3260± 30 9.5825
Monodisperse oblate cylinders 3.29± 0.03 79.6± 0.4 – 20.3± 0.3 – 57± 1 12.833
Schultz polyradius spheres 2.92± 0.02 0.55± 0.04 2.52± 0.08 – – 0.43± 0.03 26.086
Schultz polylength oblate cylinders 3.29± 0.03 79.5± 0.4 – 19.9± 0.3 2 83± 2 12.830
Schultz polyradius oblate cylinders 4.14± 0.04 69.4± 0.7 22.3± 0.1 20.5± 0.3 – 73± 2 5.7508

Canadon Seco asphaltenes (toluene)
Monodisperse spheres 1.43± 0.01 44.8± 0.1 – – – 34.7± 0.1 125.98
Monodisperse prolate cylinders 151± 1 8.4± 0.3 – 11260± 60 – 3300± 100 8.1415
Monodisperse oblate cylinders 2.56± 0.02 75.3± 0.4 – 20.5± 0.4 – 54± 1 11.548
Schultz polyradius spheres 2.48± 0.02 0.66± 0.05 2.8± 0.1 – – 0.51± 0.04 13.895
Schultz polylength oblate cylinders 2.55± 0.02 74.7± 0.4 – 13.7± 0.8 7 53± 3 11.254
Schultz polyradius oblate cylinders 2.84± 0.03 60± 1 18.9± 0.3 25.6± 0.4 – 58± 5 2.9527

Arab Heavy asphaltenes (toluene)
Monodisperse spheres 0.88± 0.01 35.6± 0.1 – – – 27.6± 0.1 73.381
Monodisperse prolate cylinders 1.66± 0.03 21.2± 0.1 – 194± 5 – 58± 2 12.303
Monodisperse oblate cylinders 1.26± 0.01 52.6± 0.3 – 17.1± 0.4 – 38± 1 6.5966
Schultz polyradius spheres 1.33± 0.01 0.71± 0.04 2.47± 0.07 – – 0.55± 0.03 4.2643
–
13
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Schultz polylength oblate cylinders 1.26± 0.01 52.5± 0.3
Schultz polyradius oblate cylinders 1.38± 0.01 41.4± 0.9

Fig. 4. Reducedχ2 values at various polydispersity parameters for
of (!) polydisperse length oblate cylindrical and (1) polydisperse ra-
dius oblate cylindrical models to Hondo asphaltenes in 90:10d-toluene:
d-methanol.

polydispersity parameter,p, is defined by

(18)p = σx

xavg
,

whereσx and xavg are the standard deviation and average
size parameter values of the Schultz distribution, respec-
16.6± 0.4 2 83± 2 6.5948
.2± 0.2 20.8± 0.7 – 45± 3 1.8979

tively. The value of the reducedχ2 for the fit at polydis-
persity of zero represents the least-squares fit to a mon
perse oblate cylinder model.Fig. 4 suggests that the in
corporation of length polydispersity at fixed particle rad
does not significantly improve the quality of the fit. For t
case presented, the monodisperse oblate cylinder mod
the scattering intensity distribution better than the Sch
polydisperse length oblate cylinder model, regardless of
assumed polydispersity parameter. On the other hand,
nificant improvement in the quality of the model fits w
observed when a Schultz distribution of particle radii w
assumed for the aggregates at fixed particle length. As
cated inFig. 4, the value of the reducedχ2 parameter was
observed to decrease with increasing radius polydispe
with a minimum in the reducedχ2 at a polydispersity value
of 0.35. The quality of the model fits declined rapidly at v
ues above the optimum polydispersity value. These res
agree with the previous results of Herzog et al.[20] and
Bardon et al.[14] that suggest the structure of asphalte
aggregates may be represented using a distribution of
disks of fixed thickness and polydisperse radii.

The optimum values ofI0, the average radius, length, a
radius spread for the two solutions of Hondo asphalte

were determined by non-linear least-squares fitting of the
scattering intensity curves to the Schultz polydisperse radius
oblate cylinder model as shown inFig. 5. Unlike Fig. 4, the
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Fig. 5. Fits of a polydisperse radius oblate cylinder form factor to Hond
Solid lines represent the model fits.

constraint on the polydispersity parameter was relaxed
these fits. The values of the fit parameters obtained from
fits of the scattering spectra to the polydisperse radius ob
cylinder model are shown inTable 3. The radius of gyration
for a system of polydisperse radius cylinders is given by[32]

(19)〈RG〉2 = L2

3
+ R2

avg

2

(z + 6)(z + 5)

(z + 1)2
.

As indicated inTables 2 and 3, the fit quality of the Schultz
polydisperse radius oblate cylinder model was consiste
better than that of the other geometric form factor mod
Furthermore, the values of theI0 and averageRG parame-
ters for the polyradius cylinder agreed with the parame
obtained from the Guinier fits within statistical uncertain
Such agreement in the fit parameters was not observed
similar consistency for the other intra-particle structure f
tor models.

5. Conclusions

Various intra-particle structure factor models have b
applied in the past to determine aggregate size andI0 pa-
rameters from scattering intensity curves of asphaltene
lutions, but not all of these models accurately reflected
morphology of the asphaltenic aggregates in solution. H
we applied several intra-particle structure factor model
the scattering intensity curves for solutions of asphalte

2
in three different solvents. The reducedχ values from the
fits were used as a criterion to assess the quality of fit. Com-
parison ofI0 andRG values obtained from the fits to those
haltenes in (!) 40:60d-heptane:d-toluene and (1) 90:10d-toluene:d-methanol.

obtained from Guinier analyses suggested that the obta
fit parameters were physically reasonable.

The fits of scattering intensity curves to the monodispe
models were useful in determining the general shape o
asphaltenic aggregates; however, it is well known that
phaltene molecules are polydisperse and one would ex
the aggregates formed from the interactions of individ
molecules to be polydisperse as well. In the cases stu
the monodisperse oblate cylinder model provided a be
quality of fit and/or better agreement with the Guinier p
rameters than the other monodisperse models. When le
and radius polydispersity was introduced to the oblate cy
der fits, only the inclusion of radius polydispersity w
observed to significantly improve the fit quality over t
monodisperse case. The inclusion of polydispersity ten
to complicate the analyses of scattering intensity curve
an additional integral is introduced to calculate to ensem
average of the polydisperse size parameter within a di
bution function. In many cases, the ensemble average
tegral must be solved using numerical techniques, suc
Gaussian quadrature. The inclusion of numerical integra
techniques often significantly increases the computing t
for the non-linear least-squares regression. In this stud
direct analytical function was derived for the scattering
polydisperse radius oblate cylinders using approximat
for the form factor of a flat disk, as well as a polynom
expansion of the first-order Bessel function of the first ki
The new function fit well to the scattering intensity curv
studied, both in terms of overall fit quality (i.e., reduc

2
χ ) and comparison to the Guinier parameters (i.e.,I0 and
RG). The observations that the parameters obtained from the
polydisperse radius oblate cylinder and Guinier fits agreed
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within experimental uncertainty and that the reducedχ2 val-
ues for the polydisperse cylinder fits were consistently lo
than those of other geometric form factors, regardless o
solute chemistry or solvent quality, suggests that the asp
tene aggregate structure is best described by a polydis
flat disk (or polydisperse flat ellipsoid) model. The select
of an appropriate model for the macrostructure of asp
tenic aggregates is important for the calculation of additio
parameters from the scattering data, such as the aggr
molecular weight, second virial coefficients, and percent
of solvent entrainment within asphaltenic aggregates.
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Appendix A

The scattering intensity distribution for a system with
dius polydispersity is proportional to the normalized aver
of the intra-particle structure factor (i.e., neglecting int
particle interactions) as given by[47]

(A.1)I (Q) = φ(�ρ)2〈V 2〉
〈V 〉

〈
P(Q)

〉 = I0
〈
P(Q)

〉
,

whereφ is the volume fraction of scatterers,�ρ is the scat-
tering length density difference between the solvent
solute,〈V 〉 is the first moment of the particle volume, a
〈V 2〉 is the second moment of the particle volume. The n
malized average of the intra-particle structure factor is gi
by

(A.2)
〈
P(Q)

〉 =
∫ ∞

0 P(Q,R)V 2f (R)dR∫ ∞
0 V 2f (R)dR

,

where f (R) is a normalized distribution function for th
radius parameter,R. In the case presented, a Schultz d
tribution of radii is assumed,
(A.3)fs(R) = Rz

Γ (z + 1)

[
z + 1

Ravg

]z+1

exp

(
− (z + 1)R

Ravg

)
,
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e

e

,

whereΓ (n) is the gamma function,Ravg is the average par
ticle radius, andz is the polydispersity parameter defined

(A.4)z =
(

Ravg

σ

)2

− 1.

The intra-particle structure factor for a monodisperse cy
der (oblate or prolate) with radiusR and lengthL is given
by

Pcyl(Q)=
π/2∫

β=0

[
2J1(QR sinβ)

QR sinβ

sin((QLcosβ)/2)

(QLcosβ)/2

]2

(A.5)× sinβ dβ,

whereJ1(x) represents a first-order Bessel function of
first kind andβ is the orientational averaging angle. T
monodisperse cylinder intra-particle structure factor may
separated into contributions from the radius (PR) and length
(PL) terms as given by

(A.6)Pcyl(Q,R,L) = PR(Q,R)PL(Q,L).

In the limit whenR � L, Pedersen[48] showed that the
length contribution to the orientation integral in Eq.(A.5)
was only significant when cosβ = 1. After subsequent sub
stitution, the orientation integral only involves the partic
radius. The intra-particle structure factor for an infinite
thin disk introduced by Kratky and Porod[52] is given by

(A.7)PR(Q,R) = 2

(QR)2

[
1− J1(2QR)

QR

]
.

Substitution of Eq.(A.7) in Eqs.(A.5) and (A.6)removes the
contribution of the particle radius to the orientation integ
Therefore, the orientation integral is no longer depend
on either the particle radius or length and the intra-part
structure factor for a monodisperse flat disk (i.e., ob
cylinder) may be written as[48]

(A.8)Pob,1(Q) = 2

[
sin(QL/2)

QL/2

]2[1− J1(2QR)/QR

(QR)2

]
.

Alternatively, the highQ region of a monodisperse flat dis
may also be described by an exponential approximation[42]
given by

(A.9)Pob,2(Q) = 2

(QR)2
exp

(
− (QL)2

12

)
.

Caution should be used when applying Eq.(A.9), as it does
not exhibit plateau behavior in the lowQ limit. For the ra-
tio of R/L size parameter values observed in this stu
Eq. (A.9) converges with Eq.(A.8) in the limitedQ range
roughly defined byQR > 3.

Because the radial dependence of the oblate cylin
form factor in Eq.(A.8) contains the Bessel function term

the combination of Eqs.(A.2) and (A.8)requires numerical
techniques to solve the ensemble average integral. However,
theJ1(x) Bessel function may be expanded in a polynomial
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series given by

(A.10)J1(x) =
∞∑

n=0

(−1)n
(1

2x
)2n+1

n!Γ (n + 2)
.

Substitution of a 66-term polynomial series from Eq.(A.10)
into Eq. (A.8) allows for a direct analytical solution to th
ensemble average integral in Eq.(A.2) using the relation

(A.11)

∞∫
0

xn exp(−ax)dx = Γ (n + 1)

an+1
.

Because the 66-term polynomial expansion does not
verge properly at higherQ values, the intra-particle structu
factor in Eq.(A.8) is used for the polydisperse fits in th
rangeQR < 3. In order to model the polydisperse radi
oblate cylinders in the rangeQR > 3, the exponential ap
proximation of the flat disk intra-particle structure factor
used in Eq.(A.2). Since the radius dependence in Eq.(A.9)
is a polynomial, the ensemble average integral of the
ticle radius may be solved analytically using Eq.(A.11).
The intra-particle structure factor used in this study to mo
polydisperse radius oblate cylinders thus takes the form

(A.12)
〈
P(Q)

〉 =



∫ ∞
0 V 2Pob,1(Q,R)fs(R)dR∫ ∞

0 V 2f (R)dR
, QR < 3,

∫ ∞
0 V 2Pob,2(Q,R)fs(R)dR∫ ∞

0 V 2f (R)dR
, QR > 3.

The radius of gyration for a monodisperse circular cylin
is obtained from the length and radius parameters as g
by

(A.13)R2
G = L2

12
+ R2

2
.

The radius of gyration for a system of polydisperse rad
cylinders is related to the sixth moment of the radius dis
bution given by[32]

(A.14)〈RG〉2 = L2

3
+ 〈R6〉

2〈R4〉 .
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