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Résumé — Relation entre nanostructure des agrégats d’asphaltène et les propriétés
macroscopiques de leur solution — Certaines propriétés particulières de bruts pétroliers sont attribuées
à leur fraction la plus dense, lourde et polaire : les asphaltènes. La compréhension de l’origine de ces
propriétés repose sur une description structurale fine de ces fractions. Nous présentons une caractérisation
des solutions d’asphaltène, à l’échelle du nanomètre, basée sur de nouvelles ou récentes expériences de
diffusion de rayonnement (rayons X ou neutrons) à partir desquelles des paramètres structuraux des
agrégats d’asphaltène (Rg, Mw et A2) sont déduits. La dépendance de ces paramètres est compatible avec
un modèle d’agrégats de type fractal de masse. Ce modèle rend compte de toute la variété de propriétés
macroscopiques de ces solutions. En particulier, la prise en compte de l’aspect solvaté des agrégats
permet de prédire la viscosité de solutions d’asphaltène en fonction de leur concentration. D’autre part,
les asphaltènes s’adsorbent aux interfaces liquide-liquide et liquide-solide et forment des monocouches
dont l’épaisseur est du même ordre de grandeur que la taille des agrégats de la solution. L’analyse des
isothermes d’adsorption, les expériences de réflectivité des neutrons ainsi que les expériences de
diffusion des neutrons en conditions d’extinction de contraste, mettent en évidence une densification
des agrégats d’asphaltène dans la couche adsorbée relativement à leur état solvaté dans le volume.
Enfin, la résultante des interactions attractives/répulsives entre agrégats peut être reliée à la stabilité
relative d’émulsions d’eau dans l’huile et à la stabilité d’effluents d’hydroconversion. Cette approche
de mise en relation entre structure et propriété permet d’asseoir et de justifier le modèle de fractal de
masse qui est discuté.
Abstract — Relation between Nanoscale Structure of Asphaltene Aggregates and their Macroscopic
Solution Properties — Some peculiar macroscopic properties of crude oils are ascribed to their densest,
heaviest and most polar fraction: the asphaltenes. The comprehension of the origin of these properties
relies on a fine structural description of these fractions. We present a nanometre length scale
characterisation of asphaltene solutions based on new or recent scattering experiments (X-rays and
neutrons) from which structural parameters of asphaltene aggregates (Mw, Rg and A2) are extracted. The
mutual dependence of these parameters is consistent with a mass fractal model. This single model
accounts for very different macroscopic solution properties. Solvent trapping in fractal aggregates
enables asphaltene solution viscosity to be fully predicted as a function of asphaltene concentration.
Asphaltene adsorbs at liquid-liquid and liquid-solid interfaces as a monolayer whose thickness is of the
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same order of magnitude as the characteristic size of the asphaltene aggregate in bulk. Adsorption
isotherm analysis, neutron reflectivity experiments and contrast-matching SANS allow one to highlight a
densification of the asphaltene aggregates in the adsorbed layer in comparison with the solvated
aggregates in bulk. Finally, the repulsive/attractive interaction balance between aggregates can be
related to the relative stability of water in oil emulsions and to the stability of hydro-conversion effluents.
This structure/property approach allows one to assess the mass fractal model which is discussed.

INTRODUCTION
The growing demand for fuels and the supply of heavier
crude oils require the development of new processes to
enhance the production, the transport and the refining of
these products. However, these developments are made
difficult by the intrinsic properties of heavy oils.
In the upstream industry, heavy oils are known [1] to be
responsible for high viscosities of heavy crude oils [2], to be
involved in wettability alteration of mineral surfaces in
reservoir formation and in formation and high stability of
water in oil emulsions [3, 4]. Heavy oils are also at the origin
of the plugging problem via deposition in porous media
during production [5] and are thought to affect stability of
gas hydrate particles in oil production pipelines, thus
preventing the formation of solid plugs which would result in
the blockage of the lines [6].
In the downstream sector, handling heavy cuts represents
a problem in respect to their high viscosity and their tendency
to metal surface fouling. Moreover, they constitute the most
resistant fraction to hydroconversion because diffusion of
some species in the catalyst porous network is thought to be
limited. Finally, any hydroconversion process is limited, at
high conversion levels, by insoluble solid formation.
The shared characteristic of these products is their
asphaltene content, which confers on them peculiar
properties. Asphaltenes are defined by their insolubility in
normal alkanes. Chemical analysis indicates that this fraction
concentrates the most aromatic and polar molecules [7]. The
determination of asphaltene molecular weight has been a
subject of intense debate and it is now generally agreed that
values are 500 to 1000 g.mol-1 [8, 10]. Furthermore, most of
the molecules have a central aromatic part with peripheral
aliphatic or naphthenic moieties [8, 10].
Their behaviour in solution is quite complex. At very low
concentration and even in “good solvents” such as toluene,
above a concentration known as the critical nano-aggregate
concentration (CNAC) c ≈ 100 mg/l, these molecules selfassociate to form nano-aggregates [11, 12]. At higher
concentrations, these nano-aggregates form larger structures
whose size and mass depend on thermodynamic conditions
(pressure and temperature), on the nature of the solvent in
which they are suspended [13, 14] or on the presence of
resins [15]. These structures will be referred to as aggregates
in this article.

Several methods can be used in order to characterise the
asphaltene aggregate structure and their interactions. Among
them, scattering techniques are well suited for concentrated
and opaque systems. The first part of this paper is devoted to
their presentation, with particular emphasis on the length
scale and contrast considerations. A simple and robust
method of data analysis, which allows one to extract
meaningful structure parameters, will be discussed.
We present recent or new results aiming to understand
better or to predict macroscopic properties of asphaltenic
fluids from nanoscale aggregate description and using
parameters inferred from scattering measurements. This
structure/function approach is illustrated by several examples
chosen in different areas of the petroleum industry. A
structural model relying on these results will be discussed.
1 STRUCTURAL INFORMATION FROM SCATTERING
MEASUREMENTS
Several different methods have been applied to determine the
molecular mass of asphaltenes and/or their different aggregation states: vapour pressure osmometry [16], small-angle
neutron and X-ray scattering (SANS and SAXS, see below),
mass spectrometry [8-16], fluorescence depolarisation measurements [9, 10], and NMR [17, 18]. Mass results are different in regard to the concentration range and the measurement
technique. The mass variation observed as a function of the
concentration has been assigned to aggregation, whereas the
specificity of each technique (sensitivity to hydrogen content,
to different moments of size distribution, etc.) could account
for deviations at a given concentration. Among these methods, SANS and SAXS can operate at asphaltene concentration up to 20 wt.% [25] and thus constitute well-adapted
techniques to study asphaltene aggregates in relation to properties of concentrated asphaltenic fluids. In the low concentration range, measurements down to 0.5 wt.% for SAXS
[25] or to 0.3 wt.% for SANS [4] have been reported.
They have been widely used to probe the nanoscale
organisation of heavy crude oils or asphaltene solutions [13,
19-22]. Recently, an interpretation of scattering spectra in
terms of local ephemeral fluctuation has been proposed [23,
24]. Apart from that, most of the studies agreed on a colloidal
view of asphaltene aggregates with characteristic sizes of 3 to
10 nm, depending on the asphaltene and solvent nature, and
on thermodynamic conditions. Accordingly, the measured
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masses vary from 50 to 200 kDa. These studies pointed out
the large size polydispersity [20] of these aggregates, but
there are less studies concerning interactions between
aggregates [25].
The asphaltene aggregate form factors have been inferred
from these measurements but the variety (spheres [25], oblate
or prolate [22] cylinders, mass fractal aggregates [20]) of
solutions indicates that aggregate geometry is poorly determined. Recently, we proposed a constrained method based
on additional structural viscosity data [25] which shows that
both scattering and viscosity data are consistent with a mass
fractal aggregate description.
The following part describes a methodology to analyse
scattering spectra (neutrons or X-rays) without assumption
on particle shape and taking into account particle interactions. The parameters deduced from scattering measurements
are discussed.
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TABLE 1
Comparison of X-ray and neutron contrast terms for Safanyia asphaltene
in hydrogenated or deuterated toluene
Ie (de1 – de2)2 (Å-4)
8.15 ×

Asphaltene/C7H8

(ρ1 – ρ2)2 (Å-4)

10-12
18.1 × 10-12

Asphaltene/C7D8

explained on a basis of particle heterogeneity. Indeed, the
Yen micelle [27] or the recently proposed nano-aggregate
[28] are based on the formation of aggregates by π–π
interactions of fused aromatic rings which, as a consequence,
have peripheral aliphatic or naphthenic moieties. For such a
particle, the electronic density is larger in the central

1.1 Neutron and/or X-ray Scattering
108
*100

IC8:

SAXS;

SANS

IC7:
IC5:

SAXS;
SAXS;
Guinier

SANS
SANS

107

Zimm

q*

*10
(dσ/dΩ(q))/φ(1-φ)Δρ2 (Å3 )

Neutron and X-ray scattering experiments measure the
scattered intensity I(q) which probes the correlations
between asphaltene-rich regions on a scale of the order of q-1.
The scattering vector q, defined as 4Πsinθ/λ where 2θ is
the deviation angle and λ the incident wavelength, acts as a
reverse length scale. While SAXS and SANS offer a typical
q range that is very similar (see Fig. 1), they differ above all
in the beam/matter interaction nature: X-rays interact with
electrons, whereas neutrons interact with nuclei. The
relevant characteristics of the probed medium are,
respectively, the electronic density (de) or the scattering
length density SLD (ρN) fluctuations which give rise to the
scattering. For a two-component medium labelled by
subscripts 1 and 2, the contrast term Δρ2, to which scattered
intensity is proportional, is simply Ie (de1 – de2)2 for X-rays
and (ρN1 – ρN2)2 for neutrons, where Ie is the scattered
intensity by a single electron (7.9 × 10-26 cm2).
The de and ρN values for each component can be estimated
assuming that the chemical composition and densities are
known [14]. Table 1 summarises the contrast terms for X-rays
and neutrons for heptane-insoluble Safanyia asphaltenes in
hydrogenated or deuterated forms of toluene. The contrast
term is enhanced using neutron and deuterated solvents but is
still usable if X-rays and hydrogenated toluene are
considered. Figure 1 is a comparison of a few percent of
asphaltene either in toluene and measured by SAXS, or in
deuterated toluene and measured by SANS. These
measurements were made for asphaltene precipitated from
the same crude oil by an excess of pentane (iC5), heptane
(iC7) or octane (iC8). The scattered intensities are normalised
by the volume fraction of asphaltene (φ) and contrast terms
which vary according to their composition and densities [4].
The X-ray and neutron curves are superimposed at small q
values but differ slightly at large q. These differences can be

106

*1

105

104

qRg
0.1

103
10-3

1

10

10-2

q (Å-1)

10-1

Figure 1
Comparison of SAXS and SANS spectra: variations in
I(q)/φΔρ2 as a function of the wave scattering vector q for
solutions of different asphaltenes (see text) in toluene. The
dotted and full lines represent, respectively, the Guinier (Eq. 2)
and the Zimm (Eq. 3) approximation in the small q domain.
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(aromatic) part than in the peripheral one (aliphatic), whereas
the neutron scattering length density is inversely distributed.
These heterogeneities on a small scale (a few Angstroms)
may result in a contrast-dependent signal at large q values,
whereas their average on a larger length scale (small q
values) may result in a contrast-independent signal. For the
asphaltenes considered in Figure 1, the crossover between
these two regimes, noted q*, is close to 7 × 10-2 Å-1, which
corresponds in the direct space to size heterogeneity smaller
than 15 Å (1/q*).

The general expression for a two-phase system of particles, at
volume fraction φ, in a solvent is:
(1)

where S(q) is the structure factor which takes into account
interactions between particles and F(q) is the form factor
normalised to the “scattering volume” v (i.e. F(0) = v). At
small concentration, interactions between particles can be
neglected (S(q) → 1). As seen previously from neutron and
X-rays comparisons, the form factor may be rather complex
due to small scale heterogeneity, and we preferably use
approximations of the form factor at small q values. Two of
them are available and plotted in Figure 1; respectively, the
Guinier and the Zimm approximation:
⎛ q 2 Rg2 ⎞
⎟ for qRg < 1
F (q ) = F (0 ) exp ⎜⎜ –
3 ⎟⎠
⎝
(Guinier approximation)
2 2
1
1 ⎛ q Rg ⎞
⎜⎜1 +
⎟ for qRg < 1
=
F (q ) F (0 ) ⎝
3 ⎟⎠
(Zimm approximation)

(2)

(3)

If these two expressions are equivalent for qRg < 1 (see
the inset in Fig. 1), the Guinier approximation fails to
describe the data for qR g > 1, whereas the Zimm
approximation is still valid for both SAXS and SANS
measurements up to qR g = 3. This behaviour, already
observed in the polymer solution area [29], extends the
validity domain of the Zimm approximation for asphaltene
solutions and enables a robust and model-independent
method to analyse the scattering curves: the 1/I(q) versus q2
plot gives directly the radius of gyration Rg of the particles
and the extrapolation of measurement at q = 0 enables one to
obtain v knowing the contrast term Δρ2. The “mass” Mw of
aggregates is deduced from v and asphaltene density d by the
usual expression:
Mw = Nadv

Δρ2 c
1
c
=K
=
2
d N a I (q )
I (q ) M w

⎛ q 2 Rg2 ⎞
⎜⎜1 +
⎟ for qRg < 3
3 ⎟⎠
⎝

(5)

This expression constitutes a robust and practical way to
estimate sizes and masses as far as dilute asphaltene solutions
are considered.
1.3 Interactions

1.2 Form Factor and Approximations

l(q) = φ (1– φ)Δρ2F(q)S(q)

where Na is the Avogadro number. Combining (1), (3) and
(4) and considering concentration c in grams per unit
volume, one obtains:

(4)

For more concentrated systems, the inter-particle interactions
have to be taken into account and the previous equation is
modified through a virial expansion to give:
2 2
⎞
I e Δρ2 c
1 ⎛⎛ q Rg ⎞
⎜
⎜
⎟⎟ + 2 A2 M w c + ...⎟⎟
=
1
+
⎜
2
⎜
d N a I ( q ) M w ⎝⎝
3 ⎠
⎠
(6)
A2 M w c < 0.25
This equation can be simplified in the Guinier region to
yield:
I e (Δρ2 ) c
1
1
=
(1 + 2 A2 M w c ) =
2
N a d I (0 ) M w
M app (c )

(7)
qRg < 1; A2 M w c < 0.25
where A2 is the second virial coefficient. Positive values of
A2, related to repulsive interaction between objects, leads to a
lowering of the I(q)/φ ratio at small q values when the
concentration increases. This relation holds up to
concentrations where interactions are described by pair
interactions. The left-hand part of Equation (7) can be used to
define an “apparent” mass Mapp which tends toward the real
one at low concentration.
1.4 Mass Fractal Aggregates
Asphaltene particles have been frequently described as mass
fractal aggregates of dimension Df [2, 13, 20, 22, 30]. In this
case, on a much smaller scale than the typical size of aggregates, a simple expression of the scattering cross-section is
expected:
I(q) ∝ q–D f qRg > 1

(8)

Furthermore, a power law relation between the measured
aggregate parameters, namely, radius of gyration, second
virial coefficient and molar mass, should be observed for
these aggregates [29]:
Rg = k2 M w

1/ D f

A2 = k3 M

⎛ 3
⎞
−⎜⎜ −2 ⎟⎟
⎝ Df ⎠
w

(9)
(10)
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1.5 Polydispersity Effects
The size polydispersity has a notable influence on scattering
properties of a suspension. In the dilute regime (S(q) → 1),
expression (1) can be extended:
I (q ) = Δρ2 ∑ nk vk Fk (q )

(11)

k

where nk and vk are, respectively, the number of particles per
unit volume and the volume of each k entity. For simple form
factors such as homogeneous spheres, size distribution could
be extracted providing the repartition function has a simple
and analytical form such as Gaussian, Log-normal or Schulz
distributions.
In practice, for polydisperse systems such as asphaltene
solutions [20, 31], Guinier or Zimm approximations give the
weight-average Mw molecular weight of aggregates and the
z-average radius of gyration Rgz defined by the following
expressions:

∑n M
k

M w2 =

k

∑n

2
k

fluid, knowledge of structural solution parameters is thought
to be relevant to predict macroscopic properties of the real
fluids. This structure/properties relation approach in the
domain of asphaltenic fluids is illustrated by a few recent
examples chosen in different areas of the petroleum industry.
2.1 Viscosity
Viscosity prediction is crucial for upstream or downstream
process development. It has been shown that the asphaltene
fraction is mainly responsible for large viscosity of heavy
crude oils or residues [2, 33] and the colloidal particle
suspension approach has been used in order to explain the
viscosity dependence on asphaltene concentration [34, 35]. In
this approach, the relative viscosities η r of asphaltene
suspensions, defined as the ratio of the solution viscosity η to
that of pure solvent η0, are measured as a function of the
volume fraction φ of the solute. For a low concentration
regime, the Huggins expression is used:
⎞
1⎛ η
2
⎜ − 1⎟ = [ η] + k [ η] φ + ...
φ ⎝ η0 ⎠

(12)

k

k

and

∑n v R
2
k k

Rgz2 =

k

∑n v

2
k k

2
k

(13)

k

with Mk, Rk: the molar mass and radius of gyration of the k
fraction, respectively.
Asphaltene solution polydispersity has been evaluated
using ultracentrifugation [20, 25] or nano-filtration [32]
fractionation followed by a SAXS analysis of the fractions. It
has been found that size distribution is large and obeys a
power law.
2 MACROSCOPIC PROPERTY PREDICTIONS FROM
MICROSCOPIC STRUCTURAL DETERMINATION
Macroscopic properties of colloidal solutions are generally
related to size, mass and interactions of their constituting
objects, and a structural solution description on a pertinent
length scale enables one to understand better and predict the
properties.
It has been shown that asphaltenic fluids belong to this
more general class of colloidal solutions. Unfortunately,
structural description of these complex fluids remains difficult because of the large number of their constituents, their
viscosities, their blackness, etc. Our approach is a simplification by extraction of asphaltene from these fluids and dissolution in simple solvents in order to access the structural
parameters, as described in the previous section. If the solution behaviour captures basic properties of parent asphaltenic
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(15)

where [η] is the so-called intrinsic viscosity and k the
Huggins constant.
For homogeneous spheres, [η] is the well-known Einstein
[36] coefficient and its numerical value is 5/2. If the
suspended particles are not spheres, different values of [η]
have to be considered. In particular, for mass fractal
aggregates, intrinsic viscosity depends on mass M (or size R)
and fractal dimension Df :
3

[ η] = k1 M D

f

−1

(16)

For solvated particles or aggregates, the hydrodynamic
“swollen” volume, often called “effective” volume veff, is
different from the “dry” volume v as determined by
scattering experiments. The ratio of these two volumes is the
so-called solvation constant ks. In the same way, the effective
φeff and nominal φ volume fraction can be defined. So, for a
dilute system of spherical solvated aggregates, Equation (15)
can be reformulated:
η
5
5
= 1 + φ eff + ... = 1 + kS φ + ... = 1 + [ η] φ + ...
η0
2
2
(17)
[ η] φ
and φ eff =
2.5
These latter equations supply practical ways to convert
nominal volume fractions into effective ones.
The Huggins coefficient k is a measurement of both
hydrodynamic and “thermodynamic” interactions between
particles. For mono-dispersed hard sphere systems, Batchelor
[37] found a value of 1.2. This second-order coefficient takes
suspension viscosity behaviour into account up to φ = 0.15.
ηr =
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For more concentrated systems, semi-empirical models
have been developed. They predict the viscosity divergence
when the particle volume fraction approaches the dense
random packing limit fraction φm. The Quemada equation
[38], based on dissipated energy minimisation by viscous
effects, is frequently used because of its simplicity:
−2

⎛
φ ⎞
ηr = ⎜1 −
⎟
⎝ φm ⎠

(18)

Parameters such as k and φm depend closely on particle
size polydispersity.
While this colloidal particle suspension approach
succeeded in asphaltene solution viscosity description [39],
only a few studies have focused on linkage between
structural parameters and the corresponding viscosity. This
coupling approach constrains the rheological models and
allows one to assess a more realistic structure to these
asphaltene aggregates. We present in the following the main
results [25] obtained by a combination of scattering
experiments, from which the structural parameters Mw, Rg, A2
and D f have been determined, and viscosimetric
measurements from which [η], k and φm have been inferred.
These determinations were conducted on asphaltene fractions
obtained by ultracentrifugation. This fractionation technique
allows enough material of reduced polydispersity and varied
mass to be obtained to study concentration dependence of
viscosity and X-ray scattering in the range 1-15 wt%.
All the SAXS diagrams show a Guinier regime from
which M w , R g and A 2 are determined using the Zimm
approximation as described in Section 1. At large q values,
all the intensities, when normalised with respect to
concentration, merge on a master curve and follow a q-2.1
decay. For each fraction, the relative viscosities follow a
similar exponential increase which can be fitted with
Equations (15) and (17) at low and intermediate
concentration and (18) at high concentration.
The values of Mw, Rg, A2 and [η] and their dependence are
presented in Figure 2. Despite the small number and limited
range of data, a regression analysis yields the following
relationships:
Rg = 0.43Mw0.45

(19)

[η] = 0.049Mw0.41

(20)

A2 = 0.0129Mw-0.55

(21)

As previously explained in Section 1, all these power law
type relations could be related to mass fractal organisation of
the aggregates. Comparison of relations (19, 20, 21) with
Equations (9, 16, 10) leads, respectively, to the fractal
dimensions Df Rg = 2.2, Df [η] =2.1 and Df A2 = 2.1. The
closeness of these different independent determinations of
fractal dimension, Df Rg ≈ Df [η] ≈ Df A2, close to the 2.1
exponent determined from q dependence of intensities at

100
A2 (mole cm3 g-2), [η], Rg (Å)
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Figure 2
Relations between the intrinsic viscosity [η], the radius of
gyration Rg, the second virial coefficient A2, and the mass Mw
of asphaltene aggregates in toluene at 25°C (from [25]).

large q values, is a very strong indication of the fractal nature
of asphaltene aggregates. It can be concluded that asphaltene
solutions in toluene are described as a polydispersion of
solvated aggregates characterised by a fractal dimension
close to 2.1. Moreover, the solution viscosities at low
concentrations are controlled by the size, mass and fractal
structure of the aggregates.
The consequence of the swollen nature of aggregates has
to be taken into account for both viscosity and scattering
properties. The pertinent parameter which takes into account
the concentration of aggregates entrapping solvent is the
effective volume fraction φeff. If relative viscosities are
plotted versus this parameter using Equation (17) to convert
nominal into effective volume fractions, it is shown that any
fraction at any concentration merges on the single curve of
hard spheres represented by Equations 15 and 18. Similarly,
if the so-called “reduced osmotic modulus” [29, 4] is plotted
as a function of a reduced concentration X = A2Mwc, all the
scattering data merge on a master curve which is well
represented by a hard sphere model. These two observations
are in favour of hard sphere interactions, and consequently no
overlapping between aggregates.
2.2 Adsorption of Asphaltene Aggregates
at the Solid/Liquid Interface
Asphaltenes are known to adsorb from crude oils onto solid
surfaces. This phenomenon is at the origin of macroscopic
property variations encountered in the petroleum industry
such as wettability alteration of mineral surfaces in reservoir
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formation [40, 41] or stabilisation of gas hydrate particles in
oil production pipelines, thus preventing the formation of
solid plugs which would result in the blockage of the lines [6].
The numerous studies that have been conducted in the
past have shown that asphaltene, when dissolved in good
solvents, adsorbs on polar solids until the surface is saturated.
The corresponding isotherms are usually Langmuir type and
the typical plateau adsorbed amount, at a few g/l equilibrium
concentrations, is close to 2-4 mg/m2.
While the isotherm approach has enabled the determination
of the influence of parameters on the asphaltene adsorbed
amount [42-44], less is known about the structure of the
asphaltene layer. We present in the following the main results
of recent studies [45, 46] showing the relation between the
solution and interfacial properties of asphaltene aggregates.
In the first study [46], we considered asphaltenes of different
origin, in different solvents and including different amounts
of resins. Asphaltene’s adsorption properties were explored
by measuring adsorption isotherms onto silica particles. The
affinity constant and plateau adsorbed amounts Γmax are
inferred from these measurements. Volume properties, radius
of gyration Rg and mass Mw of the aggregates are deduced
from SAXS measurements using the Zimm formalism as
explained in Section 1. Additional characterisation including
specific gravity measurement was also conducted.
The volume properties of these asphaltene solutions were
first explored: the radius mass dependence was fitted by the
relation:
Rg =0.41Mw0.45

(22)
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Identification of relation (22) with Equation (9) leads to a
value of fractal dimension D f = 2.2, very close to that
determined from the viscosity study; the pre-factor (0.41)
also has a numerical value comparable (0.43) with that obtained
for fractions obtained by centrifugation (see Sect. 2.1). This
observation strengthens the fractal behaviour developed in
the previous section and gives it a more general character.
Figure 3 presents, for one asphaltene of a given origin in
different solvents and in the presence of different resin
contents, the dependence of excess amount at surface
saturation Γmax as a function of aggregate mass Mw in solution.
There is a clear correlation between these two quantities,
suggesting aggregate adsorption, and consequently the
presence of a monolayer of aggregates at the solid/liquid
interface. Moreover, a power law can be extracted from this
dependence:
(23)
Γmax = 0.034Mw0.37
A model of aggregate adsorption based on geometrical
considerations was developed to account for experimental
observations. If all the surface S is paved with n aggregates
of mass Mw and size Rs, the plateau absorbed amount is:
Γ pl =

madsorbed
nM w
=
S
nN a πRs2

(24)

Note that in this approach, Rs is allowed to be different
from R g if some structural modification occurs during
adsorption. In this case, Rs is related to the mass Mw and to the
fractal dimension Ds of aggregates in the adsorbed state by:
1

Rs =

1
M w Ds
p

(25)

where p is a prefactor. The combination of Equations (24)
and (25) leads to an expression whose form is similar to (23):
⎛

Γ (mg/m²)

4

3

2
Γ = 0.034 Mw0.37

100 00

2 ⎞

⎜⎜1− ⎟⎟
p2
M w⎝ Ds ⎠
Γ pl =
Na π

5

100 000
Mw

1000 000

Figure 3
Variations in the plateau adsorbed amount Γmax as a function
of mass of asphaltene aggregates Mw in different solvents and
in the presence of different resin contents (from [46]).

(26)

Identification of the exponent value in relation (23) and
Equation (26) lead to a numerical value of Ds close to 3,
which means that aggregates lose their fractal character in the
adsorbed state. Asphaltene volume fractions in the adsorbed
layer were estimated with the help of additional mass density
data: it has been shown that the volume fraction of asphaltene
changes from a few percent in volume aggregate to roughly
40 percent in the adsorbed layer.
In the second study [45], we considered asphaltene
solution in contact with silicon wafers. This liquid-solid
interface was probed using neutron reflectivity from which
Scattering Length Density (SLD) profiles were obtained.
Figure 4a represents reflectivity R as a function of scattering
vector q for asphaltenes extracted from crude oils using
different alkanes (iC5, iC7 and iC8) and dissolved in
deuterated xylene at 0.3 wt.%. The Rq 4 representation
enables differences from Fresnel reflectivity to be enhanced
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Figure 4
a) Rq4 log-log representation of asphaltene absorbed on hydrophilic surfaces without asphaltene (red), IC5 (green), IC7 (blue), IC8 (black).
The solid lines are the profiles calculated with a monolayer model, b) the resulting Scattering Length Density (SLD) profiles were deduced
from the best fitting procedure.

[45]: in the present case, addition of asphaltene to the
solution leads to a slight decrease in reflectivity at large q
values, which is the signature of asphaltene adsorption. These
data were analysed successfully using a simple model based
on a rough monolayer of constant scattering length density.
The corresponding fitted curves are presented as a full line in
the same figure. The values of regressed parameters (Fig. 4b)
indicate a thickness of the adsorbed layer of a few nanometres,
in accordance with the radii of gyration of aggregates in the
volume and a roughness of this layer consistent with the large
size polydispersity of aggregates in toluene [20, 25].
Moreover, the mean scattering length density of the adsorbed
layer is found to be consistent with the densification observed
in the previous study [46].
2.3 Stabilisation of Petroleum Emulsions
by Asphaltene Aggregates
Heavy crude oils or heavy cuts, when mixed with water, are
known to produce a very stable water in oil emulsion. The
origin of this long-term stability has been assigned to elastic
and viscoelastic properties of the interfacial film as studied by
interfacial rheology [47-49]. Surface species have been found
to be composed of high-molecular-weight (400-700 Da)
molecules containing mostly carboxylic and thiophenic
groups [50]. It has also been shown that the asphaltene
fraction, when solubilised in aromatic solvents, can form a
stable emulsion [51]. Finally, Kilpatrick’s group [15, 52, 53]
has demonstrated that emulsion stability depends on the

aggregation state of asphaltenes, but very little is known on
the mechanism on the length scale of aggregates. We present
in the following the main results of a recent study [4] aiming
at establishing relations between the structure of asphaltene
aggregates in the volume, surface film characteristics and
macroscopic stability of emulsions.
Emulsions were prepared by mixing controlled pH water
with different model oils (asphaltene in xylene). The
aggregate sizes of model oils were varied by using different
precipitants (pentane, heptane or octane) during asphaltenemaltene separation (samples iC5, iC7 and iC8, respectively).
Centrifugation, in controlled conditions, and subsequent
weighting of free separated water were used to classify
emulsion stabilities according to their relative water
quantities recovered. The powerful SANS technique in
contrast-matching conditions was used in order to get the
signal scattered only by the interfacial films from which its
thickness H and the mean amount of solvent were deduced.
The characteristics of the corresponding volume aggregates
(Mw, Rg and A2) were inferred from SAXS measurements as
described in Section 1. It was found that film thickness
values (113 to 149 Å) are directly related to the radii of
gyrations Rg of asphaltene aggregates in the bulk phase (66 to
106 Å). This is a strong indication that the interfacial film is
made up of a monolayer of aggregates. This idea is
reinforced by the specific adsorption of the larger aggregates
illustrated by the decrease in the mean bulk aggregate sizes
after the emulsification process. Moreover, it has been
proposed that stability of these different emulsions is related
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TABLE 2
5.0x10-5

A0

1/(1.8 105) (1+2 *1 10-5 c)

4.5x10-5

A60

1/(0.3 105) (1+2 *-16 10-5 c)

A70

1/(0.4 105) (1+2 *-10 10-5 c)

4.0x10-5

A74

1/(0.27 105) (1+2 *-23 10-5 c)

3.5x10-5

B0

1/(1.8 105) (1+2 *1 10-5 c)

B72

1/(0.4 105) (1+2 *-12 10-5 c)

Kc/I(0) (mole g-1)

3.0x10-5

Chemical composition and densities of asphaltene extracted from feeds
or effluents at different conversion levels
Feed
A

2.5x10-5
2.0x10-5
1.5x10-5
B

1.0x10-5
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d (g cm-3) %C
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%H
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1.32
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1.37
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1.34
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Figure 5
Reverse apparent mass of aggregates as a function of
concentration in THF (see Eq. 7) for asphaltenes extracted both
from feed and effluent.

to interaction of asphaltene aggregates in the interfacial film.
The attractive/repulsive balance between the aggregates in
the film, thought to be reflected by the different A2 values in
the volume, has a direct incidence on the quantity of water
recovered after centrifugation: the stronger the attraction
between aggregates in the film, the more stable the emulsion.
2.4 Colloidal Stability
The precipitation of asphaltene aggregates is a limiting mechanism for different processes developed in the petroleum
industry. This precipitation phenomenon, close to flocculation onset conditions, leads to time-dependent aggregation in
the volume [54, 55]. It has been shown recently [45, 56] that
these conditions favour deposition at the solid/liquid interface
by a multilayer growth process. In the refining domain, flocculation is known to limit the conversion of heavy cuts into
lighter ones in the H-Oil process [57]. As described in part 1,
small-angle scattering has the ability to gain insight into the
origin of colloidal stability via A2 measurements.
Asphaltene fractions, defined here as part of the residue
precipitated in 40 volumes of heptane at reflux temperature
for 15 minutes, were isolated both from feedstocks and
effluents obtained in the H-Oil process at different conversion
levels. The asphaltenes were then dissolved in tetrahydrofuran (THF) at concentration up to 0.04 g/ml and were allowed
to stand overnight. Observation of these solutions using an
optical microscope allowed one to verify the sub-micronic
dispersion state of asphaltene.

The elemental analysis of these asphaltene fractions, as
reported in Table 2, shows large variations in the H/C ratios,
from 1.07 for feeds up to 0.74 for effluents obtained in severe
hydroconversion conditions.
SAXS data were collected using homemade equipment. A
copper rotating anode generator (Rigaku Micromax 007),
operating at 0.8 kW, provides an X-ray beam which is
reflected on a Xenocs parabolic multilayer mirror. The
reflected monochromatic beam (λ = 1.54 Å) is collimated by
two pairs of crossed slits whose parasitic scattering is
removed by another pair of crossed slits located just before
the sample. The asphaltene solutions were loaded in 2-mm
glass capillaries. A Rigaku 2D position-sensitive detector,
located 1.2 m from the sample, collected the scattering
intensity. The range of scattering angles 2θ enables a range
of wave scattering vector q of 2 10-2 to 0.32 Å-1 to be covered.
After normalisation in respect to thickness, transmission and
measuring time, the solvent signal was subtracted from the
sample signal, and the raw intensities were converted to a
scattering cross-section I(q) on an absolute scale (cm-1). All
the present experiments were conducted at 25°C.
SAXS data were analysed using the Zimm formalism
described in Section 1. Figure 5 represents the reverse
apparent mass as a function of asphaltene concentration (see
Eq. 7) for both feed and effluent asphaltenes. The increase in
ordinate, significant in disaggregation, is clearly related to the
change in slope from slightly positive values for feeds to
largely negative values for effluents close to flocculation
onset: the variations in the measured values A2 and Mw
indicate during the hydroconversion process a progressive
disaggregation and destabilisation of the colloidal suspension.
This observation is related to the H/C ratio decrease which is
thought to occur mainly by the de-alkylation process.
These observations could be discussed in the framework
of the Yen micelle [27] or the recently proposed nanoaggregate [28] based on formation of aggregates by π – π
interactions of fused aromatic rings which, as a consequence,
have peripheral aliphatic or naphthenic moities. These
peripheral aliphatic species could induce steric repulsion. The
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repulsion efficiency is in this case related to density and
length of the peripheral chains; both of these parameters will
change during conversion by the de-alkylation process.
However, the simultaneous mass diminution on one hand,
and tendency to aggregation, as revealed by A2 decrease, on
the other hand, could not be explained only by considering
the attractive interaction between nano-aggregates: an
additional interaction type should certainly be taken into
account.
CONCLUSION
The robust method proposed to analyse small-angle
scattering data enables one to extract meaningful parameters
such as Rg, Mw and A2, characterising asphaltene aggregates.
Many recent studies succeeded in relating structure on a
nanometre length scale to macroscopic properties. To
summarise, we showed that Rg, Mw and A2 are mutually
dependent through a single parameter: the mass fractal
dimension Df of aggregates. The structural picture which
emerges from this study enables one to predict viscosity of a
solution at any given asphaltene concentration. The
adsorption behaviour from asphaltene solution to water or a
solid interface was successfully related to bulk aggregate
characteristics. In particular, Rg was found to be of the same
order of magnitude as the thickness of the adsorbed layer as
measured by SANS in contrast-matching conditions at
water/solution interfaces or by neutron reflectivity at
solid/solution interfaces. This observation strongly supports
the adsorption of asphaltenes as a monolayer of aggregates.
Moreover, the surface excess was found to be dependent on
Mw, implying a densification confirmed independently by
neutron measurements. Finally, the repulsive/attractive
interaction balance between aggregates, as reflected by A2
values, was related to the relative stability of water in oil
emulsions and to the stability of hydro-conversion effluents.
The single model, namely, the polydisperse mass fractal one,
enables one to describe correctly different macroscopic
properties such as viscosity, adsorption, relative stability of
the emulsion and colloidal stability of hydro-conversion
effluents.
From comparison of SAXS and SANS data a dimension
smaller than 15 Å, representing the size of internal heterogeneity, was evidenced. This discrepancy observed at large q
values between X-rays and neutrons rules out simple form
factors based on homogeneous particles and opens the way to
new questions:
What is the building block unit of such a structure? A
“good” candidate for this unit is obviously the “nano-aggregate” [11] or the Yen micelle [27], whose heterogeneous
nature (aromatic centre and aliphatic periphery) is consistent with the discrepancy observed between SAXS and
SANS data at large q values. This object was evidenced at

small asphaltene concentration (a few tens of mg/l) and its
dimensions, ≈10-20 Å [17, 18], mainly defined by its hydrodynamic properties, are in line with the contrast inhomogeneities smaller than 15 Å. Small-angle scattering experiments
were performed on more concentrated solution (a few thousand mg/l) and give values of radius of gyration (≈ 50 to
100 Å) consistent with hydrodynamic sizes recently measured by PFG NMR [17, 18] and higher than sizes of nanoaggregates. This is in favour of clusterisation of nano-aggregates in the range 100-1000 mg/l. It is worth noting that this
behaviour is also consistent with the hierarchical structure
proposed by Yen.
The second unanswered question to assess the mass fractal
structure concerns the nature of nano-aggregate interaction,
and consequently the process that limits the aggregate size. A
possible way to gain insight is to take advantage of enhanced
contrast between asphaltene and deuterated toluene and high
flux to run neutron experiments in the low concentration
domain.
Most of the experiments presented in this paper concern
model oils, i.e. asphaltene extracted from oil and dissolved in
good solvents. Efforts to probe by the same robust approach
real crude oils are highly desirable. If SANS is difficult to
apply to such a system due to the high incoherent scattering
cross-section of hydrogen, SAXS has the potential to clarify
the structure of asphaltene aggregates in crude oils. Moreover,
real conditions such as high temperature are reachable using
this technique.
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